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Abstract

The IKZF1 gene encodes the transcription factor IKAROS, a master regulator of
lymphocyte differentiation. IKZF1 is commonly deleted in acute lymphoblastic
leukaemia (ALL), particularly in BCR-ABL1+ ALL. Lesions in IKZF1 carry the
hallmarks of RAG mediated deletion, the expression of which is controlled by
IKAROS. The title of this thesis, “IKZF1 lesions... the chicken or the egg?”, refers
to the unknown sequence of events which leads up to the deletion of IKZF1 since
RAG expression dependent on IKAROS and therefore could not be deleted
without RAG activity.

The most common intragenic deletion involves the removal of the DNA binding
domain in exons four to seven (A4-7), and produces a dominant negative (DN)
which inhibits wild-type IKAROS function via dimerisation. Other focal deletions
involving exons two or eight cause loss of function (LOF).

Firstly, to ascertain if IKZF1 deletions (AIKZF1) had an impact on outcome, |
screened 498 patients with B-ALL by end-point PCR for the four most common
deletions: A4-7, A2-7 A4-8 and A2-8. IKZF1 lesions had no impact on outcome,
despite minimal residual disease (MRD) positivity being more likely after induction
therapy. A comparison of PCR and MLPA revealed a large number of
discrepancies, highlighting that neither technique alone is sufficient for AIKZF1
detection.

Next, | compared Ig/TCR and BCR-ABL1 based MRD to see if one technique was
better at predicting survival. Several specimens had significantly different MRD
levels, though neither of technique was proven better at predicting outcome. |
also show that the type and number of Ig/TCR rearrangements differ significantly
based on IKZF1 status, and that IKZF1 breakpoint sequences differ significantly
based on BCR-ABL1 status, suggesting altered RAG activity.

Finally, | established several cell line models in order to observe the effects of DN
and LOF IKZF1 lesions on drug sensitivity. | showed that NALM-6 cells with LOF
or DN IKZF1 lesions have increased resistance to dexamethasone, and that the



presence of mesenchymal stromal cells in co-culture enhanced survival of ALL
cells regardless of IKZF1 and BCR-ABL1 status.

The data in this thesis has shown that while there is no impact of AIKZF1 on
outcome in patients with ALL, it is likely that its impact is dependent on other
cooperating lesions when these results are considered within the wider context
of other trial data. Despite no impact seen in the clinical data, the cell line
experiments have confirmed that AIKZF1 contributes to a more aggressive
phenotype although the cause of this remains unclear.



Impact Statement

There are around 800 new cases of acute lymphoblastic leukaemia (ALL)
diagnosed each year in the UK (CRUK website). Only 50% of adults diagnosed
with ALL can expect to live longer than five years after diagnosis. This stands in
stark contrast to the relative success of treatment in paediatric patients, which
has achieved over 90% cure rates. This demonstrates an area of unmet clinical
need in adult patients. The work outlined in this thesis describes how lesions in
the gene IKZF1 impacts outcome in patients with ALL. Genetic lesions of IKZF1,
encoding the protein IKAROS, an essential transcription factor in haematopoiesis,
are an important event in the development or progression of acute lymphoblastic
leukaemia (ALL).

This project was designed to dovetail with the phase three UKALL14 clinical trial
and its scientific correlative studies. The specimens collected from the UKALL14
trial are heavily clinically annotated, making it possible to assess IKZF1 lesions
in different contexts. The work on trial specimens will contribute to a large body
of work already performed on other trial populations, allowing clinicians to make
a more informed decision based on the IKZF1 status of a patient. This is of
particular importance since a negative result was found, unlike the majority of
studies previously carried out. The comparison of end-point PCR and MLPA
revealed a significant number of discordant results, which could have potential
implications in diagnostic laboratories.

There is some debate over how best to assess patients’ treatment response via
molecular minimal residual disease (MRD) monitoring. Although no significant
difference was found when comparing Ig/TCR MRD and BCR-ABL1 MRD in this
project, it has highlighted that it is not uncommon for these results to differ and
therefore more work needs to be done to ascertain why that is, and if this has an
impact in the clinic. Further to this, the MRD assay designed around the IKZF1
breakpoints allows for an increased repertoire by which patients can be followed,

allowing for more comprehensive analysis during a patient’s treatment.



Cell line models were developed in order to study the effects of the two different
deletion types found in IKZF1 in different genetic contexts. The cause of the
treatment resistance observed in this project will be integral to ascertaining why
some patients with IKZF1 deletions experience a poor outcome. Use of these

models in an academic setting will be necessary for this future research.

This work has the potential to improve risk stratification in patients with ALL,
improve quality of life, and help in the development of different treatment options.
As these are results from a national trial, the results of this project are likely to

have an international reach.
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B — Glucuronidase

Histone Deacetylase

HelLa E-box binding protein

High Mobility Group Box 1

Low Hypodiploidy/Near Triploidy
Hazard Ratio

Haematopoietic Stem Cell
Immunoglobulin Heavy chain
Immunoglobulin Light chain
Immunoglobulin kappa

Immunoglobulin lambda
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IKZF1
IL3RA
IRES
JAK2
KMT2A
LMPP
LOF
LPO
LST1
m-BCR
M-BCR
MLPA
MRD
mRFP
MSC
MSCV
MVA
NAC
NF-kB
NGS
NHEJ
NR3C1
NR3C2
ns
NTC
NURD
oS
PAR1
PAX5
PB
PBS
PCR
Ph
POQR

Ikaros Family Zinc Finger 1

Interleukin 3 Receptor, Alpha

Internal Ribosome Entry Site

Janus Kinase 2

Lysine Methyltransferase 2A
Lympho-Myeloid Multipotent progenitor
Loss Of Function

Left Probe Oligonucleotide

Leukocyte Specific Transcript 1
Minor-Breakpoint Cluster Region
Major-Breakpoint Cluster Region

Multiplex Ligation-dependent Probe Amplification
Minimal Residual Disease

Monomer Red Fluorescent Protein
Mesenchymal Stromal Cell

Murine Stem Cell Virus

Multivariable analysis

Non-Amplifiable Control

Nuclear Factor-kappa B

Next Generation Sequencing
Non-Homologous End Joining

Nuclear Receptor subfamily 3 group C member 1
Nuclear Receptor subfamily 3 group C member 2
Not Significant

Non-Template Control

Nucleosome Remodelling and Deacetylase
Overall Survival

Pseudoautosomal Region 1

Paired box 5

Peripheral Blood

Phosphate Buffered Saline

Polymerase Chain Reaction

Philadelphia chromosome

Positive Out Of The Quantitative Range
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PRC2
QC

QR
RAG1
RAG2
RB1
RFS
RNA
RNP
RPMI
RPO
RSS
RT-gPCR
RUNX1
SCT

SD
SH3BP5
SM-FRET
SNP
SOCS2
TAQ
TBLXR1
TCF-1
TCF3
TCR
TCRa
TCRB
TCRYy
TCRd
TdT

TKI
TP53
TTR
UVA

Polycomb Repressive Complex 2
Quiality Control

Quantitative Range

Recombination Activating Gene 1
Recombination Activating Gene 2
Retinoblastoma 1

Relapse Free Survival

Ribonucleic Acid

Ribonucleoprotein

Roswell Park Memorial Institute
Right Probe Oligonucleotide
Recombination Signal Sequence
Real Time Quantitative Polymerase Chain Reaction
RUNX Family Transcription Factor 1
Stem Cell Transplant

Standard Deviation

SH3 Domain Binding Protein 5
Single Molecule- Fluorescence Resonance Energy Transfer
Single Nucleotide Polymorphisms
Suppressor Of Cytokine Signalling 2
Thermus Aquaticus

TBL1X Receptor 1

Transcription Factor-1

Transcription Factor 3

T-Cell Receptor

T-Cell Receptor alpha

T-Cell Receptor beta

T-Cell Receptor gamma

T-Cell Receptor delta

Terminal deoxynucleotidyl Transferase
Tyrosine Kinase Inhibitors

Tumour Protein p53

Time To Relapse

Univariable Analysis
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V(D)J
WBC
WHO
WT

kde

Variable (Diversity) Joining gene segments
White Blood Cell

World Health Organisation

wild Type

Kappa Deleting
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1 Introduction

1.1 Acute Lymphoblastic Leukaemia

1.1.1 Overview

Acute Lymphoblastic Leukaemia (ALL) is characterised by the clonal expansion
of lymphoid cells and is a rare and heterogeneous disease. ALL involves a high
rate of proliferation and an arrest in the differentiation of lymphocytes which can
arise in both B- and T-cells. B-ALL is the more common of the two, with 75% of
cases arising from the B-cell lineage. Between 2015 and 2017, around 800 cases
were diagnosed per year in the UK (CRUK website). ALL is the most common
cancer amongst children, with a median age of diagnosis of 13 years, and 60%
of all diagnoses made under the age of 20 (Ma et al., 2014). Age at diagnosis
follows a bimodal distribution with a peak in early childhood and after the age of
50 (Figure 1.1) (Brown et al., 2020).
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Figure 1.1: Average incidence of ALL in the UK per 100,000 and cases per
age group 2015-2017. Most ALL cases diagnosed in children with a peak in
incidence in early childhood, with a smaller peak in older adults. The light blue
bars indicate the average number of total cases in the UK from 2015-2017. The
dark blue like shows the rate per 100,000. Data modified from the CRUK website,
accessed August 2020.

Outcomes have been significantly improved in paediatric ALL with cure rates
exceeding 85% (Tran and Hunger, 2020, Maloney et al., 2020). This stands in
stark contrast to adult patients, whose 5-year survival rate is much lower at 40-
50%. A major cause in the differences in outcomes between adult and paediatric

patients is that adult management of these patients; novel therapies and
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diagnostic tools are necessary in order to improve outcomes in patients that

historically have poor response to treatment.

1.1.2 Classification

An initial attempt was made at classifying ALL in 1976 based on cell morphology
alone. The French American British classification divided ALL into 3 subgroups-
L1, L2 and L3 (Bennett et al., 1976). Although this classification was useful for
making initial diagnoses, it held no clinical significance. Later attempts at
classifying ALL were made by the World Health Organisation (WHO) in 1997,
which incorporated both morphology and cytogenetic profile. When revised in
2008, ALL was defined by two entities- T-ALL and B-ALL, with a further
subdivision of the latter based on the chromosomal abnormalities present
(Campo et al.,, 2011). The most recent update in 2016 included two new
provisional entities which were added to the list of recognised genetic
abnormalities, summarised in (Table 1.1), and hypodiploid B-ALL was further
subdivided into low hypodiploid or hypodiploid with TP53 mutations (Terwilliger
and Abdul-Hay, 2017, Arber et al., 2016).

Table 1.1 2016 WHO classification of ALL

B-cell lymphoblastic leukaemia/lymphoma, not otherwise specified

B-cell lymphoblastic leukaemia/lymphoma, with recurrent genetic abnormalities
B-cell lymphoblastic leukaemia/lymphoma with hypodiploidy
B-cell lymphoblastic leukaemia/lymphoma with hyperdiploidy
B-cell lymphoblastic leukaemia/lymphoma with t(9;22)(q34;q11.2)[BCR-ABL1]
B-cell lymphoblastic leukaemia/lymphoma with t(v;11923)[MLL rearranged]
B-cell lymphoblastic leukaemia/lymphoma with t(12;21)(p13;q22)[ETV6-RUNX1]
B-cell lymphoblastic leukaemia/lymphoma with t(1;19)(q23;p13.3)[TCF3-PBX1]
B-cell lymphoblastic leukaemia/lymphoma with t(5;14)(q31;932)[IL3-IGH]

B-cell lymphoblastic leukaemia/lymphoma with intrachromosomal amplification of
chromosome 21 (iIAMP21)*

B-cell lymphoblastic leukaemia/lymphoma with translocations involving tyrosine
kinases or cytokine receptors (‘(BCR-ABL 1-like ALL')*

T-cell ymphoblastic leukaemia/lymphomas
Early T-cell precursor lymphoblastic leukaemia*

Modified from Arber et. al., 2016. *provisional entity
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1.1.3 Prognostic and Predictive Biomarkers
Traditionally, patients have been risk stratified by factors such as age and
presenting white blood cell (WBC) count. Individuals over the age of 60 at
diagnosis experience a particularly poor outcome, with only a 10-20% chance of
long-term survival (Gokbuget and Hoelzer, 2006). However, it is likely that older
age is a surrogate for unfavourable genetic alterations associated with a poorer
outcome (Rowe, 2010). Older patients are also more likely to have other co-
morbidities meaning they are less likely to tolerate intensive therapies. Presenting
WBC count is also likely to be a surrogate for underlying genetic alterations such
as the poor risk t(4;11)(g21;923) translocation which is associated with a high
WBC count (Gu et al., 1992) and the good risk ETV6-RUNX1 fusion is associated
with a low presenting WBC count (Stanulla and Schrappe, 2009).

As well as the risk factors identified at diagnosis, the initial response to treatment
is also a strong indicator of outcome. Traditionally this was assessed by
morphology, a predictive biomarker, but it is now standard practice to measure
minimal residual disease (MRD) by molecular techniques such as flow cytometry
and real time quantitative polymerase chain reaction (RT-gPCR). This is

discussed in more detail later on the chapter.

In addition to the presenting features in patients, the identification of particular
genetic alterations has helped to refine this stratification. ALL can affect both
children and adults and the majority of paediatric patients can expect to have a
good outcome, though this is not the case for adult patients. While adult and
childhood ALL present with the same overt disease phenotype, they often do not
carry the same genetic lesions (Moorman et al., 2012). Childhood ALL is more
likely to harbour genetic lesions associated with good outcome such as ETV6-
RUNX1, with adult ALL more likely to harbour lesions associated with poor
outcome- the Philadelphia chromosome, for example (Figure 1.2 and reviewed
in lacobucci and Mullighan, 2017).
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Adults Children & adolescents
(25-59 years) (1-24 years)

B1(12;21)/ ETVE-RUNX1 B High hyperdiploidy
Bt(1;19)TCF3-PBX1 OIgH translocations
= B-other B MLL translocations
W1(9;22)/BCR-ABL1 B{(17,19)TCF3-HLF
B Near Haploidy B Low hypodiploidy
miAMP21 B Complex karyotype

Figure 1.2: Cytogenetic subgroups in Adult and Childhood ALL. (Moorman
et al., 2012)

A lot is already known about the gross genetic changes in ALL that have been
studied by more traditional techniques like fluorescence in situ hybridisation
(FISH). A number of sub-microscopic lesions in important genes such as PAX5,
CDKN2A/B, ETV6, EBF1, and IKZF1 have been identified with high resolution
techniques. These lesions are of importance as these could provide an
explanation as to why adult ALL patients have a significantly poorer outcome than
their childhood counterparts. It may also explain why some patients that do not
harbour any established genetic lesions associated with a poor risk go on to

relapse.

1.1.4 Philadelphia chromosome positive ALL

The most common lesion in adult ALL is the Philadelphia chromosome, first
described in 1960 (Nowell and Hungerford, 1960), and was later discovered to
be the result of a reciprocal translocation between chromosomes 9 and 22 in
1973 (Rowley, 1973). This translocation brings together a breakpoint cluster
region BCR on chromosome 22 and the oncogene ABL1 on chromosome 9 which
results in the formation of the fusion transcript BCR-ABL1, a tyrosine kinase

(Figure 1.3A). The size of the fusion transcript is dependent on the breakpoints,
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the most common of which is p190 (minor/m-BCR) in B-ALL, with a much smaller
proportion of patients harbouring the p210 transcript (major/M-BCR) (Arana-Trejo
et al., 2016). It is also worth noting that the p210 variant is much more common
in chronic myeloid leukaemia (CML) and is the only genomic aberration which is
sufficient to initiate leukaemogenesis, though this is not the case for BCR-ABL1+

ALL which requires other cooperating lesions (Reckel et al., 2017).

The breakpoints in both BCR and ABL1 are highly variable but are consistently
found in either introns 1 or 13/14 in BCR, termed minor and major breakpoint
cluster regions respectively, and between exons 1b and 2 of ABL1 (Figure 1.3B)
(Score et al., 2010, Kang et al., 2016). The different proteins that arise from the
differing fusion transcripts do not all have the same domains though all have
constitutively active protein kinase activity, the domain for which is targeted by

tyrosine kinase inhibitors (TKIs) such as imatinib.

Philadelphia positive (BCR-ABL1+) ALL accounts for around 20-30% of adult ALL
patients and incidence increases with age (Moorman et al., 2007, Chiaretti et al.,
2013). While patients with BCR-ABL1+ ALL were known for having a poorer
outcome, the introduction of tyrosine kinase inhibitors in standard therapy

significantly improved this (Short et al., 2017, Daver et al., 2015).

24



Chapter 1 Introduction

"UMOUYS 0S|e aJe julodyealq yoes wol) asire 1eyl sidiosued uoisny ayl ‘(usalb) 19v uil uiodyealq
ayl pue ‘(abuelo) ¥Og ul siulodyealq (4Og-IN) Jofew ay) pue (YOg-w) Jouiw ay) Buimoys swelbelp snewsyss (g)
1duosuen uoisn) T1gv-409 @yl buneisuab ‘(ebueio) gz pue (usaib) g Sawosowody) Jo swie Buo| ayl usamiaq SINd20
uoneoo|suen eooldioal B uaym sasle awosowolyd eiydispeliyd ayl (v) -swosowoly)d eiydigpe|iyd €1 ainbi4

ZeyLe _ LLe ze 7 pLo 1 7 olzd ‘yog-n
zele |1je ze | 18| o6ld ‘yog-w ==
1 ) 1
" m auab
1
| syduosues) uoisny | | ™ ey
julodyeaig
I P 1
LLe Ze el ql -t -
uoisny | I e . 5
79V | |118v-a08 m.. | | - m e g
- ok
1
¥og-W ¥og-w ANE
| ! 8 ol
T 1 — m i
~—{HHHHH HHHHHHHHHHH— L
SLa-¢lo 19 — Ml =
awosouwola
¥og (Ud) m_:a_wthw_n_ ZZ 9WOSOoWOoIYD) § aWwosowolyd

25



Chapter 1 Introduction
1.1.5 “Philadelphia like” ALL
There is also a proportion of Philadelphia chromosome negative (BCR-ABL1-)
patients that have “Philadelphia like” ALL. These are patients that have a
characteristic gene expression profile associated with BCR-ABL1+ ALL and
share a similar poor outcome, but do not carry the Philadelphia chromosome
(Den Boer et al., 2009). This subgroup was first discovered in paediatric ALL and
has now been identified in adult patients, with incidence increasing with age and
peaking in adolescence (Herold et al., 2014, Boer et al., 2015, Roberts et al.,
2017). Within this group of patients, adults tend to experience poorer outcomes

compared to their paediatric counterparts.

There is no clear definition for Philadelphia-like ALL, and this is partly because it
was initially described by two independent groups using different methodologies.
The COG-TARGET-St Jude consortium first identified high risk B-ALL IKZF1
deleted cases with a similar gene expression pattern to BCR-ABL1+ ALL using
gene set enrichment analysis and Affymetrix microarrays, referring to this group
of patients as “BCR-ABL1 like” (Mullighan et al., 2009). This in turn identified 257
gene probe sets common to BCR-ABL1+ and “BCR-ABL1 like” ALL, while a
Dutch study group led by Den Boer used hierarchical clustering of 110 previously
defined probeset expression patterns to identify major subtypes in ALL, including
the discovery of a group of patients described as having “Philadelphia-like” ALL
(Den Boer et al., 2009). There is significant overlap, though there is not total
concordance between the two definitions, with only 9 probesets of seven genes
common between the two definitions- ABL, CCND2, DUSP6, EGFL7, LST1,
SH3BP5, and SOCS2. Currently, there is no consistent way of identifying
Philadelphia-like ALL in the clinical laboratory setting because of the unclear

nature of the definition.

Like BCR-ABL1+ ALL, these patients are more likely to harbour lesions in IKZF1,
are found in around 15% of patients, and are almost always in the B-other
subgroup, i.e. those that aren’t classified by any other genetic change (Mullighan
et al., 2009). Despite not having a clear definition for Philadelphia-like ALL,
numerous studies have identified several underlying genetic events that make up

this group of patients. Based on this, Philadelphia-like ALL can be broadly divided
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into two groups. Around half are characterised by an over-expression of CRLF2
(Roberts et al., 2012, Russell et al., 2009), and in those where this is not the case,
fusions involving JAK2, PDGFRB ABL1 and ABL2 are common (Roberts et al.,
2014). These are referred to as the ABL-class fusions, with PDGFRB being the
most common fusion partner. The ABL-class fusion is one of the most important
subtypes, accounting for around 10% of Ph-like ALL (Yadav et al., 2021). It
occurs in 17% of paediatric patients, 9% of adolescents, 10% of young adults and
9% of older adults (Roberts et al., 2014, Roberts et al., 2017, Reshmi et al., 2017).

1.1.6 Treatment

The treatment of adult ALL has largely been based on modified childhood
protocols, which typically involves three steps: Induction, consolidation/
intensification, and maintenance. The main aim of induction therapy is to
eradicate leukaemic cells from the blood, bone marrow and central nervous
system (CNS), allowing for normal haematopoiesis to be reinstated. Several
multi-agent induction therapy regimens have been developed, and involve the
use of cytotoxic chemotherapies such as vincristine and daunorubicin, and

corticosteroids like dexamethasone and prednisone.

Upon the completion of induction therapy, consolidation is started in order to
increase the chances of a prolonged remission being achieved. The agents used
in this phase of treatment should not induce similar resistance to that of the drugs
used during the induction phase of therapy. This is to reduce the chances of a

patient developing a resistant clone (Narayanan and Shami, 2012).

Maintenance therapy lasts for two to three years, and consists of daily doses of
6-mercaptopurine, weekly methotrexate and vincristine, and pulses
corticosteroids. There is a shorter disease free survival in patients where no
maintenance therapy is given compared to those that receive it (Cuttner et al.,
1991, Cassileth et al., 1992). However, maintenance beyond three years does
not appear have any significant benefit in patients (Jabbour et al., 2005,

Narayanan and Shami, 2012).
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Relapse is common among adult patients, and so allogeneic stem cell transplant
(SCT) is used to improve outcomes. Patients that are deemed high risk by either
presenting features such as age and white count, or the persistence of residual
disease after induction therapy are offered transplant if eligible. A number of
patients are not eligible for transplant due to lack of a donor, presence of infection
and other co-morbidities. It is therefore a challenge to make a comparison among
the different treatments for high risk patients. Patients with BCR-ABL1+ disease
are at particular risk of relapse and cure rates are low without the use of SCT. On
the international UKALLXII/ECOG2993 trial, patients with BCR-ABL1+ ALL that
underwent SCT had improved overall survival at 5 years when compared to those
that did not (44% versus 36%) (Fielding et al., 2009).

CNS relapse is highly likely in adult patients where treatment is not administered
prophylactically. Therapies to prevent CNS relapse include cytarabine and
methotrexate, both of which have good penetration into the CNS. CNS disease
can also be treated more directly by administering chemotherapy intrathecally
and is given throughout treatment to prevent CNS relapse (Terwilliger and Abdul-
Hay, 2017, Lenk et al., 2020).

As mentioned previously, BCR-ABL1+ ALL is also treated with TKIs such as
imatinib which specifically target the BCR-ABL1 fusion protein and has been vital
in improving outcome in patients with this genetic alteration. Imatinib was first
devleoped to treat CML patients, with CML being the first malignancy for which a
targeted treatment was implemented (O'Brien et al., 2003). Prior to the use of
TKIs, a-interferon was considered the gold standard in the treatment of CML,
though toxicity was not uncommon and outcomes were poor, with a median
survival time of five years (Hehlmann et al., 2003). The establishment of TKIs in
the therapy of CML also made it apparent that patients also experience
resistance, making it necessary for the development of second and third
generation TKIls like Ponatinib (Zhou et al., 2011).

Patients with BCR-ABL1+ ALL treated before the TKI era experienced very poor
outcomes, with a five year survival rate of around 5-20% (Faderl et al., 2000,
Dombret et al.,, 2002). The introduction of TKIs in the treatment of ALL has
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significantly improved outcomes for patients with BCR-ABL+ disease (Daver et
al., 2015, Samra et al., 2020). Imatinib can induce responses as a single agent,
though these are often short lived. Imatinib is most effective when given in
combination with other multi-agent protocols. However, imatinib has poor CNS
penetration and relapse is common. Second generation TKIs such as dasatinib
have shown promise in treating CNS disease in a paediatric murine model
(Porkka et al., 2008) and more recently on the CCCG-ALL-2015 clinical trial in
comparison to imatinib. Patients treated with dasatinib had higher rates of event
free survival (71.0% vs 48.9%), overall survival (88.4% vs 69.2%), and lower
relapse rates at four years (19.8% vs 34.4%) than those treated with imatinib
(Shen et al., 2020).

Despite the advent of TKI therapy, prognosis for both paediatric and adult patients
with BCR-ABL1+ ALL remains poor with high rates of relapse. Resistance to
imatinib is considered one of the main causes of poorer outcomes among these
patients. One major mechanism of resistance to first generation TKils is the T315lI
mutation in the ABL kinase domain. Second generation TKIs like dasatinib have
only partially overcome this resistance (Rousselot et al., 2016), and therefore
development of third generation TKIs, e.g. ponatinib, is essential in overcoming

potential resistance (Jabbour et al., 2013).

1.1.7 V(D)J Recombination and RAG

B and T cells have the ability to recognise and respond to the diverse pathogens
invading the human body. This is due to the almost infinite capacity of these cells
to rearrange the seven loci involved in making up the receptors that recognise
these pathogens. B-cell receptors are made up of a heavy chain (IgH) and a light
chain (Igk and IgA) whose gene loci are comprised of Variable (V) Diversity (D)
and Joining (J) gene segments (Sakano et al., 1979). The sheer number of the
gene segments and the random manner in which they are rearranged are the
cause of the diverse nature of the heavy and light chains. In normal development,
recombination is lineage specific, i.e. only complete T-cell receptor (TCR) genes
are rearranged in T cells, and only complete immunoglobulin (Ig) gene
rearrangement in B-cells. In developing B cells, the first recombination event is

between the D and the J gene segments at the IgH locus on Chromosome 14,
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followed by the V segment. This precedes the rearrangement of the light chain
loci, the process of which has been summarised in Figure 1.4 (van der Burg et
al., 2002).
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Haematopietic Stem Cells (HSCs) continually generate B and T cells within the
bone marrow, with B-lymphocytes undergoing maturation exclusively within the
bone marrow unlike T cells which develop within the thymus. During lineage
commitment, T and B cells must rearrange and produce a functional TCR and
BCR respectively. HSCs subsequently give rise to common Lymphoid
progenitors (CLPs), which in turn develop into to B-cells (Figure 1.5), T-cells,
dendritic cells, and innate lympoid cells (Lescale and Deriano, 2016).
Commitment to a particular lineage is specified by both environmental signals
and a number of transcription factors such as TCF3, EBF1, FOXO1, PAX5, and
IKAROS (Miyazaki et al., 2014, Miyazaki and Miyazaki, 2021). During B cell
development, the non-productive gene segments within the Ig/TCR loci are
rearranged into one gene which is mediated by the recombination activating
genes 1 and 2 (RAG1 and RAG2). Expression of the RAG gene locus is therefore
restricted to B and T lymphocytes (Mansson et al., 2007). In both B and T
lineages, expression of RAG occurs at two stages which coincides with the
rearrangement of the Ig/TCR loci. In developing B cells in particular, the IgH locus
is rearranged during the first stage in pro-B cells. A burst in proliferation then
occurs upon the expression of a pre-BCR on the cell surface which is associated
with a reduction in RAG expression in pre-B cells (Figure 1.5). The second wave
of expression gives rise to rearrangement of the IgL chain in pre-B cells that have
exited the cell cycle (Hillion et al., 2009). A number of transcription factors
involved in lymphoyte differentiation have been implicated in the regaulation of
the RAG locus including TCF3, IKAROS, PAX5, FOXP1, FOXO1 and NF-kB via
binding to its promoters and other regulatory elements such as cis-regulatory
elements (Kuo and Schlissel, 2009).

The Erag enhancer has been shown to regulate Rag in B-cells, the deletion of
which results in a a reduction of Rag expression and a partial block between pro-
B and pre-B cells in mice (Hsu et al., 2003). More recently, lineage specific cis-
regulatory elements that control Rag1/2 expression have been identified by using
ChlP-seq and ATAC-seq to assess TCF3 binding. Two B-cell specific regions
were found: R1B, 5kb upstream of the RAG1 promoter, and R2B which partially
overlaps with Erag (Miyazaki et al., 2020). TCF3 was not the only transcription
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factor to bind to these regulatory elements- Pax5 and lkaros were among the

proteins identified at these sites (Miyazaki et al., 2020).
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The structure of the two RAG proteins has now been resolved. Initial functional
studies identified “core” RAG residues in which portions of the proteins had been
removed and still retained specific binding and cleavage activity in vitro. More
recently, a high-resolution structure of the RAG1, RAG2 and the tetrameric
complex has been identified using X-ray crystallography (Kim et al., 2015). RAG1
is elongated and consists of several structural modules including the active site
and DNA binding domain. RAG2 is a doughnut shaped six-bladed propeller,
termed a “Kelch repeat structure” (Figure 1.6A). The RAG1/2 complex is Y-
shaped with the two RAG1 monomers forming the main stalk, and RAG2 sitting
on top of each arm (Figure 1.6B). The two active sites are located in the middle
of each arm, and it likely that RAG2 assists with the formation of the catalytic site

and DNA cleavage due to its proximity.

A RAG2 B RAG1/2 tetramer

Figure 1.6: The crystal structure of RAG1/2. (A) RAGL1 is a 6 bladed propeller
structure. Each blade is numbered with a roman numeral. (B) The structure of the
RAG1/2 heterotetramer is Y shaped. RAG1 (blue and green) makes up the main
stalk with RAG 2 (purple) sitting on top of each arm. Modified from Kim et. al.,
2015.
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RAG1 and RAG2 cooperate in all their known activities. The recombinase
complex recognises the recombination signal sequences (RSS) that flank the
gene segments. These are comprised of a conserved heptamer (CACAGTG),
either a 12 or 23 bp spacer, and a conserved nonamer (ACAAAAACC) (Sakano
et al., 1979). Strictly one of each of these is required for V(D)J recombination,
termed the “12/23 rule” (Lewis, 1994). The different segments are flanked by the
two different RSSs which only allows recombination to occur between V, D and J

segments, and not within the same gene segment type.

Initially, the RAG1/2 complex binds to one each of these motifs, forming the
paired complex (steps 1 and 2, Figure 1.7). Next, RAG1/2 forms a nick in the
DNA which leaves the exposed hydroxyl group to attack the other stand, forming
a double stranded break (DSB) (step 3, Figure 1.7). The resulting hairpin
structure that is formed is brought about by a covalent seal at the end of the
segment. Finally, RAG1/2 cooperate with the machinery associated with the non-
homologous end joining (NHEJ) pathway to repair the DSBs. The RSS ends are
usually joined to form the signal joint, while the coding joint undergoes the
addition of non-germline nucleotides via by terminal deoxynucleotidyl transferase
(TdT) before being repaired (step 4, Figure 1.7). Both the DSB and the repair

mechanisms involved are what make each rearrangement unique.

RAG1 and 2 are proposed to originate from transposable elements and are
themselves capable of transposition, as was demonstrated in vitro (Agrawal et
al., 1998). Due to the potential damaging nature of V(D)J recombination, this
process is tightly regulated by limiting access to DNA. During development of
ALL, the regulation of the RAG enzyme machinery breaks down, and these genes
become constitutively active. This means that not only do lineage specific genes
become rearranged in the wrong cell type, but RAG is able to recognise cryptic
RSS (cRSS) throughout the genome. It has been hypothesised that RAG is
responsible for a number of translocations and deletions common to ALL. Due to
the clonal nature of ALL cells, the same V(D)J rearrangement is present in many

cells making it possible to detect by PCR.
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1.1.8 Minimal Residual Disease Monitoring
MRD detection is defined as any technique used to identify residual leukaemic
cells beyond the limit of cytomorphological analysis. MRD monitoring has made
it possible to assess treatment response and risk of relapse in patients, and has
since become a key tool in risk stratification (Pui et al., 2015, Kruse et al., 2020).
This has allowed for high risk patients to be assigned to more intense treatment
strategies and to avoid toxicity in low or intermediate risk patients (Vora et al.,
2013, Pieters et al., 2016). Less sensitive methodologies such as FISH used for
MRD detection are incapable of differentiating between truly MRD negative low
risk patients and MRD positive patients that are at risk of relapse without
intervention (Figure 1.8). These methods of detection are not sufficiently
sensitive enough and are not able to detect sub-microscopic MRD. More sensitive
techniques have been developed, e.g. quantification of Ig/TCR gene loci and
immunophenotyping by multi-parameter flow cytometry (Denys et al., 2013,
Garand et al., 2013).
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Figure 1.8: Measuring MRD over time. The hypothetical disease kinetics are
shown by the solid black lines, and are monitored by the different diagnostic tools.
Lower detection limits of molecular techniques (dashed black lines) have allowed
for more refined MRD detection and earlier detection of relapse (red dots).
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The monitoring of minimal residual disease (MRD) of ALL patients and their
response to therapy has long been performed through the quantification of clonal
immunoglobulin or T cell receptor loci (Ig/TCR) rearrangements. This tool has
shown to be vital and is consequently incorporated into the risk stratification of
both paediatric and adult patients and is regarded as the gold standard in
monitoring (Briggemann et al., 2010). MRD is typically analysed through the
PCR detection of leukaemia specific clonal rearrangements of the 1g/TCR loci.
To ensure this technique is comparable, large scale studies were carried out to
standardise the processes involved, and quality control is performed to maintain
this through groups such as ESLHO (van der Velden et al., 2007).

The basic principle of this is the comparison of follow-up specimens by
guantitative real-time PCR to a patient derived standard curve made from DNA
obtained from diagnostic bone marrow or peripheral blood. The patient is
screened at diagnosis for a range of clonal Ig/TCR rearrangements, the
rearrangements are sequenced, a patient specific oligonucleotide is designed
over the junctional region, and the assay is optimised through a “limited test”, i.e.
only a limited number of points from the standard curve is used to determine

quantitative range (QR) and appropriate Tm (van der Velden et al., 2007).

This assay is highly sensitive, with an ideal lower limit of detection of 1*10
(0.01%) though this is not always possible. There are a number of limitations to
MRD detection by this method. It is labour intensive and to carry it out requires a
significant amount of training, not every patient can be monitored,
rearrangements can undergo clonal evolution due to the presence of
constitutively active RAG and can lead to false negative results (Szczepanski et
al., 1999). While some patients achieve MRD negativity, they go on to relapse,

and so there is also some debate over whether RT-gPCR is sufficiently sensitive.

There has been a drive to move towards next generation sequencing (NGS) to
resolve some of these limitations of monitoring by RT-qPCR (Faham et al., 2012,
Della Starza et al., 2019). While NGS would be more sensitive, there is some
guestion over the standardisation of these techniques and the clinical relevance

of detecting such low levels of MRD. More recently, NGS has been proven to be
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a better predictor of relapse in paediatric patients. In an initial study by Kotrova
and colleagues, 210 specimens from 76 patients were analysed by RT-gPCR and
NGS. There was a high correlation between both methods (R?=0.72), though
analysis by NGS would have caused 25 (33%) patients to be assigned to different
risk group. Furthermore, NGS MRD positivity was more predictive of relapse than
RT-gPCR MRD (5-year relapse free survival [RFS] NGS: -ve/+ve- 90+ 5% vs 53
+ 9%, p=0.0003; PCR: -ve/+ve- 84 £ 6% vs 63 + 8%, p=0.04) (Kotrova et al.,
2015). A subsequent study from this group also found a similar result in the post
SCT setting, and the low level positivity found by RT-gPCR in post-transplant
patients are not likely to be genuine and are in fact negative, as found by NGS
(Kotrova et al., 2017).

MRD monitoring can also be performed by quantifying the level of the BCR-ABL1
fusion transcript in BCR-ABL1+ ALL, which has now been standardised after
several rounds of QC (Pfeifer et al., 2019). There is some debate over whether
BCR-ABL1 MRD correlates with Ig/TCR MRD, and if there is a clinical
significance to this. A group of paediatric patients has been identified in whom
the BCR-ABL1 MRD was significantly higher than that of the Ig/TCR. Subsequent
analysis revealed that there was multi-lineage involvement of the Philadelphia
chromosome, and that a multipotent progenitor was affected. This suggests that
these patients had a “CML-like” biology and may impact their outcome
(Hovorkova et al., 2017)

1.1.9 Bone marrow microenvironment

The bone marrow microenvironment (BMM) or “niche” is a collection of cells and
structures that support the production of all blood cell types within the bone
marrow. There are several different cell types which regulate the biology of HSCs
within the BMM including arteriolar and sinusoidal endothelial cells (Kunisaki et
al., 2013, Acar et al., 2015), mesenchymal stromal cells (MSCs) (Asada et al.,
2017), sympathetic neuronal cells (Méndez-Ferrer et al., 2008, Kunisaki et al.,
2013), osteoblasts (Calvi et al., 2003), perivascular stromal cells (Sugiyama et
al., 2006), nonmyelinating Schwann cells (Yamazaki et al., 2011), adipocytes
(Naveiras et al., 2009), megakaryocytes (Zhao et al., 2014) and regulatory T cells
(Fujisaki et al., 2011).
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MSCs are multipotent stem cells capable of differeniating into several cell types
that give rise to osteocytes, chondrocytes, myoblasts, fibroblasts and adipocytes
under distinct conditions in vitro (Dominici et al., 2006), and also responsible for
the formation the extracellular matrix within the bone marrow, providing the BMM
and structural support (Novoseletskaya et al., 2020). MSCs are therefore critical

for the formation of the bone marrow niche in which haematopoiesis occurs.

Malignant cells are capable of hijacking the BMM, and destroying the HSC-
supporting microenvironment providing survival advantages and support to
leukaemic cells. This shift within the BMM changes from one where normal
haematopoiesis is supported to one which allows for the rapid expansion of
leukaemic cells and potentially leads to chemoresistance. More recently, it was
demonstrated that B-ALL cells have the ability to remodel the BMM to create a
niche in which MSCs are transformed and create an chemoprotective
environment (Duan et al., 2014). Recent work within my host laboratory has
described the way in which a protective niche is induced by ROS inducing
chemotheraputic agents and are responsible for the generation of cancer
associated fibroblasts that protect leukaemic cells by accepting damaged

mitochondria via tunelling nanotubes (Burt et al., 2019).

1.2 IKZF1 and IKAROS

1.2.1 |IKZF1 gene and protein function
The IKZF1 gene is located on the short arm of chromosome 7 and is comprised
of eight exons (Figure 1.9) (Georgopoulos et al., 1994, Molnar et al., 1996). While
the gene contains eight exons, exon 1 is not transcribed, with the transcription
start site, and ATG start codon, located in exon 2. IKZF1 encodes for the zinc
finger protein IKAROS, a member of a family of transcription factors responsible
for the maturation and differentiation of haematopoietic stem cells (IKZF1-5)
(Yoshida and Georgopoulos, 2014, John and Ward, 2011). IKAROS is able to
directly bind DNA via the four N-terminal zinc fingers encoded by exons 4-6. The
middle pair of these zinc fingers makes contact with DNA via the specific
(A/G)GGAA core motif (Hu et al., 2016). The other zinc fingers within the DNA
binding domain contribute to its acitvity, though they do not make direct contact
with DNA (Schjerven et al., 2013, Arenzana et al., 2015). IKAROS is also able to
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form homo- and heterodimers with family members via the C-terminal zinc fingers
encoded by exon 8 (McCarty et al., 2003).
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Figure 1.9: Chromosomal location and gene structure of IKZF1. The IKZF1
gene is located on Chromosome 7. Blue boxes represent exons in the gene and
the dark blue vertical lines represent the location of the zinc fingers.

IKAROS is essential for normal lymphopoiesis at different stages of differentiation
by repressing gene expression through the alteration of chromatin structure in
developing immune cells. This is achieved through the recruitment of various
complexes that are able to modify chromatin at target loci (Kim et al., 1999,
Oravecz et al., 2015, Yoshida and Georgopoulos, 2014). One such complex that
IKAROS interacts with is the nucleosome remodelling deacetylase (NuRD)
complex via the ATPase Mi2b (Schwickert et al., 2014, Schjerven et al., 2013,
Yoshida et al., 2019). Both NuRD and IKAROS enrichment patterns at these
target lymphoid lineage genes vary significantly during lymphocyte development,
meaning that IKAROS regulates a broad range of genes (Zhang et al., 2011). It
has recently been shown that IKAROS leaves highly distinct histone methylation
signatures depending on its interaction with the HDAC proteins, which are

components of the NURD complex (Song et al., 2016).

In addition to the NuURD complex, IKAROS also interacts with the Polycomb
Repressive Complex PRC2 during B-cell development and also double negative
thymocytes (Oravecz et al., 2015, Hu et al., 2017). PRC2 is responsoble for the
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presence of the H3K27me3 repressive marker, and so the loss of IKAROS leads
to the loss of this (Oravecz et al., 2015). IKAROS activity is not exclusive to
transcriptional repression of its target genes. IKAROS also interacts with BRG1,
which makes up a part of the chromatin remodeling Switch/Sucrose Non-
Fermentable complex (Kim et al., 1999, Bossen et al., 2015).

1.2.1.1 Control over early lymphoid development

Lymphocyte differentiation is dependent on a small number of proteins that bind
to DNA and are able to influence transcription patterns in HSCs, the root of all
haematopoietic and lymphoid lineages (van Galen et al., 2014, Ng et al., 2009).
Examples of these transcription factors include TCF3, HEB, EBF1, PAX5,
RUNX1, and the IKAROS family of transcription factors. HSCs exhibit low levels
of gene expression patterns, termed “transcriptional priming” (Laslo et al., 2006).
IKAROS plays a key role in the transcriptional priming of HSCs and subsequently
lympho-myeloid multipotent progenitors (LMPPs) (Ng et al., 2009).

IKAROS is known to be expressed throughout haematopoeisis from the HSC
through to terminally differentiated T and B effector cells. Early work to elucidate
its function through the generation of mutant murine models led to the discovery
that loss of IKAROS leads to significant defects in lymphoid development in vivo
(Georgopoulos et al., 1994). In the same study, mice that exclusively express the
DN isoforms of IKAROS have a complete lack of T, B and natural killer cells. A
later study in which a heterozygous murine model was generated, found that T-
cell development was normal up to one month of age, and subsequently lost
double and single positive thymocyte populations. Following the loss of these
populations, the heterozygous mice developed leukaemia and lymphoma which
led to the conclusion that Ikaros is a tumour suppressor (Winandy et al., 1995).
Disruption of the C-terminal zinc fingers were also studied in murine models. Loss
of these zinc fingers in the dimerisation domain led to the absence of murine
foetal T- and B-cell precursors (Wang et al., 1996). These early functional studies
concluded that DNA binding and dimerisation are both essential for the normal

function of Ikaros.
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Despite the early work in Ikaros function pointing to its role in lymphocyte
development, its specific activity during each developmental stage was not clear.
Subsequent studies found that mice homozygous for an lkaros null mutation
displayed a significant reduction in the ability of HSCs to repopulate
(Nichogiannopoulou et al., 1999), and that Ikaros is necessary for the activation
of the lymphoid gene expression profile and the repression of stem cell genetic

signatures in LMPPs.

1.2.1.2 Control of early B-cell development

Since the early murine models discussed in section 1.2.1.1 had a total lack of B-
cells, a model in which the expression of lkaros at low levels was generated in
order to study its role in early B-cell development (Kirstetter et al., 2002). In this
particular model, foetal B-cells were absent although were able to develop from
an albeit markedly smaller population of precursors which appeared postnatally.
These B-cells had significant defects in the pro- to pre-B cell stage. Other studies
have since found that normal pre-B cell development and pre-BCR signalling is
prevented upon a loss of Ikaros (Schwickert et al., 2014, Heizmann et al., 2013).

Ikaros is also implicated in the development of early thymocytes (Winandy et al.,
1999), innate lymphoid cells (Mazzurana et al., 2019), and in the function of
mature T-cells (Thomas et al., 2010) and mature B-cells (Heizmann et al., 2016),

which will not be discussed in detail as they are less relevant to this thesis.

1.2.1.3 Role in adhesion and migration

IKAROS is involved in the migration and adhesion of cells, the loss of which alters
both of these normal functions (Lopez et al., 2002). A loss of Ikaros function in
murine models has been implicated in cells acquiring stem cell like features, self-
renewal and over-expression of adhesion molecules (Churchman et al., 2016,
Churchman et al., 2015). The expression of a dominant negative form of IKAROS
also leads to the expansion of primitive B-cells in a murine model, but without

initiating leukaemia (Beer et al., 2014).
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1.2.1.4 Metabolic control of IKAROS
Malignant cells have a higher dependence on glucose metabolism, known as
aerobic glycolysis (Warburg et al.,, 1924). More recently, the involvement of
IKAROS in the prevention of malignant transformation via metabolic pathways
has been investigated. It was found that IKAROS and PAXS5 restrict glucose
uptake via transporters below the required level for malignant transformation.
This restriction activated the AMPK pathway, an energy stress sensor, which
results in autophagy. DN isoforms of both proteins were shown to lift the block on
glucose metabolism and relieve energy restriction, and also resulted in resistance
to corticosteroids (Chan et al., 2017). This may explain the apparent treatment
resistance in IKZF1 deleted patients, though only DN IKAROS was tested and

not a loss of the entire IKAROS protein.

1.2.2 Regulation of the IKZF1 locus

Since alterations in the IKZF1 locus are common in ALL, discussed in detail later
on in this chapter, understanding its normal expression patterns and what
controls this is critical. Murine studies on control of the lkzfl locus have revealed
the presence of two stage-specific promoters and six enhancers. One of the
promoters has a major role in lymphoid-myeloid cells (Figure 1.10, promoter B).
Only two of the six enhancers are active in T cells (Figure 1.10, C/D and H), and
one is involved in the up-regulation of Ikaros during the transition of LMPPs from
HSCs (Figure 1.10, C/D) (Yoshida and Georgopoulos, 2014).

The elements identified in murine models allow for control over the Ikzfl locus
during normal lymphopoiesis (Yoshida et al., 2013, Perotti et al., 2015). A number
of key transcription factors that control development of the lymphoid system
display occupancy at the enhancers of IKZF1. Enrichment for TCF3 and HEB,
enhancers of E-box proteins, RUNX1 and TCF-1 at these enhancers suggest that
these are likely to contribute to the induction of IKAROS expression in HSCs
(Yoshida et al., 2013).
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Figure 1.10: A summary of the regulatory elements controlling the murine
Ikzf1 locus. The promoters A and B, represented by the dark blue boxes located
in exon 1 are shown, along with a promoter element (p). Regions tested for
enhancer activity (C-I) are represented by the purple boxes. Promoter B and the
promoter element up-regulate Ikaros in HSCs and B-cells, and enhancers E, F,
and H-J maintain expression in restricted chromatin environments. Enhancer C/D
is required for the up regulation of Ikaros during the transition from HSCs to
LMPPs. Modified from Yoshida and Georgopoulos, 2014.

1.2.3 IKZF1 gene mutations

IKZF1 is commonly deleted in ALL, with IKZF1 deletions (AIKZF1) more
commonly occurring in BCR-ABL1+ ALL (Mullighan et al., 2008, van der Veer et
al., 2014a). There are several different deletions that can affect IKZF1 in the
progression and development of ALL, some involving the entire gene, caused
through the loss of 7p or monosomy 7 (Stanulla et al., 2020, Lopes et al., 2019).
Others only affect part of the gene and remove a subset of the exons. There are
a number of different isoforms of IKAROS (Figure 1.11), the majority of which
are produced through alternative splicing. This is with the exception of IK6 which
is produced through the deletion of exons 4-7, the most common intragenic
deletion found in IKZF1 (Cazzaniga et al., 2011, lacobucci et al., 2009). The IK6
isoform is described as Dominant Negative (DN) as the four zinc fingers in the
DNA binding domain become deleted, leaving the dimerisation domain intact.
This means that the IK6 protein can render wild type (WT) IKAROS non-functional

by dimerising with it while also being non-functional itself (Sun et al., 1996).
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Figure 1.11: Isoforms of the IKAROS protein. There are several isoforms
produced from IKZF1 through alternate splicing with the exception of IK6
(highlighted in the red box), a dominant negative protein generated through the
deletion of exons 4-7. The mid-blue boxes represent the exons, and the dark blue
boxes represent the zinc fingers.

There are also other, less common deletions found in IKZF1 that exert a different
effect on the IKAROS protein. Other common deletions involve exons 2-7, 4-8
and 2-8, all of which have a loss of function effect (LOF) (Boer et al., 2016,
Kastner et al., 2013). Any deletion involving either exon 2 or exon 8 would have
this effect. Deletions involving exon 2 means the ATG start codon is deleted and
so the gene cannot be transcribed. Deletions involving exon 8 removes the zinc
fingers in the dimerisation domain, and so any protein produced cannot dimerise,

and subsequently reducing activity (Kastner et al., 2013).

The intragenic deletions in IKZF1 are thought to be caused by the aberrant

activity of the RAG enzyme machinery. This is particularly evident from the

breakpoints in IKZF1 occurring closely to sequences sharing a high homology

with the heptamer that RAG recognises. The breakpoints are not consistent, and
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there is often the presence of a short sequence of non-germline nucleotides
inserted at the breakpoint which is a hallmark of TdT activity. IKAROS is known
to bind to the TdT gene, downregulate TdT in developing thymocytes (Gurel et
al., 2008), and to activate the transcription of the RAG genes (Reynaud et al.,
2008). It is unclear as to what is cause and effect in the deletion of IKZF1.

It is not only somatic deletions that affect the IKZF1 locus. Single nucleotide
polymorphisms (SNPs) in a number of genes such as CDKN2A/B, GATA3 as well
as IKZF1 have been identified through genome wide association studies and
found to cause a modest increase in risk to ALL susceptibility (Perez-Andreu et
al., 2015, Trevino et al., 2009). Damaging SNPs in TP53 and ETV6 have been
identified in presumed de novo ALL, and more recently, SNPs in IKZF1 have
been investigated (Moriyama et al., 2015). In this study, 28 SNPs in IKZF1 were
identified in paediatric patients, and found in familial ALL also. Of the 28 identified,
22 were found to be damaging and the remaining six benign. Of note, these
variants were found throughout the IKZF1 gene and not restricted to the zinc
fingers (Churchman et al., 2018). All this suggests that germline variants in a
number of genes including IKZF1 have a greater role in ALL than previously
thought.

1.2.4 Technical approaches for AIKZF1 screening

There are several strategies that can identify intragenic IKZF1 lesions, with
differing strengths and weaknesses. Polymerase chain reaction (PCR) is a highly
sensitive and specific assay. Reverse and forward primers are designed around
the genomic target which anneals to the DNA, and a polymerase enzyme
elongates the strand using the dNTPs available in the reaction. In the case of
IKZF1, the primers are designed to anneal around the target breakpoint in IKZF1
and will only produce a PCR product when brought close enough i.e., if a part of
the sequence has been deleted between the primer annealing sites (Figure
1.12). The polymerse enzyme can only work at short range and can only produce
a maximum product length of around 1Kb. PCR is fast, low cost, and easy to
interpret via gel electrophoresis. While PCR highly sensitive and specific, this also
means that this technique can yeild false negative results if the primer sites are

disrupted, which means it is not ideal for detecting IKZF1 deletions as the
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breakpoints are not consistent, and the number of exons affected can vary. PCR
is also limited to detecting the lesions where an assay has been designed. It

therefore cannot detect any lesion within IKZF1.

PCR product

produced?
wzer [ S*HOHHI I o
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AIKZF1 (b) D | H I = | I:I NO
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Figure 1.12: PCR based AIKZF1 screening strategy. TAQ polymerase is not
able to synthesise a PCR product long enough to span the distance between the
forward and reverse primers in WT IKZF1. In (a), when exons 4-7 are deleted,
the PCR primers are brought closer together and TAQ polymerase is able to
elongate the strand, and will therefore only produce a positive signal on a gel if
deleted. Example (b) shows one of the limitations of the PCR assay since the
reverse primer site has been deleted. The breakpoints in IKZF1 are not consistent
and can vyield false negative results if the primer sites are deleted. The red
crosses in WT IKZF1 represent two of the common breakpoints within the gene.
FWD=forward, REV=reverse.

Multiplex Ligation-dependent Probe Amplification (MLPA) is a PCR based assay
that can screen for many lesions in one reaction, making it fast and cost effective.
MLPA uses probes that have two parts- the left probe oligonucleotide (LPO) and
the right probe oligonucleotide (RPO). These probes contain forward and reverse
PCR binding sites, a stuffer sequence, and hybridisation sequences, as seen in
Figure 1.13A. The DNA sample is denatured to break the double strand into
single stranded DNA (Figure 1.13B, step 1) The probes are designed to anneal
to the probe target directly next to each other (Figure 1.13B, step 2), allowing for
the sequences to be ligated by a ligase enzyme (Figure 1.13B, step 3). The
ligated probes are then amplified by PCR (Figure 1.13B, step 4) and detected by
capillary electrophoresis (Figure 1.13B, step 4). Since the probes contain a
stuffer sequence, they can be identified by their defined unique length. The data
are then analysed using software such as Coffalyser, comparing the leukaemic
DNA sample to a healthy reference (Figure 1.13B, step 5). One such MLPA Kkit,
the p335 kit, can screen the for loss of each exon of IKZF1 independently, as well
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as other genes including RB1, CDKN2A/B, BTG1, ETV6, PAX5, JAK2, EBF1,
and the PARL1 region. Although MLPA can have a broad range of targets in one
reaction, it is not as sensitive as PCR, meaning it may miss deletions in minor
leukaemic clones. Furthermore, a high level of skill is required for the
interpretation of MLPA. MLPA also relies on the “test” DNA sample being diploid,
which is not the case for many leukaemias and hence can make interpretation of
the data a challenge. Similar to PCR, MLPA is limited in that it can only detect
lesion for which a probe has been designed. For example, the p335 kit has a
probe designed to target each of the eight exons on IKZF1 and so cannot
detected any lesions affecting its promoter which would also reduce the amount
of cellular IKAROS.

NGS based techniques would allow for all types of IKZF1 deletion to be detected,
including lesions in the promoter and intronic regions that may affect splice sites,
and also damaging SNPs. While this would allow for the full spectrum of lesions
in IKZF1 to be detected, NGS is expensive which may not make it viable in the
clinic, and also requires a high level of bioinformatic skill to interpret the data.
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1.2.5 AIKZF1 based MRD assays
MRD assays specific for AIKZF1 have been developed for the monitoring of ALL
patients, and found to have a strong correlation with Ig/TCR MRD (Caye et al.,
2013, Venn et al., 2012). In the study led by Caye, the lower limits of sensitivity
and quantitative range (QR) were similar to that of Ig/TCR MRD assays with 11
assays achieving a QR of 1*104 and seven achieving 5*10*. It is worth noting
that both of these studies were performed in small numbers of paediatric patients
and not in adult patients. IKZF1 deletions should only be present in leukaemic
cells, and so should prove to be a highly specific marker in the detection of MRD.
Moreover, as it was possible to identify sub-clonal IKZF1 lesions, IKZF1 MRD
assays may provide a way of identifying and monitoring subclones at diagnosis
that go on to become the drivers of relapse, since IKZF1 lesions are associated
with poor prognosis. [IKZF1 deletions showed promise at increasing the
repertoire of markers we can use to follow patients, which is of particular

importance in adult patients where finding a sensitive marker is a challenge.

1.2.6 Prognostic impact of IKZF1 alterations

There have been reports of differing results for the prognostic impact of IKZF1
deletions in ALL patients. IKZF1 has been reported as being a strong prognostic
marker in paediatric patients with high risk disease (Mullighan et al., 2009). There
have also been a number of studies that have identified AIKZF1 as a marker for
poor outcome but only in certain contexts (Table 1.2). For example, one study
found that it is LOF and not DN deletions that are associated with poorer outcome
in BCR-ABL1- patients on the GMALL trial (Kobitzsch et al., 2017).

There has been some suggestion that the cooperating lesions define outcome
along with any IKZF1 lesion. In particular, an IKZF1P'us subgroup was identified in
a paediatric cohort for having very poor outcome. This subgroup was defined as
any IKZF1 deletion co-occurring with deletions in either CDKN2A, CDKN2B,
PAR1, PAX5, and in the absence of an ERG deletion (Stanulla et al., 2018). ERG
deletions are exclusively associated with the newly described IGH-DUX4 lesion,
which is associated with good risk (Zhang et al., 2016, Yasuda et al., 2016).
Patients with these lesions are also likely to harbour IKZF1 deletions (Zhang et
al., 2016).
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Interestingly, Dupuis and colleagues identified a relationship between IgH
rearrangements and AIKZF1, and outcome (Kastner et al., 2013, Dupuis et al.,
2013). Patients negative for both had the best outcome, while patients positive
for AIKZF1 and negative for an IgH rearrangement fared the worst. It was noted
that this required repeating on other cohorts to confirm the association. This work
points to a link between the activity of RAG in rearranging the IgH locus, and also

the aberrant involvement in the deletion of IKZF1.

If AIKZF1 does indeed have such a large impact on outcome, its detection in the
clinical setting needs to be considered carefully. While PCR is highly sensitive, it
may yield false negative results if the primer sites are deleted through the
presence of an atypical breakpoint. Multiplex Ligation-dependent Probe
Amplification (MLPA) would overcome this issue but is not as sensitive, and due
to its technical approach struggles with the comparison of healthy individuals and
patient samples harbouring large differences in ploidy. Higher throughput
methods such as array Comparative Genomic Hybridisation (aCGH) and SNP
arrays would overcome the issues in both PCR and MLPA, but the cost of these

may not make them viable.
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1.3 Hypotheses and aims

1.3.1 Central Hypothesis

The central hypothesis of this thesis is that IKZF1 lesions contribute to poor
outcome in patients with B-ALL. The first part of this thesis addresses the central
hypothesis by analysing the effects of IKZF1 on outcome in a large clinical trial
population. The subsequent parts of this thesis address how IKZF1 lesions

contribute to treatment resistance.

1.3.2 Aims
1.3.2.1 Chapter 3: IKZF1 lesions do not contribute to poor outcome in patients
with B-ALL, regardless of other cooperating lesions
Aims
e To compare PCR and MLPA for screening of IKZF1 status
e To describe the IKZF1 deletion status of a large patient group taking part
in a national clinical trial UKALL14
e To determine the prognostic relevance of IKZF1 and IKZF1PUs status in
patients with B-ALL treated on UKALL14
e To determine the suitability and stability of AIKZF1 as a marker for

monitoring MRD over the timecourse of treatment

1.3.2.2 Chapter 4: Ig/TCR MRD is not more predictive of outcome than BCR-
ABL1 MRD in patients with BCR-ABL1+ ALL
Aims
e To compare Ig/TCR MRD and BCR-ABL1 MRD and identify if one
technique is better than the other at predicting survival
e To compare the frequency and type of Ig/TCR markers with relation to
BCR-ABL1 and IKZF1 status
e To compare IKZF1 breakpoint sequences in BCR-ABL1+ versus BCR-
ABL1- specimens, specifically the location of the breakpoints and the non-

germline insertions
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1.3.2.3 Chapter 5: Lesions in IKZF1 contribute to treatment resistance which is
abolished by BCR-ABL1 expression
Aims
e To generate both DN and LOF IKZF1 cell line models
e To study the effects of IKZF1 lesions on treatment resistance

e To study the effects of mesenchymal stromal cells on treatment resistance
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2 Materials & Methods

2.1 Patients

All patients were enrolled on UKALL14 (ISRCTN 66541317), a multicentre phase
3 clinical trial that recruited B-ALL and T-ALL patients aged between 20-65.
Patients were recruited from December 2010 until the trial closed in July 2018.
All patients gave written and informed consent to research. Where possible,
cytogenetic subgroup was determined by FISH at the Northern Institute for
Cancer Research, Newcastle University. In BCR-ABL1+ patients, the breakpoint

was confirmed by PCR.

2.2 Cell lines

The ALL cell lines NALM-6, SUP-B15, SD-1 and the mesenchymal stromal cell
(MSC) line HS27a (DSMZ) were cultured in RPMI 1640 (Thermo Scientific)
supplemented with 10% heat inactivated foetal bovine serum (FBS) and 1%
penicillin/streptomycin and L-glutamine. The packaging cell line Phoenix™-
AMPHO was cultured in Dulbecco’s Modified Eagle Medium (Thermo Scientific)
supplemented with 10% heat inactivated FBS and 1% penicillin/streptomycin and
L-glutamine. All cell lines were passaged every 3 days except for HS27a which

were passaged every 7 days.

2.3 Sample processing and DNA extraction

All patient samples were processed by the National Adult ALL MRD Laboratory
upon arrival. Bone marrow (BM) and peripheral blood (PB) samples were
processed to isolate the white blood cell population. Samples were either diluted
(BM) with RPMI 1640 or directly layered (PB) onto an equal volume of
Lymphosep separation (MP Biochemicals Europe) and spun at 1,600 RPM for 30
minutes at room temperature. Where possible, DNA extraction was performed
on at least 1*10’ cells using the DNeasy mini kit (Qiagen) according to
manufacturers’ instructions. DNA was diluted to a concentration between 50 and
150ng/ul using AE buffer (Qiagen). Initial concentration and purity was checked
by measuring absorbance at 260nm and 280nm using a Nanodrop™

spectrophotometer (Thermo Scientific). Final DNA concentration and quality was
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assessed by TagMan™ (Thermo Scientific) real time quantitative PCR (RT-
gPCR) amplification of the albumin housekeeping gene, and compared to a

standard curve derived from human genomic DNA (Bioline).

2.4 Ig/TCR screening and sequence analysis

The detection of Ig/ITCR rearrangement by end point PCR was performed
according to EuroMRD guidelines. See Table 7.1 in the appendix for the Ig/TCR
panel of 36 primer combinations used for the 66 most common rearrangements
found in B-ALL. Ig/TCR screening of patients with BCR-ABL1+ ALL was
performed by MSc student Jillian Brown as part of her research project. Ig/TCR
screening is not routinely performed for patients with BCR-ABL1+ ALL as they
are followed by measuring BCR-ABLL1 transcript levels. Ig/TCR screening of
patients with BCR-ABL1- ALL was performed as routine MRD analysis by
members of MRD laboratory. To each reaction the following was added: 11.775pl
dH20, 2.1ul 10x reaction buffer (Qiagen), 0.5yl 0.5mM dNTPs (Promega),
0.125ul HotStart Taq polymerase (Qiagen), 0.5ul template DNA. Cycling
conditions can be found in Table 2.1.

Table .2.1: Cycling conditions for Ig/TCR

screening

Step Cycling condition

95°C for 10 minutes
95°C for 50 seconds
60°C for 50 seconds
72°C for 40 seconds
Repeat steps 2-4 for 31 more times
72°C for 5 minutes
4°C forever

~N o0 AW NN -

PCR products were run on a 10% polyacrylamide gel with Hyperladder IV
(Bioline) at 150mV for one hour. PCR products from multiplex wells were purified
with using Exostar Pro (GE Healthcare) and all wells positive for an Ig/TCR
rearrangement were sent for sanger sequencing to Eurofins Genomics. DNAstar
Lasergene software was used to analyse sequences. The BLAST search engine

was used to determine which gene segments were present in the
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rearrangements. Patient specific allele specific oligonucleotides (ASO) were

designed over the unique N-regions.

2.5 Patients specific standard curve preparation and ASO

testing
Standard curves were serially diluted from DNA extracted from diagnostic PB and
BM specimens. The initial amount of the input DNA was adjusted depending on
the concentration as determined by ALB control gene RT-gPCR amplification.
DNA was diluted with non-amplifiable control (NAC) derived from pooled healthy
controls. A range from 10! to 10 was prepared. The sensitivity and specificity of
ASOs were assessed by “limited testing” in which RT-gPCR was performed for

102 and 10 standard curve points in duplicate and NAC in triplicate.

2.6 Ig/TCR RT-gPCR guantification

All RT-gPCR was performed on an ABI-7500 fast machine (Thermofisher).
Dilution points 10-* to 102 were run in duplicates, 5*10 to 10-° and follow up DNA
specimens were run in triplicate to ensure reproducibility. Six replicates of NAC
were also included to determine the sensitivity of each assay. To each reaction
the following was added: 12.5ul TagMan fast mastermix (Thermofisher), 2.5ul
0.4% bovine serum albumin (BSA), 2.25ul of each of the 10uM forward and
reverse primer, 0.5ul 5uM probe (Sigma-Aldrich). Cycling conditions in Table 2.2.

Table 2.2: Cycling conditions for Ig/TCR and BCR-
ABL1 quantification

Step Cycling condition

1. Hold 1 95°C for 20 seconds

2. Cycling 95°C for 3 seconds

3. Cycling 58-64°C for 30 seconds*

4. Cycling Repeatsteps 2 and 3 50 times

*A range of annealing temperatures were used
depending on the optimal conditions specific to each
ASO. A temperature of 60°C was used for p190
quantification
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2.7 RNA extraction cDNA synthesis

RNA was extracted from BM and PB samples, and cell lines using the QlAamp
RNA Blood Mini Kit (Qiagen) according to manufacturers’ instructions. 1ug of
RNA was made up to the volume of 20ul with dH20 (or 20ul dH20 for the non
template control [NTC]), 1ul RNasin added and incubated at 65°C for 5 minutes
in a water bath. The tubes were removed from the water bath and cooled on ice
for 5 minutes before the following was added to each reaction: 10ul 5x cDNA
buffer, 2.5ul 10mM dNTPs (Promega), 1pl random primers, 0.5ul DTT, 2ul
reverse transcriptase, 1l RNasin, 12ul dH20. Each tube was incubated at 37°C

for one hour and then 10 minutes at 65°C and cooled on ice.

2.8 BCR-ABL1 screening

Screening for the most common BCR-ABL1 fusion transcripts was performed as
part of routine MRD analysis to identify patients with BCR-ABL1+ ALL, and also
the breakpoint, i.e. p190/minor or p210/major. To each reaction the following was
added: 12.8ul dH20, 3pl 10x reaction buffer, 2.5ul forward primer (Merck), 2.5ul
reverse primer (Merck), 0.2ul TAQ polymerase (Qiagen), 2mM dNTPs
(Promega), 4ul DNA/dH20 for the NTC. Primers are as follows (Foroni et al.,
2009):

BCR-C: 5-ACCGCATGTTCCGGGACAAAAG-3’

B2B: 5-ACAGCATTCCGCTGACCATCAATAAG-3

C5e-: 5-TCCTTTGCAACCGGGTCTGAA-3’

CA3-: 5-TGTTGACTGGCGTGATGTAGTTGCTTGG-3

Cycling conditions can be found in Table 2.3. Expected band sizes and primer
combinations are as follows:

e Control band- 805bp (B2B - C5e-)

e ela2, p190/minor- 481bp (BCR-C - CA3-)

e el4a2, p210/major- 385bp (B2B - CA3-)
PCR products were run on a 2% agarose gel for one hour at 150mV.
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Table 2.3: Cycling conditions for BCR-ABL1
breakpoint detection by PCR

Step  Cycling condition

96°C for 5 minutes

96°C for 1 minute

64°C for 50 seconds

72°C for 1 minute

Repeat steps 2-4 for 34 more times
72°C for 10 minutes

~N OO O AW -

4°C forever

2.9 BCR-ABL1 quantification

Quantification of BCR-ABL1 p190 and p210 fusion transcripts was performed as
part of routine MRD detection on the UKALL14 trial. This was also performed to
confirm p190 transcript expression in the NALM-6 IK6 and mRFP control cell
lines. Both GUS and ABL were used as the housekeeping genes for BCR-ABL
MRD. Housekeeping genes were used in order to normalise the fusion transcript
level with the amount of input cells. Absolute quantification was performed by
using a plasmid standard curve (Qiagen) expressing either BCR-ABL1 or house-
keeping genes. Primer and probe sequences for the quantification of the p190
transcript are as follows:

p190

Forward- 5-CTGGCCCAACGATGGCGA-3’

Reverse- 5-CACTCAGACCCTGAGGCTCAA-3

Probe- 5’-[FAM]CCCTTCAGCGGCCAGTAGCATCTGA[TAMRA]-3’

GUS

Forward- 5’-GAAAATATGTGGTTGGAGAGCTCATT-3’

Reverse- 5-CCGAGTGAAGATCCCCTTTTTA-3

Probe- 5’-[FAM]CCAGCACTCTCGTCGGTGACTGTTCA[TAMRA]-3’

Quantification of the plasmid standard curves were performed in duplicate and
follow-up cDNA was performed in triplicate. Prior to quantification the plasmids
thawed on ice for two hours. For quantification using GUS as the house-keeping

gene, each reaction included the following: 5.5ul dH20, 12.5ul TagMan fast
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mastermix (Thermofisher), 0.75ul of each of the 10uM forward and reverse primer
(Merck), 0.5ul 5uM probe (Merck), 5ul cDNA template/dH20 for the NTC. The
Cycling conditions are the same as Ig/TCR quantification in Table 2.2. For
guantification using ABL as the housekeeping gene, the Ipsogen BCR-ABL1

Mbcr Kit (CE) (Qiagen) was used according to manufacturers’ instructions.

2.10 Lower limit of detection for AIKZF1 PCR screen
DNA from the IKZF1A4-7 positive cell line SUPB-15, to serve as a positive

control, was extracted using DNeasy mini kit (Qiagen) according to
manufacturers’ instructions. A standard curve was derived from the DNA by serial
1 in 10 dilutions in AE buffer, ranging from 10 to 10®. A PCR using primers
(Venn et al., 2012) specific to A4-7 were used:

forward- 5’-TCTTAGAAGTCTGGAGTCTGTGAAGGT-3’

reverse- 5-AGGAATAAAATGCAAATCACCTTGA-3'.

For each reaction, the following was added- 2pl 10x reaction buffer (Qiagen),
0.5ul 10mM dNTPs (Promega), 0.125ul HotStarTag (Qiagen), 2.5ul 10mM
forward and reverse primer, made up to a final volume of 20ul with 11.375pl
dH20. The cycling conditions used are found in Table 2.4. PCR products were
run on a 2% agarose gel for an hour at 150mV with hyperladder IV (Bioline) to

confirm band size.

Table 2.4: Cycling conditions for AIKZF1 PCR
screening

Step Cycling condition

95°C for 10 minutes

95°C for 50 seconds

58°C for 50 seconds

72°C for 50 seconds

Repeat steps 2-4 for 44 more times
72°C for 10 minutes

4°C forever

~N OO O A WN -
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2.11 AIKZF1 Screening

Of the 655 B-ALL patients recruited, 498 diagnostic DNA specimens were
screened by end-point PCR for 4 common intergenic deletions (primers in Table
2.5) in IKZF1 in a multiplex manner (Table 2.6). The instrument for all PCR
reactions was a DYAD thermocycler. For each reaction, the following was added:
2ul 10x reaction buffer (Qiagen), 0.5yl 10mM dNTPs (Promega), 0.125pl
HotStarTaq (Qiagen), 2.5ul each of the 10uM primers (Table 2.5), 1pl
template/1ul dH20 for the NTC, made up to a final volume of 20ul with 1.375pl
dH20. Patient baseline characteristics were analysed to in order to identify any
differences between the screened population and patient population as a whole.
The primers were designed as close to the breakpoint cluster region as possible
(Caye et al., 2013). Distance from the putative heptamer sequence in each of the

4 breakpoint regions can be seen in Figure 2.1.

Table 2.5: Primers used in AIKZF1 PCR screen

Location Sequence

A2a 5. CAACAAGTGACCCATCCTTTG-3

Forward A2b 5. CACACACTTCAAGATTATGCATTT-3’

Brimarsh A4 5 TGTGAAGGTCACACCCTCTG-3
Albumin  5-TGAAACATACGTTCCCAAAGAGTTT.3
A7 5 - AAAGAACCCTCAGGCATTCA-3

Reverse

_ A8 5.GGGGACTGGAAGTCACAGAA-3’
PrIMers  \ oumin  5-CTCTCCTTCTCAGAAAGTGTGCATAT-3

Table 2.6: Multiplex screening AIKZF1

PCR strategy

Forward Reverse Forward Reverse
A2a A7 A2a A8
A2b - A2b -

A4 - A4 -
Alb Alb Alb Alb
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Proximal intron 1
5'-GATGTAAAAGCAACAAGTGACCCATCCTTTGAAGCTTACAAGAAGAGAAACATTAATCTATTTCACGTCT

TGAAAACAGATCAGTTTTATTTTGCTCAAAAAGGGCACATGTACATTTTTGATCTAGGTCTTAGAAACGTAGAGTT
TCAGAGGATCAGCATTATACACACTGTCACACACACA

Proximal intron 3
5 -ATTAAAATATTCTTAGAAGTCTGGAGTCTGTGAAGGTCACACCCTCTGGTCTTCTCCCAGCCCATAGGG

TATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCCCACAGTGAATTACCACCTTACT
IA-3'

Distal Intron 7
5 -TGTTGAATGTTGCTGTGGAAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATTC
CTGAATG-3'

Distal 3' UTR
5'-AGCAGGCACACTGGTCCCTTTCAAGGTGTGGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATG

CTTGGGATCTCCTAGCTCCACACTCTGTCTCTCATGAGTCTGAGCCCTTTGGGTITCTGTGACTTCCAGTCCCC
TCCTGCCAGT-3'

TTCTGTGACT -Primer sequence
CACACTG -Heptamer sequence

Figure 2.1: Common breakpoint cluster regions in IKZF1l. The four
breakpoints involved in the deletions detected by AIKZF1 PCR screen. The
heptamer sequence is highlighted in blue, the primer sites are highlighted in red.

The albumin housekeeping gene was amplified as an internal control. DNA from
the cell line SUP-B15 was used as a positive control. All PCR products were
analysed on a 10% polyacrylamide gel to ensure a high band resolution. Cycling
conditions for the PCR are found in Table 2.4. All PCR products were purified
using lllustra ExoProStar (GE Healthcare) to remove unincorporated primers and
dNTPs. Briefly, 0.5ul of ExoProstar was added to 5ul PCR product and incubated
at 37°C for 15 minutes, and then 80°C for 15 minutes to stop the reaction. PCR
products were diluted 1/100 in dH20 prior to sequencing. Sanger sequencing was
performed by Eurofins Genomics and analysed using Segman Lasergene
software (DNASTAR).

2.12 MLPA validation and IKZF1P'"s profile

Where extra material was available, patients were also screened for IKZF1
deletions using MLPA as a way of validating the PCR results. This was possible
in 420 of the 498 (84%) patients that were screened by PCR. The P335-ALL-
IKZF1 kit (MRC Holland) was used according to manufacturers’ instructions. This

kit was chosen based on its full coverage of IKZF1, with a specific probe to each
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exon. The details of other genes also screened for in this kit are found in Table
2.7.

Table 2.7: Genes covered in the P335-ALL-IKZF1 kit

Gene Location Definition

EBF1 Chr5g33.3 Transcriptional activator involved in B-cell
differentiation

JAKZ2 Chr9p24.1 Tyrosine kinase

CDKNZ2A/B  Chr9p21.3 Can induce cell cycle arrest in G1 and G2.
Tumour suppressor

PAXS Chr9p13.2 Transcription factor expressed during early B-cell
differentiation

ETV6 Chr12p13.2  Transcription factor required for haematopoiesis

BTG1 Chr12921.33 Regulates cell growth and proliferation

RB1 Chr13q14.2  Tumour suppressor. Maintains chromatin
structure

PAR1 ChXp22.33 Pseudoautosomalregion on the X chromosome.

region The P2RY8-CRLF2 fusion gene results in the

over-expression of CRLF2, which activates JAK-

STAT pathways.
Screening with this kit also allows for the detection of patients defined by the
IKZF1Pl's which is described as any IKZF1 lesion as well as a deletion in any of
the following: CDKN2A, CDKN2B, PAX5, PARL1 region, in the absence of an ERG
deletion (Stanulla et al., 2018). ERG deletions were only screened in 21 patients
using the P327-iIAMP21-ERG kit, and so the IKZF1Pls profile described as
“probable” in patients where this was not possible. All IKZF1PUs analysis was
performed with the MLPA data only. All MLPA assays were prepared in the
collaborating laboratory of Anthony Moorman at the Northern Institute for Cancer
Research, Newcastle University and analysed by DBS Genomics, Durham

university.

2.13 MRD assessment

A similar approach was used to determine MRD by IKZF1 breakpoint
guantification in order to perform a comparison of MRD levels in patients between
IKZF1 and Ig/TCR MRD quantification (van der Velden et al., 2007). A universal
forward primer and TagMan probe was designed in intron 3 proximal to the

breakpoint in IKZF1 and a patient specific primer was designed over the
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breakpoint (Figure 2.2). Patient 14-1-332 was used for the design of the primer
and probe set due to the presence of the largest deletion of intron 3 in this cohort.
The primer and probe set were designed in this way to ensure both sites were
intact in all patients. The forward primer and probe sequences are as follows:
Forward primer- 5-GTCACACCCTCTGGTCTTCTCC-3

Probe- FAM-CAGGCCCATAGGGTATAAATAATCTGAATTGACGGC-TAMRA

Proximal germline ‘ i ‘ Insertion ‘ E | Distal germline |
GTCACACCCTCTGGTCTI'CTCCCAGCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAETTCCCGGAGE CTGTTTCTTCTTCAAGGTGATTTGC ‘
GTCACACCCTCTGGTCTTCTCCCAGCCCATAGGGTATAAATAATCTGAATTGACGGCATCCA CTGTTTCTTCTTCAAGGTGATTTGC ‘
GTCACACCCTCTGGTCTTCTCCICAGCCCATAGGGTATAAATAATCTGAATTGACGGC  [CAITTCCCGGAGICTGTTTCTT|

Universal Universal Reverse
Forward Primer QPCR probe i Primer?
E

[ Patient sequence

| Primer/probe set
[ Proximal intronic region

Distal Intronic region
| Breakpoint

Figure 2.2: AIKZF1 4-7 RT-qPCR assay design. A universal primer and probe
were designed proximal to the breakpoint, and a reverse primer unique to the
patient was designed over the breakpoint.

Initial “limited testing” was performed to identify the correct annealing temperature
for the patient specific primers, and also the QR. IKZF1 MRD was performed in
for 43 follow up samples in 12 patients. Details of the Ig/TCR markers used for
MRD quantitation can be found in Table 2.8. The patients used for this were
chosen due to the nature of the sequences, i.e. the unique primers designed were
optimal for RT-gPCR. All follow up samples were run in triplicate where there was
an adequate volume of DNA and in duplicate for samples where there was limited
material. For each reaction, the following was added- 12ul TagMan Fast
Mastermix (Thermofisher), 2.5ul 0.4% bovine serum albumin, 2.25ul 10uM
forward primer, 2.25ul 10uM reverse primer (Merck), 0.5ul 5uM TagMan probe
(Merck), 5ul DNA/dH20 for the NTC.
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Table 2.8:

Patient
ID

14-1-135
14-1-206
14-1-222
14-1-278
14-1-294
14-1-306
14-1-431

14-1-456
14-1-473

14-1-595

14-1-606

14-1-618
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IKZF1 and Ig/TCR MRD RT-gqPCR assay details

IKZF1
QR
1e-04

5e-04
1e-04
1e-04
1e-04
1e-04
1e-04

1e-04
1e-05

5e-04

5e-04

1e-03

IKZF1 Unique primer sequence IgiITCR
(5’-3’)* QR
AGACTTGATGTTTCGAGGTGTA 1e-04

CAGTTACACTAGACTTGGCGTACT 5e-04

GACTTGATGTCCTTGGGGGT 1e-04

TTGATGTTTCAAGGCAATTTCT 1e-04

CACTAGACTTGATGTTTCGGTGTA 1e-04
ACACTAGACTTGATGTTGGGAAT 1e-04
ACAGTTACACTAGACTTGAGGTACT 1e-04

CTAGACTTGATGTTCGGATGTA 1e-04
CTAGACTTGATGTTTCGATGTACT 1e-04

CACTAGACTTGATGTTTAAGGTACTAAT  1e-04

GACTTGATGTTTCGGGTGTACT 1e-04

AGACTTGATGTCCCTGATGTACT 1e-04

*inserted nucleotides underlined

Ig/ITCR marker
used

IgH complete
TCRd

IgH complete
TCRPB

IgH complete
TCRy

IgH complete
TCRy

IgK

IgH complete
IgH complete
TCRy

TCRy

IgH complete
TCRy

TCRpB

TCRy

IgH complete
TCR&-Ja
TCRy

TCRy

The results of the IKZF1 and Ig/TCR MRD were log transformed to enable

comparison. Where more than one Ig/TCR rearrangement was tested, the assay

with the highest positivity was used for the comparison with IKZF1 MRD

quantification as this is what is used for reporting follow-up results. All MRD

results were interpreted using EuroMRD guidelines, and using the reporting
system for the UKALL14 trial (Table 2.9).

Table 2.9: Definitions of MRD results reported on UKALL14

MRD result

Negative

Positive

Positive out of the quantitative range (POQR)

Indeterminate
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Definition

No MRD detectable with a
quantitative range of 10

MRD detectable and quantifiable
MRD detectable but value falls out
of quantitative range

MRD not detected by quantitative
range did not reach 10



Chapter 2 Materials and Methods

2.14 Generation of Dominant Negative NALM-6 AIKZF1 model

The Murine Stem Cell Virus (MSCV)-IK6- Internal Ribosome Entry Site (IRES)-
monomer Red Fluorescent Protein (MRFP), MSCV-IK6-IRES-mRFP retroviral
vector (MSCV IK6) Plasmid was a kind gift to our lab from Charles Mullighan of
St Jude’s Childrens Research Hospital, TN, USA. The plasmid was cloned using
NEB 10-beta E. coli (High efficiency) (New England Biolabs) according to
manufacturers’ instructions. The transformed bacteria were spread onto 2x TY
agar containing 100ug/mL of ampicillin and incubated overnight. Single colonies
were picked and cultured in 2xTY broth containing 50ug/mL ampicillin for four
hours at 37°C, to allow selection of the correct plasmid, and shaken vigorously.
Plasmids were isolated from the bacteria using a QIAprep® Spin Miniprep Kit
(Qiagen) according to manufacturers’ instructions. A plasmid that did not contain
the IK6 cDNA sequence was generated (MSCV empty vector [EV]) in the lab

previously to serve as a control and cloned as for the MSCV IK6 plasmid.

SD-1 and NALM-6 cell lines were retrovirally transduced with either the MSCV
IK6 or the MSCV EV retroviral vector with the packaging cell line Phoenix™-
AMPHO. The NALM-6 cell line had previously been transduced. SD-1 cells were

transduced in a similar manner as follows:

Dayl

Phoenix™-AMPHO cells were cultured in DMEM 10% FBS, 1% L-Glutamine, 1%
penicillin and streptomycin until the cells became 60-80% confluent. Phoenix™-
AMPHO cells were then harvested by trypsinisation, washed, and counted. 2*10°

cells in 20ml DMEM were incubated in 10cm culture dishes overnight.

Day 2
A transfection mix was prepared, 1 per 10cm plate:
Solution A:
10 pL fuGENE® (Promega)
150 pL Opti-MEM® (Thermo Scientific)
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Solution B:
1.5 pg pCL-ampho rerovirus packaging vector (Imgenex)
2.6 ug of either MSCV IK6 or MSCV EV

Solution A was added to solution B, mixed by gentle pipetting and incubated at
room temperature for 15-20 minutes. Media from the Phoenix™-AMPHO plates
was gently removed, the transfection solution added in a dropwise manner to the
cell layer and fresh media re-applied carefully. The cells were incubated at 37°C

overnight.

Day 3
Supernatant was removed and fresh media added to the plates.

Day 4

6 well culture dishes were treated with 2ml/well of 30ng/mL RetroNectin®
(TaKaRa Biosciences) and incubated at room temperature for 2-3 hours. The
RetroNectin® was removed and wells were blocked with 2mL filter sterilised 2%
BSA and incubated for a further 30 minutes at room temperature. The BSA was
removed and wells were washed with 3mL phosphate buffered saline (PBS)
twice. 2.5%108 SD-1 cells in 2.5mL were added to each well and incubated at 37°C
for 30 minutes. The viral supernatant from the Phoenix™-AMPHO cells was
removed from the plate, spun to remove any cell debris and added to the SD-1

cells.

Day 5

Viral supernatant was removed from each well and replaced with 5mL/well of
RPMI 1640 10% FBS, 1% L-glutamine, 1% penicillin/streptomycin. The cells were
incubated at 37°C for 3 days before mRFP expression was confirmed by flow
cytometry. The cells were sorted for mRFP expression, and the population
enriched until a positivity of >95% was achieved. As the SD-1 cell line was not an
appropriate BCR-ABL1+ model, the NALM-6 cell lines successfully transduced
with either IK6 or mRFP control were subsequently transduced with either MSCV

2.2 Mig p190 (Mig 185) GFP plasmid, a gift from Warren Pear lab (Addgene
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plasmid #27483), or the MSCV 2.2 backbone control, a gift from Russell Vance
(Addgene plasmid #60206). In total four NALM-6 modified cell lines were
generated- IK6 p190, IK6 GFP, RFP p190, and RFP GFP and p190 expression
by RT-PCR and subsequent RT-gPCR using Ipsogen BCR-ABL plasmid
standards (Qiagen).

2.15 Generation of AIKZF1 Loss of Function NALM-6 model
The guide RNA (IK20) used for the knockout of IKZF1 exon 8 has previously

shown to successfully knockout IKZF1 ex8 (Fedele et al., 2018), the sequence
and position of IK20 is shown in Figure 2.3. The IK20 guide RNA and Alt-R®
ATTO 550™ tracrRNAs were re-suspended in nuclease free buffer (Integrated
DNA Technologies, USA) and made up to a concentration of 10nmol and 20nmol
respectively from a 200uM stock. The guideRNA:tracrRNA duplex was made by
combining 10uL each of guideRNA and tracRNA and incubated at 95°C for 5
minutes, then cooled to room temperature. The ribonucleoprotein (RNP) complex
was made as follows-

crRNA:tracrRNA duplex: 3.9ul

Recombinant CRISPR Cas9: 5.1pl

PBS: 6ul
1 [2] [o] 1+ 1 WSl e I7] QL
IK20 gRNA
Sequence- GTACAAGTGCGAACACTGCC

Figure 2.3: Position and sequence of the IK20 guide RNA. IKZF1
gene showing exons (humbered) and zinc fingers in dark blue. The
arrow indicates the region of IKZF1 that the gRNA IK20 targets.

The RNP complex was incubated at room temperature for 20 minutes. While the
RNP complex was incubating, 2106 NALM-6 cells were spun at 400g for 10
minutes. The supernatant was removed, and cells were washed in 5mL PBS a
further 2 times to remove any RNase present in the medium. The pellet was
resuspended in 60pL Ingenio® nucleofection solution (Mirus). The RNP complex
was added to the cells with 3ul of 2nmol enhancer oligo (Integrated DNA

technologies). The cell suspension was then electroporated in a cuvette (Mirus)
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using the setting C-05 (Chicaybam et al., 2017). The cell suspension was
transferred from the cuvette to 2mL pre-warmed penicillin/streptomycin free

RPMI media and incubated overnight in a 12 well plate at 37°C.

To achieve accurate screening for the successful knockout of IKZF1 ex8, the cells
were single cell sorted into 10 96 well plates. Prior to sorting the electroporated
cells were removed from the 12 well plate and spun at 400g for 5 minutes to
remove media, and washed with 5mL PBS. The cells were stained with the TO-
PRO-3™ (Thermo Scientific) viability dye and incubated for 15 minutes at room
temperature. Since the tracrRNA was tagged with the ATTO550 fluorophore, it
was possible to select cells based on their positivity for this. Non-electroporated
cells stained with the TO-PRO-3™ viability dye served as a control. Cells were
sorted into a mixture of fresh and conditioned media at a ratio of 1:1 and
incubated until cells had visibly grown out. Initial attempts failed as the NALM-6
cell line required neighbouring cells present in the media for growth, and so

conditioned media was required.

The wells that had successfully grown out from single cells were transferred to
fresh 96 well plates, and the first 36 screened by PCR (same programme as seen
in Table 2.4) for successful disruption of exon 8. Direct DNA extraction was
performed from 50uL of each cell culture with QuickExtract™ DNA extraction
solution (Lucigen) according to manufacturers’ instructions. The PCR primers
were first validated on normal healthy controls obtained from buffy coat. The
primers sequences are:

IK20 forward- 5-GGAGAACCTGCTGCTCT-3’

IK20 reverse- 5-GCACATGTTGCACTCAAAAG-3’

All PCR products were run on a 10% polyacrylamide gel. Two clones, A4 and A8

were grown out and used for subsequent experimentation.
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2.16 Drug Sensitivity by MTS assay

2.16.1 Monoculture

Cell viability was determined by MTS tetrazolium assay (Promega, UK). An initial
serial dilution of NALM-6 cells was performed to identify the optimal number.
NALM-6 cells were washed in PBS, counted and diluted with 10% FBS RPMI
1640 to make a range of concentrations from 5*104to 5*10° per ml. 100ul of each
concentration was added to a 96 well plate in triplicate and incubated with 20pl
MTS solution for 3-4 hours at 37°C and read on a FLUOstar Omega microplate

reader at an absorbance of 490nm.

Sensitivity was performed for four drugs routinely used in the treatment of ALL,
and on UKALL14 (Table 2.10). At O hours, for each drug at each concentration,
1*10° cells in 100uL RPMI 1640+ drug was added to a well of a 96 well plate in
triplicate. Data was recorded at 24 hours, 48 hours and 72 hours of exposure and
a non-drug control was also included. At each time point, 20uL of MTS solution
was added to each well and incubated at 37°C for 3-4 hours. Data was recorded
using FLUOstar Omega microplate reader at an absorbance of 490nm. The drug

concentrations used are in Table 2.11.

Table 2.10: Drugs used for sensitivity assays

Drug Mechanism or action
Daunorubicin Forms complexes with DNA, inhibits topoisomerasell
Vincristine Inhibits microtubule formation in the mitotic spindle.

Leads to mitotic arrest and cell death
Cytarabine Causes DNA damage by incorporation.

Primarily kills cells in S phase

Dexamethasone  Steroid- glucocorticoidagonist
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Table 2.11: The range of concentrations used for each drug

Daunorubicin Vincristine Cytarabine Dexamethasone
(nM) (nM) (nM) (nM)
1 1000 1000 2000 2000
2 100 100 500 500
3 10 10 100 100
4 1 1 10 10

2.16.2 Co-culture

Prior to performing co-culture MTS assays, HS27a cells were assessed for
sensitivity to dexamethasone at the concentrations used for the monoculture
experiments (Table 2.11). For co-culture assays, HS27a cells were plated 24h
prior to adding the ALL cells and performed as described above for three
conditions- HS27a alone, HS27a and ALL cell co-culture, and ALL cells alone.
This was performed for NALM-6 IK6 and EV cells only, and only dexamethasone
was assessed. The ALL cells alone were to act as a control for the efficacy of
dexamethasone in culture. Assessing the HS27a cells alone allowed for the mean
absorbance value to be subtracted from the absorbance of the co-culture
equivalent in order to identify the activity that was due to the ALL cells alone.

2.17 Drug Sensitivity assessment by Flow Cytometry

As the MTS assays were not a suitable method for co-culture drug sensitivity
assays, flow cytometry was used as an alternative. 1*10° HS27a cells were
allowed to adhere in 6 well plates overnight in 2mL RPMI 1640 media. 4*10° ALL
cells in 2mL media were added 24h later along with dexamethasone at a
concentration of 500nm, see Table 2.12 for a summary of the conditions tested.
At each time point, the ALL cells were removed from the plates and washed with
4mL PBS before being transferred to a FACS tube. For the co-culture wells, ALL
cells were removed from the plates, 1mL trypsin was added and plates were
incubated for two minutes at 37°C. HS27a cells were then added to the
corresponding ALL cells prior to the wash with PBS. This was to ensure that any
ALL cells that remained attached to the MSC layer were not missed. Once the

PBS was removed, the cell pellets were resuspended in 490uL PBS with and
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10uL DAPI at a concentration of 0.5ug/mL. RFP expression was used to identify
the ALL cells and were analysed on a Fortessa™ X20 (BD Biosciences). Cells
incubated at 60°C for 15 minutes were used as a positive control for the DAPI

viability stain.

Table 2.12: The conditions tested in flow cytometry
drug sensitivity assays

Cell line Culture Type +/-DeXx
+
Co-culture
IK6 p190 .
+

Monoculture

+
Co-culture
IK6 GFP )
+
Monoculture
+
Co-culture
RFP p190 .
+
Monoculture
+
Co-culture
RFP GFP i
+

Monoculture

2.18 IKZF1 Breakpoint and Ig/TCR rearrangement analysis

As a way of assessing the differences in RAG activity between BCR-ABL1+
versus BCR-ABL1- B-ALL patients, the number of nucleotides deleted relative to
the putative heptamer in the proximal and distal breakpoints were counted in
IKZF1 deleted patients. All breakpoints were analysed with the exception of 5 due

to poor sequence quality.
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The number and type of Ig/TCR rearrangements in BCR-ABL1+ patients were
compared to BCR-ABL1- patients. This was to identify any differences in the
proportion of different rearrangements present in these patients, as it may
indicate a different stage of developmental arrest. A positive Ig/TCR
rearrangement was defined as one that could be sequenced, as a number of faint
bands appear on the acrylamide gels but are not strong enough to be sequenced,
so itis not clear if these are genuine rearrangements or non-specific amplification.
Patients were screened with a primer panel developed by the UK MRD
Laboratory Network and EuroMRD (Pongers-Willemse et al., 1999). A total of 160
patients were included in this analysis, 55 BCR-ABL1+ and 105 BCR-ABL1-

patients.

2.19 Statistical Analyses

For drug sensitivity assays, data was analysed using the software package
GraphPad Prism. An unpaired t test was used for the differences in the number
of Ig/TCR rearrangements as the data followed a normal distribution when plotted
on a histogram for both BCR-ABL1+ versus BCR-ABL1- and also when
separated based on IKZF1 deletion status. To test if the number of Ig/TCR
rearrangements differed depending on IKZF1 deletion status, Fisher’s exact test
was used. The Wilcoxon-Mann-Whitney test was used to assess the differences
in IKZF1 deleted patients based on BCR-ABL1 status.

For both MLPA and IKZF1 screening, Event Free Survival (EFS) and Overall
Survival (OS) were used as for outcome in a univariable analysis. EFS and OS
times were calculated from the date of randomisation until the date of the first
event (relapse and death for EFS or death for OS) with patients not experiencing
event censored at the date last seen. Comparisons between groups were made
using Chi-squared or Fisher's exact tests (discrete variables), Wilcoxon Mann-
Whitney tests (continuous variables) or Cox regression and the log-rank test (time
to event variables). The assumption of proportional hazards was tested using the
Schoenfeld residuals. Analyses were performed using STATA version 15.1
(STATACorp, Texas) All outcome analysis and baseline characteristics were

analysed by Amy Kirkwood at UCL Cancer Trial Centre.
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3 IKZF1 lesions do not contribute to poor outcome in
patients with B-ALL, regardless of other cooperating

lesions

3.1 Introduction

3.1.1 Differential impact of AIKZF1 on trial populations

The treatment of paediatric patients with ALL has been incredibly successful, with
cure rates exceeding 80%, and in certain subtypes cure rates of 98% have been
achieved (Gaynon et al., 2010). This is not the case for adult ALL, which has a
markedly higher rate of relapse and death despite a significant number of patients
achieving a complete remission after induction therapy (Pulte et al., 2014, Sive
et al., 2012). A large proportion of these patients will have been classified as
standard risk by traditional cytogenetics and baseline characteristics such as age
and presenting white cell count. Therefore, there is a need to refine risk
stratification through the identification of other poor risk markers that are not
currently assessed in routine diagnostic laboratories.

There have been numerous reports on the impact of AIKZF1 on outcome in both
adult and paediatric trial populations. A study on high risk paediatric patients
found that AIKZF1 was a strong predictor of poor outcome and was further
validated on a reference cohort (Mullighan et al., 2009). Patients with ALL positive
for AIKZF1 were more likely to exhibit a gene expression profile similar to that of
BCR-ABL1+ ALL, with activated kinase pathways now known to be “Philadelphia
like” ALL. More recently, AIKZF1 was only found to refine risk stratification in
patients with high risk disease and not standard risk disease, which is arguably

where a refinement of risk stratification is needed most (Palmi et al., 2013).

The functional effect of different focal deletions also has a differential effect on
outcome. In one study on BCR-ABL1- ALL, loss of function IKZF1 lesions found
in 56 (12%) patients had a negative impact on outcome (overall survival at 5 years
28% vs 59%) (Kobitzsch et al., 2017). Dominant negative deletions, found in 50
patients, did not have a prognostic impact in this trial cohort. This is an

unexpected result, as DN deletions would be anticipated to be more deleterious
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than LOF deletions in terms of effect on phenotype. The DN IK6 isoform,
produced by a deletion of exons 4-7, should be more deleterious than an LOF
deletion as it cannot bind DNA itself and also renders WT IKAROS non-functional
as it is still capable of dimerising. Interestingly, a small number of patients
harboured both types of deletion (22 patients, 5%) whose outcome was
comparable to the LOF only deleted patients. It is worth noting that only patients
with an LOF deletion in a major leukaemic clone had a poorer outcome and that

patients where AIKZF1 resided in a small fraction of leukaemic cells did not.

A recent study from the German ALL group showed that AIKZF1 did not
significantly impact outcome in patients with BCR-ABL1+ ALL undergoing
allogeneic bone marrow transplant, without the occurrence of other lesions;
CDKNZ2A lesions were instead found as the strongest predictor of poor outcome
in a univariate analysis for overall survival (p=0.023), disease-free survival
(p=0.012), and remission duration (p=0.036) and this trend was retained in
multivariate analysis (Pfeifer et al., 2018). By contrast, the French cooperative
ALL group found such a strong impact of AIKZF1 on the GRAALL 2003 and 2005
trials on outcome, that they adopted IKZF1 status for individual treatment
stratification (Beldjord et al., 2014) on their subsequent trial. The outcome of this
strategy is not yet known. Based on these studies, it is becoming increasingly
clear that there is no consensus on the prognostic impact of AIKZF1.

3.1.2 IKZF1P''s Profile

There is accumulating evidence that the impact of AIKZF1 is dependent on other
co-operating lesions present (Clappier et al., 2014, Scheijen et al., 2017).
Stanulla and colleagues developed a profile that identified patients with very poor
outcome, termed IKZF1Ps, The PCR-based technique MLPA was used to screen
specimens from 991 paediatric patients for lesions in IKZF1 along with PAX5,
ETV6, RB1, BTG1, EBF1, CDKN2A, CDKN2B, and the PAR1 region (CRLF2,
CSF2RA and IL3RA). Not all the deletions screened for contributed to poorer
outcome when they co-occurred with AIKZF1; deletions of ETV6, RB1, BTGL1,

and EBF1 did not have a significant influence on outcome.
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Interestingly, ERG deletions seem to attenuate the negative impact on IKZF1
deleted paediatric patients. A French study showed that despite AIKZF1 4-7
frequently co-occurring with ERG deletions, patients typically had a very good
outcome (Clappier et al., 2014). It is worth noting that ERG deletions exclusively
co-occur with the IGH-DUX4 rearrangement and are often associated with IKZF1
deletions (Yasuda et al., 2016, Zhang et al., 2016)

ERG deletions were also taken into consideration when developing the IKZF1Plus
profile. Unlike the French study, Stanulla and colleagues found ERG deletions
were rare in high risk patients with AIKZF1 and a lesion in the other genes found
to contribute to a poorer outcome, though these patients did not experience a
relapse. ERG deleted patients were subsequently excluded from the IKZF1plus
profile. Thus, the IKZF1Ps profile is defined as patients with an IKZF1 deletion
and at least one additional deletion in PAX5, CDKN2A, CDKN2B, or a PAR1

rearrangement, but in the absence of an ERG deletion.

More recently, IKZF1Pls has been identified by RNA sequencing and aCGH
(Schieck et al., 2020). aCGH also revealed other high-risk lesions that would have
otherwise been missed and patients would have remained in the B-other category
and presumed standard risk. It is worth noting that outcome analysis was not
performed in this study, presumably due to the size of the cohort (Schieck et al.,
2020).

A recent report from the Dutch Children’s Oncology Group found that IKZF1Plus
predicted poor outcome in paediatric patients in the DCOG-ALL10 cohort and
was associated with drug resistance (Steeghs et al., 2019). It was suggested that
this was caused by an over-representation of BCR-ABL1 like subtypes within this
profile, and therefore the prognostic value of IKZF1Pl's was linked to subtype
related drug resistance. These studies have shown that IKZF1Pls is easily
screened for, and may play a major role in risk stratifying patients in the future.
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3.1.3 IKZF1 as an MRD marker in ALL

The real time PCR quantification of clonal immunoglobulin and T-cell receptor
gene loci (Ig/TCR) has long been the gold standard for the detection of MRD in
ALL. 1g/TCR markers are not pathogenic themselves but are a unique genetic
“fingerprint” of malignant clonal cells. Although this is the gold standard for MRD
quantification, there are some limitations to using Ig/TCR as an MRD marker.
Ig/TCR markers are susceptible to ongoing clonal evolution, such that patient
specific oligonucleotides designed are no longer able to anneal and give false
negative results. Additionally, finding suitable markers in adult patients is a
challenge, especially in older adults as seen in patients monitored by the national
MRD laboratory for adult ALL in the UK. The median age for patients without a
marker was 48 (95% CIl £2.03) whereas the median age for those with a useable
marker was 42 (95% CI +0.98, p=0.003) (Alapi et al., 2018). IKZF1 lesions may
provide an opportunity to monitor ALL patients by a marker associated with

leukaemic transformation, unlike Ig/TCR.

There are two approaches to designing an MRD assay of AIKZF1 based primer
location. The primer and probe set could be ‘patient specific’ by generating one
of the primers with the ability to anneal to the unique breakpoint present in IKZF1.
This would be similar in principle to Ig/TCR MRD and would allow for all
breakpoints to be used as an MRD assay, i.e. even patient sequences with
atypical breakpoints could have a specific assay designed. However, it is not
clear that AIKZF1 is vulnerable to clonal evolution in the same way as Ig/TCR
markers. Another approach to assay design would be to produce a primer and
probe set that is specific to the germline IKZF1 sequence immediately proximal
and distal to the breakpoint. This would be less time consuming as Sanger
sequencing for the breakpoint would not be necessary but may exclude some

patients as they harbour non-typical breakpoints.

AIKZF1 has previously been assessed for its suitability as a marker with
promising results (Caye et al., 2013, Venn et al., 2012) but only for AIKZF1 4-7
lesions which are the most common focal deletion. The correlation between
Ig/TCR MRD and AIKZF1 MRD was strong in both studies (Caye et al.,
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R?=0.9232, Venn et al., R?=0.985), suggesting that the Ig/TCR markers likely

reside in the same clone as AIKZF1.

Quantification of the BCR-ABL1 fusion transcript is another method of monitoring
MRD, recently standardised for the p190 transcript by EuroMRD (Pfeifer et al.,
2019). Quantification by this method should also be taken into account, it was
recently found that BCR-ABL1 MRD did not correlate with Ig/TCR MRD in a
subset of paediatric patients. In 20% of patients, the BCR-ABL1 MRD was
significantly higher than the Ig/TCR MRD levels by more than a log (Hovorkova
et al., 2017). The cells from these patients were flow sorted, which revealed that
the BCR-ABL fusion protein was present in non-B-ALL cells such as granulocytes
and myeloid cell. Hovorkova and colleagues concluded that these patients’
disease had a “CML like” biology and not the original diagnosis of B-ALL. It
remains unclear how AIKZF1 correlates with BCR-ABL1 MRD quantification.

3.1.4 UKALL14 Trial
UKALL14 is a phase 3 clinical trial that recruited 655 B-ALL patients aged
between 25 and 60 from December 2010 to July 2018. The trial protocol was
based on a previous UKALLXII trial with some modifications and asked a number
of questions. The only question of relevance to this thesis is:

e Does the addition of the anti CD20 monoclonal antibody Rituximab to

standard induction chemotherapy improve EFS?

UKALL14 stratified patients according to baseline and treatment-related risk
factors which are of relevance to this chapter because they are elements on
which pre-determined subgroup analyses were planned. The high-risk factors for
UKALL14 are summarised in Table 3.1.
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Table 3.1: Summary of high-risk classifiers on UKALL14

Risk stratification
factor for B-ALL

White blood cell count A presenting count of 230*10%/L

High risk

Age Patients aged over 40 at diagnosis

. Philadelphia chromosome (19;22)(q34;q11)
. MLL-AF4 (now KMT2A-AFF1) (t4;11)(921;923)
Cytogenetic . Low hypodiploidy/near triploidy (HoTr)
subgroups . Complex karyotype- five or more chromosomal
abnormalities in the absence of an established
translocation

Any residual MRD at the end of the second induction

MRD treatment block

3.1.5 Approach in this chapter

The approach | took was to develop and validate a PCR-based assay for
screening of patients for the four most common IKZF1 lesions found in ALL and
to compare it with MLPA in order to determine the prognostic relevance of these
lesions in this treatment setting and the optimal screening process. The MLPA
will also make it possible to identify IKZF1Ps patients and analyse their outcome.
Finally, | developed an RT-gPCR MRD assay based on the breakpoints in IKZF1
deleted patients from the sequencing data obtained from the PCR screening. |
was able to assess its suitability as an MRD assay by quantifying follow-up
specimens taken throughout the timecourse of treatment to allow for correlation
between IKZF1 MRD and Ig/TCR MRD.

3.2 Hypothesis
AIKZF1 contributes to poor survival outcomes in adult ALL patients
3.2.1 Aims
e To compare PCR and MLPA for screening of IKZF1 status
e To describe the IKZF1 deletion status of a large patient group taking part
in a national clinical trial UKALL14
e To determine the prognostic relevance of IKZF1 and IKZF1PUs status in
patients with B-ALL treated on UKALL14
e To determine the suitability and stability of AIKZF1 as a marker for

monitoring MRD over the timecourse of treatment
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3.3 Methods

3.3.1 Outcome analysis

3.3.1.1 UKALL14 protocol amendment

The UKALL14 treatment protocol changed in April 2012 due to a high level of
toxicity caused by pegylated asparaginase (Patel et al., 2017). Ninety-one
patients enrolled between December 2010 and April 2012. This has been taken
into account in multivariable analyses. Patients treated on UKALL14 prior to a
protocol change which was mandated by an excess of deaths in the BCR-ABL1+
arm were excluded from the analysis because the high rate death in BCR-ABL1+
population would lead to bias as IKZF1 is more common in BCR-ABL1+ ALL.

3.3.1.2 ECOG scores

Eastern Cooperative Oncology Group (ECOG) performance status was
developed to encourage standardisation when conducting clinical trials and
allowing for more consistency (Oken et al., 1982). ECOG scores, ranging from 1-
5, were included in baseline characteristics and in univariable and multivariable
analyses. ECOG scores of 2 and 3 have been grouped in the analyses. Table

3.2 summarises ECOG performance status.

Table 3.2: ECOG classifier definitions
Grade Performance status

0 Fully active, able to carry out all pre-disease performance without
restriction

1 Restricted in physically strenuous activity but Ambulatory and able
to carry out work of a light sedentary nature

2 Ambulatory and capable of all self-care but Unable to carry out
work activities. Up and about for >50% waking hours

3 Capable of only limited self-care, confined to bed for >50% of
waking hours

4 Completely disabled. Cannot carry out self-care. Totally confined to
bed/chair

5 Dead
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3.3.1.3 Refined paediatric genetic risk group

Risk status on UKALL14 classified patients as either “standard risk” or “high risk”.
More recently, there has been analyses in paediatric trial populations that
stratifies patients based on their cytogenetics into good risk, intermediate risk,

and poor risk groups. This additional analysis has also been applied.

The refined cytogenetic risk group was developed (Moorman et al., 2014) and
validated (Hamadeh et al., 2019) in paediatric patients. Table 3.3 summarises

the genetic lesions in each group. BCR-ABL1 was analysed as a separate group.

Table 3.3: Refined cytogenetic risk groups
Group Definition

Good Risk (CYTO-GR) + High hyperdiploidy
« ETV6-RUNX1
+ ZNF384 fusions

Intermediate Risk (CYTO-IR) « B-other

Poor Risk (CYTO-PR) + KMT2A fusions
* Low hypodiploidy/ near haploidy
+ Complex karyotype
+ JAK-STAT abnormalities (IGH-CRLF2,
P2RY8-CRLF2, and JAKZ2 fusions)
+ IAMP2
+ BCR-ABL1

3.4 Results
3.4.1 IKZF1 Screening

AIKZF1 screening by PCR was performed in a multiplex manner to make
screening fast, but was done in two different reactions to allow for Sanger
sequencing to be carried out more easily (Figure 3.1A). Patient specimens with
IKZF1 lesions of known sizes were used to validate this approach (Figure 3.1B).
The lower limit of detection of the PCR assay was determined as 10 by serial
10-fold dilutions of the IKZF1 A4-7 positive cell line SUP-B15 (Figure 3.2). Cell
line material harbouring the other deletions (A2-8, A4-8, A2-7) which were
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screened was not available and hence could not be assessed for the lower limit

of detection.

A

B 227 8047 1288008
Ladder D )D ' ) »

14-1-063, A2-7 & A2-8 y & ) ‘
14-1-084, A2-7 | 3 L)
14-1-094, £2-7 | b B
14-1-140, A4-8 | 2 13
14-1-176, A4-7 | 1 3 |
14-1-188,04-8 | L B ] iB
14-1-307, £2-8 | 1)
14-1-369, A2-7 | D | l

-ve control - § P
SUP-B15, A4-7 ] J [ABintemal control |

Figure 3.1: PCR assay design and validation. (A) Schematic representation of
the IKZF1 gene showing the primer sites and direction (red arrows) and common
breakpoints (red crosses). The blue boxes represent exons and the dark blue
boxes represent the zinc fingers. Two different reactions were used to screen
patients for AIKZF1: well 1= A2-7 and A4-7, well 2= A2-8 and A4-8. (B) 8 patients
with AIKZF1 of known sizes were used to validate this screening strategy. The
housekeeping gene ALB served as an internal control.
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1E-02

neat
1E-01

Figure 3.2: Sensitivity of the IKZF1 assay. An agarose
gel showing 10-fold dilutions from neat SUP-B15 DNA.
The lower limit of detection of IKZF1 is screen 1*10*

3.4.1.1 Summary of PCR results

Out of a possible 655 B-ALL patients enrolled, 498 were able to be screened by
multiplex end point PCR. The reasons why patients could not be screened are
summarised in Figure 3.3. The most common reason why patients were not able
to be screened was due to the diagnostic specimen becoming depleted, the likely
cause of this was the material being used for MRD analysis.

‘ B-ALL patients enrolled N=655 ‘

Inadequate sample/ 70
Not received/Missing

No consent for research 14
Ineligible/misdiagnosis 2

&« ~
No PCR result N=157 No MLPA result N=219
Depleted for MRD assays 71 MLPA technical failure 59

Inadequate sample/
Not received/Missing
No consent for research
Ineligible/misdiagnosis
No reasons given

Depleted for MRD assays 58

57

14
2
29

b

2

|

Samples screened by PCR
498/655 (76%)
Ph- N=331
Ph+ N=167

Samples screened by both
420/655 (64.1%)
Ph- N= 266
Ph+ N=153

Samples screened by MLPA
436/655 (66.5%)
Ph- N=282
Ph+ N=154

Figure 3.3: Reasons why patients could not be screened. Of those patients
not screened, the most common reason was due to diagnostic specimen
depletion. The likely cause of the depletion is due to a large amount of DNA
required for MRD analysis.
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Overall, 123 deletions were detected in 114/498 (22.9%) patients by PCR (Figure
3.4A). Of those that were positive, 9/114 were positive for two deletions. As
expected, A4-7 (n=66, 53.6%) was the most common deletion detected, followed
by A2-7 (n=29, 23.7%) and A4-8 (n=22, 17.9%), with A2-8 (n=6, 4.8%) being the
rarest deletion. As expected, AIKZF1 was more common in BCR-ABL1+ ALL than
in BCR-ABL1- ALL (PCR: 60.5% BCR-ABL1+ vs. 39.5% BCR-ABL1-, MLPA:
57.6% vs. 42.4% BCR-ABL1-).

A B
PCR MLPA
Diagnostic Samples N=498/655 Diagnostic Samples N=436/655
(76%) (66.5%)
Multiplex PCR +ve for MLPA +ve for
AIKZF1 N=114/498 (22.9%) AIKZF1 N=170/436 (39%)
BCR-ABL+ BCR-ABL- BCR-ABL+ BCR-ABL-
69/167 (41%) 45/332 (13.5%) 98/154 (77%) 72/283 (25.4%)
DN 34 DN 25 DN 23 DN 18
LOF 29 LOF 19 LOF 64 LOF 51
Both 6 Both 1 Both 9 Both 2

Unknown 2 Unknown 1

Figure 3.4: MLPA and PCR assay summaries. The flow diagrams show the
number of B-ALL patients screened for AIKZF1 by either (A) PCR or (B) MLPA.

3.4.1.2 Summary of MLPA data

Of the 436 specimens screened by MLPA (Figure 3.4B), 420 were also screened
by PCR. Consistent with the technical approach, MLPA found a wider range of
deletions in 170 patients- A1-2 (n=9, 4.9%), A1-3 (n=4, 2.2%), A1-7 (n=4, 2.2%),
A1-8 (n=37, 20.3%), A2-3 (n=6, 3.3%), A2-7 (n=34, 18.7%), A2-8 (n=14, 7.7%),
A4-7 (n=51, 28%), A4-8 (n=19, 10.4%), A6-8 (n=1, 0.6%). The probe ratios were
such that the size of the deletion in IKZF1 could not be confidently called in 3
(1.6%) cases.
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3.4.1.3 Comparison of PCR and MLPA

Between the MLPA and PCR data, 95 discrepancies were identified (Table 3.4).
Fifty-six (58.9%) of these were as expected due to the technical differences
between the two approaches, i.e. deletions that the PCR could not detect. Fifteen
deletions were detected by PCR and not MLPA, likely explained by the fact that
PCR has a greater sensitivity. Twenty-one deletions were identified by MLPA and
not by PCR, which cannot be explained by the differences between the two
techniques. In these patients, it is likely that the binding sites for the PCR primers
have been deleted as the breakpoints were atypical, and the MLPA probe binding
sites have remained intact. Sixteen patients were positive for AIKZF1 but the
results were incongruous, i.e. a different deletion was identified by both
techniques. Four of these are expected, as a second deletion was picked up by
MLPA that PCR could not detect (Table 3.5).
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Table 3.4: A summary of the incongruous results between patients
screening by MLPA and PCR

PCR

Neg

Pos

Pos
4-7. n=8
2-7, n=2
4-8 n=4

Pos

4-7,n=4
4-8,n=2

MLPA
Neg

Pos
(discordant-expected)
A1-2 n=7

A1-3 n=3

A2-3 n=4

A1-7 n=3

A1-8 (WG)n=34
A1-2+A6-8 n=1

Gain n=1

Pos
(discordant-unexpected)
A2-8, n=7

A4-8, n=4

A2-7 n=4

A4-7 n=2

unknown del, n=1
A2-7(+A2-3), n=2
A4-8(+A1-2), n=1

Fail

n:
n:

Pos

A2-8 n=3
NA4-8, n=11
A2-7 n=15
A4-7, n=39

A2-7+2-8,n
A2-7+4-7,n
A4-7+4-8,n

1
3
3

Pos, Incongruous
(see Table 3.5 for details)

Neg

Fail

88

No. of patients
240

53
(54 alterations total)

21

45
75

Expected n=4
Not expected, n=11
Unknown del (MLPA), n=2

14

Total

359
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Table 3.5: Details of patients positive by both MLPA and
PCR with incongruous results

PCR

Trial Number MLPA result Expected?
result

14-1-006 2-8 2-8, 4-7 No
14-1-084 2-7 1-8, 2-7 Yes
14-1-176 4-7 2-7 No
14-1-261 2-7 2-7,2-3 Yes
14-1-269 4-7 1-8, 4-7 Yes
14-1-285 2-7,4-8 2-7 No
14-1-289 2-7 2-7,4-7 No
14-1-332 4-7 2-7 No
14-1-378 4-8 2-8 No
14-1-405 2-7 2-3, 4-7 No
14-1-422 4-7,2-8 DEL UNKNOWN ?

14-1-445 4-7 2-7 No
14-1-551 2-7 1-7 No
14-1-595 4-7 2-7 No
14-1-607 4-7  DEL UNKNOWN ?

14-1-628 2-7 1-8, 2-7 Yes
14-1-643 4-7 2-8, 4-7 No

Of the remaining incongruous results, six deletions found by PCR were smaller
than the deletion found by MLPA. MLPA may be detecting two different deletions,
but as they are both present in the same clone, they are assigned the same probe
ratios. For example, in patient 14-1-176, MLPA may have identified a A2-3 and
A4-7 while the PCR could only identify A4-7. These cases could be resolved by
using a higher resolution technique, such as NGS. There were several patients
identified by both techniques found to harbour two deletions (9 by PCR and 18
by MLPA). These could either be bi-allelic and reside in the same cell, or biclonal,
having arisen separately in two distinct clones, though it is not possible to assess

this by the PCR based assays used here.
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3.4.2 Patient baseline characteristics

All baseline characteristics of the PCR cohort, MLPA cohort and PCR+MLPA
cohort are summarised in Table 3.6. Baseline characteristics are analysed to
ascertain if the screened populations are representative of the whole trial
population. The p-values represent a comparison between each screened cohort
and the whole B-ALL population enrolled onto UKALL14. The baseline white
count (p<0.001 for all cohorts) and BCR-ABL1 status (p<0.001 for all cohorts)
was significantly different for all three cohorts compared to the whole B-ALL
population on UKALL14. Patients with BCR-ABL1+ ALL are more likely to have
DNA spare since it is not required for their MRD analysis, unlike the patients
followed by an Ig/TCR rearrangement. This is the likely cause for BCR-ABL1+
ALL to be enriched in the screened cohorts. Similarly, white count is likely to be
skewed as there would have been excess DNA extracted if there were more cells
present in the diagnostic specimen. Age was significantly different between the
MLPA (p=0.0009) and PCR+MLPA (p=0.0022), and all B-ALL patients. It is less
clear why there would be a significant difference, though this may have been
caused by BCR-ABL1+ ALL being more common in older patients. The UKALL14
cytogenetic risk factor was significantly different between the PCR only cohort
(p=0.029) also. Baseline characteristics for patients only treated after the 2012

protocol amendment can be found in Appendix Table 7.2.

90



Chapter 3 Results

‘uone|ndod

1IV-9 YTTIVIN 3oym 3yl pue VdlN+3dDd pue VdiN ‘dDd '9'1 Loyod pausalds ayl usamiag uosuedwod e ale sanjen-d,
(6%) 2€ (sv) 6l (8%) 1T (0¥) 0T uonjew.ojul Buissiw -piepue}s pawnssy
(Pc) obs (928) L¥E (2°18) 9s¢ (e¥8) 0zt ¥su ybiy
(911 22 (6°21) bS (gcL)BS (9'L1) 85 %Sl piepuejs
l¥0 (o) €20 (%) N ‘uonesiwopuey je dnoio 3siy

8Ll 9 19 9/ Buissipy
(1'09) £z¢ (869)€LZ (L29)¢€12 (8°19) ¥92 jussaid
(66E)¥LZ (Zov) erl (ezb) 9sL (P2€)8S1L jussqy
€80 €800 6200 (%) N ‘Jojoe}siioiauabo}fa 1 77vMN Auy

(Z'0c) 86l (L79€) ¥S1L (£6¢) $S1L (gee) 291 jussqy
(8°'69) LSt (£°€9) 99z (L¥9) 282 (599) L€€ jussaid
100°0> 100°0> 100°0> (%) N ‘swosowouiy) eiydispe|iyd

(G°01) 69 (9°Z1) €S (ZZ1)es (P LL) LS 001=<
(P's1) 101 (91) ¥L (L21)82 (L°Z1) g8 00l-0¢
(0¥L) g8t (8'69) £62 (Z'02) 90¢ (5'12)9s¢ 0c>
€000 8000 8200 (%) N ‘dnoib ogpn sulleseg

(9688-11'0008 LO0O0O> (9688-LL0)¥'LL LO0O0O> (9688-LL°0)20L LO0OO> (9688-L1°0).6 OgM auljaseg
(o)1 (o)1 (o)1 (o)1 S[ewsj se sauspl o[ew A|jeonaush -xasia|
(Z'sv) 962 (8'¥t) 281 (0'st) 961 (9sv) 122 3lews4
(£¥S) 8¢ (059) L€2 (8'¥S) 6ET (Z¥9) 0.2 3eN
890 160 G6°0 (%) N ‘X33

(¥'¥9) 22t (0°'19) 952 (9°09) ¥92 (e'c9)sgle uoliesiwopuel je o J9AQ
(9ge) gz (06E) P91 (bBE)2LL (L9g) €8l uolnesiwopuel je Japun 1o Of
€100 €000 9z'0 (%) N ‘dnoib by
(59-22) 9t 22000 (g9-€2) 0'Sh 60000 (g9-€2) 0'Sh (o) (59-€2) 09 (s1eaf) sby

GG9=N sjuaned 0Z¥=N 9EV=N 86¥=N

1IV-8 vL11vMN Vd1IN + ¥0d HoYyod vd1iN HOYo2 ¥Od
YT1IVMN UO T4ZM)IV 10} paudalas sjuaijed 10j solsuajoeseyd Jualjed aujjaseq :9'€ a|qel




Chapter 3 Results

3.4.3 AIKZF1 impact on outcome

The impact of AIKZF1 on outcome and MRD was analysed for patients recruited
after an amendment in the treatment protocol in April 2012. Induction
chemotherapy was altered as treatment related mortality was higher than
expected, particularly in older patients with BCR-ABL1+ ALL. The likely cause of
this was an interaction between imatinib and pegylated asparaginase (Patel et
al., 2017). Based on this, the final number of patients analysed for each group
was: PCR only n=437, MLPA only n=384, both techniques n=370.

Patients positive for any IKZF1 lesion were more likely to be MRD positive after
phase 2 induction therapy (PCR p=0.0009, MLPA p=0.038), which was found for
both screening techniques (Table 3.7). This significance appears to have been
driven by the patients with BCR-ABL1- ALL (PCR, p=0.0057, MLPA, p=0.084),
as the number of MRD+ patients with BCR-ABL1+ ALL was not significantly
different at phase 2 induction therapy (PCR, p=0.25, MLPA, p=0.79) (Table 3.7).
Despite the apparent difference based on BCR-ABL1 status, the interaction did
not reach significance (PCR p=0.096, MLPA p=0.17).

92



Chapter 3 Results

(€L¥) 61
6.0 (L°8G) /2

(v'¥2) 2¢
#80°0 (9°6/) 66

(8'82) LS
8€0°0 (Z'L1) 9zl

8G
(8'82) LS
(v'91) 62
(9°8lL) g€
(Z'9¢) ¥9

1M E42M1

Vd1N

(6€h) L2
(199) L2

(g72¢) 91
(L29) 81

(L0¥) L€
(£°69) 6€

zZ
(L0¥) L€
(LI s
(G8L) gl
(9°62) L2

LAZMIV
Vd1N

Gco

125000

60000

(8'8¢) 92
(Z'19) Ly

(8€2) Ly
(Z9) L€1

(0'82) 19
(02l zLL

00l
(0'82) 19
(v'8L) v¥
(L'02) 8%
(g¢ee) 08

LM L42M1

y0d

Juswiieal) 0} paliiels alam jnsal aAlisod e
1noyum sjuaned moy sem siyl se YO Od pue ajeulwiaispul yum Jayjaboy padnoib sem ananebau ‘sisAjeue siyy 1oy ,

adAy pim = 1M

abuels aAneluEnb apisiNo aAljisod = m_OOn_#

(009) L2
(009) L2

(L2¥) 9L
(6729) 81

(L°8¥) 1€
(€719) 6€

zZ
(L°8¥) 1€
(99) s
(L'21) €L
(9°22) 12

LAZMIV
y0d

9ANlIsod

LOAIlebaN

aAnisod L79v-409
9ANlIsod

LOAIlebaN

aAnebau L7gv-409
9ANlIsod

LOAIlebaN

syuaned |y
Buissin

9ANlIsod
dleulwiajapul
+400d

aAnebaN

(%)N @njeA @y uonanpul jo pu3z

Adelay) uonanpuil g aseyd Ja)e snieis QYA pue T4ZMIV usamiaq diysuonejal ayl /'€ ajgel

93



Chapter 3 Results

EFS and OS were analysed separately for both MLPA and PCR due to the large
number of discrepancies between the two methods. For PCR detected lesions,
there was no significant impact of AIKZF1 on EFS in a univariable (UVA, HR=0.91,
95% CIl= 0.66-1.24, p=0.54) or multivariable analysis (MVA, HR=0.87, 95% CI=
0.62-1.22, p=0.43) (Table 3.8). The same was true for the MLPA cohort, the data
can be found in Table 3.9. AIKZF1 did not have an impact on OS for either
screening technique, the analyses can be found in Table 7.2, 7.3, and 7.4 in the
Appendix. Despite the relationship between AIKZF1 and MRD positivity at phase
2 of induction therapy, a high-risk feature on UKALL14, this did not translate into

a significant difference in either OS or EFS.

DN and LOF lesions were analysed separately to assess their impact on outcome,
and no association was found between either deletion type and poor outcome in
either UVA or MVA (Appendix Tables 7.3-7.6). All MVA were also re-run to
include the randomised treatment arms for standard of care alone or standard of

care with rituximab and, again, no interaction was seen with AIKZF1.
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3.4.4 Impact of IKZF1P's profile on outcome

While AIKZF1 had no impact on EFS or OS in the trial population regardless of
BCR-ABL1 status, further analysis was performed to examine the impact of the
IKZF1PUs profile on outcome. This was made largely possible as the existing
dataset since probes in the MLPA p335 kit cover all but ERG (Stanulla et al.,
2018). It was not possible to determine ERG status in most patients and in this

case were termed “probable” when otherwise positive for IKZF1Plus,

IKZF1P'us profiling could only be performed for patients where MLPA data was
available. A total of 93/436 (21.3%) patients were positive for the IKZF1P's profile
in the whole cohort including patients treated before the April 2012 amendment.
The proportion of patients positive for IKZF1Ps is high in comparison to the
previous reports, with only 6% of high-risk paediatric patients treated on the
AIEOP-BFM ALL 2000 trial previously defined as such (Stanulla et al., 2018).
This is likely to be because patients with both BCR-ABL1 negative and positive
patients were included, whereas only BCR-ABL1- patients were analysed by
Stanulla and colleagues. However, even when grouping patients based on BCR-
ABL1 status, the proportion of patients positive for IKZF1Ps js still relatively high
in comparison (BCR-ABL1+=11.2%, BCR-ABL1-=10.1%).

Since it was not possible to determine ERG status in all patients, these were
termed as “probable” for IKZF1PUs as the frequency of ERG deletions were low
with only five patients positive for IKZF1P"s previously (Stanulla et al., 2018). With
the “no deletion” group used as the reference, UVA revealed that the IKZF1PlUs
profile did have a significant impact on EFS (p=0.047), but this was not retained
in the MVA (p=0.36) suggesting the difference in outcome was driven by

something else. The data can be found in Table 3.9.

3.4.5 MRD assessment by AIKZF1

AIKZF1 was assessed for its suitability as an MRD maker in 12 patients with 43
available follow up specimens at a variety of time-points. In order to determine its
suitability as a marker, it was compared with Ig/TCR MRD. To allow for atypical

breakpoints to be quantified, and also ensure a high level of specificity and to
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reduce the chances of contamination from other patients, primers were designed
specific to each patient sequence. The forward primer and probe were universal,
and reverse primer designed over the unique IKZF1 breakpoint in each patient.
The majority of the follow up specimens tested by both methods were concordant
with 14/43 positive by both methods, 18/43 were negative by both methods, and
4/43 positive out of the quantitative range (POQR) by both methods (Figure 3.5).
Four samples were POQR by one method and negative by the other; this would
not make a difference in the treatment approach in the adult setting as POQR is
regarded as negative in terms of risk stratification. However, 4 of 43 patients with
a POQR result by IKZF1 MRD had a quantifiably positive result by Ig/TCR MRD
(highlighted by the red box in Figure 3.5A). This difference would have a
differential effect on how the patient was treated if one MRD method was taken
above another.

However, among the samples that were MRD positive for both Ig/TCR and
AIKZF1, the correlation of the quantitation was fairly poor (R>=0.695, Figure
3.5B) when compared with previous studies (Caye et al., R?=0.9232, Venn et al.,
R?=0.98). Several results were different by more than half a log, suggesting either
that the Ig/TCR marker tested was either present in a different clone to AIKZF1,
or the deletion in IKZF1 occurred at a different stage of leukaemogenesis than
the Ig/TCR rearrangement. Results were inconsistently different, i.e. when there
was a marked difference between one method and another, no method was

giving consistently lower or higher positivity than the other (Figure 3.5B).

For Ig/TCR MRD detection, the QR should ideally reach 10 and at least 2 loci
should be used to cover more than one clone to reduce the chances of false
negative results. For 11/12 patients, a QR of 10 was achieved for the Ig/TCR
MRD quantification (Table 2.8). This was also the case for 8/11 patients for the
IKZF1 MRD assay. For four patients, the QR was different for each MRD assay,
with three patients having a poorer QR for the IKZF1 assay, and for one patient
a better QR was achieved with the IKZF1 assay than Ig/TCR. These data suggest
that AIKZF1 could make a stable and sensitive MRD marker in adult ALL patients
if used alongside Ig/TCR rearrangements.
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3.5 Discussion

The results from screening a large clinical trial population for AIKZF1, has
revealed that IKZF1 lesions do not have an impact on outcome regardless of
deletion type, size, and also on screening method. The large number of patients
included means it is unlikely there was insufficient statistical power, i.e. the results
are likely to be genuine and reliable. It is interesting that IKZF1 lesions had
absolutely no impact on outcome, no matter how the data were analysed. The
outcome analysis was also performed based on deletion type, i.e. DN vs LOF

deletions.

The expression of the DN isoform IK6 arises when the deletion of exons 4-7
occurs, removing the DNA binding domain from IKAROS. DN isoforms are not
only unable to carry out their normal function but can still dimerise with WT
IKAROS and render full length isoforms non-functional as well. AIKZF14-7 is
potentially more deleterious than LOF deletions though this was not evident in
this trial cohort. This stands in contrast to the work of Kobitzsch and colleagues
in which 482 patients with BCR-ABL1- ALL were screened for IKZF1 lesions by
PCR. Only LOF lesions present in a large fraction of leukaemic cells had an
adverse impact on outcome (OS at 5 years 28% vs. 59%, p<0.0001). Neither DN
lesions or deletions present at low levels had a prognostic impact (Kobitzsch et
al., 2017).

Despite MRD positivity being more likely at the end of induction therapy in IKZF1
deleted patients, this relationship did not persist for EFS and did not lead to an
adverse outcome in these patients. This is not expected as MRD positivity is
considered a high-risk feature on UKALL14. Even though there was no impact on
outcome, the significant difference in MRD appears to have been driven by
patients with BCR-ABL1- disease and not the patients with BCR-ABL1+ ALL,
which is unexpected and is in contrast to what has been seen previously. In one
study on 191 paediatric patients, AIKZF1 was found to have a strong impact on
disease free survival (DFS) in BCR-ABL1+ ALL. Patients positive for AIKZF1
were significantly more likely to have a shorter DFS than those positive for any
type IKZF1 lesion both before (30.0x 6.8% vs 57.5+ 9.4%, p=0.01) and after
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(55.5+ 9.5% vs 75.0%+ 13.9%, p=0.03) the introduction of TKI therapy (van der
Veer et al., 2014b).

The differences in impact of AIKZF1 could be due to the presence of other
cooperating lesions, though not seen here it is likely that the impact of AIKZF1 is
context dependent. In one report on 97 adult patients with BCR-ABL1+ ALL that
received an allogeneic transplant, AIKZF1 alone was not sufficient to predict poor
outcome. Aside from IKZF1, six of the most commonly occurring lesions in ALL
were also investigated by SNP array and validated by MLPA: IKZF1, PAX5,
CDKN2A/2B, BTG1, EBF1, ETV6, and RB1. The study concluded that AIKZF1
required the presence of one of the other six common co-occurring lesions, and
only lesions in CDKN2A/2B had any impact on outcome when occurring alone
(Pfeifer et al., 2018).

The IKZF1PUs profile also takes into account other deletions and incorporates
cooperating lesions in defining a very poor risk group in paediatric ALL (Stanulla
et al., 2018). Although UVA identified IKZF1P"s as having a significant impact on
EFS in this trial cohort, this was not evident in the multivariable analyses,
suggesting the significance was not driven by the IKZF1Pls profile alone.
Ultimately, IKZF1 lesions do not have an impact on outcome either alone, or in
the presence of cooperating lesions even though there was a high number of
patients positive for IKZF1PUs on UKALL14.

The studies previously performed on several trial populations have differed in a
number of ways, such as the genetic subtype, median age, and treatment.
Despite these differences, they have found an adverse effect of IKZF1 lesions on
outcome in these trail populations. The main difference between previous studies
and UKALL14 is that this trial recruited, on average, the oldest patients screened
for AIKZF1 to date with a median age of 46 years, which is potentially why no
impact of AIKZF1 was seen.

Both MLPA and PCR have proven to be easy and rapid assays in the screening

of ALL specimens for AIKZF1, though there are limitations to both techniques
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which is evident from the large number of discrepancies. MLPA, while it is able
to detect a deletion of any exon, cannot detect deletions present in leukaemic
sublcones due to low sensitivity. It is also evident that it cannot discern between
two deletions of consecutive exons present in the same clone and a single
deletion in only one allele. MLPA also requires a higher level of skill to interpret
in comparison to PCR. PCR can detect deletions residing in a small proportion of
the leukaemic population but is restricted to where the primers are designed
around the breakpoints, which was evident from 21 lesions MLPA detected that
the PCR was designed to screen for. PCR may therefore miss lesions where the

primer sites have been deleted and yield false negative results.

The discrepancies in the screening results between MLPA and PCR have
highlighted that the two techniques used are not adequate for AIKZF1 detection
alone, due to differences in sensitivity and specificity. IKZF1 lesions have been
previously missed by PCR assays when breakpoints occur at atypical loci. In one
study, a patient expressing IK6 mRNA was negative for a 4-7 deletion by PCR,
but upon further investigation by aCGH a deletion was found (Dupuis et al., 2013).
Deletions upstream of exon 1 in IKZF1 affecting its promoter were also detected
in the same study and were predicted to lead to a loss of transcription.
Subsequent immunofluorescence assays confirmed a lower level of cellular WT
IKAROS (Dupuis et al., 2013). Without the other techniques used to identify
IKZF1 lesions, these would have been missed by both MLPA and PCR. While it
is unlikely that identifying more patients on UKALL14 with IKZF1 alterations will
affect the results in this chapter, other ways of identifying IKZF1 lesions may lead
to a more accurate method of detection and could be of importance in future.
Expression of the IKAROS isoforms would be a more accurate way of identifying
patients harbouring a lesion that affected levels of IKAROS, and assessing how
IKAROS negatively affects outcome in ALL patients. This could be achieved
either through reverse transcriptase RT-gPCR, or directly assessing protein

levels via western blot.

When assessing AIKZF14-7 as an MRD marker, it proved to be both a stable and
sensitive method for MRD monitoring. Using AIKZF1 in combination with Ig/TCR
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markers would provide more comprehensive monitoring and may give a way of
following patients in whom no Ig/TCR marker could be identified. Though the
correlation between the MRD positive follow-up specimens was low compared
with previous studies (Venn et al., 2012, Caye et al., 2013), almost all results did
agree. The number of follow up samples analysed by AIKZF1 MRD was fairly
small at 42, and so the low correlation with Ig/TCR MRD could be explained by
this. AIKZF1 would, however, suffer from the same limitations affecting Ig/TCR
MRD in that it requires a high level of skill to perform and is labour intensive. Only
the A4-7 lesion was assessed for its suitability as an MRD marker. LOF lesions
could also be used and there is no reason why an assay could not be developed
for those lesions. However, it is not clear if LOF lesions would be as stable as DN
lesions over the timecourse of treatment since they produce a different phenotype,
and hence prone to different selection pressures.

In conclusion, the results presented here have shown that IKZF1 lesions are easy
to screen for by PCR and MLPA, but great caution should be taken when
choosing the method of detection. It is of the highest importance that the true
IKZF1 status of a patient is known if it is to be used to risk stratify patients and
make decisions about treatment in the clinic in future. Furthermore, the data
presented in this chapter have demonstrated that AIKZF1 should not necessarily
be accepted as a biomarker for poor outcome, and that the relationship between

poor outcome with AIKZF1 may be age related.
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4 1g/TCR MRD is not more predictive of outcome than
BCR-ABL1 MRD in patients with BCR-ABL1+ ALL

4.1 Introduction
4.1.1 IKAROS interacts with RAG and Immunoglobulin and T cell receptor

gene loci
Regulation of V(D)J recombination, mediated by the RAG enzyme complex, is
controlled in two main processes:
e Regulation of the convergent expression of the RAG1/2 locus

e Accessibility of immunoglobulin and T cell receptor (Ig/TCR) loci

It was established that IKAROS simultaneously performs both of these processes
at the pro-B cell stage of lymphocyte development, in which healthy B-cells must
rearrange IgH and IgL to form the pre-BCR complex (Reynaud et al., 2008).
Chromatin immunoprecipitation assays confirmed that IKAROS directly binds to
several regulatory elements of RAG, and knockout experiments revealed that
IKZF1 null cells were defective in the expression of RAG and the complete
rearrangement of the immunoglobulin heavy chain. Cells were able to rearrange
D to J gene segments but were not able to add the V segment to complete the
rearrangement. Furthermore, these cells did not express TdT, the enzyme
responsible for N-region diversity. This resulted in the rearranged D-JH region
lacking the addition of any non-germline nucleotides. In contrast, not only was
RAG expression induced by transducing the IKZF1 null cells with the full length
IK-1 isoform, but these cells were also able to undergo further differentiation
(Reynaud et al., 2008). To further support this finding, gene expression analysis
in a study on 62 IKZF1 deleted patients revealed that 422 genes were de-
regulated in the absence of functional IKAROS, and, more specifically, included
a down-regulation of RAG 1/2 (lacobucci et al., 2012).

IKAROS not only controls access to the IgH locus and its subsequent

recombination, but is also implicated in controlling activity at other Ig/TCR loci. A

mouse thymoma cell line, JE131, was used in one study to assess lkaros activity

at the TCRa locus. JE131 was positive for a DN isoform of Ikaros, with only one

functional TCRB gene and no fully rearranged TCRa. Once full length lkaros was
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introduced, there was a dramatic increase in TCRaf3 positive cells (Collins et al.,
2013). Another study generated an lkzfl knockout murine model in which there
was a complete block in B-cell differentiation in vivo, but did not lead to the
development of leukaemia. However, exit from the cell cycle and cell surface
expression of Igk and IgA was induced upon re-introduction of full length Ikaros.
Furthermore, Igk transcripts could be seen as early as 4 hours post Ikaros
introduction in an in vitro model (Heizmann et al., 2013). This further supports the
idea that IKAROS is a master regulator of RAG, V(D)J recombination in both B-

and T-cells and, more widely, the differentiation of several cell lineages.

4.1.2 RAG mediated lesions in ALL

Several lesions in haematological malignancies carry the hallmarks of RAG
mediated deletion, such as non-germline sequences and heptamer RSSs present
at genomic breakpoints. RAG becomes constitutively active during
leukaemogenesis and it not only continues to rearrange Ig/TCR loci throughout
clonal evolution, but can also cause both deletions and chromosomal
translocations through illegitimate off-target activity. Cryptic RSSs are scattered
throughout the genome and constitutively active RAG is able to recognise these

and generate double stranded DNA breaks.

A prime example of this off-target activity is the ETV6-RUNX1 fusion gene. The
RAG enzyme machinery is responsible for the balanced translocation between
chromosomes 12 and 21 which generates the ETV6-RUNXL1 fusion gene, found
in around 25% of paediatric ALL. Through the study of monozygotic twins with
ALL and retrospective analysis of blood spot tests, it was established that the
translocation causing the ETV6-RUNX1 fusion arises in utero and is not sufficient
for malignant transformation alone (Ford et al., 1998). Further postnatal genetic
lesions which often also carry the hallmarks of RAG mediated deletion are
required for leukaemogenesis (Papaemmanuil et al., 2014). This demonstrates
that RAG activity requires tight regulation in order to prevent damaging events
from occurring, and therefore the activity of IKAROS is essential for the safe

rearrangement of Ig/TCR loci during lymphocyte differentiation.
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Intragenic IKZF1 lesions carry the hallmarks of RAG mediated deletion, which
causes a circular argument. IKAROS induces RAG expression and RAG deletes
IKZF1 which leads to no functional IKAROS expression. At this point RAG
expression should cease, so does RAG itself becomes constitutively active during
this process? RAG expression cannot go ahead without IKAROS otherwise.
Being able to understand what fundamentally underpins this process would give
insight into the RAG mediated lesions required for the malignant transformation

that causes ALL.

4.1.3 Measuring RAG activity

A key guestion regarding the interaction between IKAROS and RAG has yet to
be addressed. It is not certain at what point in leukaemogenesis that IKZF1
becomes deleted by RAG, and if IKAROS activity has an influence over its own
deletion. This could be made possible by observing the activity of the RAG
enzyme machinery. Extra-chromosomal recombination assays allow RAG activity
to be measured. This assay was developed to determine if off-target RAG activity
was responsible for several aberrations common to ALL. This involves the
transduction of leukaemic cells with plasmids containing potential two target
sequences separated by a termination signal. Once the signal has been removed
by recombination via RAG, the sequence is fully transcribed and can be detected
(Score et al., 2010).

However, ideally the assay should allow for the real-time observation of RAG
activity. There are several ways to do this, such as with single molecule-
fluorescence resonance energy transfer (SM-FRET), or tethered bead assays.
SM-FRET is a biophysical tool that can monitor the interactions between
molecules. A pair of fluorophores are used where the emission spectrum of one
fluorophore overlaps with the absorption spectrum of the other, termed the donor
and acceptor. By measuring the energy emitted from the donor and acceptor, the
amount of energy transferred can be determined. A schematic can be found in
Figure 4.1A. A change in the distance between the fluorophores is indicated by
energy transfer, or FRET and acts as a “spectroscopic ruler’. SM-FRET has been
used to determine the relationship between RAG and the 12 and 23 RSSs.
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Specific sequences tagged with fluorophores were attached to a glass coverslip
and visualised with total internal reflection fluorescence microscopy. Several
aspects of RAG:DNA interactions were resolved, including conformation of DNA
when interacting with the RAG enzyme complex, that HMGB1 acts as a cofactor,
and also that both the 12 and 23 RSS are required for sequence specificity by

measuring the dwell time on a particular DNA sequence (Zagelbaum et al., 2016).

(A) SM-FRET (B) Tethered Bead Assay

Donor

= X
"\ Acceptor ‘ ‘
|

Low FRET High FRET 1 2 3

Figure 4.1: Two methods for the direct measurement of RAG activity. (A)
SM-FRET. Energy is only transferred between the two fluorophores, termed the
donor and acceptor, when they are in close proximity to each other (B) Tethered
bead assays. Similar to SM-FRET, DNA is attached to a glass slide and a
polystyrene bead at the free end. It is possible to measure the position of the
bead and infer RAG activity from that- (1) no interaction (2) shortening of the
strand via synapsis and nicking (3) detachment from the slide after DSB in the
DNA.

Similar to SM-FRET, tethered bead assays are a single molecule technique in
which a strand of DNA is attached to a glass coverslip, but instead of fluorophores,
a polystyrene bead is attached to the free end. A schematic of this is seen in
Figure 4.1B. Using brightfield microscopy, the root mean displacement of the
bead can be determined over time when RAG interacts with the tethered DNA.
This has allowed for the RAG-RSS interaction to be observed, and has revealed
that single nucleotide changes of the RSS can significantly change the likelihood
of RAG mediated cleavage (Hirokawa et al., 2020). Both SM-FRET and tethered

bead assays have allowed the direct observation of the RAG:RSS interaction.
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However, it is not possible to perform these techniques in vitro and as such not
suitable for assessing the influence of IKAROS on RAG in a leukaemic cell. For

this reason, measuring RAG activity in real-time is not suitable for this project.

4.1.4 1g/TCR versus BCR-ABL1 MRD

The two most common targets used in PCR-based assays for MRD detection are
Ig/TCR rearrangements and the BCR-ABL1 fusion gene. Ig/TCR MRD has long
since been the gold standard of measuring MRD throughout the treatment of
patients with ALL. While RT-gPCR monitoring via Ig/TCR rearrangements are
highly sensitive, there are limitations to measuring MRD in this manner. Ig/TCR
rearrangements are vulnerable to ongoing RAG activity via clonal evolution
throughout the time course of treatment and lead to false negative results since
the assays are sequence specific. Minor clones not detected at diagnosis have
the potential emerge while the clone being followed is lost at relapse, again also

leading to false negatives.

MRD can also be monitored through the quantification of the BCR-ABL1
transcript which assesses the expression levels of BCR-ABL1, rather than the
levels of a genomic rearrangement- a “fingerprint” rather than something that
directly contributes to leukaemogenesis in ALL. The advantage of quantifying
MRD by BCR-ABL1 fusion transcript levels is that no patient specific assay is
necessary as the breakpoints are consistent. The design of Ig/TCR assays is

labour intensive, costly, and requires intensive technical training.

Ig/TCR MRD positivity is now widely accepted as a predictor of poor outcome
and is integral to decision making in the clinic, but despite this there is still a
significant number of MRD negative patients that still experience relapse. There
is a possibility that patients with BCR-ABL1+ ALL have differing MRD results
depending on which target is quantified. There have been a number of studies
comparing the two techniques, as it is not clear which is the better predictor of
outcome. The most recent of these studies assessed Ig/TCR and BCR-ABL MRD
in 64 paediatric patients with ALL. A small subset of patients were MRD positive
(Hovorkova et al., 2017)
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4.1.5 Approach in this chapter

| compared Ig/TCR MRD and BCR-ABL1 MRD in patients with BCR-ABL1+ ALL
their ability to predict poor outcome. Since patients with BCR-ABL1+ ALL were
screened for Ig/TCR markers, it was also possible to compare the differences in
the number and type of Ig/TCR rearrangements based on both BCR-ABL1 and
IKZF1 status. IKAROS has an influence over V(D)J recombination and RAG itself,
so the hallmarks of RAG activity were examined in order to indirectly identify any
differences between IKZF1 non-deleted and deleted specimens. The type and
frequency of Ig/TCR rearrangements were analysed depending on IKZF1 and
BCR-ABL1 status. The breakpoints in IKZF1 deleted patients were also analysed
for the breakpoint positions and the nucleotide insertions mediated by TdT activity,

as RAG also mediates intragenic deletions in IKZF1.

4.2 Hypothesis
Ig/TCR MRD is more predictive of outcome than BCR-ABL1 MRD in patients with
BCR-ABL1+ ALL
4.2.1 Aims
e To compare Ig/TCR MRD and BCR-ABL1 MRD and identify if one
technique is better than the other at predicting survival
e To compare the frequency and type of Ig/TCR markers with relation to
BCR-ABL1 and IKZF1 status
e To compare IKZF1 breakpoint sequences in BCR-ABL1+ versus BCR-
ABL1- specimens, specifically the location of the breakpoints and the non-

germline insertions
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4.3 Methods

4.3.1 Statistical Analysis

All baseline characteristics and outcome analyses were performed by UKALL14
trial statistician Amy Kirkwood. The Unpaired students T test was used to
compare the number or Ig/TCR rearrangements in patients based on BCR-ABL1
and IKZF1 status. The Fisher's Exact test was used to compare the presence of
types of Ig/TCR rearrangements in IKZF1 deleted and non- deleted patients. The

Mann-Whitney test was used for IKZF1 breakpoint analysis.

4.4 Results
4.4.1 A comparison of Ig/TCR and BCR-ABL MRD quantification as a

predictor of outcome

4.4.1.1 Assay Characteristics

Fifty-five patients were screened for Ig/TCR rearrangements making it possible
to compare Ig/TCR and BCR-ABL1 MRD quantification. However, only 39 of
those had available follow up material and a working Ig/TCR MRD assay (Figure
4.2A). Patients with a working Ig/TCR MRD assay and available follow-up
material had a total of 72 follow up specimens analysed. The patient samples
were collected between 19/05/2011 and 18/09/2017 and at several different
points throughout the course of treatment, summarised in Figure 4.2B. Forty-two
of 72 were taken at after either phase 1 or 2 induction therapy, the remaining 30
were taken beyond phase 2.

A total of 128 sequences were analysed from 39 patients (Figure 4.2A). The most
common rearrangements used for patient specific MRD assays were TCRy,
followed by complete IgH rearrangements (Table 4.1). Just over half of the 39
diagnostic specimens had at least one assay that achieved the expected
guantitative range of 1*10* (20/39, 51.3%). Of those assays that did not achieve
a QR of 1*10%, 11 had a QR of 5¥104(28.2%), seven had a QR of 1*10-3 (17.9%)
and one had a QR of 1*102 (2.6%). The number of specimens not achieving a
QR of 1*10* appears to be relatively high in comparison to paediatric patients.
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Table 4.1:The Ig/TCR rearrangements
used for MRD assays
Rearrangement  Number of Assays

IgH Complete 17

TCRy 12

IgH Incomplete 2

Igk-kde 6

TCR® 5
TCR&—~q, 2

TCRB Incomplete 2

TCRB complete 1
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4.4.1.2 Comparison and congruity between BCR-ABL1 and Ig/TCR MRD

MRD was successfully quantified in all 72 follow-up specimens according to the
guidelines published by the EuroMRD consortium on acceptable limits of
sensitivity and specificity. MRD assessment by Ig/TCR RT-gPCR assay found
47/72 were negative, and 6/72 were POQR. The remaining 19 samples were
quantifiably positive, ranging from 0.0032% to 173.4%. Thirteen of the MRD

positive samples were collected at phase 1 and three were post phase 2.

For the majority (54/72, 75%) of the patient samples assessed, MRD results were
congruous between the Ig/TCR and BCR-ABL1 assays. However, nine of 72
patient samples were negative by one assay and positive by another, of these
eight samples nine were positive by BCR-ABL1 MRD and negative by Ig/TCR.
One patient specimen, trial number 14-1-245, was MRD positive by Ig/TCR but
negative by BCR-ABL1. The patient information for these discordant follow-up
samples is shown in Table 4.2. A further four specimens were POQR by one
method and quantifiably positive by another. Three of the four were quantifiably
positive by BCR-ABL1 MRD and POQR by Ig/TCR, and the reverse was true for
only one patient sample (Table 4.2). A small proportion of samples were positive
by both assays but were not congruous as they differed by more than one log
(Table 4.3).
Table 4.2: Details for specimens with incongruous results

_ BCR-ABL1 IgITCR  Sample ___ Ig/TCR Assa
Trial No. " mRrD sl’\e'IRD Timech')int L gSensitivityy
141-027 0.02%  0.00%  Phase 1 0210 1x10
141109  030%  000%  Phase 1 0210 1x10°3
141126 POQR  57%  Phase 1 p190 1x10
141127  002%  000%  Phase? 0210 1x10°3
141132 0.002% POQR Afterphase2  p190 1x10
141-218  614%  000%  Phase? p190 1x10°3
14-1-245 0.00%  0.015% Afterphase2  p210 1x10
14-1-357  001%  000%  Phase? p190 1x10°3
14-1-364 598%  000%  Phase? 0210 1x10°3
141-372  0.004% POQR  Phase 1 p190 1x10°3
141580 187% POQR  Phase 2 0210 5x10-4
14-1-637 0.008% 0.00%  Phase 1 p190 5x10-4
141655 031%  000%  Phase 1 0210 5x10-4
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Table 4.3: Details of specimens MRD positive by both Ig/TCR and BCR
-ABL1 that differed by more than 1 log

_ BCR-ABL Ig/TCR Sample ___ Ig/TCR Assa
Trial No. " mRrp sl’\o'IRD TimepF:)int L gSens.itivityy
141146  0.44% 0.0032% Phase 1 p190 1x10
141-252 0.016% 020% Phase2 p190 1x10
14-1-364 6273% 030% Phase 1 0210 1x10-3
14-1-365 0.0032% 0.043% Phase 1 p190 1x10
14-1-530 0.0029% 0.10% Phase 1 0210 1x10-3

The BCR-ABL1 quantification diverged from the Ig/TCR quantification in
numerous cases. Only 27/72 (37.5%) samples were negative by BCR-ABL1
guantification, as compared with 47/72 (23.5%) by Ig/TCR quantification. A higher
proportion of specimens were determined as POQR by Ig/TCR than BCR-ABL1
MRD (47 vs 17, Figure 4.2). Therefore, more follow up specimens were
guantifiably positive by BCR-ABL1 MRD than Ig/TCR MRD, ranging from 5.56%
to 1335.138%.

4.4.1.3 Predictive value of Ig/TCR MRD versus BCR-ABL1 MRD

Analysis on outcome was performed in order to determine which is the best
predictor, especially since a number of patients with differing Ig/TCR and BCR-
ABL1 MRD results were identified. Baseline characteristics of the patients with
BCR-ABL1+ ALL were compared to the BCR-ABL1+ population as a whole to
ensure they were representative of BCR-ABL1+ enrolled onto UKALL14 (Table
4.4). Presenting white count was significantly higher (p=0.014), which typically
suggests that excess material is more likely to be banked for patients with higher

presenting WBC count.

EFS and time to relapse (TTR, a secondary endpoint on UKALL14) were
examined for the 21 phase 2 samples collected. MRD evaluated by either Ig/TCR
or BCR-ABL1 did not differ in their ability to predict poor outcome despite the
differences in the number of MRD positive and negative samples found by each
technique (7/21 MRD positive by BCR-ABL1, 11/21 MRD positive by Ig/TCR), as

summarised in the statistical analysis in Table 4.5.
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Table 4.5: Summary of the end of phase 2 statistical analysis

MRD  |EventsiN| HR(95% Cl) _|p-value
Event free survival

1.06 (0.80—1.41)  0.68
1.00 0.62
1.40 (0.39 — 4.92)

1.13(0.79 - 1.62) 0.50
1.00 0.45

0.61(0.17 = 2.17)

Time to relapse**

BCR-ABL
Log (MRD value)* 10/21
MRD negative 6/13
MRD Positive 4/8
IgTCR
Log (MRD value)* 10/21
MRD negative 6/10
MRD Positive 4/11
BCR-ABL
Log (MRD value)* 8/21
MRD negative 4/13
MRD Positive 4/8
IgTCR
Log (MRD value)* 8/21
MRD negative 5/10
MRD Positive 311

1.14 (0.85 - 1.53) 0.39
1.00 0.32

2.04 (0.51 — 8.24)

1.23(0.85 — 1.80)
1.00 0.41
0.55(0.13 — 2.31)

*for an increase in 1 log. Patients with 0 values were set as 0.00001 before

the log was taken.

**Deaths from other causes are not included as events.
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As seen in the Kaplan-Meier curves in Figure 4.3 when correlating EFS and TTR
with MRD status, it appears that patients with an MRD positive result determined
by Ig/TCR have a longer EFS and are less likely to relapse which is the opposite
to what is expected clinically but interpretation here is limited by the small sample
size. The Kaplan-Meier curves for BCR-ABL1 MRD show very little separation
between MRD positive and MRD negative patients for EFS (p=0.68, HR: 1.06,
95% CI: 0.8-1.41), suggesting there is no impact of BCR-ABL1 MRD on EFS
(Figure 4.3A, left graph). For TTR (Figure 4.3B), there is a small separation
between the two curves. Patients with MRD positive disease by BCR-ABL1 may
be more likely to experience a relapse, although our data do not show a
statistically significant difference (p=0.5, HR: 1.14, 95% CI: 0.85-1.53).
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4.4.2 The number of Ig/TCR rearrangements per patient is dependent on
IKZF1 status and not BCR-ABL1 status
Since Ig/TCR screening was performed for the comparison of Ig/TCR and BCR-
ABL1 MRD, it was possible to analyse the number and type of Ig/TCR
rearrangements found based on Philadelphia and IKZF1 status. IKAROS is
known to the activate the RAG genes, and so differences in the activity of
IKAROS, either due to the presence of a DN protein or a LOF deletion, may affect
the activity of the RAG enzyme machinery in rearranging Ig or TCR loci. BCR-
ABL1+ patients are more likely to harbour IKZF1 lesions which are mediated by
the RAG enzyme machinery, whose normal function is the rearrangement of the
Ig and TCR loci. It was hypothesized that the presence of the Philadelphia
chromosome increased the off-target activity of RAG and also its rearrangement
of the Ig/TCR loci. For these reasons, the number of Ig/TCR markers was
analysed in 105 BCR-ABL1- and 55 BCR-ABL1+ patients, and groups separated
based on both BCR-ABL1 and IKZF1 status. The range of the number of markers
found per patient did not vary by much between the groups (Table 4.6). The
average number of markers per patient is slightly higher for both IKZF1 deleted

groups when compared with the IKZF1 wild type groups.

Table 4.6: Summary of the Ig/TCR rearrangements analysed
BCR-ABL+ BCR-ABL- BCR-ABL+ BCR-ABL-

AIKZF1+ AIKZF1+ AIKZF1- AIKZF1-

Total patients analysed 31 47 24 58
Range 0-7 0-8 0-5 0-8
No. with no marker (%) 4(12.9) 1(2.13) 2 (8.33) 8(13.8)
Average per patient 3.6 3.1 2.5 2.7
Total rearrangements found 112 147 59 154

When analysing the groups separated based on Philadelphia status alone, there
was no significant difference in the number of rearrangements per patient
between BCR-ABL1+ and BCR-ABL1- groups. However, there was a highly
significant difference in the number of rearrangements between IKZF1 deleted
and non-deleted specimens (Figure 4.4). The suggestion that BCR-ABL1+ ALL
harbours a larger number of Ig/TCR rearrangements may be driven by the fact
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that there are more IKZF1 deleted cases present in the BCR-ABL1+ population,

and not by the presence of the Philadelphia chromosome itself.

BCR-ABL1 status IKZF1 status
10+ n.s 10~ *
£ -
o 8+ o 8- .
£ £ .
Q Q
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E LYVVV VYY) LLILIIT LT ) E Ll aaaaaatT] CIITITL]
5 o g S
E 44 = eesscheses sssssssesisssssence E 4 ssssscesbasssssss  sesesfesses
— TTTTITIETTTENT ssssssssslasesssene w— |  eeccccfeccsse asssssseamessansse
o 5] —
. 24 secesfesess RN E— . 24
<] —1 o i i
Z . s TTTTTTT, z llllllll —_———
0 T T 0 T r
+ve -ve AKZF1+ AKZF1-
BCR-ABL1 status IKZF1 status

Figure 4.4: Ig/TCR rearrangements analysis. The number of Ig/TCR
rearrangements were analysed. Patients were grouped based on BCR-ABL1
status and IKZF1 status. Error bars represent mean and SD. *p=0.0065.

The number of specimens in whom no marker was found was the highest for
BCR-ABL1- IKZF1 non-deleted specimens (Table 4.6). The type of Ig/ITCR
rearrangements found in each group was also analysed based on IKZF1 status,
due to the significance in the rearrangement data (Figure 4.5). A total of 472
rearrangements were detected in 160 patients. During normal the normal V(D)J
rearrangement of the IgH locus, the first gene segments to be arranged is the D
to the J, with the V segment being added at a later stage. An assumption can be
made that a leukaemic clone with an incomplete IgH rearrangement arrested
earlier in development than a clone with a complete rearrangement (Alt et al.,
1984). When looking at IgH rearrangements only, there is a greater proportion of
incomplete rearrangements seen in IKZF1 WT patients when compared to the
IKZF1 deleted patients (32.1% versus 10.1%, p<0.0001, Figure 4.5). It is
possible that IKZF1 is deleted in more mature clones after the IgH locus has
already undergone rearrangement. The prevalence of two other Ig/TCR
rearrangements were significantly higher in IKZF1 deleted than WT specimens-
TCRYy (p=0.015) and Igk (p=0.001).
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Ig/TCR rearrangements
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Figure 4.5: Type of Ig/TCR rearrangements
and their proportion based on IKZF1 status.
A significant difference between IKZF1 deleted
and WT for TCRy (p=0.015), Igk (p=0.001) and
Incomplete IgH rearrangements (p=<0.0001).

4.4.3 IKZF1 breakpoint analysis- A significant difference between BCR-
ABL1+ and BCR-ABL1- patients
IKAROS interacts with the RAG enzyme machinery, which is responsible for
normal V(D)J recombination of the immunoglobulin and TCR loci in developing B
and T cells. In turn, the deletions in IKZF1 are mediated by the RAG enzyme
complex (Mullighan et al., 2008) As seen in clinical data, the effects of IKZF1
deletions in ALL may be context dependent, i.e. in the presence or absence of
the Philadelphia chromosome. More recently, an algorithm for risk stratification in
children with ALL has been determined, termed IKZF1P"s, This not only includes
IKZF1 deletions, but also deletions in CDKN2A, CDKN2B, PAR1, PAX5, and in
the absence of an ERG deletion. As a way of examining the differences in RAG
activity in BCR-ABL1+ versus BCR-ABL1- the breakpoints for all but five
seqguences were analysed for their insertions and deletions. An example can be

seen in Figure 4.6.
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Insertion
——

|Patient IKZF1 sequence = GGGATCTCAGAAATTATTAGTACA/CCCA/AAACATCAAGTCTAGTGTAACTGTTT |

| Distal breakpoint TGCTGTGG/AAACATCAAGTCTAGTGTAACTGTTT |
|Proxima| breakpoint GGGATCTCAGAAATTATTAGTACA/TCCCACAGTG |

Figure 4.6: IKZF1 breakpoint analysis, an example. The example shows how
the number of nucleotides inserted and deleted around the breakpoint in IKZF1.
The arrows indicate the end of the heptamer (underlined) where the counting
started. In the example, the breakpoint is 8 nucleotides away from the end of the
heptamer in the distal breakpoint.

All breakpoints were subject to Sanger sequencing and confirmed a unique
sequence. This was expected due to the nature of the RAG enzyme as it does
not break the DNA in a consistent way at the putative heptamer as seen in Figure
4.7. It is evident that the DSBs caused by RAG are more likely to occur either
immediately 5’ in the proximal breakpoint, or immediately after the heptamer in
the 3’ distal breakpoints (Figure 4.7).

Proximal breakpoints
Intron 1
B’-TTTT TGATC TAGGTC TTAGAAAC,GT, AGAGTITTCIAGAGGIATCIAG CIATF'JA'I'l ACA CACTIQ -3
3

i i

17 1 1 1 1 1 3 3

1 1
Intron 3

5- GAATTGlACGGJCATCC AIGGGJAFCTCAGAA[AHTlAFWA‘GHA‘CJAHC\C}Q ACAGTG -3’
2122 22223 82 8

1 1 11 11 2

Distal Breakpoints

Intron 7
5.TGCTG T G GIAIAI AIC[AITICJA jAG NCTAF ITIGT\A JAlC JTGTT\TCTTCTT -3
76 91932342 13 412 12 1

3 UTR
5’- CAAGGTG JTJG JG {G ICTIGACJAITJGC ITGGCTCTCTTCCCTGTATGCC {GAGACAT -3

5104 11 2 111 1 1

Figure 4.7: Breakpoint position and frequency in IKZF1. Sanger sequencing
of patient IKZF1 sequences allowed for the analysis of the position and frequency
of each breakpoint found in the regions immediately proximal and distal to the
heptamers. Arrows indicate unique breakpoint; number indicates the frequency
at which the breakpoint was observed. The putative heptamer is underlined.
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The TdT activity at the breakpoint means that a random number and sequence
of nucleotides are inserted. It is not possible to study the RAG activity in patient
specimens, as the Ig/TCR loci have already been previously rearranged during

the development of their ALL.

Although the RAG enzyme complex recognises the RSSs flanking Ig/TCR gene
segments, RAG does not break DNA in exactly the same place every time, i.e. a
variable number of nucleotides are deleted near to the RSS or in this instance,
the cRSS in IKZF1 (Figure 4.7). Patients with BCR-ABL1+ ALL are more likely
to be positive for an IKZF1 lesion, so it is also possible that there are differences
in the breakpoints in BCR-ABL1+ versus BCR-ABL1- ALL due to altered RAG
activity and subsequent repair of the DSBs. Since the observation of the direct
activity of RAG was not possible, the number of nucleotides deleted relative to
the putative heptamer in IKZF1 deleted specimens were counted as a surrogate
marker for the differences in RAG activity between BCR-ABL1+ and BCR-ABL1-
patients (Figure 4.8).
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During the normal repair of DNA via non-homologous end joining after RAG
generates DSBs, a small number of nucleotides are inserted at the breakpoint by
TdT. Again, the BCR-ABL1 status of the patient may have an effect on TdT
activity since RAG “shepherds” DSBs into the NHEJ pathway (Lee et al., 2004).
The number of nucleotides and inserted through TdT activity around the
breakpoint was also assessed. Off-target RAG activity is potentially higher in the
presence of BCR-ABL1 as AIKZF1 are more common in BCR-ABL1+ ALL and
mediated by RAG. It was expected that there was an increase in TdT activity at
the breakpoint site in IKZF1 also, i.e. a larger number of non-germline nucleotides
present. This was also expected in the position of the break relative to the
heptamer mediated by RAG. The range of nucleotides deleted did not vary greatly
depending on the position of the breakpoint, and nor did the number of

nucleotides inserted based on the four different deletions screened.

Patients with BCR-ABL1+ ALL had significantly more nucleotides deleted from
the distal breakpoint relative to the heptamer sequence, and also significantly
more nucleotides inserted at the breakpoint. While significance was not reached
for the proximal breakpoint, a similar trend was observed as with the insertion

and distal breakpoints.

45 Discussion

It was previously revealed that differences in BCR-ABL1 and Ig/TCR MRD could
have a biological basis, and that patients with higher BCR-ABL1 MRD levels than
Ig/TCR have a different disease biology as the Philadelphia chromosome has
multilineage involvement (Hovorkova et al., 2017). Aside from any biological
basis, the differences in MRD levels could also be attributed to the different
targets, i.e. genomic Ig/TCR versus measuring the expression of BCR-ABL1
indirectly via cDNA. Ig/TCR MRD monitors one copy of one rearrangement per
cell at the genomic level, whereas BCR-ABL1 MRD based assays monitor the
expression of fusion transcripts which relies on measuring a housekeeping gene
for normalisation, though expression of these genes is not uniform. Both GUS
and ABL have been used as the control gene in the monitoring of patients with
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BCR-ABL1+ ALL and CML, though the choice between these remains
controversial. The true level of BCR-ABL1 expression could be either under- or
overestimated depending on the number of control gene copies that are
guantified and this normalisation makes a direct comparison between Ig/TCR and
BCR-ABL1 MRD levels difficult. There have been several studies investigating
the use of the genomic BCR-ABL1 fusion as an MRD target in CML, and could
overcome the differences in BCR-ABL1 expression and the genomic Ig/TCR

targets.

In our small sample size, we did not demonstrate that Ig/TCR or BCR-ABL1 was
a better predictor of outcome over the other, although the study was
underpowered to detect modest differences. Completing Ig/TCR screening on the
patients with BCR-ABL1+ ALL on UKALL14 will add more data and provide a
more statistically robust output. Furthermore, the p210 patients with differing
MRD results should be investigated further, especially those MRD positive by
BCR-ABL1 and negative by Ig/TCR as seen in paediatric patients with a CML-
like disease (Hovorkova et al., 2017). The p210 variant is more prevalent in CML,
so it is more likely that these patients would display a “CML- like” biology. If
available, flow cytometric analysis of their diagnostic specimens may reveal the
true cause of this discrepancy, as this would reveal if the Philadelphia
chromosome has multilineage involvement. It is worth noting that Hovorkova and
colleagues worked on paediatric samples, whereas this current analysis was
performed on samples from adult patients wherein the disease biology is likely

quite different.

IKAROS interacts with the machinery responsible for V(D)J recombination in
developing B-cells. IKAROS represses TdT expression, the enzyme that
increases the junctional diversity of Ig/TCR loci (Gurel et al., 2008) by binding a
regulatory element upstream and displacing EIf-1, a transcriptional activator
(Trinh et al., 2001). IKAROS transcriptionally activates the convergently
expressed RAG1/2 gene locus (Reynaud et al., 2008). The data from both the
IKZF1 breakpoint and the Ig/TCR rearrangements suggests there are differences
in both RAG and TdT activity in patients based on IKZF1 deletion and BCR-ABL1
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status. IKZF1 deleted specimens were more likely to have Igk, TCRy or TCRf
rearrangements than IKZF1 WT specimens, and the reverse was true for
incomplete IgH rearrangements. The results for the incomplete IgH
rearrangements were unexpected biologically, since IKAROS has control over
IgH locus access and also induces RAG expression (Reynaud et al., 2008). The
presence of the Philadelphia chromosome could potentially alter the gene
expression profile that leads to a difference in RAG activity, which subsequently
initiates IKZF1 gene deletions and greater TdT activity at the IKZF1 breakpoint.
This would suggest that IKAROS expression is lower in BCR-ABL1+ ALL, since
the number of nucleotides inserted at the IKZF1 breakpoint was significantly
higher in patients with BCR-ABL1+ ALL than in BCR-ABL1-.

The cellular levels of WT IKAROS are not only affected by intragenic deletions
but are also removed with the deletion of the whole p arm of chromosome 7,
which has been observed in B-ALL (Dabaja et al., 1999). Other mutations
including SNPs and lesions affecting the promoter affect the abundance of
IKAROS in pre-leukaemic cells (Dupuis et al., 2013, Churchman et al., 2018).
These lesions could also have an effect on RAG activity since IKAROS induces
the expression of RAG1/2.

Other RAG mediated co-occurring lesions could also be assessed, as the
promiscuous nature of RAG in leukaemia could affect other loci in the same way
as the IKZF1 locus. RAG also causes lesions in CRLF2, TBL1XR1, CDKN2,
NR3C1, NR3C2, and BTG1 in ETV6-RUNX1 rearranged paediatric B-ALL
(Papaemmanuil et al., 2014). It is also not known that once IKZF1 has been
deleted if this has any effect on ongoing RAG activity at the Ig/TCR loci and clonal
evolution which has an effect on MRD markers followed. Ultimately, in vivo

experiments may provide answers.

It may be of clinical relevance that patients positive for AIKZF1 the absence of an
IgH rearrangement had a poorer outcome than those with an IgH rearrangement
(Kastner et al., 2013, Dupuis et al., 2013). Furthermore, blast crisis transformation

in CML is associated with distinct patterns of deletions in IgH and TCR loci, and
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the loss of the short arm of chromosome 7 where IKZF1 resides, suggesting the
link between RAG activity and IKAROS has implications in other haematological
malignancies (Nacheva et al., 2010). This was performed as a way of assessing
RAG activity, as the direct observation of RAG mediated DNA cleavage cannot
be performed in vitro, and so any DN or LOF cell line model cannot be used.
Previous attempts at measuring RAG activity have employed biochemical assays
in solution and not performed in vitro, making it not possible to study the effects
of IKAROS on RAG enzyme activity (Zagelbaum et al., 2016, Hirokawa et al.,
2020). Ultimately, the best way to examine the damaging nature of the interaction
between RAG and IKAROS will be via a real-time assay in vitro. While it is not
possible to assess the activity of the RAG enzyme machinery in real-time, these
data suggest that there is a difference in RAG and TdT activity dependent on the
presence of the Philadelphia chromosome.

There has been some evidence that RAG may play a role in initiating the
generation of the t(9;22) translocation that gives rise to the BCR-ABL1 fusion
gene, but specifically only in ALL (Score et al., 2010). It was previously
hypothesised that the different breakpoints that generate the p190 and p210
variants are present in differing frequencies in CML and ALL due to the
developmental stage at which they occur, i.e. p190 occurs later than p210 since
the lymphoid lineage has already been committed to and hence more common in
ALL. This led the authors to hypothesise that there are different mechanisms that
cause each of the BCR-ABL1 variants. Candidate cRSSs were identified around
the breakpoints in BCR-ABL1 sequences from patients with BCR-ABL1+ ALL,
and while this could simply be by chance as they are likely to occur around every
5000 base pairs, further experimentation revealed RAG could have been
responsible. Representative BCR-ABL1 sequences from CML and ALL patients
were used in extra-chromosomal recombination assays to assess if there was a
functional link between the cRSSs identified and their proximity to the breakpoint.
There was no strong evidence for recurrent RAG recognition sites, though the
proximal breakpoint in one ALL sequence was recapitulated in multiple
experiments, which was only seen in p190 sequences and not the CML p210

sequences (Score et al.,, 2010). The IKZF1 status of these patients was not
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analysed in this study, and so any potential interaction with IKAROS could not be
identified.

A case report on two pairs of monozygotic twins has identified the sequence of
leukaemia initiating events in BCR-ABL1+ ALL (Cazzaniga et al., 2011). One pair
of twins were discordant for ALL, with one twin developing BCR-ABL1+ ALL and
the other remaining leukaemia free with low levels of BCR-ABL1 present in their
blood (around 1*10%). Other leukaemia initiating events were required for
malignant transformation and while the twin without ALL had other genetic
changes present IKZF1 remained intact, and the twin with ALL was positive for a
deletion in IKZF1. In a second pair of twins, both developed BCR-ABL1+ ALL but
with differing secondary aberrations, one of which was an IKZF1 deletion and
was the likely cause of treatment failure (Cazzaniga et al., 2011). IKZF1 was not
the only differing CNA, though previous murine models have shown that IKZF1
lesions accelerate leukaemogenesis in BCR-ABL1+ ALL (Virely et al., 2010), and
that the normal function of IKAROS pushes pre-leukaemic cells towards cell cycle
exit in the presence of BCR-ABL1 (Trageser et al., 2009). Monozygotic twins
discordant for ALL are rare and so evidence is largely anecdotal, though analysis
of these pairs of twins’ ALL suggest that IKZF1 is a secondary event to BCR-

ABL1 and arose postnatally.

This points to RAG over-activity being the initiating event, and that the occurrence
of IKZF1 lesions and the minor BCR-ABL1 variant are potentially a product of this.
Since the normal function of IKAROS is necessary for the expression of RAG in
developing lymphocytes, the constitutive activation of RAG must be necessary
prior to any IKZF1 deletion or translocation events between chromosomes 9 and
22.

The data presented in this chapter suggests that IKAROS, RAG and TdT activity
are altered in the presence of the Philadelphia chromosome, and that differences
in MRD as detected by two different targets, Ig/TCR and BCR-ABL1, may be able

to identify patients with distinct disease biology. However, it remains unclear as
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to which MRD target is the better predictor of outcome in adult patients with BCR-
ABL1+ ALL.
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5 Lesions in IKZF1 contribute to treatment resistance
which is abolished by BCR-ABL1 expression

5.1 Introduction

5.1.1 IKZF1 lesions - importance of context

There have been numerous reports on the impact of IKZF1 lesions on outcome
from clinical trial studies, both in adult and paediatric patients but without
consensus on the overall impact of IKZF1 deletions (AIKZF1). AIKZF1 was
reported as being a strong prognostic marker in paediatric patients with high risk
disease, and that these patients were more likely to have a gene expression
pattern similar to that of the high risk BCR-ABL1+ ALL (Mullighan et al., 2009). A
specific profile, termed IKZF1PUs has been developed in order to identify very
high-risk paediatric ALL (Stanulla et al., 2018). Deletion type may also be
important for outcome: Kobitzsch et al showed that LOF lesions and not DN
deletions are a marker for poor outcome in BCR-ABL1- patients (Kobitzsch et al.,
2017).

The overall results from these analyses suggests that the negative impact on
outcome associated with AIKZF1 is likely context dependent and may require the
presence of other genetic lesions. Based on these studies, this chapter aims to
model the contexts in which AIKZF1 arises and to determine their impact on

chemoresistance.

5.1.2 Corticosteroid resistance in ALL

Glucocorticoid steroids were among the first antileukemic agents to be used in
the treatment of ALL and still play critical role in the clinic. Two of the most
common corticosteroids used are prednisolone and dexamethasone, both
synthetic derivatives of cortisol. They work by binding to the glucocorticoid
receptor, which in turn effects change within the cell by altering gene expression,
results in a reduction of cytokine production (Arya et al., 1984), and eventually
cell cycle arrest and apoptosis (Wyllie, 1980, Harmon et al., 1979). The effect of
corticosteroids is tissue dependent, but it is not yet clear why they have a specific

pro-apoptotic effect in haematopoietic cells. Corticosteroid resistance has been
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reported as an adverse prognostic factor in ALL, and that a shift in gene
expression to increase glucose metabolism is a hallmark of this (Tissing et al.,
2006, Hulleman et al., 2009).

Studies performed on trial populations have noted that post-induction residual
MRD is more likely in paediatric patients with IKZF1 deletions (Mullighan et al.,
2009, Dorge et al., 2013). Treatment resistance brought about by IKZF1 deletions
is thought to be caused by the role of IKAROS in cellular metabolism. IKAROS is
able to stop malignant transformation by blocking the increased uptake of glucose
required for aerobic glycolysis. When IKAROS is non-functional, the block on the
uptake of glucose is removed, and so a higher dose of corticosteroid is required

to overcome the increase in glycolysis (Chan et al., 2017).

5.1.3 The Role of the Microenvironment in ALL treatment resistance

The bone marrow microenvironment supports the healthy development of
haematopoietic cells. ALL cells are able to hijack this and form a niche capable
of supporting leukaemic cells, thereby providing protection from therapeutic
agents, i.e. contribute to resistant residual disease (Duan et al., 2014). To better
refine models of treatment resistance in ALL, several studies have used
mesenchymal stromal cells (MSCs) as a way of mimicking the bone marrow
microenvironment. One such study found that certain drugs are more likely to
induce niche formation based on ROS production, and that mitochondria were
transferred from MSCs to leukaemic cells via tunnelling nanotubes (TNTs) (Burt
et al., 2019).

IKAROS plays a role in the adhesion and migration of developing lymphocytes,
and the loss of IKAROS function in ALL has been shown to contribute to disease
resistance and an increase in dependency on stromal cells (Churchman et al.,
2015, Joshi et al., 2014). ALL cells in contact with MSCs may alter their metabolic
activity differentially depending on IKZF1 status and whether other energy

demanding cooperating lesions such as BCR-ABLL1 are present.
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Based on the findings from chapter 3, BCR-ABL1+ and BCR-ABL1- models were
chosen due to the differential effect of the Philadelphia chromosome on outcome
in ALL patients enrolled onto UKALL14. BCR-ABL1+ ALL is also the largest

subtype of ALL, and IKZF1 is much more commonly deleted in this subgroup.

5.1.4 Approach taken in this chapter

| plan to establish models in order to observe the effects of IKZF1 lesions by using
BCR-ABL1+ and BCR-ABL1- cell lines that do not harbour any IKZF1 lesions. |
will use retroviral transduction to over-express the isoform IK6 to model a DN
lesion. I will use the CRISPR-cas9 system to knock out exon 8, the dimerisation
domain, of IKZF1 to model LOF lesions in IKZF1 deleted ALL. Figure 5.1

summarises the strategies used to generate the cell lines.

CRISPR I Retroviral
X transduction
/ Retroviral Y
transduction
IKZF1 IKZF1 DN
LOF model model

(BCR-ABL+)
IKZF1 DN
model
(BCR-ABL-)

RFP
control
(BCR-ABL+)

RFP
control
(BCR-ABL-)

Figure 5.1: Figure 15: Strategies for modelling IKZF1 lesions in vitro. In order
to model the effects of IKZF1 lesions in ALL cell lines, the models proposed are
as follows: A DN model generated by retroviral transduction introducing IK6 into
a BCR-ABL1 positive and negative cell line. The cell lines used must have both
alleles of IKZF1 intact. An LOF model will be generated through knockout of exon
8 using CRISPR-Cas9 technology.
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5.2 Hypothesis

Lesions in IKZF1 contribute differently to treatment resistance in BCR-ABL1+ and
BCR-ABL1- cell line models.

5.2.1 Aims
e To generate both DN and LOF IKZF1 cell line models
e To study the effects of IKZF1 lesions on treatment resistance
e To study the effects of mesenchymal stromal cells on treatment resistance

in the context of IKZF1 lesions

5.3 Methods
5.3.1 PCR confirmation of p190 plasmid
To confirm the correct plasmid containing the p190 fusion protein was selected
prior to retroviral transduction, PCR amplification of the p190 BCR-ABLL1 fusion
gene was performed. To each reaction the following was added: 12.8pl ddH20,
3ul 10x reaction buffer, 2.5ul forward primer (Merck), 2.5ul reverse primer (Merck),
0.2ul TAQ polymerase (Qiagen), 2mM dNTPs (Promega), 4ul DNA/dH20 for the
NTC. Primer sequences are as follows:

Forward- 5-ACCGCATGTTCCGGGACAAAA G-3’

Reverse- 5-TGTTGACTGGCGTGATGTAGTTGCTTGG-3’

Cycling conditions can be found in Table 5.1. PCR products were run on a 2%

agarose gel for one hour at 150mV.

Table 5.1: Cycling conditions for PCR
amplification of BCR-ABLL1 transcript
Step  Cycling condition
1 96°C for 5 minutes
96°C for 1 minute
64°C for 50 seconds
72°C for 1 minute
Repeat steps 2-4 for 34 more times
72°C for 10 minutes
4°C forever

~N o gk WN
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5.4 Results

5.4.1 Generation of NALM-6 and SD-1 IK6

In order to further investigate the apparent context dependent prognostic
relevance of IKZF1 lesions, two B-ALL cell lines, NALM-6 (BCR-ABL1-) and SD-
1 (BCR-ABL1+) were retrovirally transduced with a plasmid overexpressing the
DN IK6 isoform of the IKAROS protein (Figure 5.2A). Prior to the retroviral
transduction of NALM-6 and SD-1 cell lines, selection of the correct plasmid was
confirmed by PCR (Figure 5.2B). After the cell lines were retrovirally transduced,
they were flow-sorted on mRFP expression, and the population enriched until

MRFP expression by >95% of the population was achieved (Figure 5.3).

A LTRA E Bacterial colonies
Amfwr carrying IPEG plasmid
\ f v . |
\ Xhol (1447) : i i 11
. -
/ \ AEwTEEN
MSCV-IK6-IRES-mRFP 7 1013 bp— ' +«— |K6
7641bp T - 4 1026 bp
= ke :
\ “EcoRl (2483
Xhol (2494)
| - \ \
LTR-2 \ o\ \
\ mRFP IRES
EcoRI (3773) 100 bp—

Figure 5.2: MSCV IK6 IRES mRFP plasmid. (A) Schematic diagram of MSCV
IK6, the plasmid used for the retroviral transduction of the BCR-ABL negative
NALM-6 cell line and the BCR-ABL positive SD-1 cell line. The plasmid either
contained the DN IK6 (MSCV IK6) gene or was removed (MSCV EV) to serve as
a negative control. (B) Agarose gel showing strong PCR product signal, indicating
correct bacterial colonies were selected. After cloning, the IK6 gene was amplified
to ensure the correct plasmid had been selected for.
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Figure 5.3: Flow plots after flow sorting on mRFP expression. SD-1 cells
were sorted twice post induction to achieve RFP positivity of at least 95%. SD-1
WT cells served as a negative control. Side scatter height and area were plotted
in order to remove cell doublets from the analysis. Top panel- SD-1 IK6 cells
Bottom panel- SD-1 EV cells after initial transduction, and subsequent enrichment
of mRFP positivity following two further flow sorts.

5.4.2 Generation of LOF IKZF1 model by CRISPR

The CRISPR-Cas9 system was used to knock out exon 8 in the NALM-6 cell line.
Exon 8 was chosen as the target as this is where the zinc fingers that mediate
dimerisation reside. IKAROS activity becomes reduced and wild type proteins
non-functional when IKAROS is not able to dimerise. Indeed, myeloma cells die
when the IKAROS dimerisation domain is knocked out due to their dependence
on IKAROS to function normally (Fedele et al., 2018). After exposure to the
CRISPR-guide RNA complex, cells were single cell sorted based on their
positivity for ATTO550, the fluorophore conjugated to the CRISPR nucleoprotein.
A PCR screen was used to confirm the disruption of exon 8. The primers were
first validated using five separate aliquots of DNA pooled from twelve healthy
controls as used in Ig/TCR RT-gPCR assays (non-amplifiable control, NAC)
(Figure 5.4).
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NAC I-VI
A

NTC
Ladder

«—1013 bp

Wt W i b i =376 bp

Figure 5.4: Validation of primers for CRISPR
screening. An image of an acrylamide gel
confirming the primers amplified exon 8 of IKZF1
correctly. Pooled genomic DNA (Non-amplifiable
control, NAC) from healthy controls was used to
validate the primers for the PCR CRISPR screen.

After sorting, 381/960 (39.7%) wells containing single cells successfully grew into
colonies. The first 36 were screened for disruption of exon 8. 10/36 (25%)
displayed disruption at the exon 8 locus, as multiple PCR products of different
sizes were observed (Figure 5.5). Clones from wells A4 and A8 were chosen for
subsequent experimentation, since the PCR signals on the acrylamide gel were
strongest for these wells. In order to confirm the differences between germline
and the disrupted clones, PCR products were picked from the acrylamide gel and
re-amplified in order to Sanger sequence the products. The Sanger sequencing
data was not interpretable due to more than one sequence present in the reaction,

and so successful disruption of exon eight of IKZF1 could not be confirmed.
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5.4.3 Drug sensitivity of NALM-6 IK6 and SD1 IK6 compared to wild type
cells

Previous studies found that IKZF1 deletions contribute to treatment resistance in
murine models (Marke et al., 2015) and trial populations (Imamura et al., 2016).
Drug sensitivity assays were performed. The four drugs were chosen as they are
commonly used in the treatment of adult ALL. The optimal cell number for the
assay was established so as to be within the linear range of the assay resulting
in a choice of cell number of 1*10° in 100uL media for this experiment (Figure
5.6).

g
(=]
]

Linear
Range

1.5+

Absorbance (490 nm)
2

0.5+ ~e- Nalm 6 IK6
- Nalmé EV
0.0 T T T T T r
¥ > ,@Q{o ,Le(p .-,_,‘esg’ ,_,‘c-(§rJ Q,Je-é)
cell number

Figure 5.6: Optimal cell number for MTS

assays. Cell viability was assessed by MTS assay

and absorbance was measured between three and

four hours of exposure to MTS solution Based on

the linear range of the assay, 1*10° cell per well

was in subsequent drug sensitivity assays

(indicated by arrow). Error bars represent SD of the

mean.
There was no difference between NALM-6 IK6 and NALM-6 EV cell lines in
sensitivity to cytarabine, daunorubicin or vincristine at any concentration and
three timepoints (Figure 5.7A, B and C). By contrast, when the cells were treated
with dexamethasone, the IK6 cell line had a higher cell viability at 72 hours. There
was a statistically significant difference in cell viability at 500nM of
dexamethasone between the IK6 and EV cells, suggesting that the presence of
the DN IK6 protein contributes to glucocorticoid resistance in this BCR-ABL1

negative model (Figure 5.7D). In the same experiment performed on SD-1 cells
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no such difference was observed after exposure to dexamethasone (Figure 5.8).
The SD-1 cell line was resistant to both cytarabine and dexamethasone (Figure
5.8A and D), even at higher concentrations (Figure 5.9A and B). Hence, SD-1

was rejected as a model for investigating chemoresistance induced by IK6.
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Figure 5.9: Drug Sensitivity in SD-1 IK6 expressing cell vs
mRFP control, confirming resistance for cytarabine and
dexamethasone. To assess the extent of their resistance,
SD-1 cells were exposed to higher concentrations of
cytarabine and dexamethasone via MTS assay. Experiments
were done in triplicate at three different timepoints- 24, 48 and
72 hours. The no drug control in each for each drug was
defined as 100% viability for each experiment. Error bars
represent SD of the mean. (A) Cytarabine, (B)
Dexamethasone. N=1
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5.4.4 Generation of NALM-6 IK6 BCR-ABL1+ model

As the SD-1 cell line was rejected as a suitable model due to baseline
dexamethasone resistance, a BCR-ABL1+ model was still required to examine
the effects of IKZF1 lesions in this context based on the results from the clinical
outcome data. It was not possible to find an IKZF1 wild type BCR-ABL1+ cell
lines, hence | decided to introduce a plasmid expressing a p190 fusion transcript-
or the backbone alone as a control- to NALM-6 cells previously transduced with
IK6. The pl190 transcript was chosen as this is the most commonly occurring
transcript in BCR-ABL1+ B-ALL. The marker in the p190 plasmid is GFP, so the
existing RFP did not interfere when selecting for the successfully transduced cells.

Figure 5.10 shows that the correct plasmid was selected prior to transduction.

Bacterial colonies
carrying p190 plasmid
*

< N\

1013 bp —>!

485 bp —— - e - -~ -

Figure 5.10: Agarose gel showing the correct plasmid was
selected for. After cloning, the p190 fusion transcript was
amplified to ensure the correct plasmid had been selected for
in six clones. PCR products were run on a 2% agarose gel.
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After transduction with the correct plasmid, the cells were flow sorted until RFP
and GFP positivity reached >95%. This performed in a similar manner to the
NALM-6 IK6 and RFP controls. Both GFP and RFP markers were used to identify
the successfully transduced cells were selected and enriched >95% of the
population (Figure 5.11). To ensure the p190 transcript was present, RT-gPCR
was performed for all four cell lines. GUS, a control gene, was quantified in order
to test the quality of the cDNA (

Table 5.2). The four cell lines are referred to as NALM-6 IK6 GFP, IK6 p190, RFP
p190, and RFP GFP hereatfter.
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Figure 5.11: Flow plots after flow sorting on RFP and GFP positivity.
Flow plots to check for >95% positivity for each of the four RFP and GFP
positive cell lines generated after enrichment by flow sorting. Prior to plotting
the GFP and RFP fluorescence intensity, side scatter area and height were
plotted to remove cell doublets from the analysis. NALM-6 WT cells served
as a negative control to ensure the gates were set appropriately.
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Table 5.2: Results from p190 and GUS transcript level quantification

Sample Average No. of Average No. of BCR-ABL:GUS
Ct molecules Ct molecules ratio

RFP p190 21.40 371668.88 19.10 2965392.75 797.859%
IK6 p190 22.00 226298.31 18.60 3034964.5 1341.134%
RFP GFP 22.20 198059.11 0.00 0.00 0.00%
IK6 GFP 22.00 322811.00 0.00 0.00 0.00%

5.4.5 The presence of BCR-ABL1 diminishes IK6 induced corticosteroid
resistance in the NALM-6 DN cell line model
Since corticosteroid resistance is linked to an increase in glucose metabolism,
and that BCR-ABL1 exerts a high energy demand, dexamethasone resistance
was assessed in the p190 cell line models. As expected, the same significant
difference in sensitivity seen in the NALM-6 IK6 and RFP control (72h, 100nM
p=0.042, 500nM p=0.042) was also seen in the NALM-6 IK6 GFP and RFP GFP
cell lines (Figure 5.12A), though this same pattern was not evident in the p190
cell lines (Figure 5.2B). The presence of p190 alone increased dexamethasone
resistance in NALM-6 cells (72h, 500nM p=0.039, Figure 5.12C) but the
increased resistance of either IK6 or p190 alone is not evident when both are

present in the same model, best demonstrated in Figure 5.12D at 72 hours.
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5.4.6 Role of stromal cells

5.4.6.1 MTS is not a suitable method of assessment

The role of IKAROS in the adhesion and migration of cells within the bone marrow
niche plays an important role in treatment resistance (Schwickert et al., 2014).
The role of the bone marrow microenvironment in treatment resistance is of
interest to my host laboratory and is an ongoing project. Loss of lkaros in a
murine model arrests cells in an adherent phase dependent on stroma for survival
(Joshi et al., 2014). Mesenchymal stromal cells have shown to be critical for the
survival of ALL cells in the bone marrow niche (Ebinger et al., 2016, Duan et al.,
2014), and that MSCs themselves secrete adhesion molecules (Wagner et al.,
2007). Therefore, loss of IKAROS or the expression of a DN isoform could
potentially have a different effect on treatment resistance in the presence of

stromal cells.

| used the model developed in my host laboratory, in which the human MSC cell
line HS27a is used as a stromal layer. First, the performance of drug sensitivity
assays were evaluated using the IK6 DN models. HS27a cells alone were
exposed to dexamethasone to ensure this cell line was not sensitive at the
concentrations used. Figure 5.13 shows that HS27a viability did not drop below
90% for any concentration at any of the three timepoints. Next, three conditions
were tested by MTS assay- ALL cells alone, HS27a cells alone and MSC and
ALL cells in co-culture. The intention was to subtract the mean absorbance value
from the HS27a cells from that of the co-culture values in order to ascertain how
much of the viability in each well was attributable to the ALL cells. This method
of assessing viability did not give reliable and consistent results (Figure 5.14A
and B). It was also not possible to ascertain if any apparent differences in cell
survival are due to the increased cell survival of the ALL cells, or an increase in
metabolic activity. For this reason, flow cytometric based cell viability was used

to assess viability in the co-culture models.
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Figure 5.13: HS27a dexamethasone sensitivity assay. The HS27a cell line
was exposed to four different concentrations of dexamethasone and assessed by
MTS assay to confirm that the cell line was not sensitive, and viability was not
reduced. The no drug control was defined as 100% viability for each experiment.
Error bars represent SD of the mean. Performed at three different timepoints used
in subsequent coculture expeirments- 24, 48, and 72 hours. N=1
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Figure 5.14: MTS coculture assays. MTS was assessed for its suitability for use
in coculture assays. The no drug control was defined as 100% viability for each
experiment. Error bars represent SD of the mean. Performed at three different
timepoints- 24, 48 and 72 hours. (A) Viability based on total absorbance (B)
Viability based on mean absorbance values of HS27a subtracted from
absorbance values of co-culture wells. N=3

5.4.6.2 Flow cytometric analysis of drug sensitivity gives consistent results for
co-culture assays

The ability to gate on individual cell populations when using flow cytometry to

assess cell viability makes it more suitable than MTS assays for co-culture

experiments. RFP and GFP were used as the marker for the four cell lines- IK6

pl190, IK6 GFP, RFP p190 and the RFP GFP control. Representative flow plots

can be seen in Figure 5.15. The stromal layer appears to provide a protective

effect to ALL cells when exposed to dexamethasone regardless of IKZF1 or BCR-
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ABL1 status since all cell lines have enhanced survival when cultured with HS27a
cells compared to the respective monoculture controls at 72 hours in particular
(Figure 5.16A). The flow results reflect those of the monoculture MTS assays in
that the IK6 and p190 only cell lines display lower cell death when exposed to
dexamethasone compared to the RFP GFP controls (Figure 5.12A and C, Figure
5.16A and C). Again, reflective of the MTS assays, the BCR-ABL1 fusion protein
in the IK6 p190 cell line appears to abolish the ability of the DN IK6 protein to
resist dexamethasone mediated cell death in monoculture and coculture (Figure
5.12B and Figure 5.16B and C). Despite previous findings by Lopez and
colleagues showing that loss of IKAROS leads to the arrest of cells in an adherent
state (Lopez et al., 2002), the presence of the stromal layer with IK6 does not
appear to enhance resistance to dexamethasone when compared to the
monoculture experiments (Figure 5.16B and C).
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Figure 5.15: Representative flow plots for coculture experiments. To select
the desired cell population, initially single cells were selected by plotting side
scatter area and height, removing any cell doublets. To select the correct gating
strategy, NALM-6 WT cells were used as a negative unstained control (top left
panel). To ensure only the ALL cells were being analysed, only RFP and GFP
positive cells were selected for (top right panel). NALM-6 WT cells were incubated
for at least 15 minutes at 60°C in a water bath to kill them, and stained with the
DAPI to serve as a positive control for DAPI positive cells (bottom left panel). RFP
and GFP positive cells were analysed without the DAPI stain to confirm the gates
had been set correctly (bottom right panel). N=3.
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Figure 5.16: Coculture flow cytometry assays. To examine the effects of
stromal cells on ALL cell viability and resistance to dexamethasone, NALM-6 IK6
cells were cultured with and without the MSC cell line HS27a. ALL cells were
cultured +/- dexamethasone and +/- HS27a cells and assessed for DAPI positivity
at two timepoints- 48h and 72h. The percentage of positive cells is based on the
bulk population positive for RFP and GFP. Experiments were done in triplicate at
each time point. Error bars represent SD of the mean (A) data for all conditions
(B) coculture only (C) monoculture only. *p<0.5, **p<0.05, ***p<0.005.
“‘D’=dexamethasone. N=3.

5.4.7 Loss of IKAROS function leads to increased resistance when
exposed to dexamethasone in the NALM-6 cell line
As with DN drug sensitivity assays, daunorubicin, cytarabine, dexamethasone
and vincristine were used. As was seen in the DN IK6 expressing NALM-6 cell
line, no difference in sensitivity was observed between either of the A4 an A8
LOF cell lines and the WT control when exposed to daunorubicin (Figure 5.17C).
Unlike the IK6 cell line, in the A8 LOF cell line in particular, an increased viability
was seen at 48h and 72h when exposed to cytarabine (Figure 5.17A, 48h:
500nM p=0.043, 2000nM p=0.019, 72h: 500nM p=0.009, 2000nM p=0.007) and
vincristine (Figure 5.17B, 48h: 1000nM p=0.029, 72h: 1000nM p=0.022). A
significant difference in viability at both 48h (100nM p=0.018, 500nM p=0.017,
2000nM p=0.021) and 72h (10n p=0.021 (A8 LOF), 100nM p= 0.006 (A8 LOF),
p=0.013 (A4 LOF), 500nM p=0.005 (A8 LOF), 2000nM p=0.0007 (A8 LOF)) was
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also observed when the A4 LOF and A8 LOF cell lines were exposed to
dexamethasone, consistent with the results from the DN drug sensitivity assays.
There was a differential sensitivity between the A4 and A8 LOF clones, most
pronounced for when exposed to dexamethasone, despite successful knockout
of exon eight in both clones (Figure 5.17D).
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5.5 Discussion

In this chapter, | have explored the potential ways in which IKZF1 lesions lead to
a more aggressive phenotype in several ALL cell line models. As seen in the drug
sensitivity assays, the presence of IK6 confers resistance to the corticosteroid
dexamethasone only, and not to cytarabine, daunorubicin or vincristine. This
further confirms previous studies’ findings in both the clinic and the laboratory
setting that have also found that a loss of IKAROS causes resistance to
corticosteroids. Corticosteroids play a critical role the in treatment of ALL, and if
the IKZF1 status of a patient is known it may be possible to overcome this

resistance with altered treatment regimens.

As IKZF1 lesions and the BCR-ABL1 fusion often co-occur, it was necessary to
test this also. The BCR-ABL1 positive SD-1 cell line was initially transduced with
the DN IK6 isoform but was rejected as a model due to its resistance to
dexamethasone even at very high concentrations, and a dose dependent
response was not seen. For this reason, the existing DN NALM-6 model was
successfully transduced with the BCR-ABL1 p190 fusion protein.

The results from the drug sensitivity assays on BCR-ABL1 positive cell lines were
unexpected. The presence of BCR-ABL1 alone did increase resistance to
dexamethasone in comparison to the NALM-6 RFP GFP control. While IKZF1
deletions and the Philadelphia chromosome often co-occur, the presence of both
of these lesions do not appear to give a survival advantage in this model, or
indeed in the trial population enrolled on UKALL14 studied in chapter 3. This is

does not confirm the findings of previous studies.

The Philadelphia chromosome exerts a high metabolic demand since it promotes
cellular proliferation and is able to increase glucose metabolism to facilitate this
(Kim et al., 2005). It is thought that lesions in IKZF1 are necessary for malignant
transformation by lifting the block on glucose uptake and metabolism. The cause
of the decreased resistance could also be that while there is high expression of
BCR-ABL1 (Table 5.2) the expression of BCR-ABLL1 alone is not able to exert the

necessary changes in the metabolic profile of the cell necessary for corticosteroid
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resistance since other cooperating lesions (aside from IKZF1) are required,
thereby not giving any survival advantage in this model. The NALM-6 cell line
used in this model is BCR-ABL1 negative, and the addition of this oncogene into
an already established ALL cell may simply not be sufficient for the apparent
resistance normally observed in BCR-ABL1 positive ALL in the clinic. Other
cooperating lesions during leukaemogenesis of BCR-ABL1 positive ALL may
need to be acquired in order for BCR-ABL1 to exploit the cellular metabolic
programme. One possible explanation is that both endogenous WT alleles of
IKZF1 are still intact and are able to overcome the presence of IK6, and to block

the increased uptake of glucose demanded by BCR-ABLL1.

If the presence of BCR-ABL1 was not able to sufficiently increase glucose uptake
and metabolism required in the NALM-6 cell line, then corticosteroids may be
able to better exploit the increased metabolic pressure exerted by the presence
of BCR-ABL1. This dependence on glucose is demonstrated by BCR-ABL1+
CML cells displaying a high affinity to the glucose transporter GLUT-1, and a
subsequent reduction in cell surface GLUT-1 when treated with imatinib (Barnes
et al., 2005). More recently, BCR-ABL1+ B-ALL cells were found to be dependent
on the GLUT-1 transporter for survival and growth in vivo (Liu et al., 2014). This
dependency on glucose uptake caused by the presence of BCR-ABL1 could in
turn increase sensitivity to corticosteroids. Based on the data presented in this
chapter, the deletion of IKZF1 is simply a hallmark of BCR-ABL1+ ALL since it
does not enhance the pro-leukaemic effects of BCR-ABLL, is purely coincidental,
and does not exert a selective pressure or evolutionary advantage to the

leukaemic cell.

The reduction in cell viability in the BCR-ABL1 positive models could also be due
to a flaw in the cell line model since it may not have all conditions necessary to
display a more aggressive phenotype upon exposure to dexamethasone. IKZF1
along with the transcription factor PAX5 can be described as “metabolic
gatekeepers” and lesions in these genes are required for malignant
transformation due to an increased demand for glucose utilisation (Chan et al.,

2017). It has been previously shown that lesions in PAX5 are required to remove
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the restriction on glucose uptake and metabolism (as seen in the “Warburg
effect”) that is necessary for leukaemogenesis (Chan et al., 2017), though there

is no such lesion present in PAX5 in NALM-6 cells.

Since there are a number of different lesions that affect IKZF1 function, it was
necessary to model these also. The deletion of exons 4-7 still allows for the
expression of the DN IK6 isoform as the transcription start site and dimerisation
domain remain intact. Other lesions either deleting the entire gene, or involving
the transcription start site in exon 2 or dimerisation domain in exon 8 cause a loss
of function of IKAROS. This is thought to lead to a less aggressive phenotype
than a DN lesion as it leaves the other allele intact and fully functional, unlike in
the presence of IK6. To model LOF lesions, loss of IKAROS was successfully
achieved by using the CRISPR-Cas9 system to knock out exon 8 where the
dimerisation domain resides. The loss of this domain led to a significantly higher
viability compared to the WT NALM-6 cell line when exposed to vincristine and
cytarabine, as well as dexamethasone. No such difference was seen for
daunorubicin, as with the IK6 model. The apparent resistance to cytarabine could
potentially be due to the specific vulnerability of leukaemic cells during the S-
phase of the cell cycle, the point at which cytarabine can damage and prevent
DNA synthesis (Lietal., 2012). This is the point at which there is also a reduction
in IKAROS DNA binding activity. With the loss of IKAROS in the model, it could
potentially allow for cells to enter a prolonged S-phase of the cell cycle and so a
higher concentration of cytarabine is required for the same level of efficacy. Cell
cycle analysis of these models when challenged with antileukaemic agents could
confirm this. The potential cause of the vincristine resistance in this LOF model
is less clear, though it has been previously reported that IKZF1 null cells are

modestly resistant to vincristine in vitro (Rogers et al., 2018).

Despite successful knockout of exon eight in IKZF1 in both A4 and A8 LOF cell
lines as seen in the PCR products for these clones (Figure 5.5), a differential
sensitivity to dexamethasone was observed between them (Figure 5.17D). This

could be due to the random nature of TdT and NHEJ when repairing locus after
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CRISPR disruption. However, without the sanger sequencing data, it is not

possible to confirm this.

The resistance to these agents in vitro is not consistent with the clinical data
presented in chapter 3. No difference in outcome was observed between IKZF1
deleted vs non-deleted patients. There are significant differences in the way this
resistance was modelled in vitro as compared to the clinical setting. Monotherapy
is not typical for the treatment of ALL in the clinic, as seen in the cell line models,
and so further testing of multiple agents simultaneously would better refine this.

The higher level of resistance to vincristine and cytarabine in the A4 and A8 LOF
cell lines as compared to the DN cell line was not expected. The DN isoforms of
IKAROS are thought to also render WT IKAROS non-functional and so has a
greater effect than an LOF deletion in IKZF1. This could be caused by the way
both of these cell lines were generated. Expression of IK6 via retroviral
transduction leaves both genomic copies of IKZF1 intact. There are two strategies
using the current models to rule out if this is what is causing the apparent higher
sensitivity. The first involves knocking out one of the WT alleles using the
CRISPR-Cas9 system as used to generate the A4 and A8 LOF cell lines.
Alternatively, the CRISPR-Cas9 system could be used to remove exons 4-7 in
WT NALM-6 cells in order to induce expression of IK6.

Use of a stromal layer has allowed for a more accurate model of the bone marrow
microenvironment when testing drug sensitivity. Stromal cells have been shown
to be critical in the response of ALL cells to therapeutic agents. While this was
not well tested via MTS assay, flow cytometric analysis gave consistent and
reliable results. Loss of IKAROS is known to cause cell cycle arrest at a stage
where cells exhibit a high level of adhesion (Joshi et al., 2014). While the stromal
layer appears to give a protective effect to all cell lines regardless of lesions
present, it does not appear that the presence of IK6 enhances the protective
effects of the stromal layer compared to the IK6 negative cell lines despite any
potential interaction brought about by increased adhesion. My laboratory has

already demonstrated that MSCs can provide support to ALL cells in the BM niche
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via TNTs (Burt et al., 2019). With these cells in closer proximity to the supportive
MSC layer, the ability to form TNTs should be more efficient as there would be
more physical contact between the two cell types within the BM niche, though this
has not been seen here. There are further questions to be answered on exactly
how MSCs could be providing support and contributing to resistance.

This experiment focussed on dexamethasone, mainly due to the results from the
initial drug sensitivity analysis performed on the DN IK6 model. While there was
no difference in resistance to vincristine, cytarabine or daunorubicin, the
presence of MSCs may cause a differential effect as they may provide additional
support to IK6 expressing cells because of the altered adhesion and increased

physical proximity to the supporting stromal layer.

Together these data confirm that loss of IKAROS, either by LOF or DN activity,
lead to increased resistance to dexamethasone in the DN IK6 model, and
dexamethasone as well as vincristine and cytarabine in the A4 and A8 LOF
models generated. The resistance observed in the DN IK6 model appears to be
context dependent, since the presence of BCR-ABL1 abolishes such resistance

to dexamethasone.

5.5.1 Planned experiments

5.5.1.1 Metabolic reprogramming of leukaemic cells by AIKZF1

It has been known for a long time that malignant cells rely on aerobic glycolysis
for ATP production, first described by Otto Warburg (Warburg et al., 1924). This
is the process by which cancerous cells rely on glycolysis for their ATP production
and not mitochondrial respiration. This process helps to protect cells against
oxidative stress caused by mitochondrial respiration via the electron transport
chain. The intermediate steps of glycolysis supplies metabolites for fatty acid
synthesis, pentose phosphate pathway and amino acid synthesis, all of which are
required for an increased rate of proliferation and is caused by oncogenic

signalling and external environmental pressures.
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Certain genetic lesions result in very high energy demands within the cell; the
fusion gene BCR-ABL1 is an example of this. The tyrosine kinase BCR-ABL1
promotes an increased uptake of glucose via the hexose transporter GLUT-1,
and it has been shown that BCR-ABL1+ B-ALL is partially reliant on this
transporter for cell survival (Liu et al., 2014). The use of TKIs have been shown
to reduce glucose utilisation, and use of the mitochondrial inhibitor oligomycin
enhances the sensitivity of leukaemic cells to TKI treatment (Alvarez-Calderon et
al., 2015).

IKAROS, along with another transcription factor PAX5, are known to block
malignant transformation, by not allowing an increase in uptake and utilisation of
glucose required for elevated rates of proliferation seen in cancerous cells (Chan
et al., 2017). IKZF1 lesions and the subsequent inactivation of IKAROS often co-
occur with BCR-ABL1 in adult ALL. This could be necessary for an altered
metabolic programme in order to meet the increased energetic demand from
BCR-ABLL1.

Further experimentation was planned in order to gain a better understanding of
the metabolic reprogramming leukaemic cells undergo when IKZF1 becomes
deleted. Analysis of the levels of aerobic and anaerobic respiration were to be
analysed by measuring oxygen consumption and extracellular acidification rates
via Seahorse analysis (Agilent technologies) in these cell lines when exposed to
corticosteroids. Further analysis of the gene expression profiles by RNA
sequencing of the cell line models developed for this project was also planned in
the hope of giving an explanation as to why corticosteroid resistance was
observed and the unexpected results in the BCR-ABL1+ cell lines. In light of the

Covid-19 pandemic, these experiments were unfortunately abandoned.
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6 General Conclusions

This thesis presents an investigation into the context dependent impact of AIKZF1
in the clinic and experimentally. This is in response to the mounting evidence that
AIKZF1 has an adverse effect on patient outcome. The data presented in this
thesis has contributed to the substantial body of clinical data on AIKZF1 in
patients with B-ALL. Since no impact on outcome was found, it is of importance
that this is taken into consideration for the management of patients with ALL in
the future. The subsequent parts of this thesis attempt to address the differential
impact of the Philadelphia chromosome on RAG activity on the deleted IKZF1
locus and also on the Ig/TCR rearrangements. Finally, the impact of AIKZF1 on
drug sensitivity was examined to ascertain why IKZF1 lesions might have an

impact on outcome.

6.1 The chicken or the egg?

The title of this thesis “IKZF1 lesions in adult acute lymphoblastic leukaemia - the
chicken or the egg?” refers to the mechanisms that cause the common intragenic
lesions in IKZF1. IKZF1 lesions carry the hallmarks of RAG mediated deletion, as
the breakpoints commonly occur at putative cRSSs and a number of non-
germline nucleotides are present. Since IKZF1 is involved in the expression of
the RAG enzyme machinery, it remains unclear exactly which of these proteins
is cause and effect. The initial plan for this project was to use an assay to study
the direct activity of RAG. Based on current technology such as SM-FRET and

tethered bead assays, it is not possible to do this within a leukaemic cell.

In terms of addressing the question in the title of this thesis, the data presented
here do go some way giving an answer. As a direct measurement of RAG activity
was not possible, and as a way of studying the hallmarks of RAG activity, the
Ig/TCR rearrangements were assessed in IKZF1 deleted versus non deleted ALL
specimens. IKZF1 deleted specimens were more likely to have at least one
Ig/TCR rearrangement present especially in the presence of BCR-ABL1 (Table

4.6), and had a significantly higher average number of rearrangements when
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compared with IKZF1 non-deleted (Figure 4.4). Since RAG mediates both
Ig/TCR rearrangements and the intragenic deletions of IKZF1, it would appear
the aberrant RAG activity is higher in IKZF1 deleted cells. While it is not possible
to determine why this might be, it suggests one of two possible reasons:

1. The baseline RAG activity is higher in certain subtypes of ALL prior to the
loss of IKARQOS, after which RAG expression would be abolished due to
the lack of IKAROS protein

2. RAG expression has been de-regulated, IKAROS has lost control over its
expression and the off-target activity of RAG has deleted IKZF1, allowing
RAG to rearrange the Ig/TCR loci.

Had the Covid-19 pandemic not halted experiments, it may have been possible
to ascertain at which points these events occur during clonal evolution via next
generation sequencing techniques. Unfortunately, it is not possible to know at
what point RAG becomes constitutively expressed, the Ig/TCR loci are
rearranged, or when IKZF1 becomes deleted during malignant transformation
and so the initial question cannot be fully answered.

6.2 IKZF1 lesions do not contribute to poor outcome in B-ALL
patients on UKALL14

In order to examine the impact of AIKZF1 on outcome in patients with B-ALL,
patients recruited onto the UKALL14 trial were screened by PCR and validated
by MLPA for the four most common lesions found in IKZF1. The results from the
clinical data presented in Chapter 3 contradict the working hypothesis that
AIKZF1 does have an impact on patient outcome. AIKZF1 had no impact on
outcome regardless of how the data was analysed. It is unlikely this finding is not
genuine- patient follow up time and the number of patients analysed on the study
are adequate for sufficient statistical power. There are some potential reasons no
impact was found. Firstly, this is the oldest population studied for AIKZF1. It may
simply be the case that AIKZF1 only has a strong association with poor outcome
in paediatric patients, first seen in a study by Mullighan and colleagues (Mullighan
et al., 2008). Secondly, a significant proportion of patients on UKALL14 were

considered having high risk features and hence went onto have an SCT as per

164



Chapter 6. Discussion

the trail protocol. It is possible that transplant may have masked the effects of
AIKZF1 on outcome in these high-risk patients. This data is potentially of
particular importance to older patients with ALL, especially as the prevalence of
BCR-ABL1+ ALL positively correlates with age. To investigate this further,
assessing trials recruiting older patients may be of importance, such as the phase
Il UKALLG60+ trial. Alternatively, if future trials are examined for AIKZF1, patients
should be assessed separately based on their age. In order to refine the analyses
on the impact of AIKZF1 in older patients with ALL, a meta-analysis involving a
broad range of age and risk status could help to identify any age-related impact

on outcome.

IKZF1 lesions are likely context dependent, hence why IKZF1P'Us was investigated
in chapter 3. This was made possible as a large proportion of patients were
screened by an MLPA kit that covered most of the genes involved in the IKZF1Plus
profile. As with IKZF1 alone, IKZF1Ps did not have an impact on outcome.
However, in the initial study performed by Stanulla and colleagues, only high-risk
paediatric patients were included (Stanulla et al., 2018). Patients of any risk
status were included for the analysis presented in chapter 3, and, again, patients
recruited to UKALL14 were adult rather than paediatric. This could be the reason
why no association with poor outcome was found. Despite this, the development
of the profile itself points towards the impact of AIKZF1 on outcome being context
dependent and requires other cooperating lesions, specifically in high-risk
paediatric patients. To strengthen the analyses on older adults, this needs to be
expanded to include other trial populations, and the risk status of these patients
should be considered.

Where possible, patients were screened by both PCR and MLPA. It was evident
that neither MLPA nor PCR are not sufficient to detect AIKZF1 alone due to their
limitations. While both methods are rapid, neither captured the entire landscape
of AIKZF1 since both methods missed patients that were positive for IKZF1
lesions. This is best demonstrated by the large number of discrepancies between
the PCR and MLPA data. While PCR is highly sensitive and can deliver a rapid

result, itis limited by its specificity and vulnerable to false negative results if primer
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sites become deleted. In contrast, MLPA can detect a deletion of any size but
sensitivity is not adequate to detect deletions in minor clones or where sample

purity is low.

Higher resolution techniques such as NGS as used in the 100,000 genomes
project are necessary for tailoring treatment to each individual and will be vital for
personalised medicine in the future. This could be utilised to detect any lesion
affecting IKZF1 including SNPs that have been identified as damaging to IKAROS
function and lesions affecting the promoter and hence expression of IKZF1. NGS
would also be able to detect minor and subclones at diagnosis, though it is not
clear if sublcones harbouring AIKZF1 contribute to poor outcome in the same way
as in major clones. Some studies have found that only major clones contribute to

poor outcome in patients.

IKZF1 lesions can also be used as a sensitive marker in detected MRD levels,
and is a direct measure of disease levels unlike Ig/TCR. A comparison of IKZF1
MRD and BCR-ABL1 may be more informative. IKZF1 based MRD was only
performed for a small number of patients and 4-7 lesions. There is scope to
expand this analysis and, if material were available, a comparison between
AIKZF1 and BCR-ABL1 based MRD would be possible, similar to the analysis in
chapter 4.

6.3 A comparison of Ig/TCR and BCR-ABL1l based MRD

monitoring
The results in chapter 4 attempted to compare Ig/TCR and BCR-ABL1 based
MRD. It was not possible ascertain if either Ig/TCR or BCR-ABL1 based MRD
monitoring is a more accurate method of predicting outcome in patients with BCR-
ABL1+ disease. This is likely, in part, because of the small number of patients
included in this study. There is scope to expand on this by completing Ig/TCR
screening on patients with BCR-ABL1+ ALL with sufficient material on UKALL14.
Something yet to be explored is why were there differences in MRD levels

between Ig/TCR and BCR-ABLL. If available cells stored from the diagnostic
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specimens were available, it would be possible to use flow cytometric analysis. If
the Philadelphia chromosome were present in non- B-lymphoid haematopoietic
subpopulations, it could indicate atypical disease biology as found by Hovorkova

and colleagues in paediatric patients (Hovorkova et al., 2017).

In normal developing lymphocytes, IKAROS controls both access to the Ig/TCR
loci and RAG activity (Reynaud et al., 2008). The intragenic lesions in IKZF1 carry
the hallmarks of RAG mediated deletion, and the impact of AIKZF1 may be
context dependent. The second part of Chapter 4 addressed the potential context
dependent differences between IKZF1 lesions in BCR-ABL1+ versus BCR-ABL1-
ALL. Aberrant RAG activity is potentially more common in BCR-ABL1+ ALL as
AIKZF1 is more prevalent in this genetic subtype. Intragenic IKZF1 breakpoints
and insertions mediated by TdT activity appear to be affected by presence of
Philadelphia chromosome. The breakpoints in IKZF1 were significantly further
away from the heptamer proximal to the breakpoint in patients with BCR-ABL1+
ALL than BCR-ABL1- (p=0.043), and there was a trend towards this for the distal
breakpoint (p=0.067). There were also significantly more non-germline
nucleotides inserted at the breakpoint in BCR-ABL1+ ALL (p=0.027).

With IKZF1 deletions more common in BCR-ABL1+ ALL, this points to
interactions between BCR-ABL1 and the off-target activity of RAG and
subsequent repair of the DSB via the NHEJ pathway. It is not known if the pattern
in these breakpoints as presented in chapter 4 are the same in other RAG deleted
genes in ALL such as the glucocorticoid receptor gene NR3CL1. In the absence
of this, the number and type of Ig/TCR rearrangements were analysed. Further
analysis via single cell sequencing reveal which Ig/TCR rearrangements were

present in the cells with IKZF1 or Philadelphia chromosome

An assay for directly measuring real-time RAG activity in vitro would be ideal for
assessing its interaction with IKAROS. In the absence of this, the structure of
IKZF1 lesions, and the number and type of Ig/TCR rearrangements were
analysed as surrogates for measuring RAG activity. Revealing the true interaction

between RAG and IKAROS is key to further understanding pathogenesis in ALL,
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especially in the context of the Philadelphia chromosome based on the findings
in chapter 4. If directly measuring the RAG activity is not possible, or its off-target
effects in pre-leukaemic cells, examining the clonal architecture of ALL
specimens may provide answers at which point in its pathogenesis RAG
becomes constitutively active, and when deletions mediated by RAG occur in
genes like IKZF1.

6.4 Treatment resistance in IKZF1 deleted cell line models

The results presented in chapter 5 demonstrate that IKZF1 lesions do contribute
to treatment resistance, despite no impact in outcome seen in the clinical data in
chapter 3. In order to test the effects of IKZF1 lesions in ALL, the NALM-6 cell
line was transduced with DN IK6 isoform of IKAROS. To examine the effects LOF
lesions in ALL and to generate an appropriate model, exon 8 of IKZF1 was

successfully disrupted by the CRISPR-Cas9 system in NALM-6 cells.

The DN and LOF models were assessed for their sensitivity to four drugs
commonly used in the treatment of ALL: cytarabine, daunorubicin,
dexamethasone and vincristine. There was no difference in sensitivity between
the IK6 cell line and the negative controls aside from dexamethasone, where
there was a significant difference found at 72 hours of treatment. The LOF model
displayed resistance to dexamethasone, as well as cytarabine and vincristine.
The increase in resistance to antileukaemic agents in the LOF model compared
with DN was unexpected. DN isoforms are thought to me more deleterious than
LOF lesions, since the IK6 protein also renders WT IKAROS when dimerised,
whereas LOF lesions only affect the deleted allele. This observed difference
could be due to how the cell lines were generated. Since IK6 expression was
brought about by retroviral transduction, the two genomic alleles of IKZF1
remained intact, and so the WT activity of IKAROS may not be totally abolished
by the presence of IK6. To make a fairer comparison with the LOF model, a DN
model could be generated using the CRISPR-Cas9 system to knock out exons
4-7 of IKZF1. The resistance to the corticosteroid dexamethasone seen in both
DN and LOF cell line models may go some way to explain why patients positive
for AIKZF1 were more likely to be MRD positive at the end of induction therapy
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where high doses of dexamethasone are administered as seen in the data from

chapter three.

To develop the NALM-6 DN model, and to observe the impact of the Philadelphia
chromosome on treatment resistance, the NALM-6 IK6 cell line was transduced
further with the p190 variant of the BCR-ABLL1 fusion protein. Again, despite no
differential impact seen in the context of the Philadelphia chromosome in chapter
3, the presence of the p190 fusion protein in the DN model had an unexpected
detrimental effect on the resistance to dexamethasone conferred by the presence
of the DN IK6 protein.

The resistance to dexamethasone observed in both the DN and LOF models has
a metabolic basis. Corticosteroid resistance has been reported as an adverse
prognostic factor in ALL, and an altered gene expression profile increasing
glucose uptake in response to corticosteroid treatment is a hallmark of this
(Hulleman et al.,, 2009). In healthy lymphocytes, IKAROS blocks malignant
transformation by blocking the increase uptake of glucose required for malignant
transformation (Chan et al., 2017). Revealing the metabolic reprogramming of
IKZF1 deleted cells will be key to understanding the mechanisms causing
resistance. Prior to the COIVD-19 pandemic, metabolic analysis via Seahorse
assays was planned in order to measure the oxygen consumption rate (OCR)
and the extracellular acidification rate (ECAR), which are indirect measurements
of aerobic and anaerobic respiration, respectively. The measurement of this is of

particular importance particularly in response to dexamethasone treatment.

Another experiment planned prior to the outbreak of the COVID-19 pandemic was
RNA sequencing of the cell line models after exposure to dexamethasone. This
was planned in order to determine why any potential metabolic differences were
observed from the seahorse assays. For example, a recent publication has
described the way in which IKAROS down-regulates the expression of BCL-XL,
anti-apoptotic mitochondrial transmembrane protein which leads to resistance to

doxorubicin, dexamethasone and vincristine (Song et al., 2020). This is just one
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of the myriad of proteins involved in mitochondrial processes whose expression

is altered without functional IKAROS present.

The cytarabine resistance observed in the LOF cell lines could be investigated
further. Cytarabine exploits cells during the S-phase of the cell cycle, the same
point at which there is a reduction in the level of IKAROS (Li et al., 2012). Flow
cytometric cell cycle analysis could provide answers as to why the LOF cell line
displayed increased resistance to cytarabine, particularly if IKAROS deficient
cells appeared to be entering a prolonged S-phase and hence required a higher

concentration of cytarabine to overcome this.

Since IKAROS is involved in the adhesion and migration of developing
lymphocytes (Schwickert et al., 2014), and loss of IKAROS arrests cells in an
adherent state (Joshi et al., 2014), it was important to understand the role of
supportive stromal layer in treatment resistance. The results from the flow
cytometry experiment showed that the stromal layer provided support to the
NALM-6 cell line, irrespective of the genetic aberrations present, and that despite
loss of IKAROS leading to a more adherent state in a previous study, this was

not observed here when compared to the controls.

There are some aspects to these experiments that may explain the differences
between the clinical data and the in vitro cell line models. In vitro experiments are
not the perfect model, they do not replicate the environment in which blast cells
reside within a patients’ bone marrow. All of these experiments only tested anti-
leukaemic agents in monotherapy which does not mimic the way in which patients

are treated.

Aside from the differences between what was observed clinically and the cell line
model data, there are some other aspects to these experiments that could be
developed further. LOF lesions were not explored within the context of the
Philadelphia chromosome, which is necessary to complete the lesions that
observed in patients with ALL. The other anti-leukaemic agents used in the

monoculture experiments should be performed in coculture. While no difference
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in sensitivity was seen in the DN cell line models, that does not mean to say the
presence of the supportive stromal layer could enhance the ability of cells
expressing IK6 to survive being challenged by cytarabine, daunorubicin, or

vincristine.

6.5 Future plans

In order to address the contrasting results from the clinical data presented in
Chapter 3, a wider meta-analysis would ideally be performed to reveal the true
cause of this. Analyses should include patients with a broad range in age, risk
status, and in the pre- and post- transplant setting. While the overall conclusion
from other studies state that there is an association between poor outcome and
IKZF1 lesions, there is no clear message since the analyses have been in varying
settings and trial populations. The current literature on the impact of IKZF1
lesions in patients with ALL need to give a clear and concise message regarding

its true impact.

The suitability of AIKZF1 as an MRD marker was also presented in chapter 3. To
confirm that it is indeed a suitable MRD marker, the small study in chapter 3
should be expanded. Although there was a fairly strong correlation of AIKZF1
MRD with Ig/TCR MRD, it was not as convincing as previous studies (R>=0.695,
Figure 3.5B, Caye et al., R>=0.9232, Venn et al., R?=0.98). As well as expanding
the number of DN lesions investigated, an assay for LOF lesions should also be
developed and assessed, as only the A4-7 lesion in a relatively small sample size
was considered in this project.

Where possible, an investigation into the discrepancies between Ig/TCR and
BCR-ABL1 MRD seen in the results from chapter 4 should be performed. Flow
cytometric analysis and sorting of cells from the primary diagnostic specimens
(where available) may give insights into which cells are BCR-ABL1 positive, if the
Ig/TCR rearrangements are present in the same clones, and if indeed there is the
presence of a “CML like” biology in the patients where a discrepant result was

seen. The differences in the number and type of Ig/TCR rearrangements between
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IKZF1 deleted and non-deleted specimens may have a biological basis that

requires further examination.

If and when it is possible to directly measure the activity of RAG in a leukaemic
cell, it is critical that this is done to better understand the sequence of events
which leads up to the intragenic deletion of IKZF1, and what exactly causes the
differences in RAG activity. Only then will it be possible to attempt to address
what this project set out to do. In the absence of such an assay, the clonal
architecture of IKZF1 deleted specimens could be studied through NGS

techniques to ascertain the true sequence of events.

The cell line models generated in Chapter 5 require refinement. The DN IK6
expressing cell lines were generated through retroviral transduction, and so the
two genomic alleles of IKZF1 remain intact. A more “true to life” model could be
generated through the knockout of exons 4-7 IKZF1 using CRISPR-Cas9, as was
the case with the LOF cell line. Furthermore, BCR-ABL1 was only studied in the
DN cell lines and should also be studied with LOF lesions also. This would not be
difficult to achieve as the LOF cell lines could be transduced with the plasmids
used for the DN cell lines. Despite seeing no enhanced effect of MSCs in
coculture with IKZF1 deleted cell lines in comparison to their WT controls, this
could be explored further. IKAROS has been implicated in the adhesion and
migration of cells within the BMM, and so lesions in IKZF1 could affect how
closely ALL cells interact with MSCs. As seen in previous work from my host
laboratory, damaged mitochondria are transferred from ALL cells to MSCs via
tunnelling nanotubes when exposed to ROS inducing chemotherapeutic agents.
This may be of importance as IKZF1 deletions affect the metabolic status of
leukaemic cells, and there may be a difference in how leukaemic cells interact

with supporting MSCs based on their IKZF1 status.

Finally, as mentioned at the end of chapter 5, had the Covid-19 pandemic not
halted all experimentation, the final part of this project would have investigated
the metabolic activity associated with IKZF1 deletions, and to ascertain if this is

the true cause of corticosteroid resistance in IKZF1 deleted cell lines. Analysis of
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aerobic and anaerobic activity of the cell lines under different conditions
generated in chapter 5 could be achieved by using a Seahorse instrument
(Agilent Technologies). The conditions tested should include exposure to
dexamethasone, and also limiting glucose supply to ascertain if IKZF1 deleted
cell lines are more dependent on glycolysis. RNA sequencing was also planned
as a way of identifying the metabolic pathways that are up- and down-regulated

depending on IKZF1 status and the presence of dexamethasone.
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Appendix

Table 7.1 Screening panel and primer pairs for the detection of
clonal Ig/TCR rearrangements in patients with B-ALL on UKALL14

Mix WellPrimers
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VH1-JHC
VH2-JHC
VH3-JHC
VH4-JHC
VH5-JHC
VK1-KDE
VK2-KDE
VK3-KDE
VK4-KDE
VKINT-KDE
VG1-JG1.1
VG1-JG1.3
VG2-JG1.1
VG2-JG1.3
VG4-JG1.1
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VD2-DD3
DD2-DD3
VD2-JA29
DH1-JHC
DH2-JHC
DH3-JHC
DH4-JHC
DH5-JHC
DH6-JHC
DH7-JHC

(VB20,VB12b/13c/14,VB19, VB10, VB2, VB3/12a/15
VB20,VB12b/13c/14,VB19, VB10, VB2, VB3/12a/15
VB20,VB12b/13c/14,VB19, VB10, VB2, VB3/12a/15
VB20,VB12b/13c/14,VB19, VB10, VB2, VB3/12a/15

DB1+DB2)-JB2.2
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(DB1+DB2)-JB2.7
VD2-(JA9,JA30,JA48)
VD2-(JA54,JA58,JA61)
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Table 7.5: Event Free Survival univariable analysis —
all patients with PCR or MLPA data

[Baselinerisk ___________|Events/N| HR (95% Cl) _|p-value_
Age (increase of 10 years)* 255/451 1.35(1.21,1.51) <0.001
Sex
Male 130/244 1.00 0.21
Female 124/206 1.17(0.92,1.50)

ECOG

ECOG O 130/244 1.00 0.039
ECOG 1 95/161 1.13(0.87,1.46)

ECOG 2-3 13/15 2.25(1.27,3.97)

Log WBC 255/451 1.08(1.00,1.17) 0.053
Genetic Risk

Good risk 6/19 0.47 (0.20, 1.08)
Standard risk 61/110 1.00 0.0037
High risk 88/132 1.50(1.08,2.08)
BCR-ABL+ 79/144 1.05(0.75, 1.46)

PCR

No deletion 191/339 1.00 0.64
Deletion 54/98 0.93(0.69, 1.26)

PCR deletion type

No deletion 191/339 1.00 0.88
Dominant negative (4-7) 32/58 0.95(0.65,1.38)
Non-dominant negative 22/40 0.90(0.58,1.40)

MLPA

No deletion 133/235 1.00 0.64
Deletion 84/149 1.07(0.81,1.40)

MLPA deletion type

No deletion 133/235 1.00 0.63
Dominant negative (4-7) 28/46 1.21(0.81,1.83)
Non-dominant negative 54/100 1.00(0.73,1.38)
IKZF1plus

No 164/301 1.00 0.036
Yes 53/83 1.39(1.02,1.90)
IKZF1plus

No deletion 164/301 1.00 0.062
IKZF 1 deleted only 31/66  0.80(0.54,1.18)

IKZF 1plus 53/83 1.33(0.97,1.83)
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Table 7.6: Overall Survival univariable analysis —
all patients with PCR or MLPA data

HR (95% CI) [p-value|
Age (increase of 10 years) 217/451 1.39(1.23, 1.56) <0.001
Sex

Male 111/244 1.00 0.33
Female 105/206 1.14(0.88, 1.49)

ECOG

ECOG 0 111/244 1.00 0.054
ECOG 1 80/161 1.09(0.82,1.44)

ECOG 2-3 12/15 2.52(1.39, 4.56)

Log WBC 217/451 1.08(0.99,1.17) 0.093
Genetic Risk

Good risk 6/19 0.52(0.22,1.20)
Standard risk 54/110 1.00 0.003
High risk 79/132 1.46(1.03,2.07)
BCR-ABL+ 62/144 0.87 (0.60, 1.25)

PCR

No deletion 164/339 1.00 0.36
Deletion 44/98 0.86(0.61,1.20)

PCR deletion type

No deletion 164/339 1.00 0.47
Dominant negative (4-7) 28/58 0.95(0.64,1.43)
Non-dominant negative 16/40 0.73(0.44,1.22)

MLPA*

No deletion 116/235 1.00 0.52
Deletion 66/149 0.91(0.67,1.23)

MLPA deletion type

No deletion 116/235 1.00 0.79
Dominant negative (4-7) 22/46 1.01(0.64,1.59)
Non-dominant negative 44/100 0.89(0.63, 1.26)
IKZF1plus

No 139/301 1.00 0.17
Yes 43/83 1.27(0.90,1.79)
IKZF1plus

No deletion 139/301 1.00 0.062
IKZF 1 deletion only 23/66 0.64(0.41,1.00)

IKZF 1plus 43/83 1.16(0.82,1.65)
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