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1.1. Introduction
Tumour development is a complex process involving susceptibility loci (oncogenes)

and the accumulation of spontaneous somatic mutations in tumour suppressor genes
that interact to result in cancer. Tumours may require the accumulation of a variety of
mutations before developing but the general principle is that the mutations result in an
imbalance between the oncogene and tumour suppressor gene function (Berger et al.,
2011). This multi-hit process can be tested by subjecting strains of mice susceptible to
certain types of tumours to chemical mutagens, thereby inducing further mutations.
This technique is used in this study to identify loci resulting in the susceptibility to
thymic lymphoma in the C57BL/6J strain in order to further our understanding of the

processes involved in the development of such tumours.

1.2. Background
A recent study on N-ethyl-N-nitrosourea (ENU) treated mice, (Smith et al., 2009),

indicated that the majority of C57BL/6J males injected with ENU develop
lymphomas. At a 3 x 100 mg/kg injection regime, 100% of the Gy C57BL/6J males
developed lymphomas, and more than 75% of the experimental group morbidity was
attributable to the development of T-lymphoblastic lymphoma. Other studies have
indicated that there is a strain-specific variation in the susceptibility to ENU-induced
lymphomas (Fenske et al., 2006a, Shimada et al., 2003b), albeit under different dosing
regimens, and that C57BL/6J mice are susceptible to the development of lymphomas
in response to ENU-induced somatic mutations. The BALB/c strains tested are not
particularly resistant to lymphoma development - approximately 50% of ENU treated
BALB/cAnNNCrl males develop early T-lymphoblastic lymphoma (Smith et al., 2009).
On the other hand, strains such as A/J and C3H/HeJ are less susceptible to ENU-

induced lymphomas (Fenske et al., 2006a, Shimada et al., 2003b). According to The
21



Jackson Laboratory, the reported frequency of spontaneous lymphomas was negligible
in A/J mice (Krupke et al., 2008). The interaction of several factors, both genetic and
environmental, resulting in tumorigenesis is expected (Knudson, 1971, Knudson,
1993), and there is increasing evidence for susceptibility loci in many cancers,

including lymphoma (Skibola et al., 2007).

Previous work by Shimada et al. (2003a) determined that C57BL/6J mice had a
statistically higher incidence of thymic lymphoma, and that these lymphomas had an
increased level of ras mutations, compared to C3H/He mice (45% vs 8%) in response
to ENU treatment. In addition to the frequency of ras mutations, the spectrum of
mutations differed between strains. These results suggest there is a genetic interaction
between the background strain and somatic mutations resulting in the accumulation of
ras mutations in ENU treated mice and a concomitant increase in the development of
lymphomas in C57BL/6J mice. Further substantiation of the genetic control of ENU-
induced lymphoma susceptibility comes from the evidence that Runx1-deficient mice
and mice transgenic for a Runx1 fusion protein (AML1-ETO), associated with acute
myeloid leukaemia in humans, have an increased incidence of ENU-induced
malignancies (Kundu et al., 2005b, Yuan et al., 2001b). ENU-induced mutations at
the lkaros and p53 loci may also contribute to disease by acting as dominant negative
mutations in tumour suppressor genes (Kakinuma et al., 2005a). A similar approach

has been successful in determining susceptibility to acute myeloid leukaemia.

The susceptibility may have several causes including a reduced DNA repair efficiency
or the presence of an oncogene; Msh2 deficient (Claij et al., 2003) and Pim-1
transgenic mice (Breuer et al., 1989) both exhibit an increased incidence of ENU-

induced lymphomas. QTL analysis of intercrossed resistant and susceptible strains has
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successfully identified susceptibility loci in ENU-induced (Shimada et al., 2003b) and

radiation-induced (Boulton et al., 2003) disease.

1.3. Neoplasia and genetics
The genome of normal cells is in a dynamic equilibrium, representing a balance

between processes that generate mutations and processes that maintain the normal
nucleotide sequence (Loeb et al., 2003). Several lines of evidence indicate that
tumorigenesis in humans is a multistep process and that these steps reflect genetic
alterations that drive the progressive transformation of normal human cells into highly
malignant cells (Hanahan and Weinberg, 2000). Evidence now indicates that for a
large number of cancer types there are environmental influences, but also hereditary
predispositions (Kumar et al., 2010e). Still according to the same author, genetic
predisposition to cancer can be divided into three categories: autosomal dominant-
inherited cancer syndromes, defective DNA repair syndromes and familial cancers. In
the first category, the inheritance of a single autosomal dominant gene, usually a
tumour suppressor, greatly increases the risk of developing a tumour. In the second
category, DNA instability results from conditions characterized by defects in DNA
repair genes. As for the third category, in which lymphomas are included, the
transmission pattern is not clear; siblings have a risk between two and three times
greater than unrelated individuals. Furthermore, segregation analyses usually show
that predisposition to the tumours is dominant, but multifactorial inheritance cannot be
ruled out. It is likely that familial susceptibility to cancer may depend on multiple
low-penetrance alleles, each contributing to only a small increase in the risk of tumour

development. Additionally, the interaction between genetic and non-genetic factors is
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particularly complex when tumour development depends on the action of multiple

genes.

There are many distinct types and subtypes of cancer and, although the factors
contributing to neoplastic transformation are complex, Hanahan and Weinberg (2000)
suggested that the vast catalog of cancer cell genotypes is a manifestation of essential
alterations in cell physiology that collectively dictate malignant growth: self-
sufficiency in growth signals, insensitivity to growth-inhibitory (antigrowth) signals,
evasion of programmed cell death (apoptosis), limitless replicative potential, sustained
angiogenesis, tissue invasion and metastasis, and defects in DNA repair. An additional
common trait shared by most tumours, escape from the immune system, was added to
this list following on the work of several authors (Zitvogel et al., 2006, Kim et al.,
2007, Dunn et al., 2006), who point out the role of the immune system not only in

eliminating neoplastic cells but also in selecting for tumour variants.

Many specific rearrangements such as chromosomal translocations and other acquired
mutations are associated with particular neoplasms, suggesting a critical role in their
genesis. In some instances, the result of the aberration is to produce a “dominant-
negative” protein that interferes with normal function (loss of function). In others, the
result is an inappropriate increase in some normal activity (gain of function), and in
certain tumours, different aberrations have the same functional consequence as a result
of their convergence on a common critical signaling pathway. Oncoproteins created
by genomic aberrations often block normal maturation, and frequently at a stage when
cells are proliferating rapidly (Kumar et al., 2010e). Although multiple abnormal
chromosomes are found in most solid tumours, they are seldom diagnostic of tumour

type. An exception is the characteristic translocations involving rearrangements of
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specific chromosomes that have been instrumental in the diagnosis of several

haematological malignancies (Loeb et al., 2003).

Proto-oncogenes, tumour suppressor genes, genes that regulate apoptosis and those
involved in DNA repair are the principal targets of genetic damage in the pathogenesis
of cancer. Proto-oncogene mutations are considered dominant, whereas in most cases,
a mutation in both alleles of tumour suppressor genes is required before
transformation can occur (Hanahan and Weinberg, 2000). Defective DNA repair
genes can predispose cells to widespread mutations and thus to neoplasia. Cells with
mutations in DNA repair genes are said to have developed a mutator phenotype
(Zhang et al., 2007). According to Goldsby et al. (2001), DNA polymerase appears to
be the major DNA polymerase that catalyses eukaryotic DNA replication and the
replacement of a wild-type DNA pol-6 with a mutated allele that lacks proofreading
activity results in both lymphomas and epithelial cancers in mice. MicroRNAs, a class
of regulatory molecules, can act as oncogenes or tumour suppressor genes by affecting

the translation of other genes (Rana, 2007).

1.3.1. Lymphoid neoplasms
1.3.1.1. Classification of lymphoid neoplasms in humans
According to Kumar et al. (2010c), lymphoid malignancies are clinically the most

important disorders of white blood cells. These diseases fall into several broad
categories: (1) lymphoid neoplasms, which include a diverse group of tumours of B-
cell, T-cell and NK-cell origin, (2) myeloid neoplasms, in which three categories,
acute myeloid leukaemias, myelodysplastic syndromes and chronic proliferative
disorders, are recognized, and (3) histiocytosis which include uncommon proliferative

lesions of macrophages and dendritic cells. The World Health Organization (WHO)
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scheme uses morphologic, immunophenotypic, genotypic and clinical features to
classify the lymphoid neoplasms. According to the 2008 WHO classification,
lymphoid neoplasms were classified into five broad categories according to the cell of
origin (Table 1): precursor B-cell neoplasms (of immature B cells), peripheral B-cell
neoplasms (of mature B cells), precursor T-cell neoplasms (of immature T cells),
peripheral T-cell and NK-cell neoplasms (of mature T cells), and Hodgkin lymphoma

(of Reed-Sternberg cells and variants), (Harris et al., 1999a).
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Precursor B-cell neoplasm (neoplasm of immature B cells)
B-cell acute lymphoblastic leukaemia/lymphoma (B-ALL)
Peripheral B-cell neoplasms (neoplasms of mature B cells)
Chronic lymphocytic leukaemia/small lymphocytic lymphoma
B-cell prolymphocytic leukaemia
Lymphoblastic lymphoma
Splenic and nodal marginal zone lymphomas
Extranodal marginal zone lymphoma
Mantle cell lymphoma
Follicular lymphoma
Marginal zone lymphoma
Hairy cell leukaemia
Plasmacytoma/plasma cell myeloma
Diffuse large B-cell lymphoma
Burkitt lymphoma
Precursor T-cell neoplasm (neoplasm of immature T cells)
T-cell acute lymphoblastic leukaemia/lymphoma (T-ALL)
Peripheral T-cell and NK-cell neoplasms (neoplasms of mature T cells and NK
T-cell prolymphocytic leukaemia
Large granular lymphocytic leukaemia
Mycosis fungoides/Sézary syndrome
Peripheral T-cell lymphoma, unspecified
Anaplastic large-cell lymphoma
Angioimmunoblastic T-cell lymphoma
Enteropathy-associated T-cell lymphoma
Panniculitis-like T-cell lymphoma
Hepatosplenic Y8 T-cell lymphoma
Extranodal NK/T-cell lymphoma
NK-cell leukaemia
Hodgkin lymphoma (neoplasms of Reed-Sternberg cells and variants)
Classical subtypes
Nodular sclerosis
Mixed cellularity
Lymphocyte-rich
Lymphocyte depletion
Lymphocyte predominance
Table 1: 2008 WHO classification of lymphomas.

In 2016, the WHO published an updated classification of lymphoid neoplasms (Table
2 and Table 3) although there were only limited alterations in the classification
compared with 2008 (Swerdlow et al., 2016) and not affecting lymphoblastic

lymphomas.
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Mature B-cell neoplasms

Chronic lymphocytic leukemia/small
lymphocytic lymphoma

Large B-cell lymphoma with IRF4
rearrangement™

Monoclonal B-cell lymphocytosis*

Primary cutaneous follicle center lymphoma

B-cell prolymphocytic leukemia

Mantle cell lymphoma

Splenic marginal zone lymphoma

In situ mantle cell neoplasia*

Hairy cell leukemia

Diffuse large B-cell lymphoma (DLBCL),
NOS

Splenic B-cell lymphoma/leukemia,
unclassifiable

Germinal center B-cell type*

Splenic diffuse red pulp small B-cell
lymphoma

Activated B-cell type*

Hairy cell leukemia-variant

T-cell/histiocyte-rich large B-cell lymphoma

Lymphoplasmacytic lymphoma

Primary DLBCL of the central nervous
system (CNS)

Waldenstr’om macroglobulinemia

Primary cutaneous DLBCL, leg type

Monoclonal gammopathy of undetermined
significance (MGUS), IgM*

EBV1 DLBCL, NOS*

m heavy-chain disease

EBV1 mucocutaneous ulcer*

g heavy-chain disease

DLBCL associated with chronic
inflammation

a heavy-chain disease

Lymphomatoid granulomatosis

Monoclonal gammopathy of undetermined
significance (MGUS), IgG/A*

Primary mediastinal (thymic) large B-cell
lymphoma

Plasma cell myeloma

Intravascular large B-cell lymphoma

Solitary plasmacytoma of bone

ALK1 large B-cell lymphoma

Extraosseous plasmacytoma

Plasmablastic lymphoma

Monoclonal immunoglobulin deposition
diseases*

Primary effusion lymphoma

Extranodal marginal zone lymphoma of
mucosa-associated lymphoid tissue

HHV81 DLBCL, NOS*

(MALT lymphoma)

Burkitt lymphoma

Nodal marginal zone lymphoma

Burkitt-like lymphoma with 11q aberration*

Pediatric nodal marginal zone lymphoma

High-grade B-cell lymphoma, with MYC
and BCL2 and/or BCL6 rearrangements*

Follicular lymphoma

High-grade B-cell lymphoma, NOS*

In situ follicular neoplasia*

B-cell lymphoma, unclassifiable, with
features intermediate between DLBCL and

Duodenal-type follicular lymphoma*

classical Hodgkin lymphoma

Pediatric-type follicular lymphoma*

Table 2: The WHO update on the classification of lymphoid neoplasms in 2016. Provisional entities are listed in

italics. *Changes from the 2008 classification.
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Mature T and

NK neoplasms

T-cell prolymphocytic leukemia

Primary cutaneous CD301 T-cell
lymphoproliferative disorders

T-cell large granular lymphocytic leukemia

Lymphomatoid papulosis

Chronic lymphoproliferative disorder of NK
cells

Primary cutaneous anaplastic large cell
lymphoma

Aggressive NK-cell leukemia

Primary cutaneous gd T-cell lymphoma

Systemic EBV1 T-cell lymphoma of
childhood*

Primary cutaneous CD81 aggressive
epidermotropic cytotoxic T-cell lymphoma

Hydroa vacciniforme—like
lymphoproliferative disorder*

Primary cutaneous acral CD81 T-cell
lymphoma*

Adult T-cell leukemia/lymphoma

Primary cutaneous CD41 small/medium T-
cell lymphoproliferative disorder*

Extranodal NK-/T-cell lymphoma, nasal
type

Peripheral T-cell lymphoma, NOS

Enteropathy-associated T-cell lymphoma

Angioimmunoblastic T-cell lymphoma

Monomorphic epitheliotropic intestinal T-
cell lymphoma*

Follicular T-cell lymphoma*

Indolent T-cell lymphoproliferative disorder
of the GI tract*

Nodal peripheral T-cell lymphoma with
TFH phenotype*

Hepatosplenic T-cell lymphoma

Anaplastic large-cell lymphoma, ALK1

Subcutaneous panniculitis-like T-cell
lymphoma

Anaplastic large-cell lymphoma, ALK2*

Mycosis fungoides

Breast implant-associated anaplastic large-
cell lymphoma*

S’ezary syndrome

Hodgkin |

mphoma

Nodular lymphocyte predominant Hodgkin
lymphoma

Lymphocyte-rich classical Hodgkin
lymphoma

Classical Hodgkin lymphoma

Mixed cellularity classical Hodgkin
lymphoma

Nodular sclerosis classical Hodgkin
lymphoma

Lymphocyte-depleted classical Hodgkin
lymphoma

Posttransplant lymphoprol

iferative disorders (PTLD)

Plasmacytic hyperplasia PTLD

Polymorphic PTLD

Infectious mononucleosis PTLD

Monomorphic PTLD (B- and T-/NK-cell
types)

Florid follicular hyperplasia PTLD*

Classical Hodgkin lymphoma PTLD

Histiocytic and dendritic cell neoplasms

Histiocytic sarcoma

Follicular dendritic cell sarcoma

Langerhans cell histiocytosis

Fibroblastic reticular cell tumor

Langerhans cell sarcoma

Disseminated juvenile xanthogranuloma

Indeterminate dendritic cell tumor

Erdheim-Chester disease*

Interdigitating dendritic cell sarcoma

Table 3: (continued from previous page) - The WHO update on the classification of lymphoid neoplasms in 2016.

Provisional entities are listed in italics. *Changes from the 2008 classification.

1.3.1.2. Epidemiology

Taken together, the diverse lymphoid neoplasms constitute a complex clinically
important group of cancers, with about 100,000 new cases being diagnosed each year
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in the United States (Kumar et al., 2010c). In the UK in 2010, around 12,200 new
cases of non-Hodgkin’s lymphoma (NHL) were registered and 4,400 people were
recorded as having died from the disease, with NHL being the 6™ most common
cancer and the 12™ most common cause of cancer death. NHL is primarily a disease of
older people (60% of cases are diagnosed in the over-65s), and slightly more common
in men than in women, the age and sex profile varying between NHL subtypes.
Survival has improved markedly in recent decades, and more than six in ten NHL
patients are expected to survive their disease for five years or more after diagnosis.

However, survival rates vary markedly with subtype (Cancer Research UK, 2013).

According to Clarke and Glaser (2002), and Cartwright et al. (1999), in line with
other developed countries, NHL (all subtypes combined) registrations have increased
almost three-fold in Great Britain since the mid-1970s, with much of the rise
occurring before the mid-1990s. Improvements in diagnostic techniques and data
registration for NHL have likely contributed to these trends, so interpretation of these
trends should be undertaken with caution (Adamson et al., 2007). Furthermore, with
the exception of HIV, no established aetiological factors are known to have changed

over time.

Within neoplasms arising from precursor B and T lymphocytes, acute T-cell
lymphoblastic leukaemia (T-ALL) is less common than acute B-cell lymphoblastic
leukaemia (B-ALL), accounting for approximately 15% of childhood and 25% of
adult acute lymphoblastic leukaemias. Precursor T-cell lymphoblastic lymphoma (T-
LBL) comprises 85-90% of all lymphoblastic lymphomas and similarly to its
leukemic counterpart (T-ALL), is more frequent in adolescent males (Swerdlow et al.,

2008).
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According to Kumar et al. (2010c), about 85% of ALLs (B and T) are B-ALLs. Also,
many T-ALL present with, or evolve to, a leukemic picture. Together with B-ALL,
they account for approximately 2500 new cases diagnosed each year in the United
States, most occurring in individuals under 15 years of age, being three times more
common in Caucasians than in Afro-Carribeans, and slightly more frequent in males
compared to females. Hispanics have the highest incidence of any ethnic group, again

emphasising the importance of genetic background in this disease.

Lymphoid neoplasms are often associated with immune abnormalities. Both a loss of
protective immunity (susceptibility to infection) and a breakdown of tolerance
(autoimmunity) can be seen, sometimes in the same patient (Kumar et al., 2010c).
Associations between NHL and HIV/AIDS are well documented (Grulich et al.,
2007). Since the introduction of highly active antiretroviral therapy (HAART) in
1996, the risk of NHL overall for HIV patients has decreased. In comparison with B-
cell malignancies, T-cell neoplasms are relatively rare and, importantly, are overall

characterized by an inferior treatment outcome (de Leval et al., 2009).

No risk factors have been clearly identified in lymphoblastic lymphomas but a number
of cases have been reported in studies assessing the carcinogenic activity of viruses,
oncogenes, immunodeficiency, chemicals, and radiations (Cortelazzo et al., 2011).
Also, factors known to have the most impact on NHL incidence at the population level

are age and, for most subtypes, male gender (Oliver et al., 2013).

1.3.1.3. Precursor T-cell lymphoblastic leukaemia/lymphoma (T-ALL)
Although T-ALL and T-LBL present differently, primarily with respect to

involvement of bone marrow and blood (Hoelzer and Gokbuget, 2009), they are very
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closely-related diseases. According to the WHO 2008 classification, they are

considered as one disease entity (Harris et al., 1999b).

One confusing aspect of the lymphoid neoplasms concerns the use of the terms
leukaemia and lymphoma. Leukaemia is used for neoplasms that present with
widespread involvement of the bone marrow and usually, but not always, the
peripheral blood. Lymphoma is used for proliferations that arise as discrete tissue
masses. However, many entities called “lymphoma” occasionally have leukemic
presentations, and evolution to “leukaemia” is not unusual during the progression of
incurable “lymphomas”. Conversely, tumours identical to “leukaemias” sometimes
arise as soft tissue masses unaccompanied by bone marrow disease. Hence, when
applied to particular neoplasms, the terms leukaemia and lymphoma merely reflect the
usual tissue distribution of each disease at presentation (Kumar et al., 2010c). This is
aligned with the “World Health Organization classification of tumours of
haematopoietic and lymphoid tissues”, which states that with extensive marrow and
blood involvement, acute lymphoblastic leukaemia is the appropriate term and if the
patient presents with a mass lesion and 25% or fewer lymphoblasts in the marrow, the
designation lymphoma is preferred, and also that this is an arbitrary distinction and

exceptions may apply (Swerdlow et al., 2008).

According to Uyttebroeck et al. (2007), although there is a considerable overlap
between the immunophenotype of both T-cell lymphoblastic neoplasms, T-ALL have
a more immature phenotype and T-LBL have a more mature phenotype, which may
suggest that T-ALL derive from a T-cell progenitor in the bone marrow, while
thymocytes represent the normal counterpart in T-LBL, which offers a possible

explanation for the differential patterns in both disease distribution (bone marrow
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involvement versus mediastinal mass) and immunophenotype (earlier versus latter

stages of T-cell differentiation).

When studying the gene expression profile of both T lymphoblastic neoplasms, T-
ALL and T-LBL samples segregated into distinct clusters, which suggest underlying

differences in their biology (Uyttebroeck et al., 2007, Raetz et al., 2006).

Concerning the gene expression profiling of childhood versus adult of the various T-
ALL/LBL subtypes, adult cases showed a shift to more immature stages of maturation
arrest which might be related to age-related thymic atrophy, predominantly affecting
of-lineage precursors and inducing a progressive change in the thymocyte population
at risk of oncogenic transformation (Asnafi et al., 2004). In mice, according to Jacoby
et al. (2002b), the thymus reaches maximum size around the time of sexual maturity

and involutes between 35 and 80 days of age.

1.3.1.3.1. Thymocyte differentiation
Normal T cells develop in the thymic cortex from common lymphoid progenitor cells

originated in the bone marrow. In the thymic cortex, mature T-cell receptor (TCR) a3
or yd positive T-cells develop from common CD4-CD8- double negative (DN)
progenitor cells (Aifantis et al., 2006, Hoffmann and Melchers, 2003, Saito and
Watanabe, 1998, von Boehmer et al., 2003). The differentiation process proceeds
through sequential stages defined according to the expression of CD4 and CD8, from
double negative to double positive (DP) in the thymic cortex, to single positive (SP)
thymocytes in the medulla. Subgroups of T-cell lymphoblastic neoplasms have been
defined by immunophenotyping and can be matched to the various stages of normal

thymocyte development. Immature T-cell lymphoblastic neoplasms (expression of
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CD3 and TCR absent or circumscribed to the cytoplasm) occur more frequently in
adults, whereas mature T-cell lymphoblastic neoplasms (with cellular membrane

expression of CD3 and TCR) are more frequent in children (de Leval et al., 2009).

1.3.1.3.2. Clinical features and sites of involvement
Precursor T-cell lymphoblastic neoplasms are aggressive diseases that mainly develop

in children, particularly in adolescent males, although also affects adults. It manifests
either with an extensive bone marrow and blood involvement (T-ALL), which is the
most frequent clinical presentation, or less commonly as a mass lesion (often in the
thymus/anterior mediastinum, but also in lymph nodes and, rarely, extra nodal sites)
(de Leval et al., 2009). Precursor T-ALL typically presents with a high leukocyte
count, and often a large mediastinal mass or other tissue mass. Precursor T-LBL
frequently presents with a mass lesion in the mediastinum often exhibiting rapid
growth. Pleural effusions are common. According to the same source, the blood and
marrow are involved in all cases of T-ALL. According to Swerdlow et al. (2008),
approximately 50% of T-lymphoblastic lymphomas present as a mediastinal mass;
other possible sites include peripheral lymph nodes, skin, liver, spleen, Waldeyer's

ring, central nervous system and gonads.

1.3.1.3.3. Morphology of T-ALLs
As described in Kumar et al. (2010c), mediastinal thymic masses occur in 50% to 70%

of all T-ALLs, which are also more likely to be associated with lymphadenopathy and
splenomegaly. In both B- and T-ALL, the tumour cells have scant basophilic
cytoplasm and nuclei somewhat larger than those of small lymphocytes. The nuclear
chromatin is delicate and finely stripped, and nucleoli are either absent or

inconspicuous. In many cases the nuclear membrane is deeply subdivided, imparting a
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convoluted appearance. In keeping with the aggressive clinical behaviour, the mitotic
rate is high. As with other rapidly growing lymphoid tumours, interspersed

macrophages ingesting apoptotic tumour cells may impart a “starry sky”” appearance.

According to Swerdlow et al. (2008) in smears T-ALL/LBL cells are of medium size
with a high nuclear cytoplasmic ratio; there may be a considerable size range from
small lymphoblasts with very condensed nuclear chromatin and no evident nucleoli to
larger blasts with finely dispersed chromatin and relatively prominent nucleoli.
Cytoplasmic vacuoles may be present. The number of mitotic figures is reported to be
higher in T-ALL than in B-ALL. In T-LBL the lymph node generally shows complete
effacement, with involvement of the capsule. Partial involvement in a paracortical
location with sparing of germinal centres may occur. In some cases, the predominant

population of blasts has convoluted nuclei; mitotic figures may be numerous.

1.3.1.3.4. Immunophenotype
A flow cytometer evaluates the physical and/or chemical characteristics of single cells

and other particles as they pass individually through a measuring device and sensing
point in a fluid stream and are illuminated by an incident laser light of specific
frequencies (Shapiro, 2003). Physical properties such as cellular size and granularity
can be measured by simple forward and side scatter while various cellular
components, such as surface receptors, intracellular molecules and DNA, are targeted
by antibodies bound with fluorescent dyes allowing their detection and evaluation

(Macey, 1988).

The flow cytometer consists of four systems: fluidics, optics, electronics and computer
interface. Cellular suspensions are the most common source of material used in flow

cytometry for disease characterisation (Betters, 2015). In this study, cell suspensions
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were obtained from thymi and spleens harvested at necropsy. Cells are collected from
the well and delivered onto the fluidics system, which leads them through a very
narrow passage, where each cell is individually interrogated by a laser beam. The
optic component is a laser that emits light of a specified wavelength. Two initial
parameters are assessed while cells pass the laser beam: forward scatter (FSC) and
side scatter (SSC). Forward scatter is the light that scatters in the same direction as the
laser and is indicative of cell size whereas SSC is the light scattered at 90° angle from
the direction of the laser and is proportional to cell granularity (Pedreira et al., 2013).
For example, granulocytes, such as neutrophils, have a higher intracellular granularity
and therefore higher SSC than lymphocytes, and the two populations show as two
distinct clusters on a SSC plot. The electronics involve the conversion of photons by
the flow cytometer’s photomultiplier tubes into electrical signals that can be

interpreted (Betters, 2015).

A set of optical filters assures that light reaches the correct photomultiplier tube as it
filters it according to its wavelength. Finally, a computer is used to store data relative
to each cell and also to regulate the flow cytometer and specific software such as
FACSDiva™ or FlowJo™ are used for the analysis of the data generated.
Fluorescence is produced when an incident light of one wavelength excites electrons
of certain molecules from their ground state to higher energy levels with subsequent
return of electrons to lower energy levels by emitting light of a longer wavelength
(Carter NP and Ormerod MG, 2000, Ormerod MG, 2000). Flow cytometers detect the
characteristics of cells/particles by measuring the amount of light reflected by these

particles and by detecting the fluorescence produced by fluorochromes conjugated
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either directly with cell components or conjugated to antibodies directed against cells

components (Kaleem, 2006).

Most lymphoid neoplasms resemble some recognizable stage of B or T-cell
differentiation, and this aspect is used in their classification. Markers recognized by
antibodies used in the characterization of B- and T-cell lymphomas and leukaemias

are listed below; adapted from Kumar et al. (2010c).

e Markers primarily associated with T cells

o CDa3: thymocytes, mature T cells

o CD4: helper T cells, subset of thymocytes

o CD8: Cytotoxic T cells, subset of thymocytes, and some NK cells
e Markers primarily associated with B cells

o CD19: Pre-B cells and mature B cells
e Present in all leukocytes

o CD45: all leukocytes; also known as leukocyte common antigen (LCA)

T-ALL and T-LBL are morphologically undistinguishable (Raetz et al., 2006, de
Leval et al., 2009, Uyttebroeck et al., 2007, Cortelazzo et al., 2011) and therefore
other techniques have to be used when wanting to identify them accurately. According
to Swerdlow et al. (2008), the lymphoblasts in T-ALL/LBL are terminal
deoxynucleotidyl TdT positive and variably express CD1a, CD2, CD3, CD4, CD5,
CD7 and CD8. Of these, CD7 and cytoplasmic CD3 are most often detected, and only
CD3 is considered lineage specific. CD4 and CD8 are frequently co-expressed on the
blasts, and CD10 may be present. CD79a positivity has also been observed in some

cases.
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T-ALL/LBL can be stratified into different stages of intrathymic differentiation
according to other number and sequence of antigens expressed (cytoplasmic CD3,
CD2 and CD7 expressed early, followed by CD5, CD1a, followed by membrane

CD3).

T-ALLs are arrested at various stages of pre T-cell development. In most cases cells
are positive for CD1, CD2, CD5 and CD7. The more immature tumours are usually
negative for the surface markers CD3, CD4, and CDS8, whereas the “late” pre-T cell

tumours are positive for these markers (Kumar et al., 2010c).

According to the expression pattern of specific markers, the following categories of T-

LBL/ALL could be identified (Bernard et al., 1981, Cortelazzo et al., 2011):

e Pro-T (cytoplasmic CD3+, CD7+, CD2-, CDla-, CD4-, CD8-, CD34+)

e Pre-T (cytoplasmic CD3+, CD7+, CD2+, CD1a-, CD4-, CD8-, CD34+)

e Cortical-T (cytoplasmic CD3+, CD7+, CD2+, CD1a+, CD4+, CD8+, CD34-)
e Medullary-T (cytoplasmic CD3+, CD7+, CD2+, CDla+, CD4+, CD8+, CD34-

and surface CD3+).

T-ALL includes a heterogeneous group of malignancies defined by the expansion of
immature T-cell precursors blocked at specific stages of maturation, typically deviated
from normal differentiation pathways (Uckun et al., 1997, Aifantis et al., 2008,
Chiaretti and Foa, 2009). T-cells develop primarily in the thymus and identification
of immature T-cells in peripheral blood, bone marrow or tissues other than thymus is
abnormal (van Dongen et al., 2012). According to van Dongen et al. (2012), among
other markers, TdT is used to indicate the precursor nature of T cells and can be used

concomitantly with staining for cytoplasmic CyCD3.
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However, because of asynchronous and aberrant antigen expression in neoplastic
lymphoblasts, many cases of T-ALL/LBL cannot be correlated unambiguously to a
thymic differentiation stage (de Leval et al., 2009). Interestingly, the aberrant
expression of T-cell markers such as CD4, CD7, and CD8 has been observed on B-
cell non-Hodgkin lymphomas. In their study, Kaleem et al. (2001) have shown that
from nine cases of well-characterized B-cell non-Hodgkin lymphoma, CD2 was the
most commonly expressed (in five cases), CD8 and CD7 were identified in two cases
each. Furthermore, in a control group of fifty-nine cases of benign lymph nodes
analysed during the same period, there was no aberrant expression of T-cell-associated
antigens, which indicated that such an expression was not a feature of benign
lymphoid proliferations. Loss of surface CD3 is not unusual in T-cell lymphomas, but
cytoplasmic CD3 expression is consistently seen in these cases (Swerdlow et al.,

2008).

The other commonly used T-cell markers such as CD1, CD2, CD4, CD5, CD7 and
CD8 have their selective usage and expression patterns. In general, all the above T-
cell-associated markers should be run in addition to CD16, CD56, and CD57 for

evaluation of T/NK-cell lymphomas (Kaleem, 2006).

1.3.1.3.5. Molecular pathogenesis
Over the past decade, high throughput genome-wide analytical methods, such as gene

expression profiling using DNA or oligonucleotide microarrays and array-based
comparative genomic hybridization (aCGH), emerged as powerful tools to
characterize genetic and molecular features of cancers and provided important
information about lymphoma biology, classification and prognosis (de Leval et al.,

2009). In T-ALL, leukaemic transformation in maturing thymocytes is caused by a
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multistep pathogenesis involving numerous genetic abnormalities that drive normal T-
cells into uncontrolled cell growth and clonal expansion (van Vlierberghe et al.,
2008). Dominant-negative mutations involving transcription factors that interfere with
early stages of lymphoid or myeloid cell differentiation often collaborate with
activating mutations in tyrosine kinases that increase cell survival and proliferation. A
different type of regulated genomic instability is unique to precursor B and T cells,
which express a V(D)J recombinase that cuts DNA at specific sites within the
immunoglobulin (Ig) and T-cell receptor loci, respectively. This process is essential
for the assembly of productive antigen receptor genes but sometimes goes awry,
leading to joining of portions of other genes to antigen receptor gene regulatory
elements. Particularly in tumours of precursor T-cells, proto-oncogenes are often
deregulated by their involvement in such aberrant recombination events (Kumar et al.,
2010e). Furthermore, chromosomal translocations are found in many human
hematopoietic neoplasms and are responsible for the activation of proto-oncogenes or

the generation of fusion proteins (Kumar et al., 2010c, Herbert C. Morse et al., 2002).

Although genetic aberrations in T-ALL have been extensively studied, the molecular
genetics of T-LBL is yet not well characterized (Cortelazzo et al., 2011). However,
according to Swerdlow et al. (2008), cytogenetic abnormalities are present in 50-70%
of T-LBL patients and according to the evidence found by Lones et al. (2007), and
Thomas and Kantarjian (2001), the most common cytogenetic abnormalities, found in
47% of T-LBL, involve 14q11-13. This corresponds to the site of TCR ad, including
inv(14)(q11,932) and deletions or translocations involving chromosomes 9, 10 and 11

corresponding to sites of TCR o, and y-subunit genes. More, translocation
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(9;17)(g34;923) occurs only in LBL, perhaps indicating the existence of subsets of

LBL that are distinct from T-ALL.

T lymphoblasts may demonstrate clonal rearrangement of the T-cell receptor genes
(TCR) but this is not lineage specific (Swerdlow et al., 2008, Cortelazzo et al., 2011).
Compared with ALL, there is relatively little data on the role of cytogenetics or
molecular analysis of particular translocations (Cortelazzo et al., 2011). Many of the
genes that are involved in chromosomal translocations in T-ALL become activated
due to disturbances in the rearrangement process of the TCR genes (van Vlierberghe
et al., 2008). In T-ALL/LBL, molecular subgroups delineated by gene expression
profiling correlate with leukemic arrest at specific stages of normal thymocyte
development and different oncogenic pathways, and seem to be of interest for
prognosis prediction (de Leval et al., 2009). The most common genetic aberrations
encountered in T-ALL/LBL were compiled (Table 4). The structural alterations

comprise mostly translocations, but also deletions and duplications.
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Cytogenetic abnormalities | Involved genes Frequency
HOX11 (TLX1) (10924)
HOX11L2 (TLX3) (5935)
HOXA cluster (7p15)
MYC (8qg24.1)

TAL1 (SCL) (1p32)
LMO1 (RBTN1) (11p15) 35%
LMO2 (RBTN2) (11p13)
LYL1 (19p13)

LCK (1p34.3-35)
NOTCH1 (9g34.3)
CCND2 (12p13)

Translocation involving
TCR Loci (TCRA and
TCRD, 14911; TCRB,
7935: and TCRG, 7p15)

9-30% of pediatric
T-ALL, with
decreasing
frequency in adults

SIL-TAL1 (del(1p32))

CALM-AF10 (PICALM-
Fusion genes MLLT10) (t(10;11)(p13;914))

MLL-ENL (t(11;19)(g23;p13))
and variants
NUP214-ABL1

(t(9;9)(934;934), episomal 6%
amplification) and variants

INK4/ARF (CDKN2AP16)

10%

8% of adult T-ALL

Deletions (del(9p21))del(6q) (candidate [30-65%
gene: GRIK2)
MYB (dup(6q23)) 8-15%

Dup(9g34)(including

licat
Gene duplications NOTCH1, MRLP41, SSNA1

33% of pediatric T-

ALL
and PHPY1)

_ NOTCHL (9934) 50%

Mutations JAKL (1p3l) 20%

Table 4: The most common genetic aberrations encountered in T-cell lymphoblastic neoplasms (adapted from
de Leval et al., 2009).

In most cases, the translocations juxtapose the regulatory region of the TCR loci and
transcription factor genes, leading to their aberrant expression in the developing
thymocytes. Other chromosomal breaks cause gene fusions encoding chimeric

proteins. In general, TCR translocations and gene fusions are mutually exclusive
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(de Leval et al., 2009). Furthermore, some recurrent chromosomal aberrations occur
as cryptic rearrangements, evidenced only by fluorescence in situ hybridization
(FISH) or molecular studies. T-LBL almost always shows clonal rearrangements of
the T-cell receptor beta or gamma chain genes, but there is simultaneous presence of
clonal rearrangements of the Ig heavy chain (Rosenquist et al., 1997, Szczepanski et
al., 1999) and therefore these rearrangements are not helpful for lineage assignment

(Cortelazzo et al., 2011).

Activating mutations have been found in genes normally involved in T-cell
development. Mutations of NOTCH1, which plays an essential role in regulation and
commitment of haematopoietic progenitors to the T-cell lineage and the subsequent
assembly of pre-T cell receptor complexes, were found in more than 50% of T-ALL
cases (Weng et al., 2004). Activating mutations of JAK1, which plays a major role in
mediating biological responses induced by cytokines controlling lymphoid cell
precursor development, were found in approximately 20% of adult T-ALL (Flex et

al., 2008).

Approximately 90% of ALLs (B and T) have numerical or structural chromosomal
changes. Most common is hyperploidy (> 50 chromosomes), but hypoploidy and a
variety of balanced chromosomal translocations are also seen. These alterations
frequently correlate with immunophenotype and sometimes prognosis. For example,
hyperploidy and hypoploidy are seen only in B-ALL. In addition, T-ALL are
associated with completely different sets of translocations, indicating that they are

pathogenetically distinct (Kumar et al., 2010c).

43



A large variety of somatic genetic markers contribute to T-ALL oncogenesis (Aifantis
et al., 2008). According to R. D. Brunning et al. (2008), in one third of T-ALL/LBL,
translocations have been detected involving the alpha and delta T-receptor loci at
14q11.2, the beta locus at 7p14-15, with a variety of partner genes. Genes include the
transcription factors MYC (8g24.1), TAL1 (1p32), RBTN1 (11p15), RBTN2 (11p13),
and HOX11 (10g24), and the cytoplasmic tyrosine kinase LCK (1p34.3-35). In most
of cases, these translocations lead to a dysregulation of transcription of the partner
gene by juxtaposition with the regulatory region of one of the T-cell receptor loci. In
about 25% of T-ALL the TAL 1 locus is dysregulated by a microscopic deletion in its
5’ regulatory region, rather than by translocation. The deletion del(9p), resulting in
loss of tumour suppressor gene CDKN2A (an inhibitor of the cyclin-dependent kinase
CDKa4), occurs more frequently in T-ALL, (about 30% of cases by cytogenetics, a
higher percentage by molecular testing) than in other immunological subsets. These
genetic features are identical to those in T-LBL and have no evident specific clinical

significance.

Some studies suggest there is a potential diagnostic, pathogenic and/or prognostic role
for some genes in T-ALL but these features deserve to be further investigated in
lymphoblastic lymphoma (Cortelazzo et al., 2011). The genes in question are:
BCL2L13 (Yang et al., 2010), LMO2 (McCormack et al., 2010), NOTCH1 (Ferrando,

2009), and ETV6-RUNX1 (Konn et al., 2010)

1.3.1.3.6. Gene expression profiling
The molecular subgroups defined according to the expression of T-cell transcription

factors appear to correlate with genetic rearrangements of the corresponding genes,
hence the designation “molecular-cytogenetic subgroups” (de Leval et al., 2009).
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Concordant findings have been reported by two groups, (Ferrando et al., 2002, Soulier
et al., 2005) which identified several molecular signatures defined by the aberrant
expression of T-cell-specific transcription factors. According to de Leval et al. (2009),
these molecular subgroups are indicative of leukemic arrest at specific stages of
normal thymocyte development and differentiation, and might reflect different
oncogenic pathways involved in the pathogenesis of T-ALL. Furthermore, the LYL1+
signature is characterized by expression on early thymocyte genes, the HOX11+,
HOX11L2+ and HOXA+ signatures correspond to early cortical thymocytes, and the

TAL1+ signature reflects arrest at the late cortical stage of thymocyte differentiation.

The gene expression signature in cases with the MLL-ENL fusion gene shows
asynchronous expression of early and more mature thymocyte genes in association
with high levels of TCRG TCRD, suggesting that MLL-ENL+ cases are blocked at an
early stage of thymocyte differentiation after commitment to the yd lineage (Soulier et

al., 2005, Ferrando and Look, 2003, Ferrando et al., 2002).

Besides TCR translocations and gene fusions associated with specific molecular
signatures are thought to represent a primary genetic event, other genetic
abnormalities encountered across the full range of molecular subgroups, are suspected
to play a secondary synergizing role in the pathogenesis of lymphoblastic neoplasms

(e.g. NOTCH1 activating mutations) (van Vlierberghe et al., 2008).

1.3.1.3.7. Prognosis
Some studies have shown a correlation between the stages of T-cell differentiation and

survival but no definite genetic correlation has been found (Brunning RD et al., 2008)
(Brunning RD et al., 2008). With aggressive chemotherapy about 95% of children

with ALL obtain clinical remission, and 75% to 85% are cured. However, ALL
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remains the leading cause of cancer deaths in children, and only 35% to 40% of adults
are cured. T-ALL may be less differentiated than T-LBL, but the groups overlap. Prior
to the advent of current therapeutic protocols, the prognosis of T-ALL was
unfavourable; with the current treatment regimens, survival is comparable to B-ALL
(Swerdlow et al., 2008). Some of the “molecular-cytogenetic subgroups” defined by
distinct gene signatures found to correlate with cytogenetic alterations seem to be
associated with prognostic significance, suggesting they might be ultimately used for

guiding patient stratification and treatment decision (de Leval et al., 2009).

1.3.1.4. Lymphoma in laboratory mice
The very origins of the laboratory mouse were promulgated by an interest in the

genetic basis of cancer, and this interest has accelerated with genetically engineered
mice. Many of the common inbred strains of mice were originally developed because
of their propensity to develop tumours, such as mammary tumours in C3H/H2 mice,
testicular teratomas in 129/Sv mice, multicentric lymphomas in BALB/c mice, and
thymic lymphomas in AKR mice (Percy D.H. and S.W., 2007, Percy and Barthold,

2007).

Although conventional morphology remains the gold standard for evaluation of
hematolymphoid proliferations in paraffin-embedded tissue, immunophenotyping is
playing an ever-greater role in the diagnosis and classification of these proliferations
(Morse et al., 2002b, Kunder et al., 2007, Swerdlow et al., 2008). Most of the present
knowledge of mouse haematopoietic neoplasms is based in studies of such diseases in
inbred and outbred mice occurring either spontaneously or following induction with

irradiation, chemicals, or exogenous infection with murine leukaemia viruses
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(MuLVs). There is a considerable strain dependence of disease and incidence, with

much of the differences being genetically determined (Wood et al., 2007).

According to Ward (2006), lymphomas are among the most common tumours in many
strains and stocks of mice, especially those used in safety assessment: CD-1, C57BL/6
and B6;129 mice develop 10-50% incidences in aging mice. According to current
evidence, it is widely accepted that cancer has a relevant genetic component and that
there are non-heritable variables influencing the phenotype. Even though in modern
biomedical research context, environmental variables are very well controlled, aspects
such as stress or epigenetic modification of gene expression may play a role in

phenotypic expression.

1.3.1.4.1. Spontaneous lymphoid neoplasms in laboratory mice
The most common causes and contributors to death in ageing C57BL/6J mice were, at

the time the study was carried out by Blackwell et al. (1995), and recently, as revised
by Brayton et al. (2012), lymphoma and hematopoietic neoplasms in general. The
most common spontaneous lymphoma in many common used inbred strains is the
follicular B-cell lymphoma (Wood et al., 2007, Percy D.H. and S.W., 2007), which
presents, on necropsy, an enlarged spleen with prominent white pulp that can be seen
as white mottling or nodules representing individual enlarged follicles (Figure 1),
sometimes nodular enlarged mesenteric lymph nodes, sometimes enlarged Peyer’s

patches (Wood et al., 2007).
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Figure 1: Sagittal section of an enlarged spleen harbouring a follicular B-cell lymphoma, showing the internal
surface on the top and the external surface on the bottom.

Lymphomas of mice can be found in specific gross distributions and T-cell
lymphomas are originated primarily in the thymus and are commonly systemic
(generalized), whereas B-cell lymphomas originate commonly in the spleen, Peyer’s
patches or mesenteric lymph node and rarely have a systemic gross distribution
(Ward, 2006). Lymphomas arise spontaneously in AKR/J, C58/J and other strains of
mice by somatic recombination of latent murine leukaemia viruses that activate
oncogenes or inactivate tumour suppressor genes via insertional mutagenesis

(Mucenski et al., 1988b).

1.3.1.4.2. ENU-induced lymphoid neoplasms in laboratory mice
ENU is a potent mutagen used mutagenesis screening programs since 1970 and at

typical doses (100-400 mg/kg), ENU induces point mutations roughly once every
1000 loci (~20-30 per mouse genome) (Hitotsumachi et al., 1985). The most common
reported ENU-induced tumours in mice occur in the lung, thymus and liver, and there
is some evidence that genetic variability contributes to susceptibility in these tumours

(Malkinson, 1989).
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ENU is widely used within the biomedical research community as a way of blindly
and randomly inducing mutations on germ line cells in order to investigate possible
phenotypes on the offspring and their relation with the mutations that originated them.
Alongside with its mutagenic properties, ENU is carcinogenic and these two
properties in combination seem to be at the basis of the necessary shifts occurring
along the lymphocyte differentiation pathway that will result in lymphoma. ENU is
used in this study as a way to chemically induce thymic lymphoma and also because
there is a wealth of expertise at the Medical Research Council Harwell institute in
dealing with ENU in the context of the Harwell ENU-mutagenesis DNA archive
(Quwailid et al., 2004). As an alkylating agent its ethyl group is transferred to
nucleophilic sites on each of the four nucleotides of DNA. This results in mispairing
at the next round of DNA replication. ENU predominantly mutates A:T base pairs,
and in the mouse phenotypic screens approximately 60% of the mutations detected are
AT to T:A transitions or A:T to G:C transversions. In descending order of
occurrence, ENU produces missense, nonsense and splice-site mutations and these
tend to occur in genes with longer coding sequences and higher exon numbers
(Acevedo-Arozena et al., 2008). It would be interesting to further classify the
mentioned missense mutations, since depending on whether they are conservative or

non-conservative, the impact on protein function will differ dramatically.

Most of the potent chemical carcinogens require only a single injection in young mice
to induce a high incidence of lymphomas, often thymic T-cell lymphoblastic
lymphomas (Ward, 2006). Although the exact dose that produces the highest mutation
frequency may vary from one strain to another when administered in a single dose,

increasing the dose increases the mutation rate, but this effect does not remain linear
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at high doses. Instead, the maximum efficiency is achieved when high doses are
administered in a fractionated form with a period separating each injection, typically
a week (Acevedo-Arozena et al., 2008). In their study, Justice et al. (2000) concluded
that, overall, a 3x100 mg/kg dose is well tolerated by several inbred stains and by all
F1 hybrid animals tested. Furthermore, this dose produced a high mutation rate and it

is recommended as a starting dose.

Based on the National Toxicology Programme database, there are two patterns of
induction of lymphomas in mice. These types include: (1) early induction associated
with increased mortality and decreased survival and (2) increased incidence of
lymphomas at the end of the two-year bioassay. The early induced tumours are often
thymic T-cell lymphomas while the later are typical naturally occurring B-cell

lymphomas from the spleen, Peyer’s patches or mesenteric lymph node.

Given the relatively high incidence of lymphomas in mice, it is important to compare
the type of lymphoma in the control group to those in treated animals. The
follicular/pleomorphic lymphoma is the most common lymphoma in most strains of
mice (Ward, 2006, Percy D.H. and S.W., 2007, Percy and Barthold, 2007). It most
commonly arises in the spleen, mesenteric lymph node and/or Peyer’s patches of
small intestine. Follicular lymphoma is often composed of variable populations of
centroblasts and centrocytes in various proportions. These cells are the main cell types
in follicles and germinal centres. Besides these blasts and mature lymphocytes, some
cells have cleaved (folded) nuclear membranes, hence the term “cleaved”
lymphocytes. Tumour cells often express CD45R (B220) and Pax-5 and can produce
immunoglobulins, which can react with antibodies to human kappa light chains

(Morse et al., 2002b).
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In their study, Fenske et al. (2006b) injected mice from 20 inbred strains (n=240) with
100 mg/kg at weeks 9 and 10 and found that the most common tumours induced
where hematopoietic, with the lymphoid lineage affected more that the myeloid

lineage.

The most common lymphoid tumour induced by viruses, chemicals and radiation is a
precursor T-cell lymphoblastic lymphoma/leukaemia (pre-TLBL) (Wood et al., 2007)

and still according to the same authors, this neoplasm is characterised by:

e Other nomenclature: Thymoma, lymphoblastic lymphoma, thymic lymphoma

e Necropsy findings: Enlarged thymus, variable splenomegaly and
lymphadenopathy

o Cell size: Medium, uniform

e Cytoplasm: Scant

¢ Nuclei: Round; chromatin fine

e Nucleoli: Multiple, small/prominent; some with central, prominent nucleoli

e Mitoses: Numerous

e Pattern: Diffuse, starry sky (appearance conferred by tangible body
macrophages)

e Phenotype: Immature T-cell CD3", CD4/CD8 double negative, CD4*/CD8"
double positive, or CD4 or CD8 single positive, TCR", cytTdT"

e Molecular: Clonal T-cell, TCRB R/R

e Characteristic: High grade, moderate starry sky, sheets of cells, perivascular

infiltration of lung, liver, soft tissue
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e Presumed cell of origin: Precursor intra-thymic T cell but could derive from
precursor cells in the bone marrow that home to the thymus

e Differential diagnosis: Histologically indistinguishable from precursor B-cell
lymphoblastic lymphoma/leukaemia but CD3"; also very similar to Burkittlike
lymphomas but slg’

e Human counterpart and commentary: Precursor T-cell lymphoblastic

lymphoma

1.3.1.4.3. Classification of mouse lymphoid neoplasms
The nomenclature of lymphomas and leukaemias in mice has evolved over the past 30

years (Ward, 2006). The justification for the existence of the laboratory mouse is to
model and understand human disease. Thus nomenclature of mouse neoplasia
continues to evolve in an effort to align mouse neoplasia with that of the human
(Percy D.H. and S.W., 2007, Percy and Barthold, 2007). An international panel of
scientists with expertise in mouse and human haematopathology joined with the
haematopathology subcommittee of the Mouse Models for Human Cancers
Consortium (MMHCC) to develop criteria for definition and classification of these
diseases together with a standardized nomenclature. The fundamental elements
contributing to the scheme are clinical features, morphology, immunophenotype, and
genetic characteristics. The resulting classifications has numerous parallels to the
World Health Organization classification of human lymphoid tumours while

recognizing differences that may be species specific (Wood et al., 2007).

1.3.1.4.3.1. B-cell neoplasms

e Precursor B-cell neoplasm

o Precursor B-cell lymphoblastic lymphoma/leukaemia (pre-B LBL)
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e Mature B-cell neoplasms
o Small B-cell lymphoma (SBL)
o Splenic marginal zone B-cell lymphoma (SMZL)
o Follicular B-cell lymphoma (FBL)
o Diffuse large B-cell lymphoma (DLBCL)
= Morphologic variants
e Centroblastic (CB)
e Immunoblastic (IB)
e Histiocyte associated (HA)
e Subtypes: Primary mediastinal (thymic) diffuse large B-cell
lymphoma (PM)
o Classic Burkitt lymphoma (BL)
o Burkittlike lymphoma (including mature B-cell lymphomas with
lymphoblastic morphology) (BLL)
o Plasma cell neoplasm
= Plasmacytoma (PCT)
= Extraosseous plasmacytoma (PCT-E)
= Anaplastic plasmacytoma (PCT-A)

o B-natural killer cell lymphoma (BNKL)

1.3.1.4.3.2. T-cell neoplasms

e Precursor T-cell neoplasm
o Precursor T-cell lymphoblastic lymphoma/leukaemia (pre-T LBL)
e Mature T-cell neoplasms

o Small T-cell lymphoma (STL)
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o T-natural killer cell lymphoma (TNKL)
e T-cell neoplasm, character undetermined

o Large cell anaplastic lymphoma (TLCA)

There are considerably less subtypes of T-cell lymphomas in mice than in humans. In
any case, according to Morse et al. (2002b), the most common chemically induced
lymphoma in mice, precursor T-cell lymphoblastic lymphoma/leukaemia, is the

counterpart of human precursor T-cell lymphoblastic lymphoma.

1.3.1.44. Clinical signs
One important aspect to consider is to distinguish lymphoma from reactive

hyperplasia. According to Morse et al. (2002), several aspects can be considered when
establishing the difference in mice. Clonal TCR rearrangements, indicated by strong
non-germline bands, are detected by Southern blot in lymphoma. Expression of
surface antigens sharply modal and often different from the range for normal cells can
be detected by flow cytometry or immunohistochemistry. Also, at cytology,
monomorphic populations of lymphocytes and frequently numerous mitotic figures

are more related with lymphoma than with reactive hyperplasia.

Mice developing leukaemia/lymphoma can present with a variety of signs. They are
mainly enlargement of lymph nodes and spleen, hunched posture, ruffled fur, laboured
breathing, paralysis and ataxia (Morse et al., 2002a). Table 5 summarises the
frequency at which tissues are involved in precursor T-cell lymphoblastic lymphoma
in the mouse. In addition to this, precursor and mature T-cell neoplasms in mice have
very identical behaviour in terms of organs and tissues involved and the leukemic

phase is seen in one third of lymphoblastic lymphomas.
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Organs and tissues involved in Precursor T-cell Lymphoblastic Lymphoma in mice

Most frequent — Less frequent

Thymus Spleen Gut-associated Bone marrow
Abdominal lymph Thoracic lymph nodes |lymphoid tissue
nodes: splenic, renal, | Liver

lumbar Lungs
Peripheral lymph Kidney
nodes

Mesenteric lymph

nodes

Table 5: Organs and tissues involved in precursor T-cell lymphoblastic lymphoma in mice, adapted from (Herbert
C. Morse et al., 2002).

1.3.1.4.5. Necropsy gross findings of thymic lymphomas
The earliest gross lesions of thymic lymphoma are enlargement or reduced size of one

thymic lobe followed by enlargement of the other lobe (Wood et al., 2007). Care must
be taken to distinguish and dissect the thymus from mediastinal lymph nodes. Thymic
lymphomas spread to thoracic non-lymphoid tissues and mediastinal lymph nodes and
subsequently to peripheral nodes, spleen, liver, and other tissues. They can sometimes
fill most of the thoracic cavity, causing dyspnoea. In their study, Fenske et al. (2006b)
the ENU-induced lymphoid neoplasms observed were highly aggressive, there was
symptomatic mediastinal involvement and the latency for these lymphomas was

relatively short - about 20 weeks.

1.3.1.4.6. Gold standards for diagnosis of lymphoma
In Morse et al. (2002a), detailed morphologic features for the diagnosis of lymphoma

are presented. For samples fixed with formalin or in Bouin’s, embedded in paraffin
and stained with H&E, the following morphologies and characteristics are described:
size and shape, cytoplasm — quantity and colour, nucleus — size, chromatin pattern,
membrane features and shape, and finally, nucleolus — number, size, prominence,
colour and location. As for size and shape, tissue histiocytes, phagocytic macrophages

and red blood cells within the same tumour or tissues can be used for size
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comparisons with tumour cells. For example, a small lymphocyte is one and a half the
diameter of a red blood cell. Nevertheless, this relationship is less clear-cut when
applied to neoplastic lymphocytes, as there is a significant variation in cell size of
specific types of lymphoma in different mice. Concerning the cytoplasm, it varies
from scant, with only a thin rim surrounding the nucleus, to abundant, which is twice
the nuclear size. When comparing tissues from animals exposed to the same
experimental conditions, as it happened here, it is important to consistently use the
same fixative and stains, since they can have an impact of the quantity of cytoplasm:
cells stained with Wright-Giemsa or fixed with Bouin’s seem to have more cytoplasm
than those stained with H&E or fixed with formalin. The size of the nucleus is usually
given in terms of size relative to that of histiocytes or endothelial cells and described
as small, medium or large, when smaller than, the same size, or larger than those of
histiocytes or endothelial cells. Again, this may vary with the fixative employed. As
for the chromatin pattern, it can be described as vesicular (open), coarse, or clumped
(condensed). Lymphomas resembling immature lymphocytes can have various
chromatin patterns. The nuclear shape can vary from round, to oval, multilobated,
angulated and cleaved. Finally, the location and number of nucleoli can be associated
with specific types of lymphoma. For example, a single central nucleolus is common

in lymphoblastic tumours.

The diagnostic criteria for the classification of T-ALL/LBL in humans, defined by the
WHO, was published in Swerdlow et al. (2008). In smears T-ALL/LBL cells are of
medium size with a high nuclear cytoplasmic ratio; there may be a considerable size
range from small lymphoblasts with very condensed nuclear chromatin and no evident

nucleoli to larger blasts with finely dispersed chromatin and relatively prominent
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nucleoli. Cytoplasmic vacuoles may be present. In marrow sections, the lymphoblasts
have high nuclear-cytoplasmic ratio, finely stippled chromatin and inconspicuous
nucleoli. The number of mitotic figures is reported to be higher in T-ALL than in B-
ALL. In T-LBL the lymph node generally shows complete effacement, with
involvement of the capsule. Partial involvement in a paracortical location with sparing
of germinal centres may occur. In some cases, the predominant population of blasts
has convoluted nuclei and mitotic figures may be numerous. Other authors have also
described the morphological characteristics of this lymphoma sub-type in similar
terms. For example, in Kumar et al. (2010c), mediastinal thymic masses occur in 50%
to 70% of all T-ALLs, which are also more likely to be associated with
lymphadenopathy and splenomegaly. Additionally, in both B- and T-ALL, the tumour
cells have scant basophilic cytoplasm and nuclei somewhat larger than those of small
lymphocytes, the nuclear chromatin is delicate and finely stripped. In many cases the
nuclear membrane is deeply subdivided, imparting a convoluted appearance. In
keeping with the aggressive clinical behaviour, the mitotic rate is high. As with other
rapidly growing lymphoid tumours, interspersed macrophages ingesting apoptotic
tumour cells may impart a “starry sky” appearance. In You et al. (2015), T-All/T-LBL
is characterised by a proliferation of lymphoblasts that can show a spectrum of
cytologic features and the designations L1 and L2 used for the characterisation of
lymphoblasts, while not having clinical relevance, are helpful for describing this
spectrum: L1-type blasts are small with a high nucleus/cytoplasm ration and small
nucleoli, whereas L2-type are larger, with prominent nucleoli and more abundant
cytoplasm. Furthermore, cytoplasmic vacuoles can be seen in lymphoblast in a subset

of cases.
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In the murine arena, the WHO international classification of mouse tumours was
published in Frith et al. (2001). There, lymphoblastic lymphoma cells, medium in size,
with moderate amount of basophilic and sometimes vacuolated cytoplasm, form non-
cohesive but homogeneous sheets, often with a starry-sky appearance, tangible
macrophages and apoptosis. Their nucleus is round, with a high nuclear to cytoplasm
ratio and a central and prominent nucleolus is described. Furthermore, lymphoblastic
lymphoma is described as aggressive, with infiltration of the liver kidneys, ovaries and
along the vascular tree in the lungs, with numerous mitotic figures and with the

potential of turning leukemic.

An international panel of scientists with expertise in mouse and human
haematopathology joined with the hematopathology subcommittee if the Mouse
Models for Human Cancer Consortium to develop criteria for definition and
classification of mouse lymphoid neoplasm together with standardised nomenclature
(Morse et al., 2002b). According to their publication, T-cell lymphoblastic lymphoma
is also known as thymic lymphoma, denoting its preferable and primary location.
Furthermore, microscopically, Pre-T LBL is composed of medium and uniform sheets
of cells, with scant cytoplasm, round nuclei and fine chromatin, small/prominent
nucleoli and numerous mitotic figures. The same pattern of diffuse starry sky,

conferred by tangible body macrophages, mentioned in humans, is also seen in mice.

1.3.1.4.7. Immunophenotype
Molecules expressed on the surface or cytoplasm of hematopoietic cells play

important roles in their development and function and have facilitated the

understanding the immune system.
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1.3.1.4.7.1. Antigen expression during mouse T-cell development
As in humans, T-cells in mice arise from bone marrow and differentiate in the thymus.

T-cell development is characterized by distinct and sequential patterns of antigen
expression, as summarised on Table 6, which is a composite of data based on flow

cytometry from multiple sources (Rehg et al., 2012).

Antigen expression during mouse T-cell development

Thymus-cortex Thymus-medulla
Antigen Pro- | Pro- Pre-T1 | Pre- DP SP Mature peripheral
T1 | T2 T2 Ilymphoid tissue
CcD7 + + + + + + +/-
CD5 - + + + + + +
CD2 - + + + + + +
CD3 C C C C C S S
CD43 + + + + + + +
TdT + + + + + - -
CD117 (KIT) | ++ | ++ + + Low |- -
CD4 - - - - + +or- | +or-
CD8 - - - - + +or- | +or-
CD44 + + - - - - -
CD25 - + + - - - -

Table 6: Antigen expression during mouse T-cell development. Abbreviations: C= cytoplasm; S= surface; DP=
double positive; SP= single positive. Expression is semi-quantitative; + present; ++ high. Adapted from (Rehg et
al., 2012).

Thymocytes are subdivided as double negative (DN), double positive (DP), or single
positive (SP) based on the expression of CD4 and CD8 receptors. In mice, the DN
stage is heterogeneous and can still be subdivided into four distinct subsets (ProTh,
ProT,, Pre-T1 and Pre-T,) based on expression of CD2, CD3, CD5, CD7, CD43,

CD44, CD25, and CD117 as well as TdT (Godfrey et al., 2012).

The laboratory diagnosis of non Hodgkin lymphoma is usually complemented by
immunophenotyping either by immunohistochemistry (IHC) or flow cytometry (FC).
Flow cytometry and other techniques with adjunctive roles in diagnosis and
classification of hematopoietic neoplasms must, however, be reconciled with

morphology for such diagnosis (Kaleem, 2006). Flow cytometry offers many
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advantages in comparison to IHC for the same roles and provides uses that are either
not possible or not preferable by IHC, such as multiparameter evaluation of single

cells and detection of clonality in T cells (Kaleem, 2006).

1.3.1.4.7.2. T-cell-associated antigens used in flow cytometry
CD3 is a lineage specific protein considered a pan-T-cell marker. It is a multi-domain

component of the T-cell receptor complex that is normally located in the cytoplasm of
immature T-lymphocytes and on the surface of mature T-lymphocytes (Rehg et al.,
2012). According to Lai et al. (1998), there are four subunits of CD3 identified in
mice: CD3d, CD3e, CD3g and CD3z, coded by four distinct genes, located in two
distinct chromosomes, chromosome 9 for subunits d, e and g, and chromosome 1 for
subunit z. Apart from playing a role in TCR subunits, CD3 is involved in receptor
complex assembly/traffic and signal transduction. CD3 is not expressed in B-cells,
macrophages, myeloid cells, or their neoplasms (Kunder et al., 2007). If a flow
cytometry laboratory labels only for surface antigens, the majority of T-lymphoblastic
lymphomas will be negative for CD3, since T-lymphoblastic lymphomas rarely

express surface CD3 units (Rehg et al., 2012).

CD4 and CD8 are glycoproteins expressed on the surface membrane of mutually
exclusive, functionally distinct T-cell populations. CD4 is expressed on T-cells,
monocytes, macrophages, Langerhans cells, and other dendritic cells, but not B-cells
(Rehg et al., 2012), at least in normal circumstances. It is coded by the cd4 gene
located on chromosome 6 in the mouse and plays a role in TCR co-receptor, Major
Histocompatibility Complex (MHC) class Il receptor and is involved in signal
transduction (Lai et al., 1998). In peripheral T cells, CD4 and CD8 have mutually

exclusive expression patterns, although a very small fraction of peripheral T cells may
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show expression of both antigens (Nah et al., 1997). CD8 antigen is expressed on
cytotoxic T-cells and a subset of NK cells (Rehg et al., 2012). It is composed of two
subunits: a and b, coded respectively by Cd8a and Cd8b genes located on mouse
chromosome 6. CD8 plays a role in TCR co-receptors, MHC class | receptor and is

involved in signal transduction (Lai et al., 1998).

1.3.1.4.7.3. Other cluster differentiation (CD) markers associated with
normal and neoplastic T-cells

According to Morse et al. (2002), it is suggested that routine FC analysis include the
following antigen-specific receptors: IgM, IgD, 1gG, Igk, Igh, TCRao/B, TCRY/d),
CD3, CD4, CD5, CD8, CD11b, CD19, CD45R(B220), CD90, and CD138. CD79a
was initially claimed to be exclusively expressed on B lineage cells but has also been
reported in T-lymphoblastic lymphomas (Kaleem, 2006). In their study, Pilozzi et al.
(1998), looked at the co-expression of CD79a (JCN117) and CD3 in 149 cases of T-
cell and 68 cases of B-cell lymphoblastic leukaemia/lymphoma and co-expression was
reported in  10% of T-lymphoblastic leukaemia/lymphoma cases, using
immunohistochemistry. In another study, Hashimoto et al. (2002), used
immunohistochemistry to look at the expression of CD79a, a B-cell marker, and found
evidence that low-level expression of CD79a is common in thymocytes and

transiently expressed in immature T-lineage cells.

It is not uncommon for T-cell lymphomas to lose one or more of the four (CD2, CD3,
CD5, CD7) pan T-cell antigens. Antigen loss is defined by some as staining less than
50% of the total T-cells (Rehg et al., 2012). Given that there is a very strong evidence
in the literature that the most common ENU-induced lymphoma is a precursor T-cell
lymphoblastic lymphoma (Morse et al., 2002b, Kakinuma et al., 2005b, Shimada et

al., 2003a, Smith et al., 2009, Borowsky et al., 2004, Herbert C. Morse et al., 2002,
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Morse et al., 2002a), the antibody panel of markers used here was thought for this

specific type of lymphoma.

1.3.1.4.7.4. B-cell-associated antigens
Among the B-cell-associated surface markers, CD19 is the most sensitive and

specific. Given that B-cell follicular lymphoma is the main spontaneous lymphoma in
mice and that it can affect the spleen, which is also a possible target for metastatic
precursor T-cell lymphoblastic lymphoma, CD19 was used in flow cytometric

analysis of spleens.

1.3.1.4.75. Selection of antibodies for the current study
Even though there is an effort to standardise the nomenclature and classification

criteria across human and mouse models of human disease, there seems to be a
considerable variety of opinions in the literature on which markers characterise the
phenotype of such a complex clinical entity as lymphoma. Apart from that, there is
erroneous expression of some markers by neoplastic cells. In this study, the decision
of which antibodies to use was made with the intention of identifying the stage of
development at which the thymocytes were arrested, whilst differentiating immature
from mature forms of T-cell lymphoma, given that they have a close
immunophenotype. As stated above, there is evidence for the importance of an
accurate classification since it influences treatment strategy. According to Rehg et al.
(2012), to diagnose a T-lymphoblastic lymphoma by surface markers, a FC laboratory
must use antibodies that label CD44 and CD25, which are early T-cell surface
antigens, and alternatively the cells can be permeabilized to allow the polyclonal
antibody to penetrate the cell membrane and label the CD3 epsilon antigen.

Nevertheless, according to the same authors, in mice, CD117 is present across all
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stages of immature T-lymphocytes and disappears when cells reach maturity and

migrate from the thymic cortex to the medulla.

In conclusion, the panel of antibodies chosen for detection of surface markers by FC
to immunophenotype lymphoma in the experimental population included: CD3, CD4,
CD8, CD25, CD44, and CD117. CD45, a pan-leukocyte antigen, was used to identify
the initial gate from which all cells were acquired by the cytometer FACSCANTO
II™. The decision was mainly substantiated on the studies carried out in mice by
(Rehg et al. (2012), with human lymphocytes by von Boehmer et al. (2003) and the

cytometer manufacturer specifications in the application note (Wang et al., 2012a).

1.3.1.4.8. Genetic determinants of lymphoid neoplasms
Research conducted by Shimada et al. (2003a) has shown that ras oncogenes

activation were frequently associated with ENU-induced thymic lymphoma in
C57BL/6 mice. The mutations of K-ras in neoplastic thymi were predominantly GGT
to GAT in codon 12. On the other hand, neoplastic thymi from C3H/He mice given
the same treatment had significantly lower frequency of ras mutations, which suggest
that the spectrum of ras mutations in ENU-induced thymic lymphoma is genetically

determined.

Work conducted on the effect of ENU on tumour suppressor genes by Kakinuma et al.
(2005b) has shown that p53 and Ikaros, both mapped on chromosome 11, harboured
point mutations in 30% (8/27) and 19% (5/27), respectively. The same authors have
also shown that 90% (10/11) of the tumours with point mutations retained the wild-
type alleles of p53 and lkaros. Additional work on p53 gene has shown that the
majority of p53 knockout mice succumb to thymic CD4+CD8+ T-cell lymphomas

(Donehower et al., 1992). The p53 protein functions as a transcription factor to induce
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cell arrest, apoptosis and senescence following genotoxic stress (Dudgeon et al.,

2014).

In their work, Kundu et al. (2005a) and Yuan et al. (2001a), further substantiated the
genetic control of ENU-induced lymphoma susceptibility - Runx1 deficient mice and
mice transgenic for a Runxl fusion protein (AML1-ETO), associated with acute
myeloid leukaemia in humans, have an increased incidence of such malignancies upon
ENU treatment. The susceptibility may have several causes including a reduced DNA
repair efficiency or the presence of an oncogene; Msh2 deficient (Claij et al., 2003)
and Pim-1 transgenic mice (Breuer et al., 1989) both exhibit an increased incidence of

ENU induced lymphomas.

There is also a possible viral component in the pathogenesis of lymphoma in mice.
The somatic recombination of latent murine leukaemia viruses that activate oncogenes
or inactivate tumour suppressor genes via insertional mutagenesis was described by
Mucenski et al. (1988a) in spontaneous occurring lymphomas in AKR/J and C58/J
mice. Furthermore, mice pre-TLL was found to be associated with murine leukaemia
virus (MuLV) insertional mutagenesis at common integration sites at Myc, Mycn and

Pim1 genes (Morse et al., 2001).

1.4. Quantitative trait loci (QTL) analysis
Two parental inbred strains are crossed to produce an F1, the starting point for the two

most common mapping strategies. Intercrossing the F1 generates an F2 and
backcrossing to one or other of the parental strains produces a backcross (Flint et al.,
2005). In this study, the experimental population of F2 mice resulted from outcrossing
two inbred strains that showed a very distinct trait (incidence of lymphoma) when

exposed to ENU: the susceptible strain (C57BL/6J) and the resistant strain (A/J),
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followed by an intercross of the F1 offspring. The two-generation outcross-intercross
series is the second major breeding protocol used today for linkage analysis in mice.

According to Mendel's first law, the offspring from an intercross will be distributed

among three genotypes at any single locus — 50% will be heterozygous A/a, 25% will

be homozygous A/A, and 25% will be homozygous a/a (Silver and Silver, 1995).

Quantitative trait loci analysis is a statistical analysis that aims to identify loci
associated with a specific phenotype. The principal goal of QTL analysis has been to
find out whether phenotypic differences are primarily associated with a few loci with
fairly large effects, or to many loci, which with minute effects (Miles and Wayne,
2008). The first scenario is more common when dealing with phenotypes of
Mendelian inheritance, such as Huntingdon’s disease or cystic fibrosis, in which a
single gene is responsible for the effect. The gene associated with cystic fibrosis, for
example, was initially found to be located in chromosome 7 by linkage analysis
(Wainwright et al., 1985, Knowlton et al., 1985). The linkage analysis was the
foundation for the discovery of the responsible gene four years later by (Kerem et al.,
1989). After identifying large regions in the genome harbouring genes potentially
responsible for the phenotype, more refined techniques can be used to narrow down
the region of interest to the level of the gene. The quest for individual genes within a
QTL is assisted by the identification of a priori candidate genes using classical

reverse genetics or bioinformatics (Miles and Wayne, 2008).

The aim of this study is to identify hypothetical loci associated with an increased
susceptibility to ENU-induced thymic lymphoma in C57BL/6 mice. Cancer is a
complex disease and in most cases, there seem to be several genes of minor effect

contributing for the disease. In the past decade, studies of mice showed that many
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genes with relatively small effects control cancer susceptibility. Nevertheless, in his
review, Demant (2003), has compiled information about more than 100 cancer-
susceptibility loci associated with several types of cancer, from intestinal cancer, to
lung cancer, mammary gland, skin, ovarian, liver, etc. There, he also shows cancer-
susceptibility loci associated with lymphoma, although not specifically related to
precursor T-cell thymic lymphoma: Pctm on chromosome 1 (Le Voyer et al., 2000),
Lyr2 on chromosome 4 (Shisa et al., 1996), Tlsml in chromosome 7 (Yoshihiro
Yamada et al., 1994), Mlsmrl in chromosome 17 and Msmr2 in chromosome 18

(Pataer et al., 1996).

Genome-wide association studies (GWAS) are an excellent complement to QTL
mapping. Whereas QTL contain many linked genes, which are challenging to
separate, GWAS produce many unlinked individual genes, but are associated with
large numbers of false positives - combining the two techniques can make the most of
both approaches and help provide the ultimate deliverable: individual genes or even

nucleotides that contribute to the phenotype of interest (Miles and Wayne, 2008).

1.5. Translational potential
The outcome for patients affected with T-ALL, lymphoma and leukaemia forms

included, has improved markedly in recent years owing to the application of intensive
chemotherapy regimens. However, such intensive chemotherapy comes at the cost of
significant short-term and potentially long-term side effects and therefore a molecular
targeted and tumour-specific drugs demand for a deeper understanding of the
molecular mechanisms of these neoplasms. Mouse models are powerful tools to
screen for novel genetic factors that underlie complex traits such as susceptibility to
drug induced cancer (Fenske et al., 2006b) and inbred mouse strains represent unique
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genetic resources for the identification of alleles or quantitative trait loci that

predispose to oncogenesis (Naf et al., 2002).

The iterative nature of the list and definitions of disease entities in the mouse derives
from the increasingly well-supported presumption that carefully defined and validated
model systems can provide fundamental insights into human disorders with attendant
implications for prevention and intervention. The Haematopathology Subcommittee of
the Mouse Models of Human Cancer Consortium was given the charge of developing
a consensus list of haematopoietic neoplasms with descriptions and criteria for
diagnosis. The goal was to define disease entities that could be recognized by

pathologists and related to human disorders where possible (Wood et al., 2007).

A prominent goal of studying mouse tumours is to develop an understanding of the
pathogenesis that would provide opportunities for preventing or treating similar
disorders of humans. It has, therefore, been important to determine whether disease in
the two species is homologous and deserve identical names (Wood et al., 2007). The
same authors found this decision is often difficult to make and the reasons are related
to fundamental differences between the species in the characteristics of primary and
secondary lymphoid organs. Uniquely in mice, extramedullary haematopoiesis
continues in the red pulp of the spleen throughout life (Percy and Barthold, 2007).
Also, according to Steiniger et al. (2001) and (2006), the splenic marginal zone of
mice has also been shown to differ significantly from that in humans. Some mouse
lymphomas have strong histological similarities to the human NHL subsets including
precursor B- and T-cell lymphoblastic (Hori et al., 2001) and human T-cell acute

lymphoblastic leukaemia/lymphoma (T-ALL) is believed to have a counterpart in
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mice, precursor T-cell lymphoblastic lymphoma/leukaemia (pre-T LBL) (Morse et al.,

2002b), making this a reliable model of the human disease.

The classification of the ENU-induced lymphoma in mice according to distinct stages
of thymocyte development may have the potential of refining the mouse model of pre-
T ALL/LBL. In humans, there is a tendency to differentiate these two forms.
Furthermore, the therapeutic approach differs between T-LBL and T-ALL (Hoelzer
and Gokbuget, 2009, Jabbour et al., 2006). At the moment there is no clear distinction
between T-ALL and T-LBL in mice and this clinical entity is defined as “Precursor
T-cell lymphoblastic lymphoma/leukaemia (pre-T LBL)”, alternating between
lymphoma and leukaemia mainly based on the distribution of neoplastic cells. If cells
are mainly circumscribed to a cellular mass, the preferred term is lymphoma, and if
affecting the bone marrow and peripheral blood, the preferred term is leukaemia,
similarly to what was established by the WHO for lymphomas in humans. As
previously stated, there is evidence that T-ALL and T-LBL have distinct phenotypes,
and that they could be segregated in distinct molecular subgroups, and such distinction

is relevant when defining a treatment strategy.

Treatment-related lymphoid malignancies are rare in humans but do occur (van
Leeuwen et al., 1994). Radiation therapy and certain forms of chemotherapy used to
treat cancer increase the risk of subsequent myeloid and lymphoid neoplasms (Fenske
et al., 2006b, Travis et al., 1991, Curtis et al., 1992, Kaldor et al., 1990) due to the
mutagenic effects of ionizing radiation and chemotherapeutic drugs on
hematolymphoid progenitor cells (Kumar et al., 2010c). Secondary malignancies may
arise as a consequence of chemotherapeutic protocols using alkylating agents and it is

believed that genetics play a role on this process. Knowing which genes may
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predispose to increased susceptibility to secondary malignancies, by mapping the
susceptibility alleles for ENU-induced lymphomas, may help to make more informed

decisions on the therapy to use and improve human health (Fenske et al., 2006b).

Apart from the translational aspects, this project has the potential of improving the
welfare of C57BL/6 mice, commonly chemically mutagenized, by identifying the loci
associated with increased susceptibility to lymphoma. This can become a foundation
for future refinement, by identifying contributing genes and possibly leading to the

creation of a transgenic model that is less susceptible to lymphomas.

1.6. Aims of the study
This project intends to identify hypothetical loci that result in an increased incidence

of lymphoma development in C57BL/6J mice by carrying out a quantitative trait loci
analysis of cohorts of F2 mice treated with ENU. According to Fenske et al. (2006b),
lymphoma susceptibility mapped to two regions on chromosomes 3 and 15, one of
which contains the gene encoding Sproutyl, an antagonist of fibroblast growth factor
signalling. Also, according to the same authors, although several interesting candidate
regions were identified, these studies need to be validated and complemented using

traditional intercross mapping strategies, which will be carry out in this study.

One of the objectives of this study is to characterize ENU-induced thymic lymphoma
in mice by flow cytometry, haematology and biometric variables such as body weight
and organ weight analysis. Flow cytometry immunophenotyping allows identification
of distinct stages of thymocyte development, as well as malignant cells. Tissue
samples from tumour masses were stored for later analysis of sequence changes in

oncogenes and other candidate loci.
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2. Materials and Methods
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2.1. Introduction
Mice were grouped in ENU-treated and non-treated control groups. Following ENU

challenge, the animals were clinically monitored daily. Biometric and haematology
data were collected at culling and analysed, thymic lymphomas and spleen metastasis
were diagnosed histologically using haematoxylin and eosin stained sections and
immunophenotyped by flow cytometry. DNA from a selection of both lymphoma
positive and negative mice was extracted, sent out for genotyping and a linkage

analysis was done.

2.2. Animal model: two generation outcross-intercross (C57BL/6 x A/J)
C57BL/6J and A/J are inbred strains - they were developed by at least 20 crosses

between siblings and are virtually homozygous at every single locus. Mice were
outcrossed and subsequently F1 generations were intercrossed yielding an F2 in which

thymic lymphoma was chemically induced.

2.2.1. Statistical determination of sample size
There was a limitation in the power calculation for an experiment of this nature, as it

was not possible to predict how many loci would account for the differences in the
phenotype. Furthermore, although it is possible to calculate power when there is one
locus intervening, it is not the case when several loci are involved, which was likely to
be the case here. The approach presented next is therefore an attempt to have an

approximate idea of the sample size needed to test the hypothesis.

According to Flint et al. (2005), the number of animals (n) needed to map an additive
QTL in an F2 can be calculated using Equation 1, where o is the significance level, B
is the power required and Vg is the proportion of variance associated with the QTL.

The Z values are obtained from the standard tables of the normal distribution.
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Equation 1

An a significance level of 0.01 was used and a power () of 90% was selected by Flint
et al. (2005), although power is typically considered at 80%. The o significance level
has been chosen at 0.01 relating to a genome-wide significance. The corresponding Z
values from the standard table of the normal distribution are 3.89 and 1.28 for a and 3
respectively. For a purely additive QTL that explains 5% of the variance, the

calculation yields Equation 2.
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Equation 2

By increasing sample size to approximately N=500, it would be possible to detect a
single QTL explaining at least 5% of variation of trait in F2. Hypothesized loci should
account for more than 8% of the variation of the trait in F2 population since the
incidence at which parental inbred strains used in this study developed lymphoma
when challenged with ENU in similar environmental conditions was very different, as

reported in Fenske et al. (2006b).

The experimental population of F2 intercrosses was bred in three separate cohorts and
two major experimental groups were defined: ENU-treated (n= 300-400), and non-
treated controls (n=60). The study included both sexes, at identical numbers in both

groups. Although this was the initial plan, for animal welfare reasons, five groups had
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to be created: four groups treated at different ENU dosages and a control group.

Details are given further ahead.

2.3. Housing and husbandry
The humane care and use of mice in this research was conducted under the Animals

(Scientific Procedures) Act 1986, Home Office, United Kingdom.

C57BL/6 x A/J F2 intercross mice bred at the Mary Lyon Centre (MLC), Harwell,
Oxfordshire, were kept in individually ventilated cages (IVCs) (Charles River
Laboratories UK, Margate, UK), high health status, mouse only, in a specific
pathogen free (SPF) barrier facility, the MLC. The centre has digital record-keeping
for all relevant data associated with individual mice and procedures carried out on

them.

They were protected from exposure to infectious agents and housed in a 12 h
light/dark (07:00-19:00 light phase) cycle at 19-23°C and 5°-65% relative humidity

on grade 6 sawdust bedding (Datesand Ltd, Manchester, UK).

2.3.1. Diet
On a regular basis, mice were fed rat and mouse No. 3 Breeding Diet (Special Diets

Services, Witham, Essex, UK) and provided with chlorinated water ad libitum. During
ENU administration, in addition to the regular diet, TransBreed (Special Diets
Services, Witham, Essex, UK) pellets were placed on the cage floor. This is a formula
with high fat content (10% by weight, 24% by energy) that supplies more energy than
a standard diet and contains very digestible raw materials. The objective of using this

diet was to counterbalance the weight loss systematically observed during ENU
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administration explained below. Whenever used for the ENU-treated group, SDS

TransBreed was also added on the cage floor of control animals.

2.3.2. Health status
The microbiological screening programme in the MLC involves sending mice from

sentinel cages (one per 56 cages) that are challenged with samples of dirty bedding
from separate columns in each rack on an eight-week rotation. Live mice are
submitted to an outside laboratory for microbiological testing based on FELASA
recommendations (Nicklas et al., 2001). Health screening has shown that the Specific
Pathogen Free (SPF) status has been maintained throughout the period of this

research.

2.4. Chemical induction of lymphoma with ENU
Given its toxic, mutagenic and carcinogenic properties, only highly trained personnel

are allowed to handle, prepare and perform intraperitoneal injections of ENU in mice.
All work was carried out in a class Il biological safety cabinet and strictly followed
the relevant Standard Operational Procedure (SOP), including the spectrophotometric

determination of ENU concentration (Table 94, Appendix 2 - Tables and figures).

2.4.1. Preparation for injection before making up ENU
ISOPAC® containing 1 g of ENU was removed from the freezer the night before

injection, covered with foil to protect it from light and placed in the fume hood. On
the day of injection, all mice were weighed and their weights recorded. In the laminar
air flow (LAF) cabinet, inactivation solution in a 500 ml spray bottle and a 1-liter
plastic beaker containing approximately 400 ml of inactivating solution were

prepared.
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2.4.2. Preparation of ENU (prepared immediately before use, in fume
hood)

A 1000 ml beaker container with 500 ml of deactivation solution was prepared. This
was used for any waste materials. More than 10 ml of absolute ethanol were aliquoted
into a universal tube and 10 ml withdrawn using a 10ml syringe. A venting needle
(21G) was inserted into the top of the ISOPAC® and the ethanol injected using a 21G
needle. Both needles were removed and the ISOPAC® was agitated until all of the
large ENU crystals dissolved. A venting needle was replaced in the top of the
ISOPAC® and 1 x 30 ml aliquots of phosphate/citrate buffer were injected into the
ENU ISOPAC® using a 50ml syringe. The venting needle was removed. This step
was repeated twice more, making a total of 90 ml of phosphate/citrate buffer. 15-20
ml of air was injected and 15-20 ml of ENU solution were withdrawn from the
ISOPAC® using a 20ml syringe. A single use mini filter was attached on to the
syringe and the solution injected slowly into a universal tube. Filters were disposed of
into the beaker containing inactivating solution. This was repeated until there was

enough filtered ENU to inject all the mice.

2.4.3. Spectrophotometric determination of ENU concentration
4 ml of citrate/phosphate buffer were aliquoted into a cuvette (control cuvette) and

placed in cuvette holder. 3.2ml of phosphate/citrate buffer were aliquoted into a
cuvette. 800ul of filtered ENU were pipetted into the cuvette and carefully mixed. The
first two steps were repeated producing a total of two samples, A and B, and placed in
the cuvette holder. A wavelength of 398 nm and mode ABS were confirmed. The
control cuvette was placed in the spectrophotometer while holding the opaque sides
and ensuring the triangle marker on the cuvette was on the left hand side. Calibrate

function was
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pressed - the Optical Density (OD) read 0 as it was supposed. Control cuvette was
removed, replaced in holder and moved to fume hood. Sample A was then carefully
placed in the slot in the spectrophotometer in the same way as the control cuvette, the
reading was recorded and the step repeated for sample B. The OD of sample A and B

were within 0.1 nm of each other.

2.44. Calculation of concentration
(ODags(sample A) + ODazgs(sample B)) x 3.6 = ENU concentration (mg/ml)

2.4.5. Calculation of volume to inject
Using the formulae below, the correct dose for each mouse was calculated according

to their individual weight. The maximum volume never exceeded 15 ml/kg.

e For a dose of 100mg/kg: volume (ml) to inject = —~=Ehtof mouse (g) x0.1

ENU concentration (mg/ml)

weight of mouse (g) x 0.09

e For a dose of 90mg/kg: volume (ml) to inject = ENU concentration (mg/mD

weight of mouse (g) x 0.08

e For a dose of 80mg/kg: volume (ml) to inject =

ENU concentration (mg/ml)

2.4.6. Intraperitoneal Injection
The beaker containing waste deactivation solution was placed into the LAF cabinet

along with the first cage of mice to be treated. For each mouse to be injected, the
weight was checked on cage card and the correct volume to administer was read out.
A second person injected the mouse with the specified volume of ENU solution
intraperitoneally, discarded the needle and expelled any ENU left in the syringe into
the deactivation solution. Treated mice were individually placed in a clean cage.
Injected mice were monitored throughout the injection session before returning to
ward. Spectrophotometric determination of ENU concentration was repeated and

recorded.
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2.5. ENU dosage regimen planned
Based on in house experience and on literature (Weber et al., 2000, Justice et al.,

2000, Hitotsumachi et al., 1985, Acevedo-Arozena et al., 2008), a typical dose of 3 x
100 mg/kg was considered well-tolerated and balanced between the scientific criteria
of maximizing mutation load and the detrimental effects of high doses of ENU on the
animal, and established as the dose to be administered intraperitoneally at weeks 12,

13 and 14 of age.

2.5.1. Animal welfare assessment during the injection protocol
The animals were assessed daily and on manifestation of signs of disease such as loss

of body weight, laboured breathing, hunched posture, piloerection, absence of normal
grooming behaviour, loss of inquisitive behaviour, inappetence and detectable lumps
on visual exam, were euthanized, necropsied and relevant tissues harvested. These

clinical signs are good indicators of ill-health (Sewell et al., 2015).

ENU was diluted in an ethanol solution and, as such, mice were inspected at least
twice on the day of injection and any showing signs of tissue damage at the site of
injection were euthanized. Stress during administration was minimized by careful
handling. The volume of any substance given was as small as practicable. Unexpected
adverse effects during or after the administration resulted in euthanasia under
Schedule 1, unless the effect was mild or could be promptly controlled by veterinary

treatment or reduction of the dose administered.

As for humane end-points, any animal whose weight fell more than 20% below that
expected from its starting weight was killed humanely. After the initial treatment,
animals underwent additional daily welfare checks during their lifetime. Such animals

(e.g. showing severe weight loss and/or signs of suffering and/or tumours) were culled
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under Schedule 1 by an overdose of barbiturate administered intraperitoneally,
weighed, necropsied, gross pathology findings recorded, and samples collected for

haematology and histopathology.

2.6. Experimental groups according to ENU dosage
Although the initial plan was to treat all animals with exactly the same ENU dosage in

order to get a consistent group with little variability, a compromise between scientific
output and animal welfare had to be found, as explained in section 4.1, page 199.
As a consequence, four distinct treatment groups of mice were created and studied, as

detailed in Table 7.

Age (weeks) Number of animals
ENU Protocol at each Cohort Cohort Cohort | Total
treatment 1 2 3
100+100+80 mg/kg 12, 13,15 43 - - 43
100 mg/kg 14, 16, 18 - 13 10 23
100+90 mg/kg 14, 16, 18 - 71 46 117
100+90+80 mg/kg 14, 16, 18 - 127 98 225
Total 43 211 154 408

Table 7: Experimental units per ENU dosage.

There were mice from different cohorts exposed to the same ENU dosage, but since
the remaining variables that could have had an effect on the scientific outcome, such
as temperature, humidity, diet, age at commencement, and time between treatments
were virtually the same for all mice, they were grouped according to the only variable
that was different - treatment dose. Five groups were created: 1 or control, consisting
of untreated mice; 2, mice treated at (100+90) mg/kg; 3, treated at (100+90+80)
mg/kg;

4, treated at (100+100+80) mg/kg; and 5, treated at 100 mg/kg (that were not included
in the analysis). Not knowing in advance whether animals treated with lower doses

such as 100 mg/kg or 100+90 mg/kg would develop lymphoma, they were kept in the
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experiment. At the end of the experimental period, animals treated at 100 mg/kg did
not provide valuable information as only one animal developed lymphoma - not

representative enough to be included in the analysis.

2.7. Experimental endpoint
According to the survivability analysis on Smith et al. (2009), less than 20% of the

mice treated with ENU were alive around day 330 of age, and according to Justice et
al. (2000), males will live an average of 1 year after treatment in a clean colony, rather
than the normal 18 months to 2 years. The experimental endpoint was set when mice

would reach approximately 12 months of age.

2.7.1. Collection of data
Data was collected from animals that fulfilled the following inclusion criteria: have at

least one month after last treatment was administered, had no dubious identification

and were not found dead.

The histopathological analysis of H&E-stained sections of the thymus was a keystone
to compare lymphoma positive with lymphoma negative phenotypes. Apart from the
control group, within each ENU dosage group there were mice that had developed
lymphoma and others that had not. To compare data from those three groups (control,
ENU-treated lymphoma negative and ENU-treated lymphoma positive), only data
from mice whose thymi were subject to histological examination, the gold standard

method for diagnosing this pathology, were included.

In the most numerous group (Group 3) the aim was to get as many thymi processed
histologically as possible. In smaller groups, such as Group 2 and 4, the number of

animals from which data was analysed depended primarily on the number of
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lymphoma positive mice found. A similar number of mice with increased thymi
(strongly indicative of the presence of thymic lymphoma) and normal thymi were
histologically processed in order to obtain a balanced number of lymphoma negative
animals to act as control for the analysis. For example, in Group 2, from a total of 113
animals treated at 100+90 mg/kg, only 18 developed thymic lymphoma and therefore
only 17 normal weight thymi were prepared for histopathological examination,
resulting in a group of 35 mice from which relevant data could be obtained. In the
same way, in Group 4, from a total of 43 mice that lived throughout the experimental
period, only 13 developed lymphoma and therefore data from 12 lymphoma negative
mice were also collected. The cost of processing all tissues from all animals would
have largely outweighed the scientific benefit. Biometric variables such as body and

organ weights (thymus and spleen) measured at culling were analysed.

In conclusion, there was a considerable difference between number of animals treated
and number of animals that provided information for the final analysis of biometric
and haematology parameters (Table 8). That difference can be explained by several
aspects: (1) the nature of the study, which included an element of unpredictably, as it
was not possible to tell in advance how many treated mice would develop lymphoma,
(2) an unknown variable, as the number of loci accounting for the difference in
phenotypes was unknown, making difficult the process of calculating sample size
needed to achieve power, (3) the nature of QTL analysis, which requires a high
number of experimental units to deliver, (4) animals humanely terminated for welfare

reasons, and (5) a cost-benefit analysis as explained before.
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ENU dosage Total Included in
biometric analysis

100 mg/kg 23 0

100+90 mg/kg 117 35

100+90+80 mg/kg 225 178

100+100+80 mg/kg 43 25

Total 408 238

Table 8: Animals included in the analysis of biometric and haematology data.

Biometric data collected and analysed included body weight at culling, thymus weigh,
spleen weight and thymic lymphoma incidence. Thymus and spleen weights were

measured before fixation and after removing any adjacent tissues.

2.7.1.1. Harvesting of organs and tissues of interest
During necropsy, the main focus was to assess the thymus for any gross lesions

indicative of the presence of thymic lymphoma, by assessing its size and weight. A
full necropsy was carried out for each mouse and organs of the lymphoreticular
system such as lymph nodes and the spleen were carefully examined. Before

necropsy, a sample of peripheral blood was collected.

2.7.1.1.1. Peripheral blood
Peripheral blood was collected as a terminal procedure. Mice were overdosed with

anaesthetic, weighed and upon reaching a deep anaesthetic plane, assessed by the
complete absence of pedal withdrawal reflex, a sample of peripheral blood was

collected from the retro-orbital sinus using a capillary tube.

A sample of at least 200 pl of peripheral blood from each animal was collected in a
tube with EDTA and processed with ADVIA Haematology Analyser. On rare
occasions, when the required volume of blood could not be collected, a dilution was
made with sheath solution or 0.9% saline to reach the minimum volume required to
run the sample and the results compensated for the dilution. In order to prevent false

results, based on haemodilution or clot formation, the ratio of anticoagulant to
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collected blood volume was taken into consideration. A blood smear of most samples
was made. This was done to help with the interpretation when the analyser presented
an error message or misinterpreted one cell type for another; e.g.: platelet clumps as

eosinophils. Diff Quick was used to stain these smears.

2.7.1.1.2. Necropsy and tissue harvesting
After blood collection and confirmation of death by cessation of circulation, a full

necropsy was carried out. Macroscopic findings were recorded for each mouse and

sample organs and tissues were harvested.

When harvesting the thymus, in most cases, as exemplified in Figure 2, macroscopic

findings were good indicators of the presence of thymic lymphoma.

Figure 2: Picture of a normal thymus on the left and of a thymic lymphoma on the right.

In mice, according to Jacoby et al. (2002b), the thymus reaches maximum size around
the time of sexual maturity and involutes between 35 and 80 days of age. The age in
days (meanzSD) of mice at culling was above 80 days, when no considerable
involution was expected to have occurred: 342.86+49.71 in Group 1 (control),
291.74+49.5 in Group 2, 302.94+50.98 in Group 3, and 292.04+53.88 in Group 4.
Thymus weight is a good indicator of whether a proliferative process is present and in
10 week mice it weighs (mean+SD) 41.9+10.8 mg and 24.2+6.72 mg in female and

male C57BL/6J (n= 19) respectively, and 41.8+8.64 mg and 36.3t£11.1 in female and
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male A/J (n= 20), respectively, (Deschepper CF and Gallo-Payet N, 2004). A
threshold for thymus weight was established at 100 mg: (1) if weighing more than 100
mg, was cut in two halves of identical size by a transversal section, one half fixed in
10% buffered formalin and processed by histology and one half kept in a 1 ml
centrifuge tube containing 1 ml RPMI, incubated on ice for posterior flow cytometry
analysis, and (2) if weighing 100 mg or less, the whole organ was fixed in 10%
buffered formalin for histological processing for possible and H&E-stained slides

evaluation.

During the process of preparing a cell suspension for flow cytometry, a sample of
approximately 250 pL from each thymus was kept in a 1.5 ml centrifuge tube and
frozen at -80°C for future DNA extraction, sequencing and possible analysis of

sequence changes in oncogenes and other candidate loci.

Because thymic lymphomas may spread to thoracic non-lymphoid tissues and
mediastinal lymph nodes and subsequently to peripheral nodes, spleen, liver, and other
tissues, a careful dissection was observed to distinguish and separate the thymus from

surrounding tissues.

As for the spleen, weight was measured and if 500 mg or less, the whole organ was
fixed in 10% buffered formalin. If higher than 500 mg, it was cut in to halves of
identical size by a sagittal section, one half fixed in 10% buffered formalin and one
half kept for flow cytometry analysis in a 1 ml centrifuge tube containing 1 ml RPMI

and stored at 4° C or incubated on ice until further processing.

Furthermore, approximately 1 cm of distal tail was cut, kept in a 1 ml centrifuge tube,

and stored at -20° C, for DNA extraction.

83



2.7.1.2. Analysis of biometric and haematology data
2.7.1.2.1. Methodology
As stated above, the main endpoint here was to study the hypothetical association

between loci and increased susceptibility to thymic lymphoma. Nevertheless, the
analysis of terminal body weight, organ weights and blood parameters was done as a
way to increase the data obtained from the experiment, aiming to increase the
scientific output whilst keeping the cost, as far as animal welfare is concerned. Hence,
a pilot study, designed to characterize the effect of ENU on those biometric variables
was not carried out and, as a consequence, the variability of the responses was not
known before the data was analysed. Although the sample was considerably large, in
some cases the variability was marked and, therefore, in the absence of an ad hoc
power calculation, the results presented should be taken as indicative and the
conclusions as assumptions. The analysis was carried out on each parameter and sex

separately.

2.7.1.2.2. Body weight and haematology parameters
A two-way analysis of variance (ANOVA) was applied to the data. The factors in the

analyses were dose group, thymus lymphoma status (animal positive or negative for
lymphoma) and their interaction. Comparisons were made between the groups using
two-tailed Student’s t-tests based on the error mean square from the analysis of
variance. Levene’s test for homogeneity of variance (Levene, 1960) was performed
following the ANOVA described above. If Levene’s test was significant at the 1%
level, then this indicated a difference between the variances. Data were transformed
using a logarithmic transformation (base 10) and the ANOVA and Levene’s test were
performed on the transformed data. If Levene’s test was again significant at the 1%

level, the same process was performed using a square-root transformation. Where
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Levene’s test was still significant, the ANOVA analysis was performed upon the rank
transformed data. Given the marked variability in most responses, the data had to be
transformed in order to comply with the assumptions for the ANOVA analysis. The
transformations applied to the data are not statistical tests and do not have an impact
on the occurrence of Type | and Type Il errors. On the other hand, it has to be
acknowledged that by running several t-tests after the ANOVA, the chances of false
positives (Type | errors) are increased. Although adjustments for multiple
comparisons could have been applied to reduce Type | errors, they would have
increased Type Il errors. To counteract the risk, the results were reviewed by looking
at their biological relevance and statistical significance. Table 9 summarizes the
transformation methods used in the analysis of each parameter and whether statistical

significance was attained at interaction level.
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Sex Parameter Datase.t used in final .Signiﬁca:mt
analysis interaction

BW Untransformed No
Thymus Weight (includes BW as a covariate) Log transformed No
Spleen Weight (includes BW as a covariate) Rank transformed No
WBCB Rank transformed No
RBC Rank transformed No
HGB Rank transformed No
HCT Rank transformed No
MCV Rank transformed No

Males
MCHC Rank transformed No
PLT Rank transformed No
Neutro Rank transformed No
Lymph Rank transformed No
Mono Rank transformed No
Eos Rank transformed No
LucC Rank transformed No
Baso Rank transformed No
BW Untransformed No
Thymus Weight (includes BW as a covariate) Rank transformed No
Spleen Weight (includes BW as a covariate) Log transformed No
WBCB Rank transformed No
RBC Rank transformed Yes
HGB Rank transformed Yes
HCT Rank transformed Yes
MCV Rank transformed No

Females
MCHC Rank transformed Yes
PLT Untransformed No
Neutro Rank transformed No
Lymph Rank transformed No
Mono Untransformed No
Eos Untransformed No
LucC Rank transformed No
Baso Rank transformed No

Table 9: Summary data transformation methods used and significance at interaction level.

Table 10 shows the haematology variables analyzed in this study. Other variables,
such as the percentage of each leucocyte population and white blood cells perox
(WBCP) were collected. WBCP and WBCB (white blood cell baso) of each result was
compared to validate white blood cell count - both results had to be similar. WBCB
was selected to be included in the analysis. Results for each leucocyte are presented as

absolute count.
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Variable Meaning Units
WBCB White Blood Cell Count (Baso) 10°/uL
NEUT Neutrophil 10%/ pL

LYMPH Lymphocyte 10°/uL
MONO Monocyte 103/uL
EOSIN Eosinophil 10%/uL
BASO Basophils 103/uL

LUC Large Unstained Cells 10%/uL
RBC Red Blood Cell Count 10% pL
HGB Haemoglobin Concentration g/dL
HCT Haematocrit or Packed Cell Volume %
MCV Mean Cell Volume fL
MCHC Mean Cell Haemoglobin Concentration g/dL
PLT Platelet Count 10%/uL

Table 10: Haematology variables analysed, their abbreviations and units.

2.7.1.2.3.

Thymus and spleen weight

Analysis of covariance was performed using body weight as a covariate (Angervall

and Carlstrom, 1963). The treatment comparisons were made on adjusted group

means in order to allow for differences in body weight which might influence the

organ weights.

The factors in the analyses were dose group, thymus lymphoma status, their

interaction and body weight as a covariate.

Comparisons were made between the

groups using two-tailed Student’s t-tests based on the error mean square from the

analysis of covariance.

2.7.1.2.4.

Data handling

The data were analyzed using SAS 9.1.3 (SAS, 2002).
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2.8. Histopathological evaluation of samples
The samples for histological evaluation were fixed in 10% buffered formalin, the

sections were embedded in paraffin and staining was done with H&E. Histological
assessment of the slides was done by the author and reviewed by an FRCPath and

RCVS specialist in Laboratory Animal Pathology.

2.8.1. Distinguishing lymphoma from reactive hyperplasia in mice
According to Ward et al. (2012), aging mice may develop medullary hyperplasia and

when pronounced, thymic medullary hyperplasia can mimic neoplasia in aging mice.
However, these lesions, composed of B-cells, which can form germinal centres and
plasma cells, are not as large as tumour masses seen in thymic lymphomas. The cortex
generally shows patchy atrophic changes, and epithelial and lymphoid hyperplasia
may be present together (Frith et al., 2001). According to the same author, benign and
malignant thymomas are listed as differential diagnosis, but the epithelial component
is at the base of their histogenesis, whereas in thymic lymphomas there is no evidence
of an epithelial component. The epithelial component is positive for keratin, seems to
be derived from the epithelial cells in thymic (Hassal’s) corpuscles or thymic reticular
tissue, and varies from a minor component to the majority of the tumour mass (Ward
et al., 1999). It was critical for this project to accurately diagnose thymic lymphoma
and to that end it was important to distinguish lymphoma from reactive hyperplasia.

This was done by histological analysis of H&E sections, as per Morse et al. (2002b).

2.9. Flow cytometry immunophenotyping
Although histological examination is the gold standard method to diagnose thymic

lymphoma, it is not possible to obtain information about the specific
immunophenotype from an H&E stained slide. In order to characterise the

immunophenotype(s) of thymic lymphoma, cell suspensions of enlarged thymi and
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spleens were analysed by flow cytometry. Most spleens weighing more than 0.5 g
were analysed using largely the same panel of antibodies used for thymus, with the

addition of CD19.

2.9.1. Cytometer configuration
FACS CANTO Il was the cytometer used for the acquisition. It has three lasers (blue,

red and violet) and its configuration is shown in Table 11.

Cytometer Configuration

Software Version BD FACSDiva 8.0
Export Time 07/08/2014 10:17
User
Cytometer FACSCantoll
Serial Number V96300196
Configuration Name IMPC
Folder Name New Folder
Comments
Window Extension 7
Laser Name Type Wavelength Power Detector Array Detector Channel Mirror Filter Parameter Fsc Channel Reference Position
Blue Blue 488 20 Octagon A 1735LP 780/60BP PE-Cy7 oYy 2
B 2 600LP 616/23 BP PE-CF594
C 610 LP
D 3 556 LP 585/42BP PE
E 4 502 LP 530/30BP Alexa Fluor 488
FITC
F 5 488/10BP SSC
G
H
Red Red 633 17 Trigon A 6 735LP 780/60BP APC-Cy7 3
B 685 LP
C 7 660/20BP APC
Violet Violet 405 25 Trigon A 9 502LP 510/50BP AmCyan 1
B 8 450/50 BP Pacific Blue
C

Table 11: Flow cytometer configuration.

2.9.2. Application settings
During the flow cytometry analysis, electronic noise is one of the aspects that has to

be taken into account, particularly when having to compare results obtained from
analysis carried out in a long period of time. The aim of creating and saving
“application settings” at the start of any experiment involving a new cell-type is to
have the negative population of interest above electronic noise. This is the first step in
standardizing flow cytometry results, creating the experimental conditions that
allowed comparison of results in time. It is the first of a series of steps required to
setup a FC experiment, in combination with others such as finding the best working
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dilution of antibodies, compensation analysis and fluorescence minus one analysis, all

of which were done for both thymus and spleen.

2.9.2.1.

Sample preparation specific steps

Three thymi and one spleen from ENU-treated C57BL/6 males with approximately

one year of age were harvested. The F2 population is heterozygous and therefore there

is no animal that could act as a model for all the other animals. The choice of

establishing application settings with C57BL/6 thymi, not being ideal, did not seem to

have compromised the outcome.

1.

2.9.2.2.
1.

2.

4.

From the point at which the cell suspension is obtained on a 1.5 ml centrifuge
tube, already digested, 500 pL of lysis buffer were added and left to act for 1

minute, after which equal volume of FC buffer was added;

. The tube was spun at 290 G, for 5 minutes at 8° Celsius;

The pellet was re-suspended in 1 ml of FC buffer in a FC tube. When cell
concentration was too high, the suspension was further diluted into another FC

tube with 1 ml of FC buffer.

Software configuration

In cytometer reports, the latest “cytometer baseline” was selected;

Electronic Noise Robust Standard Deviation (rSDEN) value was used to
calculate 2.5 X rSDEN. The objective was to have the negative population of
interest above this value, which was achieved by manipulating the voltages for
each fluorochrome;

The analyser was set to acquire 20 000 events. Forward scatter (FSC) was set
to 300 and side scatter (SSC) to 430. Threshold was set to 50 000 events;

Sample acquisition and setting up the gates
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a. P1 was SSC vs Time. It was set to ignore the first 10 seconds to ensure
the flow was stable at acquisition;
b. P2 was a size gate, that is FSC vs SSC

i. Next 2 gates were the singlets gates: P3 was side scatter singlets
gate (SSC-H vs SSC-W, height vs width), and P4 was forward
scatter singlets gate (FSC-H vs FSC-W, again, height vs width);
ii. And 2 more plots (these had to be relabelled when testing for

each fluorochrome): FSC-H vs fluorochrome and a histogram.
The plots were set to display bi-exponential mode. From plot P4 “Statistics view” was
generated. Sample was acquired and rSDEN of the fluorochrome being tested checked
on stats box. The objective is to have a value higher than the electronic noise. If the
value was lower, the voltage was increased in intervals of 5-10, in more than one
attempt if needed. When the voltage was adequate for any given fluorochrome,
“record” function was activated. The number of events to record from P4 (stopping
gate) was 20 000 at a medium flow rate. The process was repeated for each
fluorochrome; the labels on the SSC vs fluorochrome and histogram plots were
changed accordingly. At each attempt, the rSDEN value for the previous
fluorochrome have occasionally changed and therefore had to be refined again and
overwritten. The aim was to be, at most, 10 units above electronic noise. Once

completed, application settings were saved.

2.9.3. Antibody conjugates
The panel of antibody conjugates (Table 12) was the same for thymi and spleens,

except CD19 that, being a B-cell marker was only used for the analysis of spleens.

CD16 was used to block non-specific sites and not subject to titration analysis.
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Antibody
CD3

CD4
CD8a
CD19
CD25
CD44
CD45
CD117

Fluorochrome
Pac Blue

FITC
APC-Cy7
AmCyan

PE

PE-CF594
PE-Cy7

APC

Table 12: Antibody panel used in FC analysis.

2.94.

Antibody dilutions

This experiment was done for each cell-type and the objective was to ascertain the

dilution at which each antibody-fluorochrome conjugate provided the best

differentiation of positive and negative cells in the samples analysed. Typical dilutions

starting from 1:100 up to 1:3200 were tested.

2.94.1.

Thymus

The antibody dilutions that provided the best differentiation between positive and

negative events for each antibody-conjugate in thymus analysis are presented in Table

13.

Antibody conjugate | Optimal dilution
CD3 1:100

CD4 1:1600

CD8 1:200

CD25 1:200

CD44 1:3200

CD45 1:8000

CD117 1:100

Table 13: Optimal antibody dilutions found for thymus analysis.

An initial dilution of 1:1600 was found to be ideal for CD44 on C57BL/6 thymus,

used in the antibody dilution experiments, but the results were off scale when this

dilution was used in the F2 intercross. A dilution of 1:3200 proved to work best.
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For CD45, a pan leucocyte marker, the dilution of choice was 1:8000 since lower
dilutions produced results off scale. Being a pan leucocyte maker, all cells stained

positive, not allowing differentiating between CD45 negative and CD45 positive cells.

CD117 is rarely expressed and since dilutions were tested in a normal thymus, it was
nearly impossible to gate. A low dilution (1:100) was defined, subject to further
testing in neoplastic thymi. Figure 3 shows the stain index of each antibody conjugate

at each dilution tested.
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Figure 3: Stain index using median fluoresce intensities for each antibody used in flow cytometry analysis of thymi.

2.9.4.2.

Spleen

The antibody dilutions that provided the best differentiation between positive and

negative events for each antibody-conjugate in spleen analysis are shown in Table 14.

Antibody conjugate Optimal dilution

CD3
CD4
CD8
CD19
CD25
CD44
CD45
CD117

1:100
1:800
1:200
1:200
1:200
1:3200
1:8000
1:200

Table 14: Optimal antibody dilutions found for spleen analysis.

Figure 4 shows the stain index of each antibody conjugate at each dilution tested.
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Figure 4: Stain index using median fluoresce intensities for each antibody used in flow cytometry analysis of

spleen

95



2.9.5. Compensation analysis
Because fluorochromes can emit fluorescence in nearby wavelengths, there is an

overlap phenomenon that has to be compensated in order to determine with accuracy
to which fluorochrome a given emission belongs to. This was achieved by using
specific software resources after determining which dilution of each antibody
conjugate produces the best results and before start running the samples. FACSDiva™
and FloJo™ are two commonly used software programmes capable of doing this. In

this study both were used, the former during acquisition and the latter for the analysis.

2.9.5.1. Compensation analysis protocol
1. A new experiment was created using a new plate (96 V bottom);

2. “Inspector” window was opened and on “cytometer settings”, all
fluorochromes not being used were deleted:;

3. “Well” was selected and, on “Experiment”, “Compensation setup” was chosen,
followed by “Create compensation controls”, which generates a window with
“Create compensation controls”. “Include separate unstained control
tube/well” was selected and “Generic” mode was left by default;

4. Wells were automatically generated in the plate configuration, one for each
fluorochrome used and one for the blank. When scrolling over each well, an
indication of what fluorochrome had to be added on each well was shown and
the correct sequence was followed when adding the antibodies conjugates;

5. On “Global Worksheet” window, “normal worksheets” was selected. It
contained:

a. Sheet 1, where any plots could be created; all other sheets had

predefined plots;
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b. “Unstained control” sheet, with a SSC/FSC plot plus 5 histograms, one
for each antibody conjugate;

c. A separate sheet per fluorochrome, each displaying 2 plots, SSC/FSC
and Count/Fluorochrome;

6. The unstained control sheet was opened when running the setup control;

7. A small volume of the “setup control” was run to define the lymphocyte gate
(P1) and to adjust voltages of side and forward scatter. “Apply to all
compensation controls” was applied to P1

8. On “Experiment layout”, “Acquisition”, 20 000 events were set to be recorded,

9. One well at the time was run at the lowest speed (0.5 pL/sec);

10. At the end of the experiment, compensation was calculated.

2.9.5.1.1. FACSDiva settings
One worksheet per fluorochrome, each containing the following: Time plot, Size plot,

FSC singlets plot, SSC singlets plot, Histogram for cell count vs fluorochrome being

excited.

Loader Settings: sample volume, 150 pL; mixing volume, 100 uL; mixing speed, 200

pL/sec; number of mixes, 2; wash volume, 400 pL.

Cytometer configuration: parameters, as defined from application settings; threshold

25000.

Acquisition dashboard: stopping gate, FSC Singlets; storage gate, all events; events to

record, 100000; events to display, 5000; flow rate, medium.
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2.9.6. Fluorescence minus one (FMO) analysis
This analysis has allowed an accurate positioning of the gates for each population of

cells and it was done for both spleen and thymus. For a single sample, eight wells
were singly-stained, one per antibody conjugate, another eight wells stained with all
antibody conjugates except one. Two extra wells, a negative control with no staining
at all and a positive control stained with all antibody conjugates were also included.
The preparation of the antibodies for this experiment is illustrated in Table 95 for
thymus and Table 96 for spleen, Appendix 2 - Tables and figures. The MFI of each
cell population identified during the FMO experiment is presented in Figure 40 to
Figure 46 for thymus and Figure 47 to Figure 54 for spleen, Appendix 2 - Tables and

figures

2.9.6.1. FACSDiva configuration for FMO analysis
300000 events were acquired in the live gate, the threshold was set to 25000, on

standard throughput mode, with a flow rate of 1 pL/Sec, a sample volume of 150 uL,
mixing volume of 100 pL, mixing speed set to 200, 2 mixes and a wash volume of
400 pL.

2.9.7. Establishing MFI reference intervals for each cell type in the
thymus

The Median Fluorescence Intensity values of thymic lymphocytes from control mice
(N= 21) was used to establish reference intervals for the subsequent characterisation
of neoplastic cells. A normality test for each variable was carried out using
D’Agostino & Pearson Omnibus tests. Where data were normally distributed,
reference intervals were created using mean +- 2 x standard deviation, and where data
were not normally distributed, using median and interquartile range. The results of
MFI, FSC and frequency of each cell type, as well as of the normality test and
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measures of central tendency and variation are presented (Table 97 to Table 105,
Appendix 2 - Tables and figures).

2.9.8. Establishing MFI reference intervals for each cell type in the
spleen

The same analysis carried out for the MFI reference intervals of T-cells in the thymus
was done using data from spleens harvested from control mice (N= 18). A normality
test for each variable was carried out using D’Agostino & Pearson Omnibus tests.
Where data were normally distributed, reference intervals were created using mean +/-
2 x standard deviation, and where data were not normally distributed, using median
and interquartile range. The results of MFI, FSC and frequency of each cell type, as
well as of the normality test and measures of central tendency and variation are

presented (Table 106 to Table 116, Appendix 2 - Tables and figures).

2.9.9. Flow cytometry protocol
2.9.9.1. Reagents
Table 15 shows the reagents used during the preparation of a cell suspension, before

being read by the flow cytometer.

Reagent Preparation

RPMI buffer, for organ preservation | Already prepared from seller
after harvesting and during transport
to the laboratory

FC buffer PBS 1X (Sigma); EDTA 5mM; 0.5% FCS (v/v)-
stable for 1 month at 8° Celsius

Red blood cell lysis buffer requires a dilution of 1:10 of “10X eBiosciences
solution” in deionized water

Stopping reaction buffer PBS 1X/EDTA 0.1 M (37.5g in one litre). Required

300 pL per sample

Buffer for organ preservation in the RPMI with 2% FCS (v/v)
laboratory, before processing

Collagenase 11 (70 pg/ml) 1 mg in 14 ml RPMI/2% FSC frozen into 500 pL
aliquots

Table 15: Reagents used in flow cytometry.
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2.9.9.2.

2.9.9.3.
The pr

Necrop

Preparation on the morning of analysis

. Antibody cocktail, protected from direct light and kept at 4° Celsius;

Read/dead cell exclusion dye (Sytox blue) at a concentration of 1:20000, 230
pl required per well;
Enzyme solution (7X)

a. 2% FCS in RPMI. Aliquots of frozen FCS added to RPMI in the
laboratory and not at the Animal House where organs were harvested
biosecurity reasons;

b. 4 ml of (RPMI and 2% of FCS solution) into a 15 ml centrifuge tube;
500 pl of collagenase added;

c. Mixed on cylinders and brought up to room temperature for optimal
enzyme performance;

Stopping buffer allowed to achieve room temperature;

50 ml centrifuge tubes, C tubes and 1 ml centrifuge tubes identification;

2.6 ml of RPMI with 2% FCS added to C tubes, kept on wet ice;

1.5 ml centrifuge tubes identified (twice as much the number of organs to
process) with 897 ul of FC buffer on each;

Preparation of the antibody cocktail;

Organ collection
ocedure to harvest the thymus and the spleen was described in 2.7.1.1.2

sy and tissue harvesting. To preserve cell integrity and antigenic expression,

samples have to be fresh; 48 hours is generally considered the maximal storage time

for retaining adequate viability and antigen expression (McCoy, 2001, McKenna et

al., 2009, Mustafa et al., 2008). Samples from neoplastic tissues with high cell

turnover, such as some types of lymphoma, may be more prone to disintegration
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before 48 hours and should probably be analysed within 24 hours of collection
(Reggeti and Bienzle, 2011). During the course of this project, samples were always
processed within 24 hours. Given the laborious nature involved, the following routine
was established and followed throughout. Samples harvested when the mice were
euthanized were preserved on a 1.5ml centrifuge tube with 1 ml of RPMI incubated on
ice until being moved to the laboratory where they were transferred into a C-tube with
RPMI enriched with foetal calf serum (FCS) at 2%. This was then followed by
mechanical and enzymatic digestion, filtration, spinning and resuspension of cells in
FC buffer will take place. Cells were then kept in a 1.5 ml centrifuge tube in the fridge
overnight. In the following morning cells were brought to room temperature and the

protocol resumed and completed on that same day.

2.9.9.4. Organ dissociation
1. Enzymatic and mechanical dissociation: collagenase was vortexed and 400 pl

added to each C tube before being attached to GentleMacs and processed for
20 minutes;

2. After successful dissociation and before adding the stop solution to inactivate
collagenase and stop the enzymatic digestion, a sample of 100 puL from each
cell suspension was collected into 1.5 ml centrifuge tubes for future DNA
extraction of lymphoma cells. Samples were centrifuged (290 G, 5 minutes, 4°
degrees Celsius), the supernatant was discharged and the tubes stored at -80°
Celsius.

3. 300 pL of Stopping buffer were added to the C tube containing the cell
suspension. The stopping buffer blocks enzymatic digestion and dissociate T-

cell-dendritic cell interactions;
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4. Cell suspension was filtered using 70 um filters to eliminate fibrous tissue and
aggregates of cells and span for 5 minutes at 4° Celsius, 290 g;

5. The supernatant was discharged, a volume cell suspension of about 150 ul was
left in the bottom and about 850 ul of FC buffer were added to achieve a final
volume of 1 ml, re-suspended, transferred into a 1.5 ml centrifuge tube and

kept in the fridge overnight.

2.9.9.5. Cell counting
The following morning, the cell suspension was brought to room temperature and

mixed. A Moxi Z Mini Automated Cell Counter was used to assess the cell
concentration in each cell suspension using 75 pl of a 1:300 dilution, and the volume
required to contain 4 million cells for the analysis was calculated. Whenever an
automatic count was not provided, manual gates were created (3-26 um, 3-18 um, and
3-10 pm) and the lowest cell count was used to calculate the volume required to run in
the flow cytometer. According to in house experience, a suspension containing 4

million cells would be enough to acquire 300 000 cells.

2.9.9.6. Red blood cell lysis, blocking and staining
After adding the cell suspension containing approximately 4 million cells into a

dedicated well on a 96 V bottom plate, adding FC buffer, spinning and eliminating the
supernatant, 100 uL of lysis buffer were added since the cells of interest were
lymphocytes. After 1 minute of incubation, followed by washing with FC buffer,
spinning, discarding the supernatant and repeating until the pellet was no longer red,
cells were incubated with 100 pL of 1:100 FC blocker (CD16), on ice, for 15 minutes.
In the meantime, the antibody cocktail tubes were vortexed and centrifuged at 20

000G, for 8 minutes at 4° Celsius. After washing out the lysis buffer, 100 uL of the
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antibody cocktail were added, followed by incubation period at 4° C, protected from
light for 20 minutes. The antibody cocktail was then washed out and the pellet re-

suspended in 230 pL of read buffer Sytox blue.

2.9.9.7. Sample analysis
A cleaning plate was run each morning, followed by Cytometer Setup and Tracking

(CS&T). Compensation was linked to the new analysis, depending on the tissue under

analysis (thymus or spleen), and application settings were applied.

Loader Settings: sample volume, 150 pL; mixing volume, 100 puL; mixing speed, 200

pL/sec; number of mixes, 2; wash volume, 200 pL.

Cytometer configuration: parameters, according to what was set by application
settings; threshold, starts at 5000 by default and usually was set at 25000, but tested

for each plate.

Acquisition dashboard: stopping gate, live; storage gate, all events; events to record,

300000; events to display, 5000; flow rate, medium.

2.9.9.7.1. FC of thymus
The thymus was the organ of choice to phenotype lymphoma in treated mice, given

precursor T-cell lymphoblastic lymphomas, also frequently designated by thymic
lymphomas, are the most common ENU-induced lymphomas. Cell surface markers
such as CD3, CD4, CD8, CD25, CD44 and CD117 were used to determine the subset
of malignant T-cells present in thymic lymphomas. Sytox blue, a live/dead marker
was used to identify dead cells and remove them from the analysis. The first step in
the gating hierarchy was to look at the stability of the flow of cells in time. Cells
selected to the next step were collected from a period of stable flow. Subsequently,
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live leucocytes were separated from dead leucocytes using CD45, a pan-leucocyte

marker and Sytox blue (Figure 5), a dye that links to DNA, which would happen if

cell membrane were ruptured and therefore the cell viability was compromised.

Comp-PE-Cy7-A :: CD45

Comp-AmCyan-A :: Sytox Blue

Figure 5: Gate with live leucocytes, CD45+, Sytox blue -, comprising 87.2% of all cells analysed on this sample.

The next step was to use only non-aggregated cells in order to count individual cells

as one event. To achieve this, two singlet gates were created, FSC-H versus FSC-A,

followed by SSC-H versus SSC-W, as shown in Figure 6.
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Figure 6: Gating of single cells by forward scatter on the left and side scatter on the right.

Among CD45+ thymic lymphocytes, there were four main groups which had to be

identified next, depending on their expression of surface antigens CD8 and CD4:
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double negative (CD8-CD4-), double positive (CD8+CD4+), single positive CD8
(CD8+

CD4-) and single positive CD4 (CD8-CD4+) and that was achieved gating CD8
against CD4 and measuring the fluorescence captured at APC-Cy7 and FITC detectors

as shown in Figure 7.

| cos+ CDB+CD4+
317 81.7

Comp-APC-Cy7-A :: CD8

Comp-FITC-A :: CD4

Figure 7: Identification of lymphocytes in a control F2 intercross according to their expression of surface CD4
and CD8 antigens, revealed by the fluorescence captured at APC-Cy7 and FITC channels, respectively.

The first two groups, DN and DP, include all precursor, immature, T-cells. The first
group in particular, includes four of the existing five subtypes of precursor T-cells and
their identification was assessed by their expression of surface antigens CD25 and

CD44, as shown in Figure 8.
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Figure 8: Gating of immature lymphocytes according to their surface expression of surface CD25 and CD44
antigens, revealed by the fluorescence captured at PE and PE-CF594 channels, respectively.

CD3, only present at the surface of mature lymphocytes, being intracellular marker in
immature lymphocytes, and CD117 did not prove to be useful - their use would have
an effect of increasing the complexity of the analysis without adding relevant
information, and although they were used in all samples and data was collected, they

were not included in the analysis.

2.9.9.7.2. FC of spleen
The spleen can be involved in cases of precursor T-cell lymphoblastic lymphoma

(Morse et al., 2002b). Whenever there was a suspicion that it had been colonised by
thymic lymphoma cells, based on gross evaluation and absolute weight at necropsy, it
was immunophenotyped by FC. To assess if histologically confirmed cases of thymic
lymphoma metastases in the spleen were correlated with the subset of neoplastic cells
originally found in the thymus, a similar approach in gating T-lymphocytes used for
thymus phenotyping was used for the spleen.

Similar to what was done for thymus analysis, the gating strategy started by looking at
the stability of the flow of cells in time. Cells selected from a period of stable flow

were subsequently challenged by CD45 against Sytox blue, as seen in Figure 9.
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Comp-PE-Cy7-A :: CD45

Comp-AmCyan-A :: CD19 + Sytox Blue

Figure 9: Gate with live leucocytes, CD45+, Sytox blue-, comprising 79.6% of all cells analysed on this sample.

Because there is a wider diversity of cell types in the spleen then in the thymus, an
additional gate was created to isolate lymphocytes from other leucocytes by forward

and side scatter profile, as seen in Figure 10.

SSC-A

Figure 10: Isolation lymphocytes from other leucocytes present in the spleen.

The next step was to identify and positively select lymphocytes that were not
aggregated to other lymphocytes, which was done using side scatter and forward

scatter gates as shown in Figure 11.
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Figure 11: Isolation of single cells by forward scatter on the left and side scatter on the right.

Since the main cells of interest were T-lymphocytes, cell surface marker CD19, a B-
cell marker was used against SSC to identify B-cells and separate them from T-cells
as shown in Figure 12. CD19 was also used to identify possible B-cell neoplasms
affecting the spleen, since the relative proportion of T-cells/B-cells would be affected.

Then, CD4 and CD8 were used to differentiate the main types of T-lymphocytes

(Figure 13).
250K 1
200K -
Z(', 150k = T-lymphocytes B-lymphocytes
] ] 338 66.1
100K =

Comp-AmCyan-A - CD19 + Sytox Blue

Figure 12: Identification of T and B-lymphocytes.

108



5 _| CD8+CD4- CDB+CD4+
105302 1.13

Comp-APC-Cy7-A ;: CD8

CD8-CD4- CD8-CD4+

10°= 167 519
N R || e S

-103 0 103 104 105

Comp-FITC-A - CD4
Figure 13: Splenic T-lymphocytes according to their expression of surface markers CD4 and CDS.

Finally, data from CD25PE and CD44PE-CF594, initially thought to be used to
determine the subset of double negative malignant T-cells in the presence of a DN
tumour metastasis, were not included in the analysis since their expression, and
therefore meaning, in the spleen and the thymus are different, as further explained in
4.4.2, page 215. Likewise, although CD3 and CD117 were used in the antibody
cocktail, their value, while considerably increasing the complexity of the analysis, did
not prove to be relevant and therefore were not included in the analysis.

2.10. DNA extraction

DNA was extracted from tail tips stored at -20 ° C using DNeasy Blood & Tissue Kit.
The procedure was performed according to the manufacturer's instructions (Qiagen,
2015). After extraction, DNA concentration and purity were measured using
NanoDrop 8000. The volume required to achieve 350 ng of DNA was calculated,
samples were prepared and the dried down at 45 °C in an incubator before being sent
at room temperature for mapping. DNA concentrations obtained from each tail tip can

be seen in section 3.5.1, Table 90 and Table 91.
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2.11. Genotyping
DNA extracted from tail tips was used for genotyping using a Single Nucleotide

Polymorphism (SNP) array, Illumina GigaMUGA third-generation mouse genotyping

array with a density of 150K markers.

Informative SNPs, in each chromosome of parental strains C57BL/6 and A/J were
identified and used to create a panel with informative SNPs with a distance between
each SNP of approximately 10 million base pairs (Mbp). Each panel, one for each
chromosome, was then used to look at the selected SNPs at exactly the same location
across the genotype of the experimental population, and only those were used for the

initial linkage analysis.

Gender Treatment Lymphoma - | Lymphoma+ | Total
(100+100+80) mg/kg 6 10 16
Female (n=91) (100+90+80) mg/kg 30 38 68
(100+90) mg/kg 0 7 7
(100+100+80) mg/kg 5 4 9
Male (n=101) (100+90+80) mg/kg 58 23 81
(100+90) mg/kg 11 0 11

Total 110 82 192

Table 16: Overview of DNA mapped by gender, treatment group and histology diagnosis of the thymus

As seen in Table 16, a similar number of males (n=101) and females (n= 91), as well
as a similar number of and lymphoma negative (n= 110) and lymphoma positive (n=
82) were studied. Furthermore, a total of 37 thymi of lymphoma positive mice

included in the mapping analysis were also immunophenotyped by flow cytometry.

2.12. Quantitative Trait Loci (QTL) analysis
For each chromosome, informative Single Nucleotide Polymorphisms (SNPs), which

allowed to differentiate between C57BL/6 and A/J regions, were selected at a distance

of approximately 10 million base pairs from each other. A map with informative SNPs
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was created for all 19 autosomal chromosomes and for X chromosome. Genotyping
data obtained from chromosome Y was incomplete and therefore not used for the QTL

analysis.

For each chromosome, genotyping results, obtained from GigaMUGA third-
generation mouse genotyping array, were narrowed down so that only information
relative to the genotype at each informative SNPs was kept. The genotyping data was
generated in base pair (bp) and for the QTL analysis had to be converted to
centimorgan (cM) - approximately 2000 kb (2000000 bp) per centimorgan (Lee M.

Silver, 1995).

Data relative to 20 chromosomes, 304 markers positioned at approximately 10 mega
base pairs (Mbp), or 5 cM, from each other across the whole genome, genotyping data
from 192 mice in approximately all 304 markers, and absolute thymus weight were
organised in five separate files. The files consisted of: (1) labels attributed to each
chromosome and indication of the number of markers used to map them, (2) labels
attributed to each marker, (3) position, in cM, of each marker, (4) genotype of each
animal on each marker and, (5) phenotype information, indicating absolute thymus
weight of each mouse at culling. Thymus weight at culling was the quantitative trait
selected for the QTL analysis. According to the results (section 3.3.2.2.1, page 133)
obtained here, this trait was strongly associated with the presence of thymic

lymphoma and not associated with ENU.

The QTL analysis was done on WINQTL 2.5 (Wang S. et al., 2012). The first analysis
performed on the dataset was an Interval Mapping (IM), followed by a Composite

Interval Mapping (CIM). The threshold at which significance was established for each
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analysis was defined by a permutation test, with a walk speed of 1cM, 1000
permutation times, at a 0.05 significance level. For the CIM, a standard model was
selected. As for background controls, the analysis was done with the default 5 control
marker numbers, a window size of 10 cM and a forward regression, as regression
method. To extract the information of identified QTLs for both IM and CIM, the
software was set to locate QTLs automatically, with a minimum distance of 5cM

between them and a 1 LOD support interval.

The possible identification of a QTL will lead to the investigation of candidate genes
located in the region between the markers positioned immediately before and after the
QTL. The Sanger sequencing database, (Wellcome Trust Sanger Institute, 2011),
based on Keane et al. (2011) and Yalcin et al. (2011), will be used for that purpose.
This is a database of several inbred strains and lists the variants between these strains
and the reference strains (C57BL/6) allowing to investigate particular genes or regions
and get a list of the sequence variants that exist. Candidate genes would be genes
already described in the literature as being associated with cancer in general and T-
cell lymphomas in particular. The search will focus on SNPs that affect protein
sequence. The implications on amino acid substitution were assessed on Yates et al.

(2016) and their impact on protein function predicted according to Sim et al. (2012).

112



3. Results
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3.1. ENU Protocol
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3.1.1. Introduction
Although the ENU protocol planned for this study was designed based on evidence, it

proved to be inadequate for the animal model used as it caused severe body weight
loss. In this section, the toxic effects of the original protocol and the improvements

following the implementation of a set of measures are shown.

3.1.2. Background data
According to unpublished data from the MLC, when treating A/J mice and F1 from

outcross with C57BL/6 with ENU at a conventional dosage, only one mouse had to be

culled due to reaching the weight loss limit of 20% imposed by the Project License

(Table 17).

Batch Date Strain Dose N Comments

ENU 187 | Jul-09 AIM 3x100 mg/kg | 10 | 1 culled 20% weight loss
ENU 191 | Aug-09 AJ-B6MF1 | 3x 100 mg/kg | 10

ENU 199 | Sep-09 AJ-B6MF1 | 3x 100 mg/kg | 10

ENU 210 | Nov-09 AJ-B6MF1 | 3x100mg/kg | 5

ENU 223 | May-10 AIM 3x100mg/kg | 14

Table 17: Body weight loss associated after ENU treatment in A/J and AJB6M F1.

The figures for the administration of ENU to C57BL/6J mice alone are very similar,
with low levels of morbidity and mortality associated to treatment even at slightly
higher dosages (100+100+120 mg/kg). Both inbred strains and F1 tolerated well ENU

at 3 x 100 mg/kg given intraperitoneally between weeks 10 - 16 of age.

To further investigate why the F2 population had a higher body weight loss than
expected, necropsies were performed and blood was collected for haematology and

clinical chemistry analysis.
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3.1.3. Haematology
The peripheral blood cell analysis (Table 18) was performed with ADVIA

Haematology Analyzer and clinical chemistry with a Beckam Coulter AU680.

Variable F2 culled (MeantSD) | Control (I}/IeaniSD)
White blood cells (x10EQ3 cells/pL) 0.9+0.4 2.48+1.34
Red blood cells (x10EQ6 cells/uL) 8.64+ 1.99 9.95+0.65
Haemoglobin (g/dL) 12.24+3.84 14.36+1.03
Haematocrit(L/L) 0.45+0.1 0.47+0.03
Lymphocyte count (x10EO3 cells/pL) 0.47+0.29 1.83+1.22

Table 18: Altered haematology parameters after ENU administration (100 mg/kg at 10 and 12 weeks of age),
N=24.
! Control data displayed was obtained at the end of the experiment from animals with about 1 year of age.

Results showed a decrease in white blood cells, particularly in lymphocytes, and red

blood cells with implication on haemoglobin and haematocrit.

3.1.4. Clinical chemistry
A basic panel of clinical chemistry variables was used to assess liver function and

integrity, kidney function, pancreatic endocrine function, and muscle tissue integrity.

The results are presented in Table 19.

Variable Mean SD Reference intervals®
Urea 5.46 0.92 8.4-13.3
Creatinine 10.93 1.62 6.7-11.3
ALT 35.85 30.09 27 -60
AST 60.92 20.64 36 - 66
Total Protein | 46.43 1.09 46.0 -53.1
Albumin 22.22 2.40 21.9-27.3
Glucose 11.60 1.45 10.88 -16.85
CK 267.00 | 197.79 28 -400

Table 19: Generic assessment of clinical chemistry variables in decedent mice (N=14).
! Reference intervals presented here are from adult C57BL/6 mice.

A word of caution has to be said when interpreting the results - clinical chemistry
reference intervals used here are those described on the literature for adult C57BL/6
mice (Jacoby et al., 2002a) since no specific reference intervals for C57BL/6 x A/J

intercross were published.
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3.1.5. Necropsy

At necropsy there were no outstanding findings.

3.1.6. Histology

At the histological examination, a decreased cellularity in the bone marrow and lymph

nodes was seen (Table 20).

Tissues examined

Findings

Lungs, larynx, trachea, thyroid, parathyroid,
salivary glands (submandibular, sublingual,
parotid), heart, tongue, liver, pancreas,
spleen, duodenum, oesophagus, colon,
rectum, stomach, jejunum, uterus, skeletal
muscle, skin, eyes, brain (4 sections),
pituitary, peripheral nerve (sciatic), nasal
cavity (three sections), ovaries and oviducts

No abnormalities found.

Kidneys

Focal minimal corticomedullary
mineralization, minimal inflammatory cell
infiltrate renal pelvis, which can all be seen
as a background changes.

Adrenals

Slight vacuolation of X-zone, which can be
seen as a background change in mice.

Mesenteric lymph node

Decreased cellularity.

Bone/bone marrow (sternum and
tibiofemoral joint)

Decreased cellularity.

Table 20: Summary of microscopic findings identified in decedent F2 mice.

3.1.7.

Animals culled of welfare grounds per cohort

A set of measures implemented (section 4.1.4, page 201) in cohort 1 resulted in a

descrease in morbidity and mortality seen at the third injection, from 38% to 11%

(Figure 14).
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Cohort 1 (n=84) - Culled on welfare grounds

Culled (100+100) mg'kg
38%

' Studied
51%

Culled (100+100+80) mg/kg
11%

Figure 14: Cohort 1, percentage of mice culled on welfare grounds after 2nd (100+100 mg/kg)

Figure 15 shows the percentage of mice euthanized for welfare reasons after each

treatment.

Cohort 2 (N=227) - Culled of welfare grounds

Culled (100+90) mg/kg
7%

Studied
92%

~_

Culled (100+90+80) mg/kg
1%

Figure 15: Cohort 2, percentage of mice culled on welfare grounds.

Figure 16 shows the percentage of mice euthanized for welfare reasons after each

treatment.
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Culled (100+90+80) mg/kg

Cohort 3 (N=200) - Culled of welfare grounds

8%

Studied
78%

Culled (100+90) mg/kg
14%

Figure 16: Cohort 3, percentage of mice culled on welfare grounds

3.1.8.

Overview of treatment protocol per cohort

In summary, due to unexpected ENU related toxicity in F2 intercross, treatment was

not homogeneous across the three cohorts. The major differences affecting the

smallest cohort (cohort 1) were: age at commencement, ENU dosages and time

between treatments, as summarised in Table 21. Furthermore, twenty animals from

each cohort, ten males and 10 females, were randomly selected to act as non-treated

controls.
Number ENU Protocol
Cohort of
animals 1% treatment 2" treatment 3" treatment
Age (weeks), dose Age (weeks), dose Age (weeks), dose
1 43 12 weeks, 100 mg/kg | 13 weeks, 100 mg/kg | 15 weeks, 80 mg/kg
2 211 14 weeks, 100 mg/kg | 16 weeks, 90 mg/kg | 18 weeks, 80 mg/kg
3 154 14 weeks, 100 mg/kg | 16 weeks, 90 mg/kg | 18 weeks, 80 mg/kg

Table 21: Overview of differences in treatment across groups.
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3.2. Pathology
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3.2.1. Introduction
Necropsy was performed in all mice and the main gross findings comparing

lymphoma negative and lymphoma positive mice are briefly presented here.
Haematoxylin and eosin (H&E) sections of thymi were evaluated, as this is the gold
standard method of diagnosing thymic lymphoma. Diagnostic criteria and the
incidence of thymic lymphoma are presented. Other findings, such as metastasis of the
primary thymic tumour invading the spleen and extramedullary haematopoiesis are

also shown, as the spleens were also histologically evaluated.

3.2.2. Thymic lymphoma diagnosis and incidence
Lymphoblastic lymphomas are characterized by homogeneous sheets of variably

(usually medium) sized but uniform non-cohesive cells with scant cytoplasm, round
distinct and often multiple nucleoli, and intermediate to high numbers of mitotic
figures (Haley, 2013). These features can be appreciated at microscopic examination
of H&E slides, which is the gold standard method of diagnosing thymic lymphoma

(Figure 17).
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Figure 17: A, low power transverse section normal thymus; B, low power transverse section of thymus with thymic
lymphoma, showing loss of normal architecture and invasion by a uniform population of lymphocytes. C, 40X

round distinct nucleoli and

thymic lymphoma, showing a homogeneous sheet of uniform cells with scant cytoplasm

multiple mitotic figures (arrow heads).

For the purpose of analysing the incidence of lymphoma data, the most numerous
group (Group 3) was used. From a total of 178 mice treated at (100+90+80) mg/kg,
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110 males and 68 females, 63 (36%) developed thymic lymphoma (Figure 18). There
was no significant difference in the incidence of thymic lymphoma between sexes, as

assessed by Chi-square test (P=0.731).

Group 3- Incidence of lymphoma

Lymphoma
positive
36%
Lymphoma
negative
649%
= Llymphoma negative Lymphoma positive

Figure 18: Global incidence of lymphoma in mice treated at (100+90+80) mg/kg.

3.2.3. Spleen metastasis of thymic lymphoma
Results presented here are from treated mice (n= 94, 56 females and 38 males) from

groups 2, 3 and 4, with histological confirmation of both the primary tumour on the

thymus and presence or absence of metastasis on the spleen (Figure 19).
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White pulp

Red pulp

Metastatic thymic
lymphoma

Figure 19: A, Sagittal section of normal spleen with clear demarcation between white pulp and red pulp; B, splenic
metastatis of thymic lymphoma with the parenquima colonised by a sheet of neoplastic lymphocytes.

In 46 mice (49%) with thymic lymphoma, the tumour has spread to the spleen (Figure
20). There was no significant difference in the rate of metastization of thymic

lymphoma between sexes, as assessed by Chi-square test (P= 0.802).

Spleen metastasis (n= 96)

Positive

Negati
egative 49%

51%

m Positive  m Negative

Figure 20: Overall incidence of splenic metastasis of thymic lymphoma.
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3.24. Extramedullary haematopoiesis
Although assessing the degree of extramedullary haematopoiesis was not the focus of

this study, the spleens were prepared for routine microscopic examination to assess for
the presence of metastases of thymic lymphoma, and EMH was frequently seen in

treated animals (Figure 21).

Red pulp

White pulp

Figure 21: Sagittal section of spleen showing dark foci of
increased extramedullary haematopoiesis (thick arrows)
scattered throughout the red pulp.

From a total of 238 ENU-treated mice from groups 2, 3 and 4 with a histological
evaluation of the spleen, 125 males and 113 females, 60% had an increase in
extramedullary haematopoiesis (Figure 22). There was no significant difference
between sexes as assessed by Chi-square test (P= 0.195). In the control group (n=57),

only one mouse (1.75%) had increased EMH.
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Incidence of extramedullary haematopoiesis in
ENU treated mice (n=238)

EMH-
40%

EMH +
60%

m EMH+ = EMH-

Figure 22: Incidence of EMH in ENU-treated mice.

3.2.5. Necropsy findings

Gross pathology findings at necropsy in ENU-treated mice with a histological

evaluation of the thymus (n= 238) were recorded and summarised (Table 22). The

most common finding in the thymus and spleen was increased size and these data are

presented separately (section 3.3.2.2, page 133).
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Lymphoma negative (n= 144) | Lymphoma positive (n=94)
Count % Count %
Stomach Growth 3 2.08 1 1.06
Intestines Growth 14 9.72 3 3.19
Gl Tract Intussusception 3 2.08 1 1.06
Anus Prolapse 1 0.69
Blood 21 14.58 9 9.57
Discoloration, Pale 2 2.13
Urinary System Kidneys Cysts 4 2.78
Enlarged 5 5.32
Pale 3 2.08 6 6.38
Discoloration Dark-red 1 0.69 1 1.06
. Mottled 1 0.69
Liver
Enlarged 1 0.69 7 7.45
Other Cysts 6 4.17
Growth 3 2.08
. . Growth 5 3.47
Abdominal cavity Ascitis 2 1.39 1 1.06
Growth 2 2.13
Thoracic cavity Adhesions 1 0.69 6 6.38
Haemothorax 4 2.78 10 10.64
Chilothorax 1 0.69
Heart Enlarged 1 1.06
Lymph nodes Enlarged 16 11.11 18 19.15
Hemolymphoreticular Spleen discoloration, dark-red areas 2 1.39 2 2.13
Growth 1 0.69 1 1.06
Growth 98 68.06 39 41.49
Lungs Discoloration, Pale 3 2.08 3 3.19
Lobe, Enlarged 1 0.69
Growth 3 2.08 1 1.06
Vagina Blood 1 0.69 1 1.06
Discharge 1 0.69 1 1.06
. Prolapse 2 1.39
Female Reproductive Uterus Growth 3 139
Enlarged 1 0.69
. Cystic 1 0.69 3 3.19
Ovaries Growth 3 2.08
Male Reproductive Preputium, Growth 1 0.69
Prostate, Growth 1 0.69 2 2.13
Skin Subcutaneous Growth 6 4.17 2 2.13
Skin Erosion/ulceration 5 3.47 2 2.13
Head and neck Growth 5 3.47

Table 22: Incidence of gross findings at necropsy by lymphoma status.

The most common finding across treated mice were growths of pale colouration with

varied diameters (between 2-3 mm on average) affecting the lungs.

Enlargement of lymph nodes was also seen at high frequency in both lymphoma

negative (11.1%) and positive (19.15%) mice.

The presence of blood in the perianal region was one of the most common findings at

routine clinical examination and one of the most common justifications for euthanasia.
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It was seen in 14.58% of lymphoma negative and 9.57% of lymphoma positive mice.
Equally more frequent in lymphoma negative mice was the presence of growths with

2-3 mm in diameter in the intestinal tract, 14%, compared with 3% in mice that have

developed lymphoma.
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3.3. Biometric and Haematology
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3.3.1. Introduction
Having an experimental population in which thymic lymphoma was induced also

provided an opportunity to study how several variables differ in lymphoma negative
and lymphoma positive mice. This was achieved by measuring several biometric and
haematology parameters at culling and analyzing them. Absolute body weight and
organ weights (spleen and thymus) adjusted to body weight at culling were analysed
and designated here as biometric data. The following haematology parameters were
also measured and analysed: white blood cells, lymphocytes, neutrophils, eosinophils,
basophils, monocytes, large unstained cells, red blood cells, haemoglobin, hematocrit,

mean cell volume, mean cell haemoglobin concentration and platelets.

ENU has detrimental effects and allocating animals only to two groups (lymphoma
negative and positive) for the statistical analysis would not be adequate since ENU
administration was likely to have had an effect on its own. Therefore, “treatment
dose”, “lymphoma status” and their “interaction” were considered in order to identify
the root of the effect detected on the variables studied, in particularly those associated
with the presence of thymic lymphoma. “Treatment dose” groups were: group 1
(control), group 2 treated at (100+90) mg/kg, group 3 at (100+90+80) mg/kg and
group 4 at (100+100+80) mg/kg. As for “lymphoma status”, there were two possible
outcomes: lymphoma negative (defined as 0 on tables) or lymphoma positive (defined
as 1 on tables). A positive “interaction” on any given variable meant that the effect of
“treatment dose” on the variable was influenced by whether a lymphoma had
developed or not. For example, a positive interaction found in red blood cell count
meant that there was a statistically significant difference between the groups under

comparison and that the effect of “treatment dose” on red blood cell count varied

130



depending on “lymphoma status” - whether the animals were lymphoma positive or
negative. The reverse holds true: the impact of “lymphoma status” on the variable
depended on “treatment dose” received. Where the interaction was statistically
significant, an analysis of the interaction between the three treatment doses (100+90)
mg/kg, (100+90+80) mg/kg and (100+100+80) mg/kg and two lymphoma statuses
(lymphoma positive and lymphoma negative) was done; and analysis of each main
effect (treatment dose and lymphoma status) on their own was not. Where no
statistical significance was attained at interaction level, the effect of each main level,
“treatment dose” and “lymphoma status” on their own, were assessed, with particular
emphasis on “lymphoma status”, since the aim was to compare the phenotypes

lymphoma positive and negative.

Each parameter was analysed by sex and, unless otherwise specified, analysis was
performed upon the rank-transformed dataset. When reporting the results, data are
mean + standard deviation, unless otherwise stated. The results of each variable by
treatment group, lymphoma status and, where the interaction was positive, by
lymphoma status within each group are presented. For clarification, “level of group”
and “level of status” mentioned on the tables are equivalent with “treatment dose” and

“lymphoma status”, respectively.

3.3.2. Results — biometric data
3.3.2.1. Body weight (BW)
Body weight was measured at culling to see if there were differences between

lymphoma positive and negative animals and what was associated with it, if thymic

lymphoma or ENU.
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3.3.2.1.1.
For body weight in males, analysis was performed upon the untransformed dataset.

Males

The interaction term was not statically significant, suggesting the effect of treatment
on body weight at culling between the groups did not vary depending on whether there
was a thymic lymphoma or not. On its own, “treatment dose” had a significant impact
on body weight: in all treated groups, males weighed less at culling than control
males, Table 23. Likewise, “lymphoma status” had a significant impact on body
weight, although not as strong as “treatment dose”, with lymphoma positive males

weighing less (32.62 £ 4.89) than lymphoma negative males (40.18 + 8.51), (Table

24).
Level of N BW Level of N BW
Group Mean | Std Dev Status Mean | Std Dev
1 28 51.39 6.42 0 115 40.18 8.51
2 22 34.68 5.37 1 38 32.62 4.89
3 93 35.48 5.74 Table 24: Body weight by lymphoma status in males.
4 10 35.87 3.89

Table 23: Body weight by group in males.

3.3.2.1.2.

As with males, body weight analysis in females was performed upon the

Females

untransformed dataset, the interaction term was not statically significant and on their
own, both “treatment dose” and “lymphoma status” were significant, with the former
having a particularly strong impact on reducing body weight gain (Table 25).
Lymphoma positive females weighed (27.15 + 4.16), less than lymphoma negative

females (36.07 £ 9.48), (Table 26).
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Level of N BW Level of N BW

Group Mean | Std Dev Status Mean | Std Dev
1 29 45.99 7.33 0 86 36.07 9.48
2 13 33.75 6.74 1 56 27.15 4.16
3 85 28.71 5.03 Table 26: Body weight by lymphoma status in females.
4 15 27.31 3.64

Table 25: Body weight by group in females.

The ANOVA results for body weight in both sexes are presented in Table 27.

Body weight | Source Result
Interaction F (2, 146) = 0.62, P=0.541
Males Treatment dose F (3, 146) = 43.21, P< 0.0001
Lymphoma status F (1, 146) = 5.04, P=0.026
Interaction F (2, 135) =0.91, P=0.404
Females Treatment dose F (3, 135) = 47.75, P< 0.0001
Lymphoma status F (1, 135) = 5.94, P=0.016

Table 27: ANOVA results for body weight.

In summary, in both sexes, ENU and lymphoma were found to be, on their own,

associated with decrease in body weight gain.

3.3.2.2. Organ weight adjusted to body weight
3.3.2.2.1. Thymus
3.3.2.2.1.1. Males

For thymus weight in males, the analysis was performed upon the log transformed
dataset. Both “interaction” and “treatment dose” were not significant. As expected,
there was a strong statistical significant difference in thymus weight at “lymphoma
status” level, with log thymus weight in lymphoma positive males (-0.46 = 0.37 for a
body weight of 32.62 + 4.89) being significantly higher than in lymphoma negative

males (-1.72 £ 0.27 for a body weight of 40.18 + 8.51), (Table 28).
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Level of N logThymus_W BW

Status Mean Std Dev Mean Std Dev
0 115 -1.72 0.27 40.18 8.51
1 38 -0.46 0.37 32.62 4.89

Table 28: Log-transformed thymus weight adjusted to body weight by lymphoma status in males.

3.3.2.21.2. Females

No significant “interaction” was seen between “treatment dose” and “lymphoma
status” in females. On its own, “treatment dose” did not account for differences on
thymus weight. On the other hand, and similarly to what was seen in males,
“lymphoma status” strongly accounted for an increase on thymus weight in lymphoma
positive (231.7 £ 51.91 for a body weight of 27.15 + 4.16) when compared with

lymphoma negative females (107.39 £+ 58.48 for a body weight of 36.07 £+ 9.48),

(Table 29).
Level of N RANK_Thymus W BW
Status Mean Std Dev Mean Std Dev
0 86 107.39 58.48 36.07 9.48
1 56 231.70 51.91 27.15 4.16

Table 29: Rank-transformed thymus weight adjusted to body weight by lymphoma status in females.

Results for the analysis of adjusted thymus weight in both sexes are presented in Table

30.
Thymus weight Source Result
Interaction F (2, 145) =0.32, P=0.723
Males Treatment dose F (3, 145) = 1.54, P=0.208
Lymphoma status F (1, 145) = 241.41, P< 0.0001
Interaction F (2, 134) = 0.46, P=0.631
Females Treatment dose F (3,134) =1.42, P=0.241
Lymphoma status F (1, 134) =50.91, P< 0.0001

Table 30: ANOVA results for adjusted thymus weight.

In summary and as expected, judging by the enlarged thymi seen at necropsy, the

thymi of lymphoma positive mice weighed significantly more than the thymi of mice

134



without thymic lymphoma, in both sexes. ENU was not directly associated with this

difference.

3.3.2.2.2. Spleen
Being an important organ of the lymphoreticular system, as thymus is, and a common

site where thymic lymphomas metastasize, the spleen weight was also recorded at

culling.

3.3.2.2.2.1. Males
In males, the difference in spleen weight at culling between lymphoma positive and

negative mice was associated with “treatment dose”, with an increased spleen weight
being observed across all treated groups when compared with control (Table 31). Both

the “interaction” term and “lymphoma status” were not associated with spleen weight

changes.
Level of N RANK _Spleen_ W BW
Group Mean Std Dev Mean Std Dev
1 28 49.68 26.56 51.39 6.42
2 22 157.34 78.56 34.68 5.37
3 93 168.21 73.07 35.48 5.74
4 10 144.15 88.83 35.87 3.89

Table 31: Rank-transformed spleen weight adjusted to body weight by group in males.

3.3.2.2.2.2. Females
In females, the analysis was done upon log transformed dataset. As with males, the

effect of “treatment dose” was statistically significant and an increase in spleen weight
was seen across all treated groups when compared with control (Table 32). Both the

“interaction” and “lymphoma status” were not significant.
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Level of N Log_Spleen_W BW
Group Mean Std Dev Mean Std Dev
1 29 -0.85 0.30 45.99 7.33
2 13 -0.31 0.43 33.75 6.74
3 85 -0.44 0.33 28.71 5.03
4 14 -0.41 0.37 27.32 3.78

Table 32: Log-transformed spleen weight adjusted to body weight by group in females.

Results for the analysis of adjusted spleen weight in both sexes are presented in Table

33.
Spleen weight Source Result
Interaction F (2, 145) = 1.6, P=0.206
Males Treatment dose F (3, 145) = 7.30, P< 0.0001
Lymphoma status F (1, 145) =0.22, P=0.642
Interaction F (2, 133) =0.93, P=0.396
Females Treatment dose F (3, 133) = 3.24, P=0.024
Lymphoma status F (1, 133) =3.19, P=0.076

Table 33: ANOVA results for adjusted spleen weight.

In summary, in both sexes, despite a splenic metastization rate of nearly 50% (n=96)
found amongst the lymphoma positive mice in this study, the presence of lymphoma

was not associated with the significant increase in spleen weights - ENU was.

3.3.3. Results - haematology data
Although this study was done on a model of lymphoma and not a model of leukaemia,

lymphomas can and do become leukaemic, invading the blood stream and eventually
colonizing organs. Blood parameters were measured to investigate differences

between lymphoma positive and negative in the experimental population.

3.3.3.1. White Blood Cell count Baso (WBCB)
3.3.3.1.1. Males

The interaction between “treatment dose” and “lymphoma status” was not significant,
as it was not “treatment dose”. A statistical significant difference at “lymphoma

status” level was attained - white blood cell mean in lymphoma positive males
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(184.7 + 74.8) was significantly higher than in lymphoma negative males

(120.29 + 60.73), (Table 34).

Level of N RANK_ WBCB
Status Mean Std Dev
0 72 93.12 59.40
1 48 163.40 85.71

Table 34: Rank-transformed white blood cell count by lymphoma status in males.

3.3.3.1.2. Females
There were no statistically significant differences in white blood cells at the

interaction level and the main effect “treatment dose” was not statistically significant.
A statistical significant difference at “lymphoma status” level was attained - white
blood cell mean in lymphoma positive females (163.4 = 85.71) was significantly

higher than in lymphoma negative females (93.12 + 59.4), (Table 35).

Level of N RANK_ WBCB
Status Mean | Std Dev

0 72 93.12 59.40

1 48 163.40 85.71

Table 35: Rank-transformed white blood cell count by lymphoma status in females.

The ANOVA results for the analysis of WBC in both sexes are presented in Table 36.

WBC Source Result
Interaction F (2, 130) =1.74,P=0.179
Males Treatment dose F (3, 130) =1.93,P=0.128
Lymphoma status F (1, 130) = 5.63, P=0.019
Interaction F (2,113) = 0.46, P =0.632
Females Treatment dose F (3, 113) = 1.06, P=10.369
Lymphoma status F (1, 113) = 6.42, P=0.013

Table 36: ANOVA results for WBC count.
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In summary, there was a statistically significant increase in WBC in lymphoma

positive mice, in both sexes, that was associated with the presence of thymic

lymphoma.
3.3.3.2. Absolute neutrophil count
3.3.3.2.1. Males

The interaction between “treatment dose” and “lymphoma status” was not significant,
as it was not the main effect “lymphoma status”. At “treatment dose” level, a

significant increase on neutrophils count was seen in treated mice (Table 37).

Level of N RANK Neutro

Group Mean | Std Dev
1 28 92.05 53.34
2 17 181.76 67.03
3 82 136.85 67.60
4 10 111.80 73.36

Table 37: Rank-transformed absolute neutrophil count by group in males.

3.3.3.2.2. Females

There was no interaction between “treatment dose” and “lymphoma status” on
neutrophil count in females. The main effect “treatment dose” did not attain
statistically significance. The main effect “lymphoma status” was statistically
significant: lymphoma positive (161.56 + 79.67) had an increased neutrophil count

when compared with lymphoma negative (102.65 + 70.64) females (Table 38).

Level of N RANK Neutro
Status Mean | Std Dev

0 72 102.65 70.64

1 48 161.56 79.67

Table 38: Rank-transformed absolute neutrophil count by lymphoma status in females.

The ANOVA results for the analysis of neutrophil count in both sexes are presented in

Table 39.
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Neutrophils Source Result
Interaction F (2, 130) =0.98, P=0.379
Males Treatment dose F (3, 130) = 5.15, P=0.002
Lymphoma status F (1, 130) = 3.84, P=0.052
Interaction F (2, 113) = 0.53, P=0.589
Females Treatment dose F (3.113) = 2.10, P=0.104
Lymphoma status F (1, 133) =5.27, P=0.023

Table 39: ANOVA results for neutrophil count.

Overall, there was a difference in how the neutrophil count varied in lymphoma
positive mice between males and females. In males, the increase in neutrophils seen in
lymphoma positive mice was associated with ENU treatment, whereas in females it

was associated with lymphoma.

3.3.3.3. Absolute lymphocyte count
3.3.3.3.1. Males
The effect of “treatment dose” on absolute lymphocyte count in males did not vary

depending whether a lymphoma has developed or not - the interaction was not
statistically significant. When looking at each main effect, “treatment dose” effect on
absolute lymphocyte count was not significant, whereas “lymphoma status” was
associated with an increase in lymphocyte count: lymphoma positive (184.38 + 72.64)
had a significant increase on lymphocyte count when compared with and lymphoma

negative (122.12 + 61.9) males, (Table 40).

Level of N RANK_Lymph
Status Mean | Std Dev

0 104 122.12 61.90

1 33 184.38 72.64

Table 40: Rank-transformed absolute lymphocyte count by lymphoma status in males.

3.3.3.3.2. Females
The findings seen on absolute lymphocyte count in females were similar to those seen

in males. There were no significant differences at “interaction” and “treatment dose”
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levels, whereas “lymphoma status” was associated with a significant difference
between groups. Absolute lymphocyte count in lymphoma positive females (162.33 +

85.42) was significantly higher than in lymphoma negative females (91.34 + 58.92),

(Table 41).
Level of N RANK_Lymph
Status Mean | Std Dev
0 72 91.34 58.92
1 48 162.33 85.42

Table 41: Rank-transformed absolute lymphocyte count by lymphoma status in females.

The ANOVA results for the analysis of lymphocyte count in both sexes are presented

in Table 42.
Lymphocytes Source Result
Interaction F (2,130) = 1.34, P=0.264
Males Treatment dose F (3, 130) = 1.54, p=0.208
Lymphoma status F (1, 130) =6.10, P=0.015
Interaction F (2,113) = 0.83, P=0.438
Females Treatment dose F (3, 113) = 0.88, P=0.455
Lymphoma status F(1,113)=7.17, P=10.009

Table 42: ANOVA results for lymphocyte count.

In summary, the statistically significant increase in lymphocyte count in lymphoma

positive animals, seen in both sexes, was associated with the presence of thymic

lymphoma.
3.3.3.4. Absolute monocyte count
3.3.34.1. Males

There was no significant interaction between “treatment dose” and “lymphoma status”
on monocyte count in males. Likewise, on its own, “treatment dose” did not have a
significant effect on monocyte count. On the other hand, “lymphoma status” was

associated with a significant difference in monocyte count: lymphoma positive had an
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increased monocyte count (167.92 £+ 79.17) when compared with lymphoma negative

males (126.18 + 66.63), (Table 43).

Level of RANK _Mono
Status N Mean | Std Dev
0 104 126.18 66.63
1 33 167.92 79.17

Table 43: Rank-transformed absolute monocyte count by lymphoma status in males.

3.3.34.2. Females
Levene’s test on untransformed monocyte data was not significant and therefore the

analysis was done on raw data. There were no significant effects of “interaction”,

“treatment dose”, and “lymphoma status”, on monocyte absolute count in females.

Table 44 shows the ANOVA results for the analysis of monocyte count in both sexes.

Monocytes Source Result
Interaction F (2, 130) =0.07, P=0.9351
Males Treatment dose F (3, 130) = 2.6, P=0.055
Lymphoma status F (1, 130) = 7.13, P=0.009
Interaction F(2,6113)=0.3,P=0.744
Females Treatment dose F (3, 113) =0.21, P=0.892
Lymphoma status F (1, 113) = 2.95, P=0.089

Table 44: ANOVA results for monocyte count.

Overall, in females, there was no difference in monocyte count regardless of whether
the animals had developed lymphoma or not. In males, there was a significant increase

in animals with thymic lymphoma.

3.3.3.5. Absolute eosinophil count
3.3.3.5.1. Males

There was no significant interaction between “treatment dose” and “lymphoma status”
on eosinophil count in males. The main effect “lymphoma status” was not statistically

significant. There was a significant effect at the level of “treatment dose”, which
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seemed to be particularly evident in group 3 (117.1 = 80.35) when compared with

control males (160.13 £ 53.38), (Table 45).

Level of N RANK_Eos

Group Mean | Std Dev
1 28 160.13 53.38
2 17 163.94 | 70.68
3 82 117.10 | 80.35
4 10 149.55 88.54

Table 45: Rank-transformed absolute eosinophil count by group in males

3.3.3.5.2. Females
Eosinophil count in treated females was not significantly affected. No significant

effect was found neither at “interaction” level, nor at “treatment dose” level, nor at

“lymphoma status” level.

Table 46 shows the ANOVA results for the analysis of eosinophil count in both sexes.

Eosinophils Source Result
Interaction F (2, 130) = 0.03, P=0.966
Males Treatment dose F (3, 130) = 3, P=0.033
Lymphoma status F(1,130) = 3.11, P=0.08
Interaction F (2, 113) =0.31, P=0.733
Females Treatment dose F (3, 113) =0.28, P=0.839
Lymphoma status F (1, 113) = 2.89, P=0.092

Table 46: ANOVA results for eosinophil count.

In summary, eosinophil count did not seem to be particularly affected by ENU nor
thymic lymphoma, although in the biggest group, group 3, males had an increase in
eosinophil count at culling associated with “treatment dose” when compared with

control males.

3.3.3.6. Absolute Large Unstained Cells count
Large unstained cells are identified by some haematology analysers and they are

generally thought to represent large lymphocytes or monocytes (Robert L. Hall, 2013).
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3.3.3.6.1.

There was no statistically significant interaction between “treatment dose” and

Males

“lymphoma status” on large unstained cells count, but both main effects attained
statistical significance. At “treatment dose” level, data indicates that there was an
increase in LUC in treated males (Table 47). At “lymphoma status” level, a significant
increase in LUC in lymphoma positive was found (193 + 66.57) when compared with

lymphoma negative males (110.94 £+ 59.49), (Table 48).

Level of N RANK LUC Level of N RANK_ LUC
Group Mean | Std Dev Status Mean | Std Dev
1 28 87.18 58.26 0 104 110.94 59.49
2 17 173.29 70.40 1 33 193.00 66.57
3 82 138.06 67.38 Table 48: Rank-transformed absolute LUCs count by
lymphoma status in males.
4 10 119.90 72.16

Table 47: Rank-transformed absolute LUCs count by
group in males.

3.3.3.6.2.
Large unstained cell count in females was not affected neither by an interaction

Females

between “treatment dose” and “lymphoma status”, nor “treatment dose” on its own.
On the other hand, LUC were significantly increased in lymphoma positive (178.78 £

72.65) when compared with lymphoma negative females (92.56 + 60.36), (Table 49).

Level of N RANK _LUC
Status Mean | Std Dev
0 72 92.56 60.36
1 48 | 178.78 72.65

Table 49: Rank-transformed absolute LUCs count by lymphoma status in females.

Table 50 shows the ANOVA results for the analysis of LUC count in both sexes.
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LUC Source Result
Interaction F (2,130) = 0.91, P=0.404
Males Treatment dose F (3, 130) =3.87, P=0.011
Lymphoma status F (1, 130) =11.91, P< 0.001
Interaction F (2,113) = 0.3, P=10.742
Females Treatment dose F(3,113)=1.6,P=0.194
Lymphoma status F (1, 113) =17.52, P< 0.0001

Table 50: ANOVA results for LUC count.

In summary, LUC were elevated in both sexes and the association with the presence

of thymic lymphoma was strong.

3.3.3.7. Absolute basophil count
3.3.3.7.1. Males

There was neither a significant effect at “interaction” between “treatment dose” and
“lymphoma status” nor at “treatment dose” on its own. On the other hand, the
presence of lymphoma was associated with increased basophil count in lymphoma
positive (198.8 £ 57.79), when compared with lymphoma negative (104.11 + 53.81)

males (Table 51), as expressed by the significance attained at “lymphoma status”

level.
Level of N RANK Baso
Status Mean | Std Dev
0 104 104.11 53.81
1 33 198.80 57.79

Table 51: Rank-transformed absolute basophil count by lymphoma status in males.

3.3.3.7.2. Females

As with males, in females, only “lymphoma status” effect was statistically significant,
with lymphoma positive basophil count (189.09 + 62.1) increased in comparison with
lymphoma negative count (92.90 + 55.84), (Table 52). At “interaction” level and
“treatment dose” level, no statistically significant differences between lymphoma

positive and negative females were found.
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Level of RANK Baso
Status N Mean | Std Dev
0 72 92.90 55.84
1 48 189.09 62.10

Table 52: Rank-transformed absolute basophil count by lymphoma status in females.

The ANOVA results for the analysis of basophil count in both sexes are presented in

Table 53.
Basophils Source Result
Interaction F (2, 130) =0.29, P=0.752
Males Treatment dose F (3, 130) = 0.54, P=0.656
Lymphoma status F (1, 130) = 32.91, P< 0.0001
Interaction F (2, 113) = 0.15, P=0.857
Females Treatment dose F (3, 113) = 1.09, P=0.357
Lymphoma status F (1, 113) = 24.04, P< 0.0001

Table 53: ANOVA results for basophil count.

In summary, basophil count was increased in both sexes in association with thymic

lymphoma.
3.3.3.8. Red Blood Cell count (RBC)
3.3.3.8.1. Males

Each main effect on their own was statistically significant, but the effect that each of
them had on red blood cell count in males did not depend on the other. Looking at
“treatment dose” level, data indicates that ENU had a strong and significant impact on
decreasing RBC (Table 54). At “lymphoma status”, red blood cell count was
significantly increased in lymphoma positive (128.68 + 69.96) when compared with

lymphoma negative males (123.39 £ 74.56), (Table 55).
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Level of N RANK_RBC Level of N RANK_RBC
Group Mean | Std Dev Status Mean | Std Dev
1 28 203.45 33.52 0 104 123.39 74.56
2 17 128.65 72.73 1 33 128.68 69.96
3 82 99.09 66.00 Table 55: Rank-transformed absolute red blood cell
count by lymphoma status in males.
4 10 107.10 58.94

Table 54: Rank-transformed absolute red blood cell
count by group in males

3.3.3.8.2.

The interaction term was statically significant, suggesting that the difference in red

Females

blood cell count between the groups depended on lymphoma status. When comparing
treated females with control females, red blood cell count means were significantly
lower in all treated groups. For a RBC count of 203.45 + 33.52 in control, the RBC

counts in treated females were:

a) In lymphoma negative females, group 2 (138.25 + 77.56, P= 0.027), group
3(87.11 + 60.05, P< 0.0001) and group 4 (139.6 + 68.4, P= 0.0168);
b) In lymphoma positive females, group 2 (106.93 + 49.25), group 3 (127.92

+ 68.91) and group 4 (100.16 £ 99.76), with P< 0.0001 in all cases.

When comparing lymphoma positive with lymphoma negative females within each
treatment group, RBC count in group 3 (N= 64) was significantly lower in lymphoma
negative (87.11 = 60.05) compared to lymphoma positive (127.92 +68.91), P=0.007.
In groups 2 (N=11) and 4 (N=14), no significant difference was found; P= 0.412 and

0.246 respectively. The results are presented in Table 56.
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Level of | Level of N RANK_RBC
Group status Mean | Std Dev

1 0 29 210.93 25.89

4 138.25 77.56

7 106.93 | 49.25

34 87.12 60.05

32 127.92 68.91

AlwlwIN|IDN
O|lrRr|[O|r]|O

5 139.60 | 68.39

4 1 9 100.17 99.76

Table 56: Rank-transformed absolute red blood cell count by group and lymphoma status in females.

The ANOVA results for the analysis of RBC count in both sexes are presented in

Table 57.
RBC Source Result
Interaction F (2, 130) =0.87, P=0.42
Males Treatment dose F (3, 130) = 21.39, P< 0.0001
Lymphoma status F (1, 130) = 7.35, P=0.008
Interaction F (2,113) = 3.42, P=0.036
Females Treatment dose -
Lymphoma status -

Table 57: ANOVA results for RBC count.

In summary, in males, RBC count was increased in lymphoma positive when
compared with lymphoma negative and that was associated with the presence of
lymphoma, even though ENU was strongly associated with a significant decrease in
RBC. In females, treated animals had a significantly lower RBC count when
compared to control animals, but lymphoma positive animals in group 3, the most

numerous group, had significantly higher RBC count than lymphoma negative.

3.3.3.9. Haemoglobin Concentration (HGB)
3.3.3.9.1. Males

Following the trend seen for red blood cells, the interaction term was not statistically
significant, but both main effects were. At “treatment dose” level, an overall decrease

in haemoglobin in treated males when compared with control males was found (Table
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58). At “lymphoma status”, there was a significant increase in HGB in lymphoma
positive (127.17 + 64.86) when compared with lymphoma negative males (118.47 +

71.34), (Table 59).

Level of N RANK_HGB Level of N RANK_HGB
Group Mean | Std Dev Status Mean | Std Dev
1 28 193.59 32.20 0 104 118.47 71.34
2 17 | 121.18 | 65.67 1 33 127.17 | 64.86
3 82 97.25 63.99 Table 59: Rank-transformed haemoglobin
concentration by lymphoma status in males
4 10 106.25 63.30
Table 58: Rank-transformed haemoglobin

concentration by group in males.

3.3.3.9.2.
Similar to what was seen for RBC, the interaction term was statistically significant.

Females

When comparing haemoglobin levels in control females (211.14 + 30.62) with treated

females:

a) That did not develop lymphoma, it was significantly lower in groups 2
(136.25 + 77.76, P= 0.034) and 3 (92.74 + 64.8, P< 0.0001), but not in
group 4 (172.1 £ 82.03, P= 0.221);

b) That developed lymphoma, there was a significant reduction in all groups;
116.46 = 67.29, P= 0.0008 in group 2, 132.22 + 72.07, P< 0.0001 in group

3, and 100.89 + 104.54, P< 0.0001 in group 4.

When looking at the difference in haemoglobin concentration between lymphoma
positive and lymphoma negative females within each treatment group, there was, in
line with what was reported above for RBC, a significant difference in group 3 (P=
0.016): lymphoma positive had higher levels of HGB (132.22 + 72.07) than

lymphoma negative (92.74 + 64.8). The results are presented in Table 60.
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Level of | Level of N RANK_HGB
Group status Mean | Std Dev

1 0 29 211.14 | 30.62

4 136.25 77.76

7 116.43 67.29

34 92.74 64.80

32 132.22 72.07

AlwlwIN|IDN
O|lrRr|[O|r]|O

5 172.10 | 82.03

4 1 9 100.89 | 104.54

Table 60: Rank-transformed haemoglobin concentration by group and lymphoma status in females.

Table 61 shows the ANOVA results for the analysis of HGB concentration in both

Sexes.
HGB Source Result
Interaction F (2, 130) =1.4,P=0.251
Males Treatment dose F (3, 130) = 21.35, P< 0.0001
Lymphoma status F (1, 130) = 10.17, P=0.002
Interaction F (2, 113) =4.28, P=0.016
Females Treatment dose -
Lymphoma status -

Table 61: ANOVA results for HGB concentration.

In summary, data suggest that ENU accounted for a reduction in HGB, most likely to
be linked to the reduction observed in RBC, and that lymphoma was associated with

higher HGB concentration in all males and most of the females.

3.3.3.10. Haematocrit (HCT)
3.3.3.10.1. Males

The interaction between “treatment dose” and “lymphoma status” was not significant
in determining the effect on haematocrit in males. On the other hand, a statistical
significance was attained at both main effects on their own. “Treatment dose” had an
effect of reducing the haematocrit in treated males when compared with control males

(Table 62). “Lymphoma status”, translated as a higher haematocrit in lymphoma
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positive (129.21 + 68.86), when compared with lymphoma negative (120.86 + 72.60)

males (Table 63).

Level of N RANK_HCT Level of N RANK_HCT
Group Mean | Std Dev Status Mean | Std Dev
1 28 19154 | 35.19 0 104 120.86 | 72.60
2 17 124.24 | 71.97 1 33 129.21 | 68.86
3 82 100.26 67.56 Table 63: Rank-transformed haematocrit by
4 10 113.75 62.87 lymphoma status in males.

Table 62: Rank-transformed haematocrit by
group in males.

3.3.3.10.2.
A significant interaction between both main effects was found: the effect of

Females

“lymphoma status” on haematocrit in females varied depending on “treatment dose”.
When comparing the haematocrit of lymphoma negative females from each treated
group with control females (200.6 + 29.78), there was a significant decrease in group
3 (94.19 + 64.65, P< 0.0001), with no other group being affected. When comparing
the haematocrit of lymphoma positive females with control females, a significant
decrease was present in all treated groups: group 2 (116.86 + 73.86, P= 0.004), group
3 (129.88 = 75.51, P< 0.0001) and group 4 (105.56 + 105.38, P< 0.01). When
comparing HTC between lymphoma negative and lymphoma positive females within
each treatment group, group 3 lymphoma positive females had a higher haematocrit
(129.88 £ 75.51) than their lymphoma negative counterparts (94.19 + 64.65). This
finding is consistent with what was found for other red blood cell-related variables

described above. Results shown in Table 64.
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Level of | Level of N RANK_HCT

Group status Mean | Std Dev
1 0 29 200.60 29.78
2 0 4 135.25 85.49
2 1 7 116.86 73.86
3 0 34 94.19 64.65
3 1 32 129.88 75.51
4 0 5 166.90 78.29
4 1 9 105.56 | 105.38

Table 64: Rank-transformed haematocrit by group and lymphoma status in females.

Table 65 shows the ANOVA results for the analysis of HTC in both sexes.

HTC Source Result
Interaction F (2, 130) = 1.67, P=0.193
Males Treatment dose F (3, 130) =17.47, P< 0.0001
Lymphoma status F (1, 130) = 9.22, P=0.003
Interaction F (2, 113) = 3.19, P=0.045
Females Treatment dose -
Lymphoma status -

Table 65: ANOVA result for HTC.

In summary, similarly to what was seen for RBC and HGB, HTC was lower and

associated with treatment but higher in lymphoma positive than in lymphoma negative

mice.

3.3.3.11.

3.3.3.11.1.

Mean Cell Volume (MCV)
Males

The interaction term was not significant in treated males. No significant differences

were found at “lymphoma status” level either. On the other hand, a significant

difference was found at “treatment dose” level, in which the MCV in treated males

was generally higher than in control males (Table 66).
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Level of N RANK_MCV

Group Mean | Std Dev
1 28 49.98 38.29
2 17 116.82 | 81.16
3 82 152.99 | 67.97
4 10 160.45 | 57.80

Table 66: Rank-transformed mean cell volume by group in males.

3.3.3.11.2. Females
Similarly to was what found in males, no statistical significance was attained at

neither “interaction” level nor “lymphoma status”. On the other hand, “treatment

dose” had a significant effect on increasing MCV (Table 67).

Level of N RANK_MCV

Group Mean | Std Dev
1 29 51.59 32.63
2 11 134.68 | 35.88
3 66 154.83 | 67.29
4 14 172,93 | 61.00

Table 67: Rank-transformed mean cell volume by group in females.

The ANOVA results for the analysis of MCV in both sexes are show in Table 68.

MCV Source Result
Interaction F (2,130) = 0.28, P=0.757
Males Treatment dose F (3, 130) = 17.37, P< 0.0001
Lymphoma status F (1, 130) = 2.92, P=0.089
Interaction F (2, 113) =1.75,P=0.179
Females Treatment dose F (3, 113) = 18.23, P< 0.0001
Lymphoma status level F (1,113) = 0.18, P=0.671

Table 68: ANOVA results for MCV.

In summary, ENU was associated with significant increase in RBC size in both sexes.

3.3.3.12. Mean Cell Haemoglobin Concentration (MCHC)
3.3.3.12.1. Males

A significant interaction between “treatment dose” and “lymphoma status” was not

found, but each main effect on their own had a significant impact on mean cell
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haemoglobin concentration in males. At “treatment dose”, lower MCHC values were
seen across all groups when compared with control (Table 69). At “lymphoma status”
level, lymphoma positive males had a significantly higher MCHC (132.98 + 62.25)

than lymphoma negative (112.03 £ 68.2), (Table 70).

Level of N RANK_MCHC Level of N RANK_MCHC
Group Mean | Std Dev Status Mean | Std Dev
1 28 184.64 40.85 0 104 112.03 68.20
2 17 117.00 62.55 1 33 132.98 62.25
3 82 96.89 60.83 Table 70: Rank-transformed mean cell haemoglobin
concentration by lymphoma status in males.
4 10 93.55 66.60

Table 69: Rank-transformed mean cell haemoglobin
concentration by group in males.

3.3.3.12.2. Females

The effect of “lymphoma status” on MCHC was dependent of “treatment dose”, as
shown by statistical significance attained at “interaction” level. When comparing the
MCHC between lymphoma negative females and control females (215.9 + 34.7), there
was a decrease across all treated groups: group 2 (134.25 + 58.91, P=0.019), group 3
(90.54 £ 66.23, P< 0.0001) and group 4 (150.40 + 82.55, P=0.037). When comparing
lymphoma positive females, a similar conclusion was reached: group 2 (119.79 +
74.85, P< 0.001), group 3 (154.17 £ 72.77, P< 0.001) and group 4 (79.22 + 80.41, P<

0.0001).

Within each treatment group, when looking at differences between lymphoma positive
and negative females, lymphoma positive in group 3 (154.17 = 72.77, P< 0.0001) had
significantly higher MCHC than their lymphoma negative counterparts (90.54 +
66.23). This finding was consistent with findings previously reported for other red
blood cell-related parameters. Although not as strong as in group 3, a significant
difference was also seen in group 4, with lymphoma positive females (79.22 + 80.41,
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P= 0.049) having lower MCHC than their lymphoma negative counterparts (150.4 +

82.55). Results of MCHC by group and lymphoma status show in Table 71.

Level of | Level of N RANK_MCHC

Group status Mean | Std Dev
1 0 29 215.90 34.70
2 0 4 134.25 58.91
2 1 7 119.79 74.85
3 0 34 90.54 66.23
3 1 32 154.17 72.77
4 0 5 150.40 82.55
4 1 9 79.22 80.41

Table 71: Rank-transformed mean cell haemoglobin concentration by group and lymphoma status in females.

Results for the ANOVA in both sexes can be seen in Table 72.

MCHC Source Result
Interaction F (2, 130) = 0.55, P=0.577
Males Treatment dose F (3, 130) = 20.12, P< 0.0001
Lymphoma status F (1, 130) = 12.75, P< 0.001
Interaction F (2, 113) =6.79, P=0.002
Females Treatment dose -
Lymphoma status -

Table 72: ANOVA results for MCHC.

As expected, MCHC has followed the same pattern as other RBC-related variables: an
overall decrease associated with ENU but higher levels in lymphoma positive than in

lymphoma negative animals.

3.3.3.13. Platelet count
3.3.3.13.1. Males

No statistical significance was attained at “interaction”, although both “main effects”
own their own had a significant impact on platelet count in treated males. At
“treatment dose” level, a general reduction in platelet count was observed across all

groups when compared with control (Table 73). At “lymphoma status” level,
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lymphoma positive had a significant lower platelet

lymphoma negative males (168.27 + 60.51), (Table 74).

count (82.14 £ 79.68) than

Level of N RANK_PLT Level of N RANK_ PLT
Group Mean | Std Dev Status Mean | Std Dev
1 28 196.57 39.00 0 104 | 168.27 60.51
2 17 115.59 85.20 1 33 82.14 79.68
3 82 137.86 75.58 Table 74: Rank-transformed platelet count by
lymphoma status in males.
4 10 143.75 77.25
Table 73: Rank-transformed platelet count by group in
males.
3.3.3.13.2. Females

For platelet count in females, analysis was performed upon the untransformed dataset

(Levene’s test not significant, P=0.014). The interaction term was not significant, and

also at “treatment dose” no significance was found. Lymphoma seemed to have

played a role on platelet count, expressed by the statistical significance attained at

“lymphoma status”: lymphoma positive had a significant decrease in platelet count

(479.81 + 310.91) when compared with lymphoma negative females (938.61 +

331.92), (Table 75).

Level of N PLT

Status Mean | Std Dev
0 72 938.61 | 331.92
1 48 479.81 | 310.91

Table 75: Platelet count by lymphoma status in females.

ANOVA results for platelet count in both sexes can be seen in Table 76.
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Platelets Source Result
Interaction F (2, 130) = 1.45, P=10.239
Males Treatment dose F (3, 130) = 3.71, P=0.013
Lymphoma status F (1, 130) = 9.45, P=0.003
Interaction F (2, 113) =0.38, P=0.684
Females Treatment dose F (3, 130) =0.93, P=0.431
Lymphoma status F (1, 113) = 21.40, P< 0.0001

Table 76: ANOVA results for platelet count.

In summary, there was a difference in sexes: in males both ENU and lymphoma were
associated with a reduction in platelet count, whereas in females the association was

only with lymphoma.
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3.4. Flow cytometry
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3.4.1. Thymus
Thymic lymphocytes from control and ENU-treated mice were stained with antibody

conjugates to identify the expression of surface markers CD4, CD8, CD44 and CD25.
The Median Fluorescence Intensity (MFI) of each cell was captured at APC-Cy7 and
FITC channels for the characterisation of CD8 and CD4 T-cells, respectively.
Immature double negative cells were characterised by MFI captured at PE and PE-
CF594 channels. This has revealed the traits of each population of mature and
immature T-lymphocytes in normal F2 (C57BL/6 x A/J) intercross and served as
baseline to study the phenotype of thymic lymphomas. Size of each T-lymphocyte

population in thymic lymphomas was also compared with their normal counterparts.

The characterisation of thymic lymphomas by flow cytometry had the potential of
assessing if there was any specific stage in lymphocyte development at which
differentiation was arrested and cells started replicating in a non-controlled fashion, as
it is characteristic of neoplasms, therefore establishing the stage at which thymic

lymphomas occur.

34.1.1. Controls
Cell suspensions obtained from the thymi of 21 control mice were individually

analysed and provided the baseline to characterise thymic lymphoma profiles.
Inclusion criteria were established in selecting the samples to include in the final
analysis: must have had 70% or more live cells on CD45/Sytox blue gate and least
100000 cells on SSC singlets gate. An unstained control sample to show the intrinsic
fluorescence of the cells under analysis was always included on each run (Table 119,

Appendix 2 - Tables and figures).
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34.1.1.1. Percentage of lymphocyte populations
The results obtained from the flow cytometry analysis of thymi from control mice

were largely consistent throughout the study. In the thymi of control F2 intercross,
11.62+2.32% of the lymphocytes were CD4 single positive, 2.89+0.52% were CD8
single positive, 80.66+2.28% were double positive and 5.23+0.83% were double
negative (Figure 23A), similar to data published by (Wang et al., 2012b) for BALB/c
mice. Within the CD8CD4 double negative (DN) population, 53.77+14.84% were
DN1, 0.88+0.2% were DN2, 21.69+7.33% were DN3 and 23.65+8.26% were DN4

(Figure 23B).
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Figure 23: A) Thymic lymphocytes from control mice according to CD4 and CD8 expression, measured by
fluorescence captured in APC-C7t and FITC channels. B) Further characterisation of CD8-CD4- population from
A, according to CD25 and CD44 expression measured by fluorescence captured in PE-CF594 and PE channels,
revealing their stage of development in the double negative differentiation process.

3.4.1.1.2. Analysis of cellular size
The analysis of size, measured using Mean FSC has revealed a value of 80634+3732

for CD4 lymphocytes, 87901+4045 for CD8, 71917+2843 for DP and 94822+4322 for
DN. Within the DN population, a value of 90078+3938 was found for DN,

120923+7620 for DN2, 101963+4638 for DN3 and 98339+6366 for DN4.
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3.4.1.1.3. Median Fluorescence Intensity reference intervals
The analysis of MFI of control thymi, as explained previously (section 2.9.7, page 98)

revealed the range of fluorescence that characterises as positive and negative each

type of thymic lymphocyte, as seen in Table 77.

Antibody conjugate MFI Reference interval
CD4+ | Median (Comp-FITC-A) [3521 -11137]
CD4+- | Median (Comp-FITC-A) [279.72 - 3521]
CD8+ | Median (Comp-APC-Cy7-A) [1374 - 4070]
CD8+- | Median (Comp-APC-Cy7-A) [142.23 - 1374]
CD8+CD4+ | Median (Comp-APC-Cy7-A) [1302 - 3438]
CD8+CD4+ | Median (Comp-FITC-A) [3556.2 - 7133.8]
CD8+CD4+- | Median (Comp-APC-Cy7-A) [1302 - 3438]
CD8+CD4+- | Median (Comp-FITC-A) [279.72 - 3556.2]
CD8+-CD4+ | Median (Comp-APC-Cy7-A) [142.23 - 1302]
CD8+-CD4+ | Median (Comp-FITC-A) [3556.2 - 7133.8]
CD8+-CD4+- | Median (Comp-APC-Cy7-A) [142.23 - 1302]
CD8+-CD4+ -| Median (Comp-FITC-A) [279.72 - 3556.2]
CD8-CD4- | Median (Comp-APC-Cy7-A) [29.19 - 142.23]
CD8-CD4- | Median (Comp-FITC-A) [72.08 - 279.72]
DN1 | Median (Comp-PE-CF594-A) [4370 - 32322]
DN2 | Median (Comp-PE-A) [2816 - 7656]
DN2 | Median (Comp-PE-CF594-A) [6208 - 21572]
DN3 | Median (Comp-PE-A) [2529.2 - 6436.8]
DN4 | Median (Comp-PE-A) [(-230.75) - (-21.55)]
DN4 | Median (Comp-PE-CF594-A) [237.64 - 556.16]

Table 77: FC of control thymus, MFI reference intervals for each antibody conjugate.

In the same table, the intermediate phenotypes, symbolized by +-, were not present in
controls but the classic characterisation of cells as “positive” and “negative” was far
from sufficient to label the range of fluorescence found in neoplastic cells. A solution
was attempted by creating reference intervals to accommodate intermediate expressers
of CD4 FITC and CD8 APC-Cy7. For example, CD4 positive (+) lymphocytes have
MFIs between 3521 and 11137, while CD4 negative (-), represented by the emission

of FITC in DN gate, have MFIs between 72.08 and 279.2, which makes any CD4
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FITC intermediate expressers emit between 279.2 and 3521. Characterising such
diversity in immunophenotypes was complex and reference intervals were used as

guides to keep consistency throughout the process.

34.1.14. Unstained control samples
Unstained thymi samples (n= 7) from control mice were run with the intent of

showing the intrinsic fluorescence of cells and help with the characterisation of true
negative cells. A summary of data obtained from unstained samples can be seen in

Appendix 2 - Tables and figures, Table 119.

3.4.1.2. Treated
47 thymi from ENU-treated mice have fulfilled the inclusion criteria of having at least

70% of live leucocytes and at least 100000 cells on the SSC gate, of which 40 had a

histological diagnosis of thymic lymphoma.

3.4.1.2.1. Analysis of cellular size

A t-Test with Welch’s correction analysis of Mean FSC allowed to compare size of
thymic lymphoma cells with thymic lymphocytes from control mice. Statistical
significance was attained (P<0.05) in some lymphocyte populations (Table 78). CD4
single positive and CD4CD8 double positive thymic lymphocytes in lymphoma
positive mice were significantly larger than in control, P< 0.001 and 0.003,
respectively. On the other hand, double negative lymphocytes in treated mice were
smaller than those in control mice, P= 0.03. No significant difference was found for

CD8 single positive lymphocytes.
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Treated CD4+

Treated CD8+

Treated CD8+CD4+

Treated CD8-CD4-

VS. VS. VS. VS.
Control CD4+ Control CD8+ | Control CD8+CD4+ | Control CD8-CDA4-
P value 0.0001 0.0885 0.0025 0.0279
Significantly different Yes No Yes Yes

Mean+SEM of control

80634+814.4, n=21

87901+882.7, n=21

71917+620.4, n=21

94822+943, n=21

Mean+SEM of treated

88595+1720, n=39

93785+3041, n=11

97333+6534, n=12

89966+1933, n=41

Table 78: FC of thymus, size comparison of lymphocytes (based on expression of CD4 and CD8 markers) between
control and treated mice.

As for double negative populations, presented in Table 79, DN2 were significantly

larger in treated mice, P< 0.001 whereas DN4 were significantly smaller in treated

mice, P=0.004.
Treated DN1 Treated DN2 Treated DN3 Treated DN4
VS. VS. VS. VS.
Control DN1 Control DN2 Control DN3 Control DN4
P value 0.3695 <0.0001 0.3433 0.0047
Significantly different No Yes No Yes
Mean+SEM of control | 90078+859.3, n=21{120923+1663, n=21| 101963+1012, n=21 | 98339+1389, n=21
Mean+SEM of treated | 88406+1627, n=25 [104116+3020, n=25| 97672+4323, n=23 | 83457+4645, n=25

Table 79: FC of thymus, size comparison of DN lymphocytes between control and treated mice

3.4.1.2.2.
Unstained thymi samples (n= 51) from ENU-treated mice were run in parallel with

Unstained control samples

stained samples with the intent of showing the intrinsic fluorescence of cells and help
with the characterisation of true negative cells. A summary of data obtained from

unstained samples can be seen in Appendix 2 - Tables and figures, Table 120.

3.4.1.2.3.
According to the analysis,

Thymic lymphoma immunophenotypes
ENU-induced thymic lymphomas have a varied

immunophenotype and intermediate expression of the main markers was very

common. Results from all 40 thymi presented here had a histological confirmation of
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thymic lymphoma. More than half of all tumours were of cells that had some degree
of expression of both CD8 and CD4 markers followed by tumours of CD8 cells,
followed by tumours of mixed cells, followed by CD4 cell tumours, with tumours of
DN cells being the least frequent. Within the most common phenotype group of
CD8CD4 cells, cells with intermediate expression of both CD8 and CD4 markers

(CD8+-CD4+-) were the most common. Table 80 shows the distribution of all

phenotypes.
!mmunophenotype Frequency| Main group total
Main group| Subgroup
CD8+CD4+ 6
CD8+-CD4+ 6
0,
CD8CD4 CDB+CDA~- 3 23 (57.5%)
CD8+-CD4+- 8
CD4 CD4+ 2 3 (7.5%)
CD4+- 1
CD8+ 2
0,
CD8 CD8+- 5 8 (20%)
DN1 1
DN2 1
0,
DN DN3 0 2 (5%)
DN4 0
Mixed Varied 4 4 (10%)

Table 80: Frequency of thymic lymphomas immunophenotypes.

Attributing a definitive label to each tumour was challenging given their variety and
intermediate fluorescence expression, and it is arguable whether the classification
used here is adequate. Tumours were grouped according to their major phenotypic
traits for the purpose of objective data analysis and to allow for unbiased conclusions
to be drawn. The reader may disagree with classification applied here but since the
MFI of each cell type is given, they are provided with the necessary information to

apply their own approach in classifying these neoplasms.
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Examples of flow cytometry plots for each group of thymic lymphomas are presented

next, followed by a table with the cellular populations, their frequencies, MFIs and

data from control unstained samples run alongside for each tumour.

3.4.1.2.3.1.

Lymphomas of predominantly CD8+CD4+ cells

Lymphomas characterised by a predominance of cells with clear positive fluorescence

on CD8APC-Cy7 and CD4FITC channels were amongst the most frequent (17.5% of

all tumours). Figure 24 shows the flow cytometry profile of CD8+CD4+ lymphomas.

Even though they were grouped under the same category, it is clear how varied they

were, not allowing in most cases the use of a simple automated 4 quadrant gating

approach but requiring instead the manual identification of each cell type.
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Figure 24: Flow cytometry profile of different CD8+CD4+ thymic lymphomas.
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In some cases it was still possible to see the 4 classic types of thymic lymphocytes,
SP, DN, SPCD8 and SPCD4, such as in mice 2.1s and 26.1e, but in most cases there
was a departure from the classic classification, with the presence of cells with
intermediate expression of both CD8 and CD4 markers. For the purpose of ilustrating
the diversity of phenotypes, the information about the median fluoresce intensity of
each cell population captured at APC-Cy-7 and FITC channels for each cell type and

the unstained control run alongside are presented seperately in Table 81.

CD8+CD4+
Mouse 36.1h % |[Mouse 16.1a % |Mouse 26.1e %
CD4+: APC-Cy7:19.3 0.56 CD4+: APC-Cy7:5.13 0.32 CD4+: APC-Cy7: 179 191
CD4+: FITC: 4882 CD4+: FITC: 6531 CD4+: FITC: 8171
CD4+-: APC-Cy7: 170 6.43 CDA4+-: APC-Cy7: 190 121 CD8+: APC-Cy7: 3327 6.13
CD4+-: FITC: 1119 CD4+-: FITC: 1020 CD8+: FITC: 528
CD8+CD4+: APC-Cy7: 1642 91.8 CD8+CD4+: APC-Cy7: 3151 85.5 CD8+CD4+: APC-Cy7: 2575 69.7
CD8+CD4+: FITC: 5580 CD8+CD4+: FITC: 3448 CD8+CD4+: FITC: 8755
CD8-CD4-: APC-Cy7:-1.28 0.38 CD8-CD4-: APC-Cy7:11.6 0.91 CD8-CD4-: APC-Cy7: 226 5.03
CD8-CD4-: FITC: 105 CD8-CD4-: FITC: -25.7 CD8-CD4-: FITC: 583
Unstained control % |Unstained control % |Unstained control %
CD8-CD4-: APC-Cy7: -5.13 97.4 CD8-CD4-: APC-Cy7:-1.28 974 CD8-CD4-: APC-Cy7: -4.50 98.6
CD8-CD4-: FITC: 521 CD8-CD4-: FITC: 473 CD8-CD4-: FITC: 244
Mouse 2.1s % |Mouse 32.2a % |Mouse 5.2¢ %
CD4+: APC-Cy-7:138 0.59 CD4+: APC-Cy7: 45.5 0.35
CD4+: FITC: 7957 CD4+: FITC: 6896
CD8+: APC-Cy-7: 1012 0.36 CD8+-CD4+-: APC-Cy7: 298 173
CD8+: FITC: 221 CD8+-CD4+-: FITC: 868
CD8+CD4+: APC-Cy-7: 1979 98.5 CD8+CD4+: APC-Cy7: 1805 95.3 CD8+CD4+-: APC-Cy7: 1526 6.95
CD8+CD4+: FITC: 14416 CD8+CD4+: FITC: 3649 CD8+CD4+-: FITC: 774
CD8-CD4-: APC-Cy-7:87.4 0.54 CD8-CD4-: APC-Cy7:39.9 12 CD8+CD4+: APC-Cy7: 1630 92.2
CD8-CD4-: FITC: 234 CD8-CD4-: FITC: -18.0 CD8+CD4+: FITC: 6881
Unstained control % |Unstained control % |Unstained control %
CD8-CD4-: APC-Cy7: -5.13 98.8 CD8-CD4-: APC-Cy7: -4.64 96.9 CD8-CD4-: APC-Cy7: -2.57 97.7
CD8-CD4-: FITC: 265 CD8-CD4-: FITC: 337 CD8-CD4-: FITC: 351

Table 81: Immunophenotype of all thymic lymphomas of CD8+CD4+ lymphocytes shown in Figure 24. The MFI of
each cell type captured at APC-Cy7 and FITC channels is presented as well as the percentage of each cell type.
For each thymus, the MFI of unstained control sample run at each experiment is also given.

3.4.1.2.3.2. Lymphomas of predominantly CD8+CD4+- cells
Within the CD8CD4 group, CD8+CD4+- was the least common phenotype, with 3

cases, but nevertheless each one was unique. In mouse 9.10 there is still a resemblance
to the classic distribution in 4 quadrants, whereas in mice 7.1q and 4.2j, the cells with

a CD8+CD4+- phenotype had colonized more than 90% of the thymi (Figure 25). In
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mouse 4.2j, there was a second population with higher expression of CD8 but no

distinction between “positive” and “highly positive” CD8 was made here. There was

also slightly higher expression of CD4 but not enough to classify it as CD4+. The

cells were, therefore, grouped in a single CD8+CD4+- cluster.

Mouse 9.10

. ] cDs+cD4+-
1073 352

Comp-APC-Cy7-A :: CD8

L Bt
10 0 107

Comp-FITC-A :: CD4

CD8+CD4+
60.3

Mouse 7.1q

CD8+CD4+-
922

Comp-APC-Cy7-A :: CD8

3 CD8-CD4 4.59
w034 070

Comp-FITC-A :: CD4

Mouse 4.2j

CD8+CDA4 +-
Lo 77

Comp-APC-Cy7-A :: CD8

Comp-FITC-A :: CD4

Figure 25: Flow cytometry profile of different CD8+CD4+- thymic lymphomas.

Detailed information on the MFI of each cell type composing the CD8+CD4+-

tumours presented above, as well as on unstained control samples run alongside each

analysis is provided in Table 82.

CD8+CD4+-
Mouse 9.10 % |Mouse 7.1q Mouse 4.2j %
CD4+: APC-Cy7: 98.4 1.15
CD4+: FITC: 7579
CD8+CD4+-: APC-Cy7: 1459 35.2 CD4+-: APC-Cy7: 211 459
CD8+CD4+-: FITC: 1235 CD4+-: FITC: 748
CD8+CD4+: APC-Cy7: 2413 60.3 CD8+CD4+-: APC-Cy7: 1964 9.2

CD8+CD4+: FITC: 6762

CD8+CD4+-: FITC: 2173

CD8-CD4-: APC-Cy7: 135

CD8-CD4-: APC-Cy7:23.1

CD8+CD4+-: APC-Cy7: 2558

CD8-CD4-: FITC: 294 3.37 CD8-CD4-: FITC: 12.8 0.7 CD8+CD4+-: FITC: 1421 o7
Unstained control % |Unstained control % |Unstained control %
CD8-CD4-: APC-Cy7: -6.30 972 CD8-CD4-: APC-Cy7: -8.98 99.2 CD8-CD4-: APC-Cy7: -5.13 96.9

CD8-CD4-: FITC: 252

CD8-CD4-: FITC: 266

CD8-CD4-: FITC: 242

Table 82: Immunophenotype of thymic lymphomas of CD8+CD4+- lymphocytes illustrated in Figure 25 showing
the MFI of each cell type captured at APC-Cy7 and FITC channels and the percentage of each cell type. For each
thymus, the MFI of unstained control sample run at each experiment is also given.
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3.4.1.2.3.3.

Lymphomas of predominantly CD8+-CD4+ cells

Of all CD8CD4 phenotypes, six had an intermediate expression of CD8APC-Cy-7 and

a positive expression of CD4FITC. In mouse 22.2h, this type of cells has colonized

almost 100% of thymic lymphocyte population. In several mice, the presence of a

CD4+- population was also evident (Figure 26).
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Figure 26: Flow cytometry profile of different CD8+-CD4+ thymic lymphomas.

Detailed information on the MFI of each cell type composing the CD8+-CD4+

tumours presented above, as well as on unstained control samples run alongside each

analysis is provided in Table 83.
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CD8+-CD4+
Mouse 3.2f % |Mouse 4.2r % |Mouse 22.2h %
CD8+-CD4+: APC-Cy7: 320 CD8+-CD4+: APC-Cy7: 295

CD8+-CD4+: FITC: 6866 70.3 CD8+-CD4+: FITC: 6390 81.2

CD4+-: APC-Cy7: 102 15.6 CD4+-: APC-Cy7:93.9 135

CD4+-: FITC: 1082 CD4+-: FITC: 1010

CD8-CD4-: APC-Cy7:47.5 131 CD8-CD4-: APC-Cy7:18.5 4.49 CD8+-CD4+: APC-CY7: 1010 | 99.5
CD8-CD4-: FITC: -116 CD8-CD4-: FITC: -77.1 CD8+-CD4+: FITC: 4254

Unstained control % |Unstained control % |Unstained control %
CD8-CD4-: APC-Cy7:-3.85 97 CD8-CD4-: APC-Cy7:-2.50 973 CDB8-CD4-: APC-Cy7:-7.70 98.8
CDB8-CD4-: FITC: 522 CD8-CD4-: FITC: 371 CD8-CD4-: FITC: 250

Mouse 8.1m % |Mouse 9.1p % |Mouse 16.1g %
CD4+: APC-Cy7:-72.8 0.69 CD8+-CD4+: APC-Cy7: 267 85.5 CD8+: APC-Cy7: 1758 0.85
CD4+: FITC: 6213 CD8+-CD4+: FITC: 6281 CD8+: FITC: -80.9

CD4+-: APC-Cy7: 81.6 16.2 CD4+-: APC-Cy7:31.5 915 CD8+-CD4+: APC-Cy7: 1292 815
CD4+-: FITC: 647 CD4+-: FITC: 590 CD8+-CD4+: FITC: 4791
CD8+-CD4+: APC-Cy7: 849 79.6 CD8+-: APC-Cy7: 492 1.08 CD8+-CD4+-: APC-Cy7: 291 118
CD8+-CD4+: FITC: 4771 CD8+-: FITC: -113 CD8+-CD4+-: FITC: 552
CD8-CD4-: APC-Cy7: -10.7 167 CD8-CD4-: APC-Cy7:-19.9 285 CD8-CD4-: APC-Cy7: 8.98 3.07
CD8-CD4-: FITC: -198 CD8-CD4-: FITC: -117 CD8-CD4-: FITC: -102

Unstained control % |Unstained control % |Unstained control %
CD8-CD4-: APC-Cy7: -6.04 98.6 CD8-CD4-: APC-Cy7:-2.91 971 CD8-CD4-: APC-Cy7: -3.85 98.3
CD8-CD4-: FITC: 324 CD8-CD4-: FITC: 321 CD8-CD4-: FITC: 345

Table 83: Immunophenotype of all thymic lymphomas of CD8+CD4+- lymphocytes showing the MFI of each cell
type captured at APC-Cy7 and FITC channels and the percentage of each cell type. For each thymus, the MFI of
unstained control sample run at each experiment is also given.

3.4.1.2.34. Lymphomas of predominantly CD8+-CD4+- cells
CD8+-CD4+- lymphomas were the most common phenotype of all tumours (20%)

and the most common amongst tumours of CD8CD4 type (34.8%), (Figure 27).
Although each tumour has a unique phenotype, they are all characterised by the
presence of an increased cell population with intermediate fluorescence of both
CDB8APC-Cy-7 and CD4FITC conjugates. The fluorescence captured in the APC-Cy7
channel was low in mice 24.1g, 6.1d, 2.1e and the absence of a distinct DN population
challenges the classification presented here. The MFI reference intervals were strong
guides during this process. Furthermore, in these cases, the information provided by
the unstained control helped to understand to what extent the low fluorescence levels
were real and reflected some degree of presence of CD8 and CD4 markers on the
surface of these cells or it was, instead, due to intrinsic cellular fluorescence. In mouse

16.2c there seems to be 2 populations of CD8+-CD4+-; the individual analysis of their
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MFI has shown that both had an intermediate expression of CD8 and CD4 and

therefore were grouped in a single cluster.
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Figure 27: Flow cytometry profile of different CD8+-CD4+- thymic lymphomas.
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For each flow cytometry plot presented above, detailed information on the MFI of

each cell type, their percentages and unstained controls is presented in Table 84.

CD8+-CD4+-

Mouse 16.2c

%

Mouse 24.1g

%

Mouse 29.2e

%

CD4+: APC-Cy7:75.8

CD4+: FITC: 4704

15

CD8+: APC-Cy7: 1544

CD4+: APC-Cy7: 112

CD4+: APC-Cy7:8.98

CD8-CD4-: FITC: 238

CD8-CD4-: FITC: 238

CD8+: FITC: 70.03 0.92 CD4+: FITC: 7597 341 CD4+: FITC: 8639 161
CD8+-CD4+: APC-Cy7: 1059 38.8 CD8+CD4+: APC-Cy7: 2048 574 CD8-CD4-: APC-Cy7: -28.2 174
CD8+-CD4+: FITC: 4826 CD8+CD4+: FITC: 7130 CD8-CD4-: FITC: -134
CD8+-CD4+-: APC-Cy7: 416 529 CD8+-CD4+-: APC-Cy7: 208 89.9 CD8+-CD4+-: APC-Cy7: 387 955
CD8+-CD4+-: FITC: 1092 CD8+-CD4+-: FITC: 489 CD8+-CD4+-: FITC: 939

Unstained control % |Unstained control % |Unstained control %
CD8-CD4-: APC-Cy7: -6.42 98.4 CD8-CD4-: APC-Cy7: -3.85 99.4 CD8-CD4-: APC-Cy7:0 98.7
CD8-CD4-: FITC: 254 CD8-CD4-: FITC: 225 CD8-CD4-: FITC: 328

Mouse 1.3i % |Mouse 2.1e % [Mouse 6.2d %
CD4+: APC-Cy7:7.70 452 CD4+: APC-Cy7:-12.8 243 CD4+: APC-Cy-7:149 541
CD4+: FITC: 9197 CD4+: FITC: 8045 CD4+: FITC: 8226

CD8+-CD4+-: APC-Cy7: 354 90.3 CD8+: APC-Cy7: 1972 145 CD8+-CD4+: APC-Cy-7: 784 5 89
CD8+-CD4+-: FITC: 1991 CD8+: FITC: -138 CD8+-CD4+: FITC: 11429
CD8-CD4-: APC-Cy7:75.8 354 CD8+-CD4+-: APC-Cy7: 299 95.5 CD8+-CD4+-: APC-Cy-7: 290 88.1
CD8-CD4-; FITC: -113 CD8+-CD4+-: FITC: 510 CD8+-CD4+-: FITC: 322

Unstained control % |Unstained control % |Unstained control %
CD8-CD4-: APC-Cy7: -2.57 971 CD8-CD4-: APC-Cy7:-5.13 98.2 CD8-CD4-: APC-Cy7:-5.13 991
CD8-CD4-: FITC: 362 CD8-CD4-: FITC: 240 CD8-CD4-: FITC: 217

Mouse 11.1r % |Mouse 32.2h %

CD4+: APC-Cy7:7.70 0.82

CD4+: FITC: 8411

CD8+-CD4+-: APC-Cy7: 538 974 CD8-CD4-: APC-Cy7:-37.9 05

CD8+-CD4+-: FITC: 1392 CD8-CD4-: FITC: -113

CD8-CD4-: APC-Cy7:-19.3 0.82 CD8+-CD4+-: APC-Cy7: 406 98.3

CD8-CD4-: FITC: -224 CD8+-CD4+-: FITC: 1337

Unstained control % |Unstained control %

CD8-CD4-: APC-Cy7: -6.42 98.9 CD8-CD4-: APC-Cy7: -5.33 97

Table 84: Immunophenotype of all thymic lymphomas of CD8+-CD4+- lymphocytes showing the MFI of each cell
type captured at APC-Cy7 and FITC channels and the percentage of each cell type. For each thymus, the MFI of
unstained control sample run at each experiment is also given.
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3.4.1.2.3.5.

Lymphomas of predominantly CD4 cells

Lymphomas of predominantly CD4 cells accounted only for 7.5% of all tumours.

Again, the diversity of phenotypes was remarkable. In mouse 1.3g, in which clear

positive CD4 cells were abnormally increased, there was some preservation of the

classic distribution of cells, whereas in mice 28.1a and 5.2e, more than 90% of T-

lymphocytes had some degree of expression of CD4 marker (Figure 28).
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Figure 28: Flow cytometry profile of different CD4 thymic lymphomas.

Information on the MFI and frequency of each cell type is presented in Table 85.

CD8-CD4-: FITC: 312

CD8-CD4-: FITC: 289

CD4+ CDA4+-
Mouse 1.3g % |Mouse 28.1a % |Mouse 5.2e %
CD4+: APC-Cy7:41.4 48.7
CD4+: FITC: 9364 '
CD4+-: APC-Cy7: 44.3 o5
CD4+-: FITC: 636
CD8+: APC-Cy7: 1529 0.79 CD4+: APC-Cy7:-14.1 312
CD8+: FITC: -571 CD4+: FITC: 16192
CD8+-CD4+: APC-Cy7: 662 13.9 CD4+: APC-Cy7:18.0 975 CD4+-: APC-Cy7:114 914
CD8+-CD4+: FITC: 11746 CD4+: FITC: 8543 CD4+-: FITC: 1138
CD8-CD4-: APC-Cy7:-46.0 9.47 CD8-CD4-: APC-Cy7:1.28 501 CD8-CD4-: APC-Cy7: 20.5 491
CD8-CD4-: FITC: -395 CD8-CD4-: FITC: 230 CD8-CD4-: FITC: -126
Unstained control % |Unstained control % |Unstained control %
CD8-CD4-: APC-Cy7: -1.72 98.5 CD8-CD4-: APC-Cy7:-5.13 977 CD8-CD4-: APC-Cy7: -2.57 978

CD8-CD4-: FITC: 370

Table 85: Immunophenotype of all thymic lymphomas of CD4 lymphocytes showing the MFI of each cell type
captured at APC-Cy7 and FITC channels and the percentage of each cell type. For each thymus, the MFI of
unstained control sample run at each experiment is also given.
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3.4.1.2.3.6. Lymphomas of predominantly CD8 cells
20% of all neoplasms had abnormally increased CD8 cells, of which most had an

intermediate expression of CD8APCy-Cy7. In mice 2.2q and 2.2h there was also a
minimal increase in DN cells. Most of the CD8+- cells were vastly colonized by cells

with this phenotype, giving little room for other types of lymphocytes (Figure 29).
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Figure 29: Flow cytometry profile of different CD8 thymic lymphomas.

The MFI and percentages of each cell population present in CD8 neoplasms are

presented in Table 86. In some cases, such as in mice 5.2j and 6.2f, the fluorescence

captured in APC-Cy7 channel is very low, but still distinct from the unstained control

and within reference intervals for CD8+- cells.
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CD8+
Mouse 6.1i % |Mouse 2.2q %
CD8+: APC-Cy7: 1419 46.8
CD8+: FITC: -74.5
CDA4+: APC-Cy7: 233 1.31 |CD4+: APC-Cy7:55.2 03
CD4+: FITC: 12018 CD4+: FITC: 13114 '
CD8+CD4+: APC-Cy7: 2436 | 1.01 [CD8+: APC-Cy7: 1853 87.2
CD8+CD4+: FITC: 6253 CD8+: FITC: 286
CD8+-: APC-Cy7: 250 42 |CD8-CD4-: APC-Cy7: 120 101
CD8+-: FITC: -156 CD8-CD4-: FITC: 57.8 '
Unstained control % |Unstained control %
CD8-CD4-: APC-Cy7:5.55 97.70 CD8-CD4-: APC-Cy7:-3.85 98.4
CD8-CD4-: FITC: 340 CD8-CD4-: FITC: 298

CD8+-

Mouse 2.2h % |Mouse 6.2h % |Mouse 1.1h %
CD4+: APC-Cy7:-32.5 557
CDA4+: FITC: 5713
CDA4+-: APC-Cy7:38.9 4.23 CD4+: APC-Cy7: 84.8 4.49
CD4+-: FITC: 504 CD4+: FITC: 5191
CD8+-: APC-Cy7: 586 721 CD8+-CD4+: APC-Cy7: 1088 275 CD4+: APC-Cy7:111 0.08
CD8+-: FITC: 232 CD8+-CD4+: FITC: 3975 CD4+: FITC: 10341
CD8-CD4-: APC-Cy7:-23.3 15 CD8+-: APC-Cy7: 424 918 CD8+-: APC-Cy7: 1154 98.4
CD8-CD4-: FITC: -259 CD8+-: FITC: 153 CD8+-: FITC: 228
Unstained control % |Unstained control % |Unstained control %
CD8-CD4-: -APC-Cy7: -5.33 9.6 CD8-CD4-: APC-Cy7:-4.85 97 CD8-CD4-: APC-Cy7:-3.85 98.8
CD8-CD4-: FITC: 326 CD8-CD4-: FITC: 255 CD8-CD4-: FITC: 295
Mouse 5.2j % |Mouse 6.2f % |Mouse 11.1j %
CD8+-CD4+: APC-Cy7: 503 29 CD4+: APC-Cy7:-13.1 208 CD4+: APC-Cy7: 28.6 015
CD8+-CD4+: FITC: 5393 CD4+: FITC: 5213 CDA4+: FITC: 8548
CD8+-: APC-Cy7: 235 95 CD8+-: APC-Cy7: 268 953 CD8+-: APC-Cy7: 1084 9.5
CD8+-: FITC: 35.9 CD8+-: FITC: 60.4 CD8+-: FITC: 305
Unstained control % |Unstained control % |Unstained control %
CD8-CD4-: APC-Cy7: -4.85 96.9 CD8-CD4-: APC-Cy7:-5.33 971 CDB8-CD4-: APC-Cy7:-5.33 96.8
CD8-CD4-: FITC: 277 CD8-CD4-: FITC: 219 CD8-CD4-: FITC: 243

Table 86: Immunophenotype of all thymic lymphomas of CD8 lymphocytes showing the MFI of each cell type
captured at APC-Cy7 and FITC channels and the percentage of each cell type. For each thymus, the MFI of
unstained control sample run at each experiment is also given.

3.4.1.2.3.7. Lymphomas of predominantly double negative cells
Lymphomas of double negative phenotype have accounted for only 5% of all

lymphomas. As seen in Figure 30, more than 96.1% of the cells obtained from the
thymus of mouse 36.2c were negative for CD8APC-Cy7 and CD4FITC, showing that
the maturation was arrested at double negative phase, with no further development
into CD8+CD4+ and eventually single positives CD4 and CD8. In the left lower
quadrant, it is possible to identify two distinct clusters of cells; they were both

negative for CD8 and CD4 and therefore considered as a single cluster. The
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CD44/CD25 gates in the same figure represent a further analysis of the neoplastic DN
cells to identify exactly at which stage of the double negative maturation process the
differentiation was arrested. In this case almost 100% of the T-cells did not develop
further from the very first stage of DN1. As it can be seen in the upper left quadrant of
CD44/CD25 gates, there are two clusters of DN1 cells that could be described as
CD44+ and CD44high. In mouse 1.1j, the cell suspension obtained from its thymus
was composed of 80.4% of double negative T-cells and CD4+ cells were slightly
increased (19.1%), as seen in CD8 v CD4 gate. Further analysis of the DN population,
seen in CD44/CD25 gates, revealed the presence of cells in all four stages of
development with a considerable increase in cells at DN2 stage and a decrease in both
DN3 stage, suggesting the differentiation was arrested at DN2. With further

development, DN2 lymphocytes would potentially colonize the whole thymus.
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Figure 30: Flow cytometry profile of different double negative thymic lymphomas.

Information on the MFI and frequency of each cell type is presented in Table 87.
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DN 1 DN2
Mouse 1.1j % Mouse 36.2c %
CD4+: APC-Cy7: 248
CDA4+: FITC: 10412 173
CD8+: APC-Cy7: 2095 917
CD8+: FITC: -503 '
CD8+CD4+: APC-Cy7: 1327 0.03 CD4+: APC-Cy7: 219 19.1
CD8+CD4+: FITC: 4831 CD4+: FITC: 4334
CD8-CD4-: APC-Cy7: 34.7 96.10 CD8-CD4-: APC-Cy7: 157 80.4
CD8-CD4-: FITC: 166 CD8-CD4-: FITC: 151
DN1: PE: -19.3 98.50 DN1: PE: -116 618
DN1: PE-CF594: 33356 DN1: PE-CF594: 5191
DN2: PE: 4352 0.41 DN2: PE: 1544 25 1
DN2: PE-CF594: 256453 DN2: PE-CF594: 5169
DN3: PE: 3359 0 DN3: PE: 1689 192
DN3: PE-CF594: 2091 DN3: PE-CF594-: 339
DN4: PE: 212 107 DN4: PE: -121 11.2
DN4: PE-CF594: 925 DN4: PE-CF594: 521
Unstained control % Unstained control %
CD8-CD4-: APC-Cy7:8.36 98.50 Did not pass inclusion criteria
CD8-CD4-: FITC: 261 ‘ |

Table 87: Immunophenotype of all thymic lymphomas of DN lymphocytes showing the MFI of each cell type
captured at APC-Cy7/FITC channels for the characterisation of CD8 and CD4 T-cells and at PE/PE-CF594 for
the characterisation of DN T-cells. The percentage of each cell type. For each thymus, the MFI of unstained
control sample run at each experiment is also given.

3.4.1.2.3.8. Lymphomas of mixed cells
Lymphomas in which more than one cell type was abnormally increased were grouped

under this category and comprised 10% of all tumours. As shown in Figure 31, in
mouse 31.2c there was an increase in CD8+, CD8+-CD4+- and of cells with a
CD8+CD4+- phenotype. In mouse 10.2a, DN cells are also increased, in combination

with CD4+ and subtypes of CD8CDA4.

177



Mouse 31.2¢

Comp-APC-Cy7-A :: CD8

Comp-FITC-A :: CD4

Mouse 10.2a

Comp-APC-Cy7-A:: CD8

Comp-FITC-A :: CD4

Mouse 11.1h

Comp-APC-Cy7-A:: CD8

CDB-CD4-
RIEE 1.34

3 3 4

-10 o 10 10

Comp-FITC-A :: CD4

Mouse 9.1i

107 3 CDB+-CD4+-
ERRREY:

CDE+CD4+
451

Comp-APC-Cy7-A 1 CDS

Comp-FITC-A:: CD4

Figure 31: Flow cytometry profile of different mixed cell thymic lymphomas.

Also in mice 10.2a and 9.1i, it is arguable whether the DN cells are CD8-CD4+-

instead, since there was a very low fluorescence captured in FITC channel, of 355 and

386 respectively (Table 88). The intrinsic fluorescence of cells of CD8-CD4-,

provided by the analysis of unstained samples of treated mice, was 297.68+-94.73

(Appendix 2 - Tables and figures, Table 120) and supported the decision of classifying

these clusters as DN.
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Mixed cells
Mouse 31.2c % |Mouse 10.2a %
CD4+:; APC-Cy7: 107 155 CD4+: APC-Cy7:60.4 26.2
CD4+: FITC: 6602 CD4+: FITC: 4301
CD8+-CD4+-: APC-Cy7: 293 117 CD8+: APC-Cy7: 4573 0.22
CD8+-CD4+-: FITC: 823 CD8+: FITC: -141
CD8+: APC-Cy7: 1467 176 CD8+-CD4+-: APC-Cy7: 1024 7 84
CD8+: FITC: 44.9 CD8+CD4+-: FITC: 627
CD8+CD4+-: APC-Cy7: 2185 65.5 CD8+-CD4+: APC-Cy7: 1244 314
CD8+CD4+-: FITC: 2144 CD8+-CD4+: FITC: 5419
CD8-CD4-: APC-Cy7:11.6 193 CD8-CD4-: APC-Cy7: 62.4 306
CD8-CD4-. FITC: -12.8 CD8-CD4-: FITC: 355
Unstained control % |Unstained control %
CD8-CD4-: APC-Cy7:-1.28 97 50 CD8-CD4-: APC-Cy7: -4.85 99.9
CD8-CD4-: FITC: 270 CD8-CD4-: FITC: 202
Mouse 11.1h % |Mouse 9.1i %
CDA4+:; APC-Cy7: 248 0.97
CD4+: FITC: 10554 '
CD8+-: APC-Cy7: 1195 338 CD4+: APC-Cy7: 118 20.8
CD8+-: FITC: 339 CD4+: FITC: 3726
CD8+CD4+: APC-Cy7: 1784 19.9 CD8+-CD4+-: APC-Cy7: 1127 128
CD8+CD4+: FITC: 9817 CD8+-CD4+-: FITC: 518
CD8+-CD4+-: APC-Cy7: 1317 414 CD8+CD4+: APC-Cy7: 1287 451
CD8+-CD4+-: FITC: 2337 CD8+CD4+: FITC: 3208
CD8-CD4-: APC-Cy7: 112 134 CDB8-CD4-: APC-Cy7: 156 17.9
CD8-CD4-: FITC: 84.8 CD8-CD4-: FITC: 386
Unstained control % |Unstained control %
CD8-CD4-: APC-Cy7:-3.85 99.6 CD8-CD4-: APC-Cy7:-5.13 97 30
CD8-CD4-: FITC: 194 CD8-CD4-: FITC: 187

Table 88: Immunophenotype of all thymic lymphomas of mixed lymphocytes showing the MFI of each cell type
captured at APC-Cy7/FITC channels for the characterisation of CD8 and CD4 T-cells. The percentage of each cell
type and the MFI of unstained control sample is also shown.

3.4.2. Spleen
The spleen is one of the main sites for metastases of thymic lymphomas to occur.

With the purpose of comparing the phenotype of the primary tumour in the thymus
with the secondary tumour in the spleen, and to infer if there was a particular
phenotype with higher rate of metastases, enlarged spleens found at necropsy were

also collected for histology and flow cytometry analysis.
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In order to include data from any spleen sample in the analysis, only samples
containing 70% or more live cells in CD45/Sytox blue gate, and containing at least
100000 cells in SSC gate were included. On each plate, an unstained sample was

always run.

The antibody conjugates used were mostly those used in the thymi, with the exception
of CD19, a pan B-cell marker, conjugated with the fluorochrome AmCyan. As was
done for the analysis of the thymi, fluorochromes APC-Cy7 and FITC, coupled with
the antibodies CB8 and CD4, respectively, allowed to discriminate cells according to
their expression of CD8 and CD4 surface antigens. CD44PE-CF594 and CD25PE
were used but, in retrospect, their low specificity in the spleen would not allow to

reach any relevant conclusions.

3.4.2.1. Controls
3.4.2.1.1. Percentage of lymphocyte populations
A total of 18 spleens have met those requirements and the results of the mean+SD of

each population gated were: 67.56+£5.76% of B-lymphocytes and 32.46+5.77 T-
lymphocytes, and within the T-cell population, 50.75+4.34% were CD4, 28.72+5.12%

were CD8, 0.45+0.24% were DP and 20.1+6.45% were DN.

3.4.2.1.2. Establishing MFI reference intervals
Based on FMO analysis and using the antibody dilutions that proved to work best, the

splenic lymphocytes of control mice were characterised according to their Median
Fluorescence Intensity to established reference intervals (section 2.9.8, page 99).
Reference intervals revealed the range of fluorescence that characterises as positive
and negative each type of splenic lymphocyte, and intermediate (+-) MFIs were

established as the range of MFIs between positive and negative MFIs (Table 89).
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Antibody conjugate

MFI Reference interval

B-lymphocytes | Median (Comp-AmCyan-A)

[3096.8 - 6091.2]

T-lymphocytes | Median (Comp-AmCyan-A)

[199.2 - 392.2]

CD8+ | Median (Comp-APC-Cy7-A)

[2768 - 6896]

CD8+ | Median (Comp-FITC-A)

[143.66 - 256.14]

CD4+ | Median (Comp-APC-Cy7-A)

[(-2.26) - 39.62]

CD4+ | Median (Comp-FITC-A)

[7864 - 12724]

CD8+CD4+ | Median (Comp-APC-Cy7-A)

[513.4 - 4044.6]

CD8+CD4+ | Median (Comp-FITC-A)

[741 - 6073]

CD8+CD4+- | Median (Comp-APC-Cy7-A)

[513.4 - 4044.6]

CD8+CD4+- | Median (Comp-FITC-A)

[258.64 - 741]

CD8+-CD4+ | Median (Comp-APC-Cy7-A)

[36.76 - 513.4]

CD8+-CD4+ | Median (Comp-FITC-A)

[741 - 6073]

CD8+-CD4+- | Median (Comp-APC-Cy7-A)

[36.76 - 513.4]

CD8+-CD4+ -| Median (Comp-FITC-A)

[258.64 - 741 ]

CD8-CD4- | Median (Comp-APC-Cy7-A)

[7.28 - 36.76]

CD8-CD4- | Median (Comp-FITC-A)

[155.76 - 258.64]

Table 89: MFI reference intervals of splenic T-lymphocytes sub-types and B-lymphocytes in control mice.

3.4.2.2. Treated
The same inclusion criteria applied to spleen samples from control animals was

applied to samples from treated mice - at least 70% of live cells in CD45/Sytox blue
gate, and at least 100000 cells in the SSC singlets gate. Although 58 spleens from
treated mice were analysed, only results from those that have met the inclusion
criteria, had a histological confirmation of thymic lymphoma with metastasis to the
spleen and a flow cytometry analysis of the thymus, are presented here. The purpose
was to compare the phenotype of the same tumour in the original organ and in the
secondary location and indeed to assess if there was any particular phenotype with a
higher metastization rate. In the limited number of samples that were selected to be
presented here, there was not a phenotype of thymic lymphoma that has spread to the
spleen more frequently. Examples of the flow cytometry profile of primary and

secondary thymic lymphomas are presented below.
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3.4.2.2.1. Spleen metastasis of a CD8+CD4+- thymic lymphoma
In Figure 32A, the flow cytometry plot of the primary tumour that was present in the

thymus, it is possible to see a smaller cluster of cells with higher MFI on APC-Cy7
channel and slightly higher MFI of FITC channel, that could be classified as CD8high.
This was a unique case and no distinction between positive and highly positive CD8
cells was made here. The slightly higher expression of CD4 was not enough to
classify it as CD4+. A classification of CD8+CD4+ was therefore attributed to the
whole group of cells. Figure 32B, C and D, refer to the spleen. In B, it is possible to
see an increase in T-lymphocytes (95.9% of all splenic lymphocytes) when compared
with the normal values found in controls (67.56+5.76% of B-lymphocytes and
32.46+5.77 of T-lymphocytes) indicating a departure from the normal cell
composition found in this organ and highly suggestive of a T-cell neoplasia. T-cells
are well differentiated from B-cells after being stained with CD19, an antibody known
for being a B-cell marker. As mentioned previously, CD19 was paired with the
fluorochrome AmCyan and as seen in Figure 32B, only 4.01% of all splenic
lymphocytes had a positive emission on the AmCyan channel. Further investigation of
this clone of splenic T-cells, by looking at their emission on the APC-Cy7 and FITC
channels to assess their CD8 v CD4 composition, revealed that, as shown in Figure
32C, 97.6% were CD8CD4 double positive, a similar phenotype to the original thymic
neoplasm - or arguably the same. In absolute MFI values, the emission of the primary
tumour cells on the FITC channel was, as indicated in Figure 32A, 1421, rendering it a
CD4 intermediate according to MFI reference intervals for the thymus, and 1741 in
the metastasis, rendering it a CD4 positive, according to the reference intervals for the
spleen. Additionally, it is well known that the amount of CD8CD4 DP cells found in

the normal spleen is minimal, 0.45+£0.24% in the controls studied during this project,
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as they mature into single positive CD4 and CD8 before leaving the thymus onto the
blood stream. Therefore, the presence of a cluster of lymphocytes comprised of 97.8%
of double positive cells in this organ is a departure from normal. In Figure 32D, the
MFI obtained from a cell suspension of the spleen from the same animal, submitted to
the same steps except that did not have the antibody cocktail added to it, and therefore
any fluorescence is merely due to intrinsic auto fluorescence, is presented - its use is

simply to help understanding where true negative cells lie in case of doubt.
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Figure 32: Flow cytometry profile of a metastatic CD8+CD4+- thymic lymphoma affecting the spleen. A)
Immunophenotype of the primary tumour on the thymus according to the MFI captured at APC-Cy-7 and FITC
channels allowing to classify cells according to their surface CD8 and CD4 antigen expression. B) 95.5% of all
splenic lymphocytes were T-cells with only 4.01% of B-cells with a positive fluorescence (3975) captured in
AmCyan channel. C) Further characterisation of T-cells from B showing a slight increase in expression on CD4
marker in comparison with the primary tumour. D) Unstained control for C.
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3.4.2.2.2.
In Figure 33, there is an example of how the FC profile of the metastasis helped with

Spleen metastasis of a DP CD8+CD4+ thymic lymphoma

the classification of the phenotype of the primary tumour. Just by looking at the FC
results in A, all 4 populations seemed to be approximately within the control values,
with CD4+ lymphocytes being marginally increased, leading to the assumption that
this would be a CD4+ type tumour. Nevertheless, when looking at the phenotype of
the metastasis, in C, there was a very significant increase in DP cells, which are
almost absent in normal spleens, showing that the differentiation of the thymic

lymphocytes was arrested and tumour was formed in the thymus at double positive
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Figure 33: Flow cytometry profile of a metastatic CD8+CD4+ thymic lymphoma affecting the spleen. A)
Phenotype of the primary tumour in the thymus according to the MFI captured at APC-Cy-7 and FITC channels
allowing to classify cells according to their surface CD8 and CD4 antigen expression. B) 90.5% of all splenic
lymphocytes were T-cells, with only 9.48% being B-cells with a positive fluorescence (5938) captured in AmCyan
channel. C) Further characterisation of T-cells from B confirming the nature of the primary tumour as a DP
CD4+CD8+.
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3.4.2.2.3. Spleen metastasis of a CD8+-CD4+ thymic lymphoma
As in previous examples, in Figure 34A, it is possible to see the phenotype of the

primary tumour on the thymus, in which the majority (79.6%) of T-lymphocytes
emitted an intermediate fluorescence on the APC-Cy-7 channel (849) and positive
fluorescence on the FITC channel (4771). Still in the thymus there was a slight
increase in CD4intermediate lymphocytes (16.2%). In Figure 34B, it is clear that the
cells suspension obtained from the spleen of the same animal had a predominance of
T-lymphocytes (62.4%), characterised by a low emission on AmCyan channel. In
Figure 34C, it is possible to see the phenotype of the secondary tumour on the spleen-
there is a strong similarity between both primary tumour and metastasis, although in
the spleen, there was a slight increase of fluorescence captured in FITC channel. The
presence of a majority of CD8+-CD4+ lymphocytes in the spleen confirms that the

nature of the primary tumour.
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Figure 34: Flow cytometry profile of a metastatic CD8+-CD4+ thymic lymphoma affecting the spleen. A) The
phenotype of the primary tumour on the thymus according to the MFI captured at APC-Cy-7 and FITC channels
allowing to classify cells according to their surface CD8 and CD4 antigen expression. B) 62.4% of all splenic
lymphocytes were T-cells, with 37.4% being B-cells with a positive fluorescence (3839) captured in AmCyan
channel. C) Further characterisation of cells T-cells from B showing a similar profile to that of the primary
tumour.

34.2.24. Spleen metastasis of CD8+-CD4+- thymic lymphomas
Figure 35A shows the phenotype of the primary thymic lymphomas, whereas Figure

35B and Figure 35C, as in previous examples, show the phenotype of the metastasis
affecting the spleen. Although the phenotypes in A and C are very similar, the
metastasis had slight increase of fluorescence captured at FITC channel, from 1337 to
1910, similar to what was seen with other examples of metastasis already shown. As a
consequence, the classification of the primary tumour (CD8+-CD4+-) changed to
CD8+-CD4+ although there is no reason to believe they are different populations. In
B it is possible to see the vast colonisation of the spleen by the thymic neoplastic cells,

as 93.7% of all splenic lymphocytes are T-lymphocytes, with only 6.27% of B-
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lymphocytes, which is a severe departure from the cell composition normally seen in

this organ.
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Figure 35: Flow cytometry profile of a CD8+-CD4+- thymic lymphoma affecting the spleen. A) Immunophenotype
of the original thymic lymphoma according to the MFI captured at APC-Cy-7 and FITC channels allowing to
classify cells according to their surface CD8 and CD4 antigen expression. B) 93.7% of all splenic lymphocytes
were T-cells with only 6.27% B-cells with a positive fluorescence (3839) captured in AmCyan channel. C) Further
characterisation of T-cells from B showing revealing a population with identical MFI of the primary tumour.

In Figure 36, another example of a CD8+-CD4+- thymic lymphoma (in A) that has

spread into the spleen (B and C) can be appreciated. Similarly, to what was seen in

other spleen metastases presented above, these cells seem to have more CD4 antigen

molecules at their surface, revealed by the higher MFI captured in the FITC channel.
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Figure 36: Flow cytometry profile of a CD8+-CD4+- thymic lymphoma affecting the spleen. A) Immunophenotype
of the original thymic lymphoma according to the MFI captured at APC-Cy-7 and FITC channels allowing to
classify cells according to their surface CD8 and CD4 antigen expression. B) 85.5% of all splenic lymphocytes
were T-cell, with 14.4% of B-cells with a positive fluorescence (5136) captured in AmCyan channel. C) Further
characterisation of T-cells from B showing a higher expression of CD4 marker then that of the primary tumour.

3.4.2.2.5. Spleen metastasis of a CD8+ thymic lymphoma
Figure 37 shows the only case of a metastasis that was not of CD8CD4, but of CD8+

cells. As shown in A, 87.2% of all thymic lymphocytes had an MFI of 1853 captured
in APC-Cy7 channel and a very low MFI of 55.2 captured in the FITC channel,
revealing their CD8 single positive nature. Still in A, it is possible to see a slight
increase in DN cells, when compared to control. The phenotype of the metastasis also
revealed an increase in CD8+ lymphocytes, but also a considerable percentage of DN
cells, which are, possibly, a combination of the natural DN residents in the spleen,
20.1+6.45% as seen in controls, and DN cells found in A that might have also

migrated.
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Figure 37: Flow cytometry profile of a metastatic CD8+ thymic lymphoma affecting the spleen. A) The phenotype
of the primary tumour on the thymus according to the MFI captured at APC-Cy-7 and FITC channels allowing to
classify cells according to their surface CD8 and CD4 antigen expression. B) 87.1% of all splenic lymphocytes
were T-cells. C) Further characterisation of cells T-cells from B showing a majority of CD8+ lymphocytes.
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3.5. Genetic analysis
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3.5.1.

DNA extraction

DNA extraction results for 192 mice are shown in tables 1 and 2. The DNA

concentration obtained from each DNA suspension is expressed in ng/pl. The volume

taken from each suspension needed to achieve 350 ng of DNA for genotyping is also

shown. DNA was analysed using the GigaMuga SNP panel.

Volume Volume Volume
Column| ID [DNA (ng/ul)| containing|Column| ID |DNA (ng/ul)|containing]Column| ID [DNA (ng/ul)|containing
350 ng (pl) 350 ng (pl) 350 ng (pl)
1.1B 52.71 6.6 11.1H 80.31 4.4 9.1P 89.11 3.9
1.1F 83.15 4.2 6.2D 114.5 3.1 6.2F 96.99 3.6
2.1L 66.85 5.2 6.2H 101.9 3.4 131 94.47 3.7
1 2.1R 91.22 3.8 2 16.2C 50.86 6.9 3 4.2R 109.1 3.2
1.1H 66 5.3 11.1R 94.29 3.7 5.2E 93.06 3.8
2.1S 47.87 7.3 9.1E 20.97 16.7 4.2] 55.72 6.3
4.1A 74.41 4.7 12.1K 75.26 4.7 6.2A 30.44 11.5
6.1] 74.01 4.7 8.1M 96.92 3.6 7.1D 43.56 8.0
16.1G 99.66 3.5 26.1E 82.37 4.2 2.2H 78.16 4.5
5.2B 101.50 3.4 36.1A 71.55 4.9 2.2 94.84 3.7
36.2C 93.25 3.8 29.2B 75.55 4.6 31.1B 92.78 3.8
4 9.10 93.87 3.7 5 32.2C 102 3.4 6 36.11 57.65 6.1
27.2B 94.35 3.7 32.2H 81.75 4.3 26.1G 72.31 4.8
6.2K 104.70 3.3 1.1 87.47 4.0 290.2C 98.17 3.6
32.2A 54.19 6.5 32.1F 37.22 9.4 10.2A 35.76 9.8
37.1E[ 108.10 3.2 3.2F 20.58 17.0 37.1L 63.1 5.5
3.2) 78.58 4.5 5.10 108.6 3.2 7.1G 120.5 2.9
29.2E 117.1 3.0 9.1 124.5 2.8 3.2G 137.1 2.6
24.1G 115.2 3.0 6.11 105.7 3.3 29.21 74.12 4.7
7 34.2A 94.67 3.7 8 6.1E 130.3 2.7 9 12.1C 42.27 8.3
36.2D 89 3.9 1.3G 135.3 2.6 29.2G 98.84 3.5
27.2F 102.1 3.4 7.1M 108.4 3.2 4.2H 46.4 7.5
5.2 65.93 5.3 28.1T 45.21 7.7 8.1F 61.01 5.7
7.1Q 52.28 6.7 12.11 56.73 6.2 29.1D 80.18 4.4
36.1B 64.44 5.4 4.2K 50.2 7.0 1.21 76.83 4.6
7.1A 108.8 3.2 4.2M 55.18 6.3 7.1B 82.28 4.3
7.1N 116.7 3.0 14.1H 32.69 10.7 10.2E 94.97 3.7
10 2.2C 98.9 3.5 1 5.2S 83.53 4.2 12 3.2D 35.96 9.7
2.2G 113.5 3.1 6.1P 59.58 5.9 6.2B 98.14 3.6
4.20 104.4 3.4 6.1F 66.44 5.3 6.2C 99.53 3.5
8.1L 41.33 8.5 3.1F 47.44 7.4 8.1H 46.54 7.5
8.1N 102.4 3.4 6.10 93.71 3.7 8.1 90.83 3.9

Table 90: DNA extraction results and volume required for genotyping for plate 1
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Volume Volume Volume
Column| ID [DNA (ng/ul)| containing|Column| ID |DNA (ng/ul)|containing|Column| ID [DNA (ng/ul)|containing
350 ng (ul) 350 ng (uI) 350 ng (ul)
11L 50.93 6.9 15.1K 103.4 3.4 28.1N 111.2 3.1
2.1G 38.45 9.1 35.1P 126.5 2.8 28.1L 110.6 3.2
6.1C 45.12 7.8 24.1N 106.7 33 28.1K 108 3.2
1 1.2G 51.01 6.9 2 16.1C 130 2.7 3 28.11 65.34 5.4
37.1K 85.81 4.1 36.2G 103.8 3.4 27.2A 54.67 6.4
37.1F 100.3 3.5 35.1L 129.7 2.7 32.21 105.5 3.3
36.1E 114.8 3.0 23.1L 96.31 3.6 32.2D 72.38 4.8
29.1C 74.7 4.7 28.1Q 135.2 2.6 22.21 113.8 3.1
28.1U 79.23 4.4 3.20 119.1 2.9 4.2P 72.78 4.8
28.1S 88.75 3.9 11.1L 142.7 2.5 37.2C 94.71 3.7
9.1F 41.76 8.4 1.2E 140.9 2.5 4.2Q 111.3 3.1
4 32.2G 85.32 4.1 5 7.1U 74.82 4.7 6 27.1E 42.87 8.2
2.2E 81.98 4.3 9.1R 82.88 4.2 35.1N 65.5 5.3
7.1F 80.25 4.4 7.1P 132.8 2.6 3.28 42.52 8.2
28.1D| 102.00 3.4 6.2 112.5 3.1 28.1R 74.06 4.7
36.1C 63.88 5.5 3.2K 52.43 6.7 9.1H 120.3 2.9
5.2R 70.3 5.0 4.2L 32.6 10.7 3.1H 55.49 6.3
28.1 20.18 12.0 3.20 121.7 2.9 5.1N 46.21 7.6
8.1P 37.18 9.4 1.3F 70.33 5.0 5.1F 22.05 15.9
7 31.2A 56.41 6.2 8 1.3) 76.37 4.6 9 5.1G 76.44 4.6
2.2F 43.57 8.0 9.1N 98.95 3.5 22.2H 77.76 4.5
8.1G 76 4.6 8.1D 77.15 4.5 36.2H 62.46 5.6
6.2E 67.98 5.1 5.2T 82.62 4.2 29.1F 69.06 5.1
5.2A 89.42 3.9 6.1L 95.01 3.7 11.1B 90.77 3.9
29.2A 76.35 4.6 16.1A 93.53 3.7 10.2C 74.42 4.7
12.1S 60.21 5.8 12.1G 46.37 7.5 11.1) 120.3 2.9
34.1B 98.51 3.6 2.2K 106.8 33 4.2 130.9 2.7
10 1.2C 112.3 3.1 1 11.1N 75.5 4.6 12 36.1D 74.8 4.7
6.1G 70.29 5.0 12.1N 100.6 35 5.2H 24 14.6
31.2C 74.1 4.7 16.1H 104 3.4 35.1M 44.97 7.8
37.1C 86.11 4.1 2.2Q 44.18 7.9 28.1C 48.71 7.2
36.1H 94.46 3.7 11.1E 88.3 4.0 31.1D 53.42 6.6

Table 91: DNA extraction results and volume required for genotyping for plate 2

3.5.2. QTL analysis
To determine loci associated with the development of ENU induced lymphoma, a

QTL analysis was undertaken using genotyping data derived from individual mice and
absolute thymus weight as the quantitative trait. As a result of loading the data into
WINQTL 2.5, an error message “Marker genotype '-' in chr-1, mk-6, ind-15 isn't in
Translation Table” was shown. An investigation of its meaning was not conclusive.
Nevertheless, if true, being just the information on a single genotype on a single
marker, it was considered not to have an impact on the result — it was 1 cell out of
approximately 57000 cells. The data set was examined carefully and the information
was present. Technical support was contacted but there was no response. This error

message was dismissed.
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Interval Mapping (IM) and Composite Interval Mapping (CIM), used for estimating
the position of a QTL between two markers, were carried out. CIM adds background

loci to simple IM.

3.5.2.1. Interval Mapping Analysis
The threshold of significance was established at 11.5 and a QTL was identified in

chromosome 3, positioned about 48.3 cM from the left end of the chromosome, with
an additive effect of 0.083, accounting for 9.3% of the variance in the trait (Figure 38
and Table 92). The additive effect is an estimate of the change in the average
phenotype that would be produced by substituting a single allele of one type with that

of another type (e.g. a replaced by A) in a population (Williams RW, 2015).
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Figure 38: Interval mapping result for the continuous variable thymus weight showing a peak surpassing the
significance level (horizontal line at 11.5 LR) in chromosome 3, indicating a possible QTL.
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Trait | Chrom | Marker | Position | LOD Additive | Dominance | R2 TR2 S
Score
1 3 12 48.3000 | 2.6983 | 0.0830 -0.0657 0.0931 | 0.0984 | 88.8073

Table 92: EQTL result for Interval Mapping Analysis on thymus absolute weight.
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3.5.2.2. Composite Interval Mapping
The threshold (LR) was established at 17.86 and no QTLs were found (Figure 39).

Nevertheless, the highest peak was still at chromosome 3.
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Figure 39: Composite Interval Mapping result for the continuous variable "thymus weight" showing that no QTLs
were identified.

3.5.3. Identification of candidate genes
The identification of a QTL on chromosome 3 by Interval Mapping analysis led to the

investigation of candidate genes located in the region between the markers positioned
immediately before and after the QTL. The Sanger sequencing database, (Wellcome
Trust Sanger Institute, 2011), was used to search at the vicinity of the QTL (48.3 cM,
equivalent to 96525953 bp). The proximal edge of that region was defined by the
marker located at 87248346 bp and the distal edge by the marker located at
105034644 bp. The search was focused on SNPs that affect protein sequence and for
that, at SNP/Indel types, the following search criteria was selected: incomplete

terminal codon variant, initiator codon variant, missense variant, nonsense-mediated
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decay (NMD) transcript variant, splice acceptor variant, splice donor variant, splice
region variant, stop gained and stop lost. As for structural variant types, complex

events, copy number gains, deletion, insertion and inversion were selected.

3.5.3.1. Single nucleotide polymorphisms
One hundred and six genes were found in between the left and right edges of the QTL.

Information about each gene was collected using Mouse Genome Informatics
database, (Eppig et al., 2015) and the National Centre for Biotechnology Information
database (NCBI, 2016), as well as the usual literature search engines. The Ensembl
database (Yates et al., 2016), was used to identify if and how the change in nucleotide
would result in the substitution of an amino acid in the protein, and the likelihood of
having affected its function. Sorting Intolerant from Tolerant (SIFT) score (Sim et al.,
2012), which predicts whether an amino acid substitution affects protein function

based in sequence homology and the physical properties of amino acids was used.

Based on published information, genes found within the QTL were selected as
candidates, as they have previously been related to cancer pathogenesis and/or
lymphocyte biology. For each gene, at each position, the base pair present in the
reference stain (C57BL/6J) is shown, followed by how it differs in A/J mice, how the
variant is classified, how the new codon results in modifying the amino acid and the
likelihood of causing modifications in protein function. For genes with multiple
variants that did not result in amino acid replacements, an indication of how many
variants were found is given (Table 93). Complete information of each variant is
shown in Appendix 2 - Tables and figures. The meaning of abbreviations used for

each amino acid can be found in Appendix 2 - Tables and figures, Table 122.
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Position Gene C57BL/6 | A_J Consequences AA SIFT
87257389 Fcrls T C Missense variant - -
87367745 Cdsl A G Missense variant N/S 0.58, T
87384839 Fcril C G Missense variant P/A 022, T
87385323 Fcril C T Splice region variant - -
87385732 Fcril T C Missense variant L/P 0.17, T
87389383 Fcril C T Missense variant P/S 1, T
87443666 Fcrl5 (a) C A Missense variant P/H 0.13, T
87443680 Fcrl5 T C Missense variant F/L 057, T
87443684 Fcrl5 A C Missense variant YIS 041, T
87443693 Fcrl5 G A Missense variant R/H 0.76, T
87443780 Ferl5 T G Missense variant VIG 0.12, T
87444264 Fcrl5 A G Missense variant K/R 0.13, T
87444307 Fcrl5 T A Missense variant SIR 0.92, T
87446385 Fcrl5 A G Missense variant K/E 0.27, T
87446463 Fcrl5 T C Missense variant Y/H 0.02, D
87446476 Fcrl5 A C Missense variant N/T 0.01,D
87536340 Etv3 G T Missense variant M/l 061, T

. . 1, T low
87536471 Etv3 T C Missense variant V/IA confidence
87847667 Sh2d2a (b) A G Missense variant N/S 1, T
88854680 Gondl C T Missense variant P/L 0.01,D
88895267 Gon4l G T Missense variant AJS 0.06, T

. . 1, T low
88908282 Gon4l T C Missense variant SIP confidence
88718080 Ritl (c) T C NMD transcript variant - -
94933406 Selenbpl (d) G A NMD transcript variant - -
94950097 | RiS (8 6 | A | b uanserptvariant | R | confdence
95734876 Ecml T C Missense variant 1AV 0.13, T
95932170 Anp32e (f) T A NMD transcript variant - -
96805720 Cd160 T C Missense variant N/S 1, T
100138730 Wdr3 () T C Missense variant K/R 1, T

Missense variant

100153578 Wdr3 C T NMD transcript variant VIM 0.12, T
100928128 Trim45 A G Missense variant 1AV 0.39, T
100930059 Trim45 G A Missense variant - -
100931711 Trim45 A G Missense variant D/G -
100931837 Trim45 T C Missense variant L/S -
102163294 Vangll C A Splice region variant - -
103746072 Hipk1 (h) A C NMD transcript variant - -
103862050 Ptpn22 (i) A G NMD transcript variant - -
104865646 St71 (j) C T NMD transcript variant - -

Table 93: Single nucleotide polymorphisms in genes related to the pathogenesis of cancer and lymphocyte biology
identified in the QTL. The differences in nucleotides at specific positions between C57BL/6 and A/J mice genes are
shown. In AA (amino acid) column, the amino acid replacement is indicated, followed by the SIFT score on how
the substitution in amino acid is predicted to affect protein function: T (tolerated), D (deleterious, <0.05).
*Multiple consequences; (a, b): two additional splice region variants were found, (c) 26 additional NMD
transcript variants were found, (d) 56 additional NMD transcript variants, (e) 3 additional NMD transcript
variants, (f) 2 additional NMD transcript variants, (g) 27 additional NMD transcript variants, (h) 71 NMD
transcript variants, (i) 266 additional NMD transcript variants, and (j) 89 additional NMD transcript variants.
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3.5.3.2. Insertions/deletions
Using the same resources described for SNPs, insertions and deletion variants in A/J

genes, located in the QTL and related to the pathogenesis of cancer and lymphocyte
biology, were identified. The differences in nucleotides at specific positions between
C57BL/6 and A/J mice genes are shown. In AA (amino acid) column, the amino acid
replacement would be indicated, followed by the SIFT score on how the substitution
in amino acid was likely to affect protein function, but given they are all located in
introns, that information does not apply and is difficult to predict, respectively. Nine
variants where found for Ritl, 18 for Selenbpl, 4 for Anp32e, 6 for Wdr3, 2 for Nras,
24 for Hipkl, 75 for Ptpn22 and 36 for St7l. Detailed information about each variant is

shown in Appendix 2 - Tables and figures, Table 123.
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4. Discussion
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4.1. ENU Protocol
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4.1.1. Introduction
During the treatment of the first cohort, mice showed a gradual and unexpected weight

loss two to three days following the second ENU injection, whereas no weight
decrease was seen in control animals. No data on ENU toxicity specifically in the F2
(C57BL/6J x ANJ) intercross was available at the MRC or published in the literature.
Based on the evidence available, 3 x 100 mg/kg was considered a balanced dose to use
in this study. This section is aimed to discuss the results obtained from the euthanized
animals and the set of measures introduced to find a balance between animal welfare

and scientific output.

4.1.2. Pathology findings
Stem cells, including haematopoietic stem cells, are particularly susceptible to the

toxic effects of ENU, which can explain the haematology findings. The white cell
population seemed to be more affected than the red population probably because the
cellular turn over in the latter is faster. Unlike in many other species in which
neutrophils occupy that rank, lymphocytes are the most common leukocyte population
in mice, and it was exactly this population that showed a considerable decrease after

the second treatment with ENU.

Clinical chemistry and necropsy did not reveal any outstanding findings. Decreased
cellularity in the bone marrow and lymph nodes seen at histological evaluation was

considered to be related to ENU administration.

The investigation as to what may have caused an increased weight loss the F2
intercross was not conclusive. Given that this unexpected phenomenon happened half
way through the execution of first treatment, treatment protocol had to be changed in

order to avoid a similar situation when treating the remaining cohorts.
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4.1.3. Animal welfare
Although the body weight loss was significant in a considerable number of animals, at

the clinical exam they did not show the classical signs of ill-health, such as hunched

posture, inactivity, labored breathing and piloerection.

The following measures were immediately put in place to minimize pain, suffering,
distress and lasting harm: (1) body weight monitoring (all animals with less than 15%
of body weight loss had their weight assessed every other day and all with 15% or
more were weighed daily; furthermore, animals with a loss of 19% were euthanized),
(2) extra clinical assessment at weight control (clinical signs were recorded and their
evolution assessed on a daily basis), (3) improved access to food and water (meshed
pellets were placed on cage floor), and (4) modification of treatment protocol (the
interval between injections was increased from one to two weeks, and ENU dose of

third treatment was decreased to 80 mg/kg, down from 100 mg/kg).

4.14. Changes in treatment protocol
There was a positive outcome following the implementation of the set of measures

described above, and they were the foundation to the protocol used in cohorts 2 and 3.
The major changes included: weight monitoring, diet regimen, treatment dosage, time
between treatments, age at commencement and selection of animals to carry through

treatment, as explained below.

4.14.1. Weight control
All mice, including controls, were weighted before each injection. In the first week

after treatment, body weight was recorded every 48 hours unless in presence of a

decrease of 15% or higher, in which case mice were weighed every 24 hours.
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4.1.4.2. Diet
In addition to regular food pellets, TransBreed® formula pellets, with increased fat

content and higher palatability, were added to cage floor to both treated and control
animals two days before first ENU injection and kept until at least one week after last
injection.

4.1.4.3. Treatment dosage

A dose of 100 mg/kg on first treatment was kept based how the first group tolerated
this dose even being 12 weeks old. Decreasing doses for second and third treatments,
of 90 and 80 mg/kg, respectively, were established as an attempt to counterbalance the

cumulative detrimental effects of ENU.

4.1.4.4. Time between treatments
Instead of one week, two weeks of recovering time were allowed between treatments.

4.1.4.5. Age at commencement
Animals from cohorts 2 and 3 received first treatment at 14 weeks of age, instead of

12, as they would be, in principle, more resilient.

4.1.4.6. Selection of animals to carry through treatment
All animals received the first treatment of 100 mg/kg. Only animals with body weight

decrease not higher than 10% received a second injection of 90 mg/kg. Following the
same rationale, only animals with body weight decrease not higher than 10% received

a third injection of 80 mg/kg.

This combination of measures resulted in a decrease in morbidity and mortality from
cohort 1 to the next cohorts. The higher mortality seen at (100+90) mg/kg than at

(100+90+80) mg/kg is potentially explained by the fact these mice were more
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susceptible — they were not select for a 3" treatment given their body weight decrease

higher than 10% after the second treatment

4.1.5. Impact on the study
This study was designed to compare lymphoma positive and negative mice and is

arguable whether how lymphoma was induced is a critical factor or not. Ideally, all
animals would have received the same treatment but, for the reasons explained above,
there was a deviation in the treatment protocol between cohort 1 and the other two
cohorts. Furthermore, within each cohort, 3 different treatment doses were

administered.

For biometric and haematology data analysis, it was acknowledged that different ENU
dosages may have accounted, on their own, for differences in the variables evaluated.
Therefore, “lymphoma status” as well as “treatment dose” and their interaction were

taken into account while performing the relevant statistical tests.

For the purpose of the mapping analysis, differences in ENU dose did not have a
significant impact on the findings - upon being treated with a higher ENU dose, mice
are more likely suffer, for example, a higher body weight loss, but any dose that was
enough to induce DNA mutations conductive to lymphoma would have exposed the

susceptibility factors that were investigated in this study.

The experience reported here shows how advisable it is to test the ENU protocol in a
pilot study before implementing it, particularly when using animal models for which

there is no data in the literature.
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4.2. Pathology
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4.2.1. Histology
According to Swerdlow et al. (2008), precursor T-cell lymphoblastic lymphoma is

more frequent in adolescent males. In this study, no significant difference between

sexes was found.

According to Morse et al. (2002a), precursor and mature T-cell neoplasms in mice
have very identical behaviour in terms of organs and tissues involved and a leukemic
phase is seen in one third of lymphoblastic lymphomas. A leukaemic phase is an
indication of the invasive behaviour and malignancy of this tumour. The colonisation
of other organs is facilitated by the spread of tumour cells to the blood stream and in

this study a high metastization rate was seen in the spleen.

Increased splenic extramedullary haematopoiesis potentially means that a
compensatory production of RBC took place in the spleen following the deleterious

effects of ENU in bone marrow hematopoietic stem cells.

4.2.2. Necropsy
Lymph node enlargement seen at necropsy was probably related to the infiltration of

lymph nodes with neoplastic cells and/or activation of the immune system in response
to pathologies triggered by treatment. Growths of pale colouration in the lungs and
growths in the gastrointestinal tract seen at necropsy were likely to be lung
adenoma/adenocarcinoma and gastrointestinal adenoma/adenocarcinoma,
respectively, as seen in other studies using ENU (Smith et al., 2009, Fenske et al.,
2006b). At macroscopic examination, the intestinal growths seemed to be ulcerated
and were probably related to the presence of blood in the perianal area. Insidious
blood loss can lead to anaemia and thrombocytopenia. Nevertheless, a histological

evaluation of the lesions would have to be done to reach a definitive conclusion.
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4.3. Biometric and Haematology
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4.3.1. Biometric data
4.3.1.1. Body weight
It was not surprising to observe a significant difference in body weight at culling in

ENU-treated animals given the well-known detrimental effects of ENU, which include

body weight loss (Justice et al., 2000).

4.3.1.2. Organ weight
4.3.1.2.1. Thymus
As expected, in both males and females the presence of a thymic lymphoma had a

strong impact on increasing thymus weight because of the significant expansion of a

subset of T-cells within this organ.

4.3.1.2.2. Spleen
Although splenomegaly can be caused by neoplastic infiltration of acute

lymphoblastic lymphomas (Kumar et al., 2010a), the main cause that potentially
explains the increased weight in spleens of treated mice seems to be related with the
high frequency of splenic extramedullary haematopoiesis (EMH), seen in 60% of
treated mice. Splenic EMH is relatively small and tends to decline with age of the
mouse but when prominent it can result in a marked increase in splenic size (Van
Etten, 2008). Anaemia, as described further ahead, was a very common finding in

treated mice and might have been at the origin of increased compensatory EMH.

4.3.2. Haematology data
4.3.2.1. White blood cell-related parameters
Immunosuppression, as result of the mutagen effect of ENU on hematopoietic stem

cells, as stated in Justice et al. (2000), was not found in treated animals at culling, but
seemed to be present in animals culled on welfare grounds one to two weeks after

treatment (section 3.1.6, Table 20).
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Extramedullary haematopoiesis, present in 60% of treated mice, might have accounted
for the increase in neutrophils. While some degree of EMH is present in normal
rodents, especially in mice, increased EMH can result from hematotoxic insult (Suttie,

2006).

Lymphocytosis can potentially be explained by a leukaemic status at terminal blood
collection. Lymphomas are circumscribed masses by definition, although they can
become leukemic as they grow, in which case is expected to see an increase in
absolute count of circulating lymphocytes. In some cases, there seemed to be a clear
spreading of the thymic neoplasm into the blood stream with pronounced

lymphocytosis and colonization of other organs such as the spleen and lymph nodes.

Increased absolute monocyte count can occur to any condition involving significant
tissue destruction, such as widespread inflammation (Robert L. Hall, 2013). Apart
from not being a particularly specific biomarker, there were many necropsy findings
that could have been associated with increased inflammation (section 3.2.5, Table 22),
and that could have accounted for the monocytosis seen here. Furthermore, mutations
affecting Nras have also been implicated if increase in leucocyte, neutrophils and

monocyte number (Xu et al., 2013).

As for eosinophils, the fact that the effect was not seen in both sexes and that a dose-
effect was not present, suggests that the difference can be attributed to biologic
variation. In any case, eosinophil decrease can be potentially explained by ENU
toxicity - being an alkylating agent, ENU may induce agranulocytosis because of
generalised suppression of the bone marrow, also affecting red blood cells and

platelets (Kumar et al., 2010a). Although in the current study leukopenia was seen in
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the first weeks after treatment and not at culling, ENU might have caused DNA

damage to eosinophil precursor cells.

Large unstained cells are generally thought to represent large lymphocytes or
monocytes (Robert L. Hall, 2013). In the current study, large unstained cells seemed
to be large lymphocytes, rather than monocytes, since monocyte count in females was
not increased at all. The analysis of cellular size carried out on T-cells from control
and lymphoma positive mice based on forward scatter measured by flow cytometry
has revealed that CD4+ and CD8+CD4+ cells were significantly larger in lymphoma

positive mice (section 3.4.1.2.1, Table 78).

As already hypothesised above, ENU is a stem cell mutagen, it also affects
haematopoietic stem cells (Justice et al., 2000) and could have induced mutations in
the myeloid cell line resulting in an increase in basophil count. Basophilia is rare and
often indicative of a myeloproliferative disease (e.g., chronic myeloid leukaemia),
(Kumar et al., 2010a). The significant increase found in this study might be associated
with mutations caused by ENU in bone marrow pluripotent haematopoietic stem cells,
affecting both lymphoid and myeloid cell lines. Furthermore, chronic myeloid
leukaemia transformation to lymphoblastic leukaemia, (term used interchangeably
with lymphoblastic lymphoma/thymic lymphoma), is seen, indicating that it originates

from a transformed pluripotent haematopoietic stem cell (Kumar et al., 2010a).

4.3.2.2. Red blood cell-related parameters and platelets
The data suggest that ENU was associated with a decrease whereas thymic lymphoma

was associated with an increase in red blood cell-related parameters. This might be
hypothetically related to the impact of ENU treatment on hematopoietic pluripotent

stem cells, having caused mutations in the myeloid cell line and affected blood
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cellular constituents such as RBC and basophils that were increased in lymphoma

positive animals.

The difference in MCV between treated and control animals is possibly explained as
an attempt to regenerate red blood cells, which might possibly correlate with the high
incidence of splenic increased extramedullary haematopoiesis. The pattern of
haematological alterations seen here are suggestive of a regenerative, macrocytic
anaemia, although the analyser used during the project does not measure reticulocytes

and therefore a definitive classification is not given.

As for platelet count, presence of blood in the perianal area, which were not rare
amongst ENU-treated mice, might have accounted for the decrease seen in treated
animals. The blood loss in some occasions could also have been associated with other
pathologies of the gastrointestinal and female reproductive tracts observed during

necropsy such as tumours, intussusception and prolapse.
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4.4. Flow Cytometry
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4.4.1. Thymus
According to Morse et al. (2002b), chemically induced lymphomas are precursor T-

cell lymphoblastic lymphomas (Pre-TLBL), also called lymphoblastic lymphomas or
thymic lymphomas, and have a phenotype characterized by immature T-cells, CD4-
CD8- double negative, CD4+CD8+ double positive, CD4 single positive or CD8

single positive.

According to Uyttebroeck et al. (2007), although there is a considerable overlap
between the immunophenotype of T-cell lymphoblastic neoplasms, T-cell
lymphoblastic leukaemias (T-ALL) have a more immature phenotype and T-cell acute
lymphoblastic lymphomas (T-LBL) have a more mature phenotype. This may suggest
that T-ALL derive from a T-cell progenitor in the bone marrow, while thymocytes
represent the normal counterpart in T-LBL, which offers a possible explanation for the
differential patterns in both disease distribution (bone marrow involvement versus
mediastinal mass) and immunophenotype (earlier versus latter stages of T-cell
differentiation). According to Kumar et al. (2010a), the more immature tumours are
usually negative for surface CD3, CD4, and CD8, whereas “late” pre-T cell tumours

are positive for these markers.

In the current study, ENU-induced thymic lymphomas were of varied
immunophenotypes. The majority (57.5%) were predominantly of cells with some co-
expression of both CD4 and CD8 markers while only 5% were of double negative
cells. In most cases the co-expression of CD4 and CD8 was not clearly positive or
negative - there was a range of intermediate states. Indeed, according to Swerdlow et
al. (2008), CD4 and CD8 are frequently co-expressed on the blasts in T-ALL/LBL.
Single positive CD8 lymphomas were 2.6 times more common than CD4 and 10%
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were of mixed cells. Even though most malignant tumours are monoclonal in origin,
by the time they become clinically evident their constituent cells are extremely

heterogeneous (Kumar et al., 2010d).

Although an attempt to label and group lymphomas by phenotype was made, by
establishing and using reference intervals based on the immunophenotype of thymi
from control mice, the classification used here is open to discussion - each tumour has

a unique profile.

There was a considerable degree of variation in the dataset, which is not uncommon in
flow cytometry, particularly when dealing with cells that have a departure from their
original state and do not necessarily express the same surface antigens as their non-
neoplastic counterparts. For that reason, the analysis was focused on Median, and not
Mean, Fluorescence Intensity, since medians are a better representation of the centre

in these cases.

Neoplastic cells can have a different size from their healthy counterparts. Variation in
cellular size, and consequently in cellular membrane area, may in theory have an
impact on the number of antigens expressed on the cell surface. Since the antigens
measured in this study are all expressed at the cellular membrane, the size of each cell
type was measured by Mean Forward Scatter. When compared to controls, double
positive and CD4 single positive neoplastic T-lymphocytes were significantly larger,
double negative neoplastic T-lymphocytes were significantly smaller, and CD8 single
positive showed no significant difference. It was beyond the objectives of this study to
understand exactly how neoplastic cells differ from healthy cells in the number of

surface antigens expressed on the cellular membrane and the sample size was too
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small for a statistical analysis. Nevertheless, the data suggest that the number of
surface antigens in CD4 lymphocytes followed the variation in cellular size: bigger
CD4+ neoplastic (N= 2) seemed to have more CD4 antigen (8953.5+580.5) than
control (7291+£1104, N= 21). Double positive neoplastic cells (N= 6), that were
significantly larger than control, seemed to have more CD4 (7121.5£4095.5) but less
CD8 (2130.33+609.4) than control (N= 21), (5345+894.4) and (2341%440.7),
respectively. CD8+ neoplastic lymphocytes (N= 2), that were not significantly
different in size from control CD8+, showed a mean MFI captured in APC-Cy7
channel of 1636+-306.9, lower than in control (2730+613.6, N= 21). CD8 tumours
were more common than CD4 but they were mostly of lymphocytes with intermediate
expression of CD8 antigen. Neoplastic cells with intermediate expression cannot be
compared since there were no equivalent controls for comparison. Results presented
here comparing expression on neoplastic cells with controls are merely speculative - a
larger sample would be required to assess whether the suggested differences were

significant.

4.4.2. Spleen
A possible limitation of performing flow cytometry on solely the thymus was revealed

by comparing the phenotypes of the primary tumours and respective metastases. This
limitation, identification of which cell type has become neoplastic, holds particularly
true when the thymic tumour has a similar proportion of double positive, double
negative and single positive cells as a normal thymus. This is particularly apparent in
mouse 26.1e (section 3.4.2.2.2, Figure 33), in which 69.7% were DP, 5.03% were DN,
6.13% were CD8+ and 19.1% were CD4+. When looking at the flow cytometry

profile of the metastasis in the spleen, it becomes clear that the predominant neoplastic
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cells were DP, since they accounted for 54.4% of all lymphocytes, whereas in normal
spleens they are almost not present at all. Although flow cytometry and other
techniques with adjunctive roles in diagnosis and classification of hematopoietic
neoplasms provide valuable information, they must be reconciled with morphology

for diagnostic purposes (Kaleem, 2006).

Flow cytometry analysis of spleens was carried out with the intention of having a first
look at correlation between the immunophenotype found in the thymus and the
immunophenotype that had spread to the spleen, and to assess if there was a specific
phenotype which had spread more frequently. From 6 cases of metastasis to the spleen
presented here, only one was of CD8+ cells, while five CD8CD4 subtypes accounted
for the remaining metastases. These two subgroups were the first (57.5%) and second
(20%) most common phenotypes found in the thymus. More than showing any
particular trait in terms of invasion rate, these figures might simply be reflecting the
higher incidence of the primary tumour — a larger sample would be needed for a

conclusive result.

Although CD44PE-CF594 and CD25PE were included in the panel of antibodies used
to phenotype both splenic and thymic T-lymphocytes, their expression have a different
meaning in the two organs. In the spleen, CD44 is used to distinguish CD4 naive
(CD44 low) from those that are antigen-experienced (CD44 high) (Zeng et al., 2008),
whereas in the thymus, as previously stated, CD44 can be used to differentiate
different stages of immature lymphocytes, which are CD4-. Furthermore, CD25
detects an activation antigen (IL-2 receptor alpha chain) on T cells and B cells (Parker
A. et al., 2010), conferring on it a different interpretation in immature (thymic) and

mature (splenic) T-lymphocytes. For these reasons, and in retrospective analysis,
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results for splenic metastases presented here were limited to T-cells versus B-cells and
CD4 versus CD8 gates, with no further investigation on the nature of DN based on the

expression of CD44 and CD25.

The DN classification in the spleen should be interpreted differently to that in the
thymus. Given that lymphocytes were selected from an FSC/SSC gate and
polymorphonuclear cells with a higher FSC were excluded, it is unexpected to have
such a high percentage of genuine immature CD4-CD8- T-lymphocytes in the spleen.
This is because CD4-CD8- T-lymphocytes are released in the peripheral circulation,
and eventually colonise the spleen as CD4 or CD8 mature single positive cells.
Therefore, the DN gate in the spleen contains cells that have a similar FSC/SSC
pattern to lymphocytes, are CD19 negative and therefore not B cells, are CD4-CD8-,
and hence should not represent genuine DN lymphocytes. The refined analysis of this

DN CD4CD8 splenic population is beyond the scope of this study.
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4.5. Genetic analysis
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4.5.1. Physical distance and linkage distance
The genotyping data was generated in base pair (bp) and for the QTL analysis had to

be converted to centimorgan (cM). The relationship between linkage distance and
physical distance can vary greatly in different parts of the genome as well as in
crosses between different strains of mice. Nevertheless, and according to Lee M.
Silver (1995), one can derive an average equivalence value between the two metrics of
genome measurement, kilobases and centimorgans of approximately 2000 kb (or
2000000 bp) per centimorgan. Therefore, for the QTL analysis, the position of each

SNP was converted to cM by dividing by 2000000.

4.5.2. Selection of the quantitative trait to analyse
After receiving ENU, only some animals developed thymic lymphoma. The

phenotype studied here, thymic lymphoma, seems, at first glance, a categorical trait:
there were lymphoma positive and lymphoma negative mice. Nevertheless, within a

lymphoma positive status, there are several degrees of severity of the disease.

While phenotyping the experimental population studied here, continuous variables
such as adjusted thymus weight at culling and absolute lymphocyte count at culling,
were strongly associated with thymic lymphoma and were therefore potentially
considered as good quantitative traits for the QTL analysis. Ideally, adjusted thymus
weight to body weight at culling would have been better to use instead of absolute
thymus weight since it would take into account the variation in thymus weight
attributable to variation in body weight, but adjusted organ weight is performed at the
group level, not allowing to get the individual measurements crucial for the QTL
analysis. Lymphocyte count, although significantly associated with the presence of

thymic lymphoma, was not considered as an optimal quantitative trait. Lymphomas
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are circumscribed masses by nature and only at later stages become leukaemic.
Additionally, there may have been other causes of lymphocytosis that would not be
possible to identify and would lead to false positive results. Absolute thymus weight
was, therefore, the quantitative trait selected for the QTL analysis. According to
Jacoby et al. (2002b), the thymus reaches maximum size around the time of sexual
maturity and involutes between 35 and 80 days of age. In this study, the age of mice at
culling was well above 80 days, when no further considerable involution was expected
to occur. Additionally, thymus weight is a good indicator of whether a proliferative

process is present (Deschepper CF and Gallo-Payet N, 2004).

4.5.3. A QTL in chromosome 3
According to Fenske et al. (2006b), lymphoma susceptibility mapped to two regions

on chromosomes 3 and 15, one of which contains the gene encoding Sproutyl,
according to same authors, an antagonist of fibroblast growth factor signalling. In this
study, a QTL in chromosome 3 was found using an Interval Mapping analysis at 48.3
cM, which correlates to approximately 96525953 bp, between SNPs “UNCHS009289

chr3:87248346” and “UNC5893653 chr3:105034644”.

In the QTL, genetic variants between C57BL/6J and A/J were selected. These
sequence differences will contribute to the susceptibility of C57BL/6 mice to ENU-
induced lymphomas. The ENU will affect individual cells and cause mutations in
particular genes which interact in some way with the susceptibility loci to result in
lymphoma. The loci could be a result of a sequence in A/J that results in resistance or

a sequence in C57BL/6 that results in susceptibility.

In theory, Composite Interval Mapping (CIM) gives more power and precision than

simple Interval Mapping because the effects of other QTL are not present as residual
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variance (Wang S. et al., 2012). Although the CMI carried out here did not identify
the peak in chromosome 3 as statistically significant, it was nevertheless the highest
peak found. Furthermore, there was a good correspondence between the peaks found

using both methodologies.

4.54. Single nucleotide polymorphisms
In this section, genes found on the locus of interest are discussed. The type of variant

and its impact on protein function are assessed. A missense variant is a sequence
variant that changes one or more bases, resulting in a different amino acid sequence
but where the length is preserved. It is considered to have a moderate impact and
might change protein effectiveness. In splice region variants, the change has occurred
within the region of the splice site, either within 1-3 bases of the exon or 3-8 bases of
the intron. A nonsense-mediated decay (NMD) transcript variant is a variant in a
transcript that is predicted to be a target of NMD (Yates et al., 2016), a surveillance
pathway that reduces errors in gene expression by eliminating mRNA transcripts that
encode incomplete proteins (Baker and Parker, 2004). NMD transcript variants are
usually non-coding variants or variants affecting non-coding genes, where predictions
on protein function are difficult or there is no evidence of impact. Finally,

synonymous variants result in no change to the encoded amino acid.

4.54.1. Fcrls, Ferll and Fcrl5
In the published literature, there are references to the role this gene plays in B cell

differentiation but its relevance to T cell biology is not clear. Research published in
Davis et al. (2001) and Miller et al. (2002), showed that FCRL1-5 expression
increases as a function of B cell differentiation and peaks among circulating cells and

those located in secondary lymphoid tissues (Li et al., 2014). Members of the
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extended Fc receptor-like family in humans and mice are preferentially expressed by
B cells but Fcrls, specifically, is not present in the human genome (Li et al., 2014). Fc
receptor-like homologs (FCRH1-5) are differentially expressed during B cell
differentiation in humans and the mouse orthologs moFcRH1 and moFcRH3 are
preferentially expressed at different stages in B cell differentiation (Davis et al.,

2004).

Mouse Fcrll and Fcrl5 encode type | transmembrane proteins with moderately
different features to equivalents in humans. Mouse FCRLS5, present in B cells located
in the marginal zone of lymph nodes, shares greater structural similarity to human
FCRL2 and FCRL3 (Li et al., 2014). Although FCRL3 is present in human T cells,
both naturally occurring CD4+ regulatory cells (Nagata et al., 2009, Swainson et al.,
2010) and CD8+ cells (Li et al., 2014), the FCRL3 gene is not present in mice (Nagata
et al., 2009). Both in humans and mice, FCRLL1 protein is present in B cells (Li et al.,

2014).

Given their preferential expression on B cells, the role of FCRL family members in
disease pathogenesis is being investigated and multiple groups have detected their
expression and dysregulation in various lymphoproliferative disorders (Li et al.,
2014). Upregulation of FCRL was shown in diffuse large B cell lymphoma, follicular
lymphoma and chronic lymphocytic leukaemia (Alizadeh et al., 2000). Furthermore,
monoclonal antibodies confirmed the FCRL1-5 protein surface expression on diffuse
large B cell lymphoma, follicular lymphoma, chronic lymphocytic leukaemia, Burkitt
lymphoma, hairy cell leukaemia and mantle cell lymphoma (Ise et al., 2005, Polson et

al., 2006, Du et al., 2008).
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In Fcrll, no deleterious effects on protein function seem to result from the
replacement in amino acids. As for Fcrl5, ten missense variants were found in A/J
mice, two of which resulting in amino acid substitutions, from tyrosine to histidine
and from asparagine to threonine, that can have a deleterious effect on protein
function. Nevertheless, no associations to T cell lymphomas were found in the

literature.

4.54.2. Cdsl
CDLS5 protein is expressed mostly by macrophages in lymphoid and inflamed tissues,

and it is known to play major role in lipid homeostasis (Sanjurjo et al., 2015).
Concerning its tissue expression, Northern blot analysis identified 3 distinct RNAs
hybridizing to human CD5L in bone marrow, spleen, lymph node, thymus and foetal

liver but not in non-lymphoid tissues (Gebe et al., 1997).

Phenotypes related to the hematopoietic system and the immune system are described
for Cd5l. Apoptosis inhibitor expressed by macrophages (AIM) inhibits apoptosis of
CD4+CD8+ double positive thymocytes and supports the viability of DP thymocytes
before thymic selection (Miyazaki et al., 1999). Although there is evidence in
(Kuwata et al. (2003) suggesting that in CD5I™™N"/CD5I"™MN® mice, synonym to AIM™
" T cell apoptosis was prevented in Corynobacterium parvum infection. Furthermore,
recombinant AIM protein significantly inhibited apoptosis of T cells obtained from C.
parvum-stimulated livers in vitro. In another study Miyazaki et al. (1999), AIM-
deficient mice had thymocyte numbers diminished to half of those in wild-type mice,
and CD4/CD8 double positive thymocytes were more susceptible to apoptosis induced

by dexamethasone and irradiation in vivo. Still according to the same authors,
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numbers of either CD4/CD8 double-negative and single-positive thymocytes were

grossly normal.

It has been hypothesised that differences in glycosylation patterns between human and
mouse proteins result in distinct functional activities. Furthermore, the mutation of 2
N-glycosylation sites in the mouse protein affect its secretion and enhance its lipolytic
activity (Mori et al., 2012). Further studies would be necessary to ascertain if other

functional aspects of CD5L, for example inhibition of apoptosis, are also influenced.

Mutations in genes that modulate apoptosis might be implicated in the pathogenesis of
cancer (Kumar et al., 2010b, EImore, 2007). Additionally, according to Sanjurjo et al.
(2015), evidence shows that both mouse and human CD5L forms can be defined as
apoptosis inhibitors that support the survival of macrophages and other cell types
when challenged by various apoptosis-inducing insults of infectious and chemical
origin. It is therefore possible to speculate whether a sequence variant in Cd5I could
have accounted for the abnormal survivability of T lymphocytes, in particular of

CD4+CD8+ lymphocytes in ENU-induced thymic lymphomas.

The missense variant found in A/J causes an asparagine to be replaced by a serine but
this substitution seems to be well tolerated and have no deleterious effect on protein

function.

4.5.4.3. Etv3
Also named Ets variant 3, this gene is known to be involved in cell differentiation and

proliferation (Eppig et al., 2015). Most Ets family protein, including Etv-1 and 2,
transcription factors are nuclear targets for activation of Ras-MAP kinase signalling

pathway and some of them affect proliferation of cells by regulating the immediate
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early response genes and other growth-related genes (Oikawa and Yamada, 2003).
Likewise, Ets1 have been shown to be required for survival and activation of T cells
(Muthusamy et al., 1995), and the pro-apoptotic and anti-apoptotic roles of Ets-1 and
Ets-2 (Oikawa and Yamada, 2003) are but no references were found associating Etv3
to T cell biology. Other Ets family proteins, including Ets-1, Ets-2, Erg, Fli-1, EIf-1,
GABPa, PU.1 and Spi-B are expressed in lymphoid cells (Bassuk and Leiden, 1997,
Anderson et al., 1999), but no reference is made to Etv3 variant. Furthermore, some
Ets family genes can be activated and become oncogenic by retroviral insertion in
animal tumours. For example, in Friend virus-induced erythroleukaemia, PU.1 is
activated (Moreau-Gachelin, 1994). The Ets family genes are also involved in
chromosome translocations, frequently associated with leukaemia and solid tumours
(Look, 1995) and T cell lymphoblastic lymphomas (Lones et al., 2007, Thomas and
Kantarjian, 2001). One well-known example is a translocation found in 95% of human
Ewing’s (EWS) sarcomas (Delattre et al., 1992). The expression of EWS-FIli-1, an Ets
variant, leads to a strong up-regulation of the c-myc oncogene and a considerable

down-regulation of the p57'F2

tumour suppressor gene (Dauphinot et al., 2001).
According to de Leval et al. (2009), a translocation involving myc is encountered in

35% of T-ALL/LBL.

In conclusion, there is evidence for the association of Ets genes with biological
processes linked to cancer but no clear information concerning the role of Etv3 on
thymic lymphoma was found. Furthermore, the two missense variants found in A/J are

unlikely to have deleterious consequences to the protein.
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4.54.4. Sh2d2a
This gene, also known as RIBP, is expressed in T and natural killer cells. RIBP-

disrupted knockout mice displayed apparently normal T cell development, however, T
cell receptor mediated activation was impaired, suggesting that RIBP plays a role in
the regulation of T cell differentiation (Rajagopal et al., 1999). It is therefore possible
to speculate about its role on cellular arrest on the course of lymphocyte
differentiation in neoplastic thymi. Nevertheless, the missense variant found in A/J is
well tolerated and the splice region variants relate to intronic regions, which, not
ruling out the possibility of having had an impact on the phenotype studied here via

gene regulation mechanisms, makes difficult any prediction.

4.5.4.5. Gon4l
Mice homozygous for an ENU-induced allele exhibit arrested B cell development at

the early pro-B cell stage (Lu et al., 2010), but no phenotype, other than a decrease by
approximately twofold in mature CD3+ in spleens, was found in T cells. Of three
missense variants found in A/J mice, one is predicted to have a deleterious effect on
protein function. It affects bp 88854680, consists of a change from cytosine to thymine on

the codon, causing proline to be replaced with leucine on the protein.

4.54.6. Ecml
Extracellular matrix 1 (ECM1) was statistically-significantly elevated in Diffuse

Large B-cell Lymphoma patient sera as compared to controls (Riby et al., 2016). It
has also been implicated in other tumours, such as laryngeal carcinoma, in which case
it ECMI1 expression was associated with tumour cell growth, metastasis and
angiogenesis (Meng et al., 2015). Here, the missense variant found in A/J is likely to
have no deleterious effect on the coded protein and therefore unlikely to have been

implicated in the phenotype.
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4.5.4.7. Cd160
CD160 antigen is expressed on activated NK or T cells in humans but its function is

unknown and in Tu et al. (2015), CD160-deficient mice were generated to probe its
function. According to their data, although CD160 (-/-) mice showed no abnormalities
in lymphocyte development, the control of NK-sensitive tumours was severely
compromised. Therefore, CD160 functionally controls cytokine production by NK
cells and is important for early control of tumour growth. Nevertheless, the missense
variant found in A/J is likely to have no deleterious effect on the coded protein and

therefore unlikely to have been implicated in the phenotype.

4.5.4.8. Trim45
Tripartite motif-containing 45, one of the TRIM family ubiquitin ligases, suppresses

transcriptional activities of EIk-1 and AP-1, which are targets of the MAPK signalling
pathway (Shibata et al., 2012). Moreover, the same authors found that TRIM45
overexpression suppresses cell growth by acting as a repressor for the NF-xB signal,
which plays an important role in cell survival, immunity, inflammation,
carcinogenesis, and organogenesis. The gene variants in A/J are unlikely to affect

protein function.

4.5.4.9. Vangll
Vang-like 1 (van gogh, Drosophila), also called KITENIN, promotes tumour

progression by enhancing angiogenesis in colorectal cancer (Oh et al., 2016). The
variant in A/J mice is intronic and therefore difficult to predict whether it may have

played a role in the pathogenesis of thymic lymphoma.
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4.5.5. Insertions/deletions
4.5.5.1. Nras
Nras, also known as neuroblastoma ras oncogene, is associated with several

phenotypes close to lymphoma in general and with acute lymphoblastic leukaemia
(Eppig et al., 2015). Ras genes are the most common targets for somatic gain-of-
function mutations in human cancer (Schubbert et al., 2007). Within the
haematopoietic system, several genotypes were described in association with
modification of leucocyte biology: Homozygous mice carrying a genetic modification
which increased the level of wild type Nras mRNA, Nras™-EmU/ Nrag™-1Emt
developed granulocytosis and T-cell expansion, whereas heterozygous mice showed a
moderate of T cells and granulocytes. This indicates that Nras overexpression alone is

sufficient to cause dose-dependent granulocytosis and T-cell expansion (Lassen et al.,

2012).

As shown in Wang et al. (2011), 100% of recipient mice transplanted with

G12D/G12D

Nras , @ normal oncogenic Nras allele, bone marrow cells, develop acute T-

cell lymphoblastic leukaemia/lymphoma, whereas approximately 8% of recipient mice

G12D/+

transplanted with Nras developed that same neoplasm. These findings were

consistent with results published in Xu et al. (2013).

Research has suggested that wild type Ras exerts tumour suppression activity
(Bremner and Balmain, 1990, To et al., 2008, Li et al., 2011, Zhang et al., 2001).
Nevertheless, data published in Xu et al. (2013), suggest that although this possibility
remains viable in tissues such as skin and lung, where normal RAS genes are likely to
function as tumour suppressors, restoring or enhancing normal Ras expression will be

ineffective in leukaemias with oncogenic NRAS mutations.
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Both variants in A/J are nonsense-mediated decay transcript variants, one of which
located in intron 4-5, a non-coding region, which makes difficult to predict how this

could impact on gene expression and therefore on the phenotype studied here.

4.5.6. Single nucleotide polymorphisms and insertions/deletions
4.5.6.1. Ritl
Ras-like without CAAX 1 mediates several cellular functions, including prominent

roles in the control of mitogen-activated protein kinase (MAPK) cascades (Cai et al.,
2011), cell proliferation, survival, differentiation and may play crucial oncogenic role
in human cancer (Xu et al., 2015). Still according to the last authors, elevated
expression of RIT1 was associated with poor prognosis in endometrial cancer and in
Berger et al. (2014), RIT1 was identified as a driver oncogene in a specific subset of
lung adenocarcinomas. Both SNP and insertion/deletion variants in A/J are nonsense-
mediated decay transcript variants located in introns, not allowing to predict here their

consequences at functional level.

4.5.6.2. Selenbpl
Selenium-binding protein 1 is suggested to play a role in tumour suppression and in

Selenbp1™ mice, the thymus weight was significantly higher than in wild type
(Tsujimoto et al., 2013). Nevertheless, according to the same authors, a reduction in
Selenbpl in Selenbpl™ mice appears not to be the sole determinant for
tumorigenesis. Other authors, Ansong et al. (2015), have found evidence to support
that selenium binding protein 1 is a tumour suppressor in prostate cancer.
Nevertheless, both SNP and insertion/deletion variants in A/J are nonsense-mediated
decay transcript variants located in introns not allowing to predict here their
consequences at functional level, but it is possible to speculate they might have

resulted in a lower expression of this gene.
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4.5.6.3. Rfx5
Regulatory factor X, 5 is related to MHC - 11 expression. Rfx5"™/Rfx5™11 mice

thymus is almost completely devoid of MHC- 1l expression, as well as a decrease in
CD4+ alpha beta T cell number and decreased single positive T cell number.
Furthermore, the lack of MCH Il expression causes an immunodeficiency syndrome,

the bare lymphocyte syndrome (Elhasid and Etzioni, 1996).

Genetic deletions of MHC genes appear to be common in extranodal lymphomas at
immune-privileged sites, in particular the central nervous system and testes. In one
study, 60% of immune-privileged site lymphomas had a total loss of MHC class |
genes as compared with 10% of intranodal cases. Additionally, MHC class I
expression was lost in 56% of immune-privileged lymphomas compared with only 5%
of nodal lymphomas (Riemersma et al., 2000). Loss of MHC class Il in these
particular types of lymphomas is due to both homozygous and heterozygous deletions
as well as point mutations (Jordanova et al., 2002, Jordanova et al., 2003). In Rimsza
et al. (2004), the authors have found evidence that diminished MHC class Il gene
expression with consequent loss of immunosurveillance is an important factor related

to patient survival in diffuse large B-cell lymphomas.

Published data suggest that it is possible to speculate about the role of Rfx5 in the
phenotype studied here, although both SNP and insertion/deletion variants found in
A/J mice are mostly uninformative, as they relate to non-coding regions. There is a
missense SNP variant that results in the replacement of arginine with glutamine but

with no predicted deleterious effect on protein function.
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4.5.6.4. Anp32e
Acidic (leucine-rich) nuclear phosphoprotein 32 family, member E, is involved in the

regulation apoptotic process (Gaudet et al., 2010) in zebrafish. Furthermore, a high
expression of ANP32E, amongst other genes, was associated with better survival rate
in patients with follicular lymphoma (Bjorck et al., 2005). Nevertheless, mice
homozygous for a knock-out allele are phenotypically normal, including no defects no
thymocyte apoptosis (Eppig et al., 2015, Reilly et al., 2010). The variants found in A/J

mice are of nonsense-mediated decay transcript type.

4.5.6.5. Wdr3
Proteins belonging to the WD repeat family are involved in a variety of cellular

processes, including cell cycle progression, signal transduction, apoptosis, and gene
regulation (NCBI, 2016). Furthermore, as described in McMahon et al. (2010), WDR3
has an essential function in p53-mediated regulation of cell cycle progression in
cancer cells. No specific phenotypes were associated with lymphoma and from most
of the genetic variants in A/J are of nonsense-mediated decay transcript type and thus
not very informative as whether this gene could have played a role in the pathogenesis
of thymic lymphoma. There are two missense variants but none seems to have a

deleterious effect on protein function.

4.5.6.6. Hipk1
Homozygous null mice are viable and fertile, do not develop spontaneous tumours,

and are resistant to DMBA-induced skin tumour formation (Eppig et al., 2015). In
(Kondo et al. (2003), homeodomain-interacting protein kinase 1 (HIPK1) was used as
a p53-binding protein and deletion analysis showed that amino acids 100-370 of p53
and amino acids 885-1093 of HIPK1 were sufficient for HIPK1-p53 interaction.

Moreover, gene-targeted HIPK1-/- mice were grossly normal but oncogenically
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transformed HIPK1 -/- mouse embryonic fibroblasts exhibited reduced transcription
of Mdm2 and were more susceptible than transformed HIPK1+/+ cells to apoptosis
induced by DNA damage. Furthermore, carcinogen-treated HIPK1 -/- mice developed
fewer and smaller skin tumours than HIPK1+/+ mice. The authors concluded that
HIPK1 may play a role in tumorigenesis, perhaps by means of the regulation of p53

and/or Mdm?2.

More than 70 SNP and 20 insertion/deletion nonsense-mediated decay transcript
variants were found in A/J mice, but given their nature, it is difficult to speculate on

their effect on gene regulation.

4.5.6.7. Ptpn22
Homozygous null mice display antigen dependent increases in T cell proliferation and

cytokine production, enlarged spleens and lymph nodes, increased spontaneous
germinal centre formation, increased B cell numbers, and increased serum 1gG and
IgE levels (Eppig et al., 2015). There are several B and T cell phenotypes associated
with this gene, most of them related to auto-immune diseases, including type 1
diabetes, rheumatoid arthritis, Graves’ disease, and systemic lupus erythematosus,
which are associated with an allelic variant of protein tyrosine phosphatase
nonreceptor 22 (PTPN22) (Dai et al., 2013), more than with cancer. Furthermore, in
AJ/J this is a nonsense-mediated decay variant, which usually are non-coding variants
or variants that affect non-coding genes, where predictions are difficult or there is no

evidence of impact (Yates et al., 2016).

4.5.6.8. St7l
In their study, Hooi et al. (2006), have provided evidence that ST7 functions as a

tumour suppressor in both prostate and breast cancer cells, but as with Ptpn22, the
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gene variants in A/J are nonsense-mediated decay variants, not allowing for

predictions in terms of consequences for the function of the coded protein.

4.5.7. Conclusion
In conclusion, just in this QTL it was possible to identify at least 20 genes that are

directly or indirectly implicated in tumorigenesis. Genes such as Nras and Cd5L seem
to be strong candidates in explaining the differences in phenotype found between
ENU-treated C57BL/6J and A/J mice. In other cases, such as in Fcrls, Ets families,
Rfx5, the variants were found to be more directly implicated in cancer-related
processes affecting either other lymphocyte subsets or involving gene variants other
than the one found in the QTL vicinity. In most situations, the gene variants in A/J did
not relate to modification in protein function, except in the case of Fcrl5 and Gon4l.
Nevertheless, it seems that rather than one gene of strong effect, there are multiple

genes that could be implicated in the pathogenesis of thymic lymphoma.
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5. Conclusions and future work

234



Starting from the evidence that different inbred strains of mice had very distinct
degrees of susceptibility to ENU-induced lymphoma, this study was designed with the
major objective of identifying candidate loci associated with susceptibility to
lymphoma. The incidence is higher in C57BL/6J than in A/J mice and, since external
factors such as diet, temperature, humidity and light intensity are generally well
controlled in biomedical research settings and therefore should not have accounted for
the difference, we have hypothesised that there are specific loci associated with
increased susceptibility in C57BL/6J mice and have carried out a QTL analysis to test

our hypothesis.

The resistant inbred strain (A/J) was crossed with the susceptible strain (C57BL/6J) to
generate an experimental F2 intercross model in which genes from both progenitors
are thoroughly mixed. Those animals were then challenged with ENU and the
incidence of lymphoma across the experimental population was used to identify and
map potential candidate loci related to increased susceptibility to ENU-induced

thymic lymphoma.

The ENU protocol initially planned to induce thymic lymphoma in this study was
designed based on evidence described in the literature and a wealth of experience held
at the MRC Harwell. Nevertheless, there was an unexpected drop in body weight
flowing ENU administration to the F2 intercross, which resulted in having to reach a
new compromise between the welfare of the mice and scientific output, with the side
effect of introducing variability to the study. This did not have an impact on biometric
and haematology results since appropriate statistical tests were employed where
different ENU regimens might have accounted for differences in the variables

measured, but overall, it has reduced the power of the experiment. Retrospectively,
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and to anyone interested in conducting a similar study, it is advisable to perform a
pilot study and assess the tolerance to ENU administration on the specific animal
model to be studied. At a dose regimen of (100+90+80) mg/kg, 36% of mice
developed thymic lymphoma (N= 178), and no significant difference was seen

between sexes.

The phenotype — thymic lymphoma — was studied according to haematological and
other biometric variables measured and analysed between lymphoma negative and
positive mice. Thymus enlargement was clearly associated with thymic lymphoma but
splenomegaly was seen in lymphoma negative animals and attributed to increased
extramedullary haematopoiesis rather than to metastasis arising from the primary
tumour. Haematological findings included an increase in RBC in lymphoma positive
mice, counteracting the tendency to develop anaemia associated with ENU
administration, possibly explained by mutations caused by treatment not only on
lymphoid medullary precursors, leading to the neoplastic transformation of the
thymus, but also to myeloid stem cells, causing an increase in RBC. Basophils, also
myeloid-derived cells, were also found to be increased in association with thymic
lymphoma. Despite being exclusively associated with thymic lymphoma,
lymphocytosis was attributed to the evasion of the neoplastic cells from the primary
tumour into the blood stream, given the elevated metastization rate (49%) found at the

histological examination of the spleens.

Flow cytometry analysis of thymic lymphomas has revealed a diversity of phenotypes,
the most frequent (57.5%) of which was composed of lymphocytes with variable
degrees of CD4 and CD8 co-expression. Only 5% of the lymphomas had an immature

phenotype, composed of double negative CD4CD8 cells. The results found here
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indicate that ENU-induced lymphomas have a more mature phenotype, as according
to (Kumar et al. (2010a), the more immature tumours are usually negative for surface
CD3, CD4, and CD8, whereas “late” pre-T cell tumours are positive for these
markers. This suggests that ENU-induced lymphomas in this study were T-cell acute
lymphoblastic lymphomas (T-LBL), with a more mature phenotype, rather than T-cell
lymphoblastic leukaemias (T-ALL), which have a more immature phenotype.
According to (Wood et al. (2007), the international panel of scientists with expertise
in mouse and human haematopathology together with the haematopathology
subcommittee of the Mouse Models for Human Cancers Consortium (MMHCC)
classified precursor T cell neoplasms uniquely as precursor T-cell lymphoblastic
lymphoma/leukaemia (pre-T LBL), making no distinction between lymphoma and
leukaemia forms. The results obtained here, showing that only 5% of ENU-induced
lymphomas had an immature phenotype, provide some evidence that there is place for
a distinct classification of these two types of precursor T cell neoplasms. Furthermore,
it would be interesting to carry out a detailed comparison of H&E stained slides of
thymic lymphoma according to their flow cytometry profile and assess whether there

are any outstanding differences in the cellular morphology of these tumours.

The null hypothesis that “No quantitative trait loci (QTL) exist that can explain the
increased susceptibility to thymic lymphoma in ENU-treated C57BL/6J mice” was
tested. A QTL was found by Interval Mapping on Chromosome 3 in the vicinity of a
QTL found by Fenske et al. (2006b). These same authors acknowledged the need for
their results to be validated and complemented using traditional intercross mapping

strategies, which were carried out in here.
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Several genes of interest, already identified as oncogenes, tumours suppressor genes,
major players in regulation of apoptosis and genes intervening in lymphocyte biology
are present in the region of the QTL. When comparing to C57BL/6J mice, most of the
gene variants identified in A/J were in non-coding regions, where predictions of the
impact the variant has on the phenotype are difficult. Deleterious effects on protein
function are likely to occur as a consequence of missense mutations in Fcrl5 and
Gond4l. Although these genes are not described as being implicated in the pathogenesis
of thymic lymphoma, they have been described in association with B cell lymphomas
and lymphocyte biology. Other gene variants, such as the nonsense-mediated decay
transcript variant affecting oncogene Nras, well described across the literature as an
oncogene in lymphomas in C57BL/6 in response to ENU treatment (Shimada et al.,
2003a), where found in the QTL. A close relative of Nras, Ritl, was also within the
QTL. In both cases and in many other, their intronic positioning does not facilitate the

process of speculating about their implication of the phenotype studied here.

Although the QTL in chromosome 3 reached statistical significance, there are 14 other
peaks of minor expression along the whole genome, which suggests that ENU-induced
thymic lymphoma, as other cancers in general, is a complex disease and that more
than being associated to a single QTL of strong effect, there are multiple QTLs of

weaker effect accounting for the phenotype, as stated in Demant (2003).

The initial analysis carried out in this study compared mice that did or did not develop
lymphoma within the screening period, but a more detailed analysis comparing cell
types and oncogene mutations can also be performed. Tissue samples of grossly
altered tissues found at necropsy were archived for posterior fine mapping. Data

collected during this study allow to investigate possible mutations according to
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different flow cytometric immunophenotypes. Lymphoma clones or T cells can be
isolated by FACS sorting and the expression levels of various genes within the QTL

can be evaluated to see if any are different between the C57BL/6 and A/J.

For further analysis, consomic strains where individual chromosomes from the A/J
strain have been introduced onto the C57BL/6J strain could be studied to confirm the
relationship between the QTL and the phenotypes. Furthermore, mutations in genes

that are affected by ENU, such as K-ras (Shimada et al., 2003a) could be investigated.

The results of this project will help with future investigation on the genetic component
of precursor T cell lymphoblastic lymphoma, on refining the group of genes and
underlying mutations that intervene on its pathogenesis and on research leading to the

development of new therapeutic solutions for this pathology.
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7. Appendix 1 - List of materials and reagents
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Product (including reagents and labware)

Manufacturer

ADVIA Haematology Analyzer

Siemens
Healthineers

Beckam Coulter AU680

Beckam Coulter

Buffer for organ preservation during transport: RPMI with 2% FCS

Prepared in house

(v/Iv)

C Tubes BD Biosciences
CD117 APC BD Biosciences
CD16 BD Biosciences
CD19 BV510 BD Biosciences
CD25 PE BD Biosciences
CD3 Pac Blue BD Biosciences
CD4 FITC BD Biosciences
CD44 PerCP-Cy5.5 BD Biosciences
CDA45 PECy7 BD Biosciences

CD8a APC-Cy7

BD Biosciences

Collagenase D

Roche

DNeasy Blood & Tissue Kit Qiagen
EDTA 5mM Sigma
ENU ISOPAC® Sigma
FACSCanto Il BD Biosciences
FACSDiva™ BD Biosciences

Falcon Filters

BD Biosciences

FC buffer: PBS 1X (Sigma); EDTA 5mM; 0.5% FCS (v/v)

Prepared in house

FloJo™

FloJo

GigaMUGA array GeneSeek
Macs Gentle Cell Dissociator Miltenyibiotec
Moxi Z cell counter Bio-Rad

NanoDrop Thermo 8000 Thermo Scientific
New-born Calf Serum, New Zealand origin Life Technologies
PBS Sigma

Rapid- Diff I Bios Europe

Red blood cell lysis buffer (1:10 dilution required) eBiosciences
RPMI buffer Sigma

Stopping reaction buffer;: PBS 1X/EDTA 0.1 M (37.5g in one litre)

Prepared in house

Sytox Blue

BD Biosciences
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1st Value |2nd Value|Average | Concentration | Average Value at end | Loss in value| Concentration 2| Batch number |Vol ethanol
1.646 1.645 1.6455 11.8476 1.6325 -0.01300 11.8476 267 AJ 100mg/kg 10ml
1.432 1.444 1.4380 10.3536 1.4250 -0.01300 10.3536 267 AJ 100mg/kg 10ml
1.501 1.505 1.5030 10.8216 1.4980 -0.00500 10.8216 267 AJ 80mg/kg 10ml
1.549 1.557 1.5530 11.1816 1.5505 -0.00250 11.1816 269 AJ 100mg/kg 10ml
1.492 1.500 1.4960 10.7712 1.4810 -0.01500 10.7712 269 AJ 90mg/kg 10ml
1.419 1.418 1.4185 10.2132 1.4090 -0.00950 10.2132 269 AJ 80mg/kg 10ml
1.026 1.035 1.0305 7.4196 1.0150 -0.01550 7.4196 271 AJ 100mg/kg 10ml
1.076 1.094 1.0850 7.8120 1.0770 -0.00800 7.8120 271 AJ 100mg/kg 8ml
1.143 1.148 1.1455 8.2476 1.1330 -0.01250 8.2476 271 AJ 90mg/kg 8ml
1.097 1.109 1.1030 7.9416 1.0960 -0.00700 7.9416 271 AJ 90mg/kg 8ml
1.452 1.463 1.4575 10.4940 1.4485 -0.00900 10.4940 271 AJ 80mg/kg 6ml
Table 94: ENU concentration at each treatment. Spectrometer adjusted to 398.
P1 Stock Panel 1: | Fluorochrome | Recommended Dilution [ Stock for FMO [ Antibody (ul) | Buffer (ul)
S1 CD3 Pac Blue 1:100 1:10 12 108
S2 CD4 FITC 1:1600 1:160 1 159
S3 CD8 APC-Cy7 1:200 1:20 6 114
S4 CD25 PE 1:200 1:20 6 114
S5 CD44 PE-CF594 1:1600 1:160 1 159
S6 CD45 PECy7 1:8000 1:800 1 799
S7 CD117 APC 1:100 1:10 12 108
P1 Single Stains Buffer CD3 CD4 CD8 CD25)| CD44| CD45| CD117
Al CD3 Pac Blue 108 pl 12pl X X X X X X
A2 CD4 FITC 108 ul X 12ul X X X X X
A3 CD8 APC-Cy7 108 pl X X 12l X X X X
A4 CD25 PE 108 pl X X X 12pl X X X
A5 CD44 PE-CF594 108 pl X X X X 12pl X X
A6 CD45 PECy7 108 ul X X X X X 12pl X
A7 CD117 APC 108 pl X X X X X X 12pl
P1 FMO Buffer CD3 CD4 CD8 CD25| CD44| CD45)| CD117
C1 CcD3 Pac Blue 48l X 12y 12yl 12ul | 12u | 12u | 12l
c2 CD4 FITC 48ul 12pl X 12pl 12pl | 12pul | 12l [ 12pl
C3 CD8 APC-Cy7 48ul 12pl 12pl X 12pl | 12ul | 12pl 12pl
C4 CD25 PE 48yl 12pl 124l 12pl x| 12ul [ 12u [ 12p1
c5 CD44 PE-CF594 48yl 12l 12yl 12l 12ul | x 12ul | 12u
C6 CD45 PECy7 48ul 12ul 12pl 12pl 12pl | 12pl X 12pl
c7 CD117 APC 48ul 12ul 124l 124l 12ul | 12l | 12yl X

Table 95: Antibody preparation for thymus antibody conjugate panel FMO experiment. S= stock solutions, A=

single stain solutions, C= FMO cocktails
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P1 Stock Panel 1: |Fluorochrome |Recommended Dilution |Stock for FMO |Antibody (ul) [Buffer (ul)

S1 CD3 Pac Blue 1:100 1:10 12 108

S2 CD4 FITC 1:800 1:80 2 158

S3 CD8 APC-Cy7 1:200 1:20 6 114

S4 CD19 AmCyan 1:200 1:20 6 114

S5 CD25 PE 1:200 1:20 6 114

S6 CD44 PE-CF594 1:1600 1:160 1 159

S7 CD45 PECy7 1:8000 1:800 1 799

S8 CD117 |APC 1:200 1:20 6 114

P1 Single Stains Buffer CD3 CD4 CD8 CD19 |CD25 |[CD44 |CD45 |CD117
Al CD3 Pac Blue 108pl 12ul X X X X X X X
A2 Cb4 FITC 108l X 12ul X X X X X X
A3 CD8 APC-Cy7 108pl X X 12pl X X X X X
A4 CD19 AmCyan 108pl X X X 12ul |x X X X
A5 CD25 PE 108ul X X X X 12yl [x X X
A6 CD44 PE-CF594 108pl X X X X X 12ul [x X
A7 CD45 PECy7 108pl X X X X X X 12ul [x
A8 CD117 |APC 108ul X X X X X X X 12ul
P1 FMO Buffer CD3 CD4 CD8 CD19 |CD25 |[CD44 |CD45 |CD117
C1 CD3 Pac Blue 36l X 12pl 12ul 12pl |12l [12pl  [12pl  |12pl
c2 CD4 FITC 361l 12y X 12y 1200 [12u [12u0 1201 [12u1
Cc3 CD8 APC-Cy7 36ul 12yl 12yl X 12ul [12ul [12ul {12ul  {12ul
Cc4 CD19 AmCyan 36l 12ul 12pl 12ul X 12pl [12pl 12l [12pl
c5 cD25 _|PE 361l 12y 12y 12y 12ul [x 1201 [12u [12u1
C6 CD44 PE-CF594 36ul 12ul 12yl 12ul 12ul [12ul |x 12ul (124l
c7 CD45 PECy7 36l 12pl 12pl 12ul 12ul |12l [12pl |x 12pl
(&) CD117 |APC 36pl 12yl 124l 12yl 12ul [12p [12p1 [12p1 [x

Table 96: Antibody preparation for spleen antibody conjugate panel FMO

single stain solutions, C= FMO cocktails

experiment. S= stock solutions, A=

Flow in Live FSC SSC
time leucocytes | singlets | singlets

Minimum 82.5 77.1 97.5 290581
25% Percentile 90.35 86.1 98.03 345412
Median 93.1 87.1 98.3 374505
75% Percentile 96.2 89.03 98.5 386699
Maximum 96.8 94.5 99 407000
IQR
RI high (Q3+1.5*IQR)
RI low (Q1-1.5*IQR)
Mean 92.46 87.2 98.28 366447
Std. Deviation 4.1 3.896 0.3412 29931
Mean + 2SD 100.66 94.992 98.9624 426309
Mean - 2SD 84.26 79.408 97.5976 306585
P value 0.0846 0.109 0.6359 0.1044
Passed normality test
(alpha=0.05)? Yes Yes Yes Yes

Table 97: Flow cytometry of control thymi, general profile
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CD4+ | Freq. |CD4+ | Mean| CD4+ | Median
of Parent (%) | (FSC-A) |[(Comp-FITC-A)
Minimum 8.63 73164 5474
25% Percentile 9.69 78046 6377
Median 11.4 80014 7663
75% Percentile 12.9 83408 8281
Maximum 17.1 88353 8834
IQR 1904
RI high (Q3+1.5*IQR) 11137
Rl low (Q1-1.5*IQR) 3521
Mean 11.62 80634 7291
Std. Deviation 2.323 3732 1104
Mean + 2SD 16.266 88098
Mean - 2SD 6.974 73170
P value 0.174 0.9535 0.0395
Passed normality test
(alpha=0.05)? Yes Yes No
Table 98: Flow cytometry of control thymi, CD4+ group results
CD8+ | Freq. |CD8+ | Mean CD8+ | Median
of Parent (%0)| (FSC-A) (Comp-APC-Cy7-A)
Minimum 2.03 79224 892
25% Percentile 2.49 84616 2385
Median 2.86 88016 2804
75% Percentile 3.29 91060 3059
Maximum 3.93 95371 4041
IQR 674
Rl high (Q3+1.5*IQR) 4070
Rl low (Q1-1.5*IQR) 1374
Mean 2.887 87901 2730
Std. Deviation 0.5193 4045 613.6
Mean + 2SD 3.9256 95991
Mean - 2SD 1.8484 79811
P value 0.8244 0.8712 0.0081
Passed normality test
(alpha=0.05)? Yes Yes No

Table 99: Flow cytometry of control thymi, CD8+ group results
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CD8+CD4+ | Freq.
of Parent (%)

CD8+CD4+ |
Mean (FSC-A)

CD8+CD4+ | Median
(Comp-APC-Cy7-A)

CD8+CD4+ | Median
(Comp-FITC-A)

Minimum

25% Percentile
Median

75% Percentile
Maximum

IQR

RI high (Q3+1.5*IQR)
Rl low (Q1-1.5*IQR)
Mean

Std. Deviation

Mean + 2SD

Mean - 2SD

P value

Passed normality test
(alpha=0.05)?

75.3
79.1
81.2
82.2
84.5

80.66
2.281
85.222
76.098
0.3643

Yes

66423
69979
72352
73480
77925

71917
2843
77603
66231
0.7177

Yes

937
2103
2323
2637
2963

534
3438
1302
2341
440.7

0.0009

No

3746
4615
5291
6317
6645

5345
894.4
7133.8
3556.2
0.1251

Yes

Table 100: Flow cytometry of control thymi, DP group results

CD8-CD4- | Freqg. of

Parent (%0)

CD8-CD4- |
Mean (FSC-A)

CD8-CD4- | Median
(Comp-APC-Cy7-A)

CD8-CD4- | Median
(Comp-FITC-A)

Minimum

25% Percentile
Median

75% Percentile
Maximum

IOR

RI high (Q3+1.5*IQR)
RI low (Q1-15*IQR)
Mean

Std. Deviation

Mean + 2SD

Mean - 2SD

P value

Passed normality test
(alpha=0.05)?

3.73
44
5.37
5.61
6.79

5.229
0.8366
6.9022
3.5558
0.8588

Yes

85573
93354
94813
97069
101817

94822
4322
103466
86178
0.7607

Yes

18
67.75
86.1
100.3
155

85.71
28.26
142.23
29.19
0.2166

Yes

77.1
156.5
186.5

198

299

175.9
51.91
279.72
72.08
0.51

Yes

Table 101: Flow cytometry of control thymi, DN group results
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DNL1 | Freqg. of | DN1|Mean DN1 | Median |DNL1 | Median (Comp-
Parent (%) (FSC-A) (Comp-PE-A) PE-CF594-A)

Minimum 30.7 82230 -407 4791
25% Percentile 48.4 86760 -269.5 14487
Median 53.4 90476 -213 17845
75% Percentile 58.5 92211 -181.3 22457
Maximum 92 97663 7.7 32409
IQR 10.1
RI high (Q3+1.5*IQR) 73.65
Rl low (Q1-1.5*IQR) 33.25
Mean 53.77 90078 -215.9 18346
Std. Deviation 14.84 3938 83.36 6988
Mean + 2SD 97954 -49.18 32322
Mean - 2SD 82202 -382.62 4370
P value 0.0456 0.9925 0.0916 0.8208
Passed normality test
(alpha=0.05)? No Yes Yes Yes
Table 102: Flow cytometry of control thymi, DN1 group results

DN2 | Freqg. of | DN2 | Mean | DN2 | Median |DN2 | Median (Comp;

Parent (%0) (FSC-A) (Comp-PE-A) PE-CF594-A)

Minimum 0.57 100946 2917 4643
25% Percentile 0.66 116566 4237 11967
Median 0.92 122100 5451 14635
75% Percentile 1.035 125634 6432 17096
Maximum 1.26 134757 6926 18158
IQR
RI high (Q3+1.5*IQR)
Rl low (Q1-1.5*IQR)
Mean 0.8795 120923 5236 13890
Std. Deviation 0.2029 7620 1210 3841
Mean + 2SD 1.2853 136163 7656 21572
Mean - 2SD 0.4737 105683 2816 6208
P value 0.32 0.1283 0.4885 0.083
Passed normality test
(alpha=0.05)? Yes Yes Yes Yes

Table 103: Flow cytometry of control thymi, DN2 group results
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DN3 | Freq. of | DN3|Mean | DN3|Median DN3 | Median
Parent (%0) (FSC-A) (Comp-PE-A) |(Comp-PE-CF594-A)

Minimum 351 92077 2670 596
25% Percentile 17.75 98126 3739 753.5
Median 224 103154 4444 892
75% Percentile 25.45 106141 5093 1087
Maximum 331 107323 6660 1432
IQR

RI high (Q3+1.5*IQR)

Rl low (Q1-1.5*IQR)

Mean 21.69 101963 4483 916.3
Std. Deviation 7.334 4638 976.9 231.9
Mean + 2SD 36.358 111239 6436.8 1380.1
Mean - 2SD 7.022 92687 2529.2 452.5

P value 0.189 0.2953 0.8232 0.4467
Passed normality test

(alpha=0.05)? Yes Yes Yes Yes
Table 104: Flow cytometry of control thymi, DN3 group results

DN4 | Freg. of | DN4 | Mean | DN4 | Median |DN4 | Median (Comp:;
Parent (%) (FSC-A) (Comp-PE-A) PE-CF594-A)

Minimum 3.42 82814 -195 282
25% Percentile 20.15 95014 -152.3 338
Median 23.6 97965 -118.5 370
75% Percentile 29.5 103364 -100 478.5
Maxi mum 40 111761 10.3 546

IQOR 523

RI high (Q3+1.5*IQR) -21.55

RI low (Q1-1.5*IQR) -230.75

Mean 23.65 98339 -117.5 396.9
Std. Deviation 8.264 6366 45.42 79.63
Mean + 2SD 40.178 111071 556.16
Mean - 2SD 7.122 85607 237.64

P value 0.106 0.4392 0.0346 0.2042
Passed normality test

(alpha=0.05)? Yes Yes No Yes

Table 105: Flow cytometry of control thymi, DN4 group results
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Flow in time | Live leucocytes | Lymphocytes | FSC singlets |SSC singlets
Minimum 80.7 70.1 78.1 98.7 207004
25% Percentile 89.45 74.65 814 99 239450
Median 91.3 77.9 83.95 99.5 251043
75% Percentile 92.3 82.58 85.25 99.6 260982
Maximum 97.2 854 88.1 99.8 288331
IQR
RI high (Q3+1.5%IQR)
RI low (Q1-1.5*IQR)
Mean 90.33 77.99 83.29 99.37 249355.00
Std. Deviation 4.238 4,948 2.766 0.3083 16628
Mean + 2SD 98.81 87.89 88.82 99.99 282611.00
Mean - 2SD 81.85 68.09 77.76 98.75 216099.00
P value 0.0781 0.4871 0.7509 0.3623 0.1232
Passed normality test
(alpha=0.05)? Yes Yes Yes Yes Yes
Table 106: Flow cytometry of control spleens, general profile

B-lymphocytes | |B-lymphocytes || B-lymphocytes | Median

Freq. of Parent (%)

Mean (FSC-A)

(Comp-AmCyan-A)

Minimum

25% Percentile
Median

75% Percentile
Maximum

IQOR

RI high (Q3+1.5*IQR)
Rl low (Q1-1.5*IQR)
Mean

Std. Deviation

Mean + 2SD

Mean - 25D

P value

Passed normality test
(alpha=0.05)?

57.3
62.88
68.25
72.35

76.3

67.56
5.755
79.07
56.05
0.5089

Yes

84235 3420
90683 4040
93306 4403
102672 5341
105447 5964
95174.00 4594.00
6278 748.6
107730.00 6091.20
82618.00 3096.80
0.4489 0.5473
Yes Yes

Table 107: Flow cytometry of control spleens, B-lymphocyte group results

265



T-lymphocytes | | T-lymphocytes || T-lymphocytes | Median
Freq. of Parent (%) | Mean (FSC-A) | (Comp-AmCyan-A)

Minimum 23.7 86922 195
25% Percentile 27.65 94914 259.5
Median 31.75 97017 300.5
75% Percentile 37.13 103194 340
Maximum 42.8 108683 360
IQR

RI high (Q3+1.5*IQR)
RI low (Q1-1.5*IQR)

Mean 32.46 98271.00 295.70
Std. Deviation 5.773 5297 48.25
Mean + 2SD 44.01 108865.00 392.20
Mean - 2SD 20.91 87677.00 199.20
P value 0.5107 0.7989 0.4629
Passed normality test

(alpha=0.05)? Yes Yes Yes

Table 108: Flow cytometry of control spleens, T-lymphocyte group results

CD8+CD4+ | Freq. | CD8+CD4+ | Mean | CD8+CD4+ | Median | CD8+CD4+ | Median
of Parent (%) (FSC-A) (Comp-APC-Cy7-A) (Comp-FITC-A)

Minimum 0.23 92119 301 3413
25% Percentile 0.27 97581 1907 4316
Median 0.38 101832 2448 4812
75% Percentile 0.52 108683 2812 5348
Maximum 1.13 112983 3511 9449
IQR 0.25 1032.00
RI high (Q3+1.5*IQR) 0.90 6896.00
Rl low (Q1-1.5*IQR) -0.11 2768.00
Mean 0.45 102770.00 2279.00 5039.00
Std. Deviation 0.237 6385 882.8 1362
Mean + 2SD 115540.00 4044.60
Mean - 2SD 90000.00 513.40
P value 0.0021 0.4393 0.2332 <0.0001
Passed normality test
(alpha=0.05)? No Yes Yes No

Table 109: Flow cytometry of control spleens, DP group results
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CD8+| Freq. of CD8+ | Mean CD8+ | Median CD8+ | Median
Parent (%) (FSC-A) (Comp-APC-Cy7-A)| (Comp-FITC-A)
Minimum 16.3 87539 653 156
25% Percentile 25.2 94948 2944 183
Median 29.35 96555 3883 198.5
75% Percentile 33.08 102141 4226 219.3
Maximum 37.2 108917 4903 250
IOR
RI high (Q3+1.5*IQR)
RI low (Q1-1.5*IQR)
Mean 28.72 98053.00 3407.00 199.90
Std. Deviation 5.12 5142 1333 28.12
Mean + 2SD 38.96 108337.00 6073.00 256.14
Mean - 2SD 18.48 87769.00 741.00 143.66
P value 0.364 0.8198 0.077 0.8299
Passed normality test
(alpha=0.05)? Yes Yes Yes Yes
Table 110: Flow cytometry of control spleens, CD8 group results
CD4+ | Freq. of CD4+ | Mean CD4+ | Median CD4+ | Median
Parent (%) (FSC-A) (Comp-APC-Cy7-A)| (Comp-FITC-A)
Minimum 424 84756 -5.13 8411
25% Percentile 46.85 91972 15.73 9188
Median 51.55 94787 21.15 10099
75% Percentile 54.25 98527 24.4 11430
Maximum 57.3 105489 37.2 12467
IQR
RI high (Q3+1.5*IQR)
RI low (Q1-15*IQR)
Mean 50.75 95268.00 18.68 10294.00
Std. Deviation 4.338 4858 10.47 1215
Mean + 2SD 59.43 104984.00 39.62 12724.00
Mean - 2SD 42.07 85552.00 -2.26 7864.00
P value 0.5059 0.6781 0.0815 0.3473
Passed normality test
(alpha=0.05)? Yes Yes Yes Yes

Table 111: Flow cytometry of control spleens, CD4 group results
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CD8-CD4- | Freq. of

CD8-CD4- | Mean

CD8-CD4- | Median | CD8-CD4- | Median

Parent (%) (FSC-A) (Comp-APC-Cy7-A)| (Comp-FITC-A)
Minimum 10.9 94319 5.13 165
25% Percentile 16.15 101311 18.33 186.8
Median 18.65 103969 23.75 200
75% Percentile 23.08 110480 25.7 235
Maximum 37.8 117702 29.5 252
IQR 6.93 7.37
RI high (Q3+1.5*IQR) 33.48 36.76
RI low (Q1-1.5*IQR) 5.76 7.28
Mean 20.08 105540.00 21.40 207.20
Std. Deviation 6.454 5882 6.446 25.72
Mean + 25D 117304.00 258.64
Mean - 2SD 93776.00 155.76
P value 0.016 0.5869 0.0282 0.4299
Passed normality test
(alpha=0.05)? No Yes No Yes
Table 112: Flow cytometry of control spleens, DN group results

DN1 | Freg. of DN1 | Mean DN1 | Median DN1 | Median (Comp

Parent (%) (FSC-A) (Comp-PE-A) PE-CF594-A)

Minimum 91.9 94834 -8.98 8581
25% Percentile 95.3 101930 211.3 10400
Median 97.35 104670 243.5 13144
75% Percentile 98 110901 301.5 16951
Maximum 98.7 118248 587 31039
IOR 6551.00
RI high (Q3+1.5*IQR) 2677750
Rl low (Q1-1.5*IQR) 573.50
Mean 96.58 105987.00 270.10 14765.00
Std. Deviation 2.03 5821 127.4 6143
Mean + 2SD 100.64 117629.00 524.90
Mean - 2SD 92.52 94345.00 15.30
P value 0.0686 0.5741 0.06 0.0025
Passed normality test
(alpha=0.05)? Yes Yes Yes No

Table 113: Flow cytometry of control spleens, DN1 group results
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DN2 | Freq. of DN2 | Mean DN2 | Median DN2 | Median
Parent (%0) (FSC-A) (Comp-PE-A) | (Comp-PE-CF594-A)

Minimum 0.016 99008 1400 2766
25% Percentile 0.04025 111331 2373 9701
Median 0.0785 116530 2617 22085
75% Percentile 0.1525 119883 4179 29430
Maximum 0.49 126371 7365 53955
IOR 0.11
RI high (Q3+1.5*IQR) 0.32
Rl low (Q1-1.5*IQR) -0.13
Mean 0.11 114309.00 3499.00 21978.00
Std. Deviation 0.1108 8208 1820 13828
Mean + 2SD 130725.00 7139.00 49634.00
Mean - 2SD 97893.00 -141.00 -5678.00
P value <0.0001 0.2128 0.0927 0.4353
Passed normality test
(alpha=0.05)? No Yes Yes Yes
Table 114: Flow cytometry of control spleens, DN2 group results

DN3 | Freq. of DN3 | Mean DN3 | Median DN3 | Median

Parent (%) (FSC-A) (Comp-PE-A) (Comp'PAf'CFSM'

Minimum 0 107251 3022 -1002
25% Percentile 0 109434 3472 -422.5
Median 0.00629 113971 5971 -109.4
75% Percentile 0.022 124824 8045 183.2
Maximum 0.12 129984 11403 745
IOR 0.02
RI high (Q3+1.5%IQR) 0.06
RI low (Q1-1.5*IQR) -0.03
Mean 0.02 116190.00 6131.00 -118.50
Std. Deviation 0.02861 8088 2868 555.4
Mean + 2SD 132366.00 11867.00 992.30
Mean - 2SD 100014.00 395.00 -1229.30
P value <0.0001 0.4365 0.4973 0.9635
Passed normality test
(alpha=0.05)? No Yes Yes Yes

Table 115: Flow cytometry of control spleens, DN3 group results
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DN4 | Freq. of DN4 | Mean DN4 | Median DN4 | Median (Comp-
Parent (%) (FSC-A) (Comp-PE-A) PE-CF594-A)

Minimum 0.79 85006 141 -21.8
25% Percentile 1.96 88448 21.8 175.3
Median 2.505 90285 31.45 245
75% Percentile 4553 93188 36.55 299.8
Maximum 7.97 100987 78.4 638
IQR 14.75 124.50
RI high (Q3+1.5*IQR) 58.68 486.55
RI low (Q1-15*IQR) -0.32 -11.45
Mean 3.29 91615.00 31.45 248.60
Std. Deviation 2.061 4622 14.43 138.4
Mean + 2SD 7.41 100859.00
Mean - 2SD -0.83 82371.00
P value 0.0843 0.1541 <0.0001 0.0182
Passed normality test
(alpha=0.05)? Yes Yes No No

Table 116: Flow cytometry of control spleens, DN4 group results
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Cytometer Baseline Report

Cytometer: FACSCantol | User:

Cytometer Name: FACSCantoll Institution: N/A

Serial Number: V96300196 Software: BD FACSDiva 8.0

Input Device: HTS Date: 04/24/2014 0322 PM

Tube Loaded Manually: Yes

Cytometer Configuration: IMPC

Setup Beads

Bead Product: CST Setup Beads Part #: 910858

Lot ID: 71774 Expiration Date: 03/31/2015

Bead Lot Information: Available

Detector Settings

Laser Detector Parameter PMTV New Target Value Old Target Value Bright Bead %Robust CV Mid Bead Median Channel |Mid Bead %Robust CV [Dim Bead Median Channel [Dim Bead %Robust CV

Blue FSC FSC 542 125000 N/A 2.09 132804 2.08 19498 10.87

Blue F SsC 402 125000 N/A 2.09 120602 217 58486 167

Blue E Alexa Fluor 488 486 22116 N/A 2.21 447 16.64 91 50.22

Blue D PE 429 34937 N/A 159 789 12.47 172 41.82

Blue B PE-CF594 464 27806 N/A 2.31 636 15.82 138 41.01

Blue A PE-Cy7 554 30864 N/A 6.2 654 36.81 88 113.67

Red Cc APC 554 57710 N/A 24 1824 1341 346 31.81

Red A APC-Cy7 582 31577 N/A 3.6 882 18.85 118 63.09

Violet B Pacific Blue 343 11829 N/A 3.8 414 13.12 72 57.8

Violet A AmCyan 434 41035 N/A 3.68 823 9.46 155 28.02

Detector Settings (Continued)

Laser Detector Parameter Linearity Min Channel | Linearity Max Channel _[Slope Intercept Electronic Noise Robust SD |Qr Br Target |Current |Current | AppSet | AppSet
Blue FSC FSC N/A N/A 0.0039 3 N/A N/A N/A rSD__ [PMTV [rSD PMTV [rSD
Blue F SSC N/A N/A 7.5862 -14.7 N/A N/A N/A

Blue E Alexa Fluor 488 168 238175 7.3747 -15.5 30.6 0.0289 123 76.5 [493 71 505 80
Blue D PE 67 236077 7.4045 -14.9 29.5 0.2262 324 73.75 (343 80 434 80
Blue B PE-CF594 100 235894 7.4225 -15.3 30.8 0.0186 133 77 470 51 520 82
Blue A PE-Cy7 149 242368 7.664 -16.5 3.7 0.0151 15 79.25 (557 49 673 80
Red Cc APC 140 240547 7.4203 -15.6 26.1 0.0218 81 65.25 (54 53 585 72
Red A APC-Cy7 93 238489 7.5067 -16.3 24.4 0.0025 817 61 583 51 615 68
Violet B Pacific Blue 77 239862 7.7782 -15.7 25.2 0.0958 1354 63 344 62 350 67
Violet A AmCyan 45 237295 7.5379 -15.3 24.5 0.0341 753 61.25 (434 123 400 69
Specifications

Violet Laser Primary Channel Bright Bead %Robust CV: |6.00 (R

Blue Laser Primary Channel Bright Bead %Robust CV: |6.00 (R

Red Laser Primary Channel Bright Bead %Robust CV:  [6.00 (R

Laser Settings

Laser Power (mW) Power Spec. (mW) |Current (mA) Current Guidelines (mA) |Delay (Trigger on FSC) |Delay (Trigger on Fluorescence) |Area Scaling Factor

Violet 59.8 45.88 - 68.82 N/A N/A -29.47 -29.27 1.22

Blue 20.43 16.36 - 24.54 1.22 0.97 - 1.45 0 0 1.48

Red 15.03 1343-20.15 N/A N/A 30.59 30.94 1.26

Window Extension: 7

FSC Area Scaling Factor: 0.9

Threshold

Threshold (FSC): 11670

Fluidics

FACSFlow Pressure: 4.2 Sample Pressure:  |3.9

Spec.: 4.10 - 4.30

Comments

Research Use Only

Table 117: Application settings used during FC analysis of thymus.
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Cytometer Baseline Report

Cytometer: FACSCantoll User: Administrator

Cytometer Name: FACSCantoll Institution: N/A

Serial Number: V96300196 Software: BD FACSDiva 8.0

Input Device: HTS Date: 04/24/2014 0322 PM

Tube Loaded Manually: Yes

Cytometer Configuration: IMPC

Setup Beads

Bead Product: CST Setup Beads Part #: 910858,

Lot ID: 71774|Expiration Date: 03/31/2015

Bead Lot Information: Available

Detector Settings

Laser Detector Parameter PMTV New Target Value Old Target Value Bright Bead %Robust CV Mid Bead Median Channel |Mid Bead %Robust CV [Dim Bead Median Channel |Dim Bead %Robust CV

Blue FSC FSC 542] 125000|N/A 2.09 132804 2.08 19498| 10.87|

Blue F SSC 402] 125000|N/A 2.09) 120602 217, 58486 1.67,

Blue E Alexa Fluor 488 486 22116|N/A 2.21] 447] 16.64 91 50.22

Blue D PE 429 34937|N/A 1.59) 789 12.47, 172 41.82

Blue B PE-CF594 464 27806(N/A 2.31 636 15.82) 138 41.01

Blue A PE-Cy7 554] 30864|N/A 6.2 654 36.81, 88| 113.67

Red C APC 554 57710|N/A 24 1824 13.41 346 31.81

Red A APC-Cy7 582 31577|N/A 3.6 882] 18.85 118 63.09

Violet B Pacific Blue 343 11829|N/A 3.8 414 13.12 72 57.8)

Violet A AmCyan 434] 41035|N/A 3.68, 823 9.46 155 28.02

Detector Settings (Continued)

Laser Detector Parameter Linearity Min Channel | Linearity Max Channel _|Slope Intercept Electronic Noise Robust SD |Qr Br Target [Current | Current | AppSet | AppSet
Blue FSC FSC N/A N/A 0.0039 3IN/A N/A N/A rSD__ [PMTV [rSD PMTV [rSD
Blue F SSC N/A N/A 7.5862 -14.7|N/A N/A N/A

Blue E Alexa Fluor 488 168 238175 7.3747 -15.5) 30.6) 0.0289 123 76.5] 495 107, 489 89
Blue D PE 67 236077 7.4045| -14.9) 29.5 0.2262 324] 73.75) 436 93 426 78
Blue B PE-CF594 100 235894 7.4225 -15.3| 30.8, 0.0186 133 77| 472 60 506 87
Blue A PE-Cy7 149 242368 7.664] -16.5 317 0.0151 15| 79.25 558 60} 605, 82|
Red Cc APC 140] 240547 7.4203 -15.6 26.1 0.0218 81| 65.25 555 69] 560] 67|
Red A APC-Cy7 93] 238489 7.5067 -16.3 244 0.0025 817, 61] 583] 54 605) 65|
Violet B Pacific Blue 7 239862 7.7782 -15.7| 25.2 0.0958 1354] 63 344 72 350} 67
Violet A AmCyan 45 237295 7.5379 -15.3| 24.5 0.0341 753 61.25) 435 152 406 72
Specifications

Violet Laser Primary Channel Bright Bead %Robust CV: |6.00 (R

Blue Laser Primary Channel Bright Bead %Robust CV:  |6.00 (R

Red Laser Primary Channel Bright Bead %Robust CV:  [6.00 (R

Laser Settings

Laser Power (mW) Power Spec. (mW) |Current (mA) Current Guidelines (mA) |Delay (Trigger on FSC) [Delay (Trigger on Fluorescence) |Area Scaling Factor

Violet 59.8|45.88 - 68.82 N/A N/A -29.47 -29.27 122

Blue 20.43/16.36 - 24.54 1.22/0.97 - 1.45 0) 0 1.48

Red 15.03|13.43 - 20.15 N/A N/A 30.59 30.94] 1.26]

Window Extension: 7]

FSC Area Scaling Factor: 0.9]

Threshold

Threshold (FSC): 11670

Fluidics

FACSFlow Pressure: 4.2|Sample Pressure: 3.9

Spec.: 4.10 - 4.30

Comments

Research Use Only

Table 118: Application settings used during FC analysis of spleen.
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CD8-CD4- | Freq. | CD8-CD4-| | CD8-CD4- | Median |CD8-CD4-|Median| DN4 |Freq. of |[DN4|Mean | DN4 | Median [DN4 | Median (Comp-
of Parent (%) |Mean (FSC-A)| (Comp-APC-Cy7-A) (Comp-FITC-A) Parent (%) (FSC-A) | (Comp-PE-A) PE-CF594-A)
99.93 75440.43 -6.05 135.81 99.96 75449.57 2291 27.13
0.13 4759.42 0.63 48.71 0.08 4766.53 10.22 13.00

Table 119: FC of thymus, control mice, FSC and MFI of unstained cells.

CD8-CD4- | Freq.| CD8-CD4- | CD8-CD4- | Median | CD8-CD4- | Median | DN4 | Freq. of | DN4 | Mean | DN4 | Median DN4 | Median
of Parent (%) |Mean (FSC-A) | (Comp-APC-Cy7-A) (Comp-FITC-A) Parent (%) (FSC-A) (Comp-PE-A) |(Comp-PE-CF594-A)
Mean 95.80 101245.43 -4.10 297.68 99.98 100503.90 47.60 60.55
SD 14.32 17710.33 2.08 94.73 0.09 12680.94 18.90 29.58

Table 120: FC of thymus, treated mice, FSC and MFI of unstained cells.

Position Gene C57BL/6

>
'

Consequences AA SIFT

87257389 Fcrls T Missense variant - -
87367745 Cdsl Missense variant N/S 058, T
87384839 Fcrll Missense variant P/A 022, T
87385323 Fcrll Splice region variant - -
87385732 Fcrll Missense variant L/P 0.17, T
87389383 Fcrll Missense variant P/S 1, T
87443666 Fcrl5 Missense variant P/H 0.13, T
87443680 Fcrl5 Missense variant F/L 057, T
87443684 Fcrl5 Missense variant Y/S 041, T
87443693 Fcrl5 Missense variant R/H 0.76, T
87443780 Fcrl5 Missense variant VIG 012, T
87444264 Fcrl5 Missense variant K/R 0.13, T
87444307 Fcrl5 Missense variant S/IR 092, T
87446385 Fcrl5 Missense variant K/E 027, T
87446463 Fcrl5 Missense variant Y/H 0.02,D
87446476 Fcrl5 Missense variant N/T 0.01,D

87446531 Ferl5 Splice region variant - -

87457108 Fcrl5 Splice region variant - -

87536340 Etv3 Missense variant M/l 061, T
87536471 Etv3 Missense variant V/A 1, T low
confidence

87847112 | Sh2d2a Splice region variant - -

87847114 | Sh2d2a Splice region variant - -

= OO |IP|IO| 4 |[O|O|O|X>|dH|>|(d|>[d|[a(Z[d|[o(o|d|[o|o]>
O |d|d|o|a|d] O [H|Z[Z|0]0|a|>|o(a|>[o(o[>(d|o|d|[ao|a|o

87847667 | Sh2d2a Missense variant N/S 1, T
88854680 Gon4l Missense variant P/L 0.01,D
88895267 Gon4l Missense variant A/S 0.06, T
88908282 Gon4l Missense variant S/P L T low
confidence
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88718080 Ritl T C NMD transcript variant
88718914 Ritl G T NMD transcript variant
88720331 Ritl G A NMD transcript variant
88720850 Ritl T c | NMD transcript variant
88723006 Ritl G C NMD transcript variant
88723159 Ritl G A NMD transcript variant
88723196 Ritl T C NMD transcript variant
88723313 Ritl T A NMD transcript variant
88723553 Ritl T C NMD transcript variant
88723637 Ritl C T | NMD transcript variant
88723767 Ritl T C NMD transcript variant
88724207 Ritl A C NMD transcript variant
88724430 Ritl T C NMD transcript variant
88724977 Ritl A G NMD transcript variant
88725351 Ritl C T NMD transcript variant
88725539 Ritl C T NMD transcript variant
. Splice region variant
88726187 Ritl G A NI\ED trangcript variant
88726620 Ritl G A NMD transcript variant
88727071 Ritl A C NMD transcript variant
88727398 Ritl A G NMD transcript variant
88727925 Ritl T C NMD transcript variant
88729061 Ritl C T NMD transcript variant
88729080 Ritl T C NMD transcript variant
88729773 Ritl A C NMD transcript variant
88729940 Ritl G A NMD transcript variant
88730254 Ritl T C NMD transcript variant
94933406 | Selenbpl G A | NMD transcript variant
94933721 | Selenbpl G A | NMD transcript variant
94933954 | Selenbpl G c NMD transcript variant
94934756 | Selenbpl G A | NMD transcript variant
94935736 | Selenbpl T C NMD transcript variant
94936270 | Selenbpl G C NMD transcript variant
94936362 | Selenbpl T C | NMD transcript variant
94936947 | Selenbpl T C NMD transcript variant
94937071 | Selenbpl C T NMD transcript variant
94937576 | Selenbpl T C | NMD transcript variant
94938228 | Selenbpl T G NMD transcript variant
94938505 | Selenbpl T A | NMD transcript variant
94938654 | Selenbpl T A | NMD transcript variant
94938919 | Selenbpl G T NMD transcript variant
94938962 | Selenbpl G T NMD transcript variant
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94939213

Selenbpl

NMD transcript variant

94939262

Selenbpl

NMD transcript variant

94939317

Selenbpl

NMD transcript variant

94939328

Selenbpl

NMD transcript variant

94939335

Selenbpl

NMD transcript variant

94939339

Selenbpl

NMD transcript variant

94939370

Selenbpl

NMD transcript variant

94939427

Selenbpl

NMD transcript variant

94939590

Selenbpl

NMD transcript variant

94939604

Selenbpl

NMD transcript variant

94939609

Selenbpl

NMD transcript variant

94939785

Selenbpl

NMD transcript variant

94939852

Selenbpl

NMD transcript variant

94939859

Selenbpl

NMD transcript variant

94939901

Selenbpl

NMD transcript variant

94940145

Selenbpl

NMD transcript variant

94940377

Selenbpl

NMD transcript variant

94940442

Selenbpl

NMD transcript variant

94940446

Selenbpl

NMD transcript variant

94940486

Selenbpl

NMD transcript variant

94940528

Selenbpl

NMD transcript variant

94940551

Selenbpl

NMD transcript variant

94940574

Selenbpl

NMD transcript variant

94940586

Selenbpl

NMD transcript variant

94941061

Selenbpl

NMD transcript variant

94941114

Selenbpl

NMD transcript variant

94941120

Selenbpl

NMD transcript variant

94941510

Selenbpl

NMD transcript variant

94941535

Selenbpl

NMD transcript variant

94941607

Selenbpl

NMD transcript variant

94941706

Selenbpl

NMD transcript variant

94941858

Selenbpl

NMD transcript variant

94942254

Selenbpl

NMD transcript variant

94942337

Selenbpl

NMD transcript variant

94942364

Selenbpl

NMD transcript variant

94942372

Selenbpl

NMD transcript variant

94943021

Selenbpl

NMD transcript variant

94943045

Selenbpl

NMD transcript variant

94943071

Selenbpl

NMD transcript variant

94943280

Selenbpl

NMD transcript variant

94944281

Selenbpl

NMD transcript variant

94944538

Selenbpl

ol lielielielielpdIcliel il Iolnd il EaiDd el P dbdielpd il el iok il el iel el Rl el el ol el el ks (2 21 P d kil el

IO H|O|O[~]o>[O|0(>|o|ld|[o]|d|[d|d|o|a|d[O|d|d|[Z>]|H|[Oo|a]d[O]>|O|o]|o(d|>|o|o|d|e

NMD transcript variant
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94955672 Rfx5 G C NMD transcript variant - -
owssaoa | mos | G| ar | Mt WP | g | D21 ow
94959817 Rfx5 A G NMD transcript variant - -
94961247 Rfx5 T A | NMD transcript variant - -
95734876 Ecml T C Missense variant 1AV 0.13, T
95932170 | Anp32e T A | NMD transcript variant - -
95935823 | Anp32e G A | NMD transcript variant - -
95936250 | Anp32e A G NMD transcript variant - -
96805720 | Cd160 T C Missense variant N/S 1T
100138730 | Wadr3 T C Missense variant K/R 1, T
100142747 | Wdr3 A G NMD transcript variant - -
100142749 | Wdr3 T A NMD transcript variant - -
100143308 | Wdr3 C T NMD transcript variant - -
100144268 | Wdr3 A G NMD transcript variant - -
100148521 | Wdr3 T C NMD transcript variant - -
100150992 | Wdr3 T C NMD transcript variant - -
100151144 | Wdr3 A G NMD transcript variant - -
100153578 | Wdr3 C T* M'iﬁgr?ggr}’;rif;rtia'\r"y[) viM | 012,T
100155709 | Wdr3 C T NMD transcript variant - -
100157544 | Wdr3 A G NMD transcript variant - -
100157669 | Wdr3 G T NMD transcript variant - -
100158327 | Wdr3 G A | NMD transcript variant - -
100158959 | Wdr3 T t/a | NMD transcript variant - -
100160415 | Wdr3 G A | NMD transcript variant - -
100160529 | Wdr3 A T NMD transcript variant - -
100160580 | Wdr3 T C NMD transcript variant - -
100161192 | Wdr3 C T NMD transcript variant - -
100161207 | Wdr3 A G NMD transcript variant - -
100161429 | Wdr3 T C NMD transcript variant - -
100161460 | Wdr3 T C NMD transcript variant - -
100161694 | Wdr3 A G NMD transcript variant - -
100161776 | Wdr3 A C NMD transcript variant - -
100161804 | Wdr3 A G NMD transcript variant - -
100162068 | Wdr3 C A | NMD transcript variant - -
100162203 | Wdr3 A G NMD transcript variant - -
100162227 | Wdr3 T C NMD transcript variant - -
100162307 | Wdr3 C T NMD transcript variant - -
100162349 | Wdr3 T C NMD transcript variant - -
100928128 | Trim45 A G Missense variant 1AV 0.39, T
100930059 | Trim45 G A Missense variant - -
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100931711 | Trim45 A G Missense variant D/G
100931837 | Trim45 T C Missense variant L/S
102163294 | Vangll C A Splice region variant -
103746072 | Hipkl A C NMD transcript variant -
103746125 | Hipkl A G NMD transcript variant -
103746170 | Hipkl T A | NMD transcript variant -
103747593 | Hipkl G A | NMD transcript variant -
103748156 | Hipkl C T NMD transcript variant -
103750022 | Hipkl C T NMD transcript variant -
103751264 | Hipkl A T NMD transcript variant -
103751896 | Hipkl T C NMD transcript variant -
103751914 | Hipkl A G NMD transcript variant -
103754710 | Hipkl Cc T NMD transcript variant -
103755734 | Hipkl C G NMD transcript variant -
103756279 | Hipkl A G NMD transcript variant -
103757210 | Hipkl T G NMD transcript variant -
103757683 | Hipkl A T NMD transcript variant -
103757684 | Hipkl T A | NMD transcript variant -
103758448 | Hipkl G A | NMD transcript variant -
103758851 | Hipkl G A | NMD transcript variant -
103759206 | Hipkl T C NMD transcript variant -
103760137 | Hipkl G T NMD transcript variant -
103761381 | Hipkl C T NMD transcript variant -
103761474 | Hipkl C T NMD transcript variant -
103761866 | Hipkl G A | NMD transcript variant -
103762338 | Hipkl A G NMD transcript variant -
103765834 | Hipkl A G NMD transcript variant -
103766009 | Hipkl G A | NMD transcript variant -
103766169 | Hipkl G T NMD transcript variant -
103767756 | Hipkl T G NMD transcript variant -
103768007 | Hipkl C A | NMD transcript variant -
103768076 | Hipkl C T NMD transcript variant -
103768851 | Hipkl T C NMD transcript variant -
103768899 | Hipkl A C | NMD transcript variant -
103769037 | Hipkl C G NMD transcript variant -
103769064 | Hipkl A G NMD transcript variant -
103769116 | Hipkl A G NMD transcript variant -
103769806 | Hipkl T C NMD transcript variant -
103770665 | Hipkl G A | NMD transcript variant -
103770669 | Hipkl T C NMD transcript variant -
103771075 | Hipkl C T NMD transcript variant -
103771159 | Hipkl G T NMD transcript variant -
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103771160

Hipkl

NMD transcript variant

103771363

Hipkl

NMD transcript variant

103771413

Hipkl

NMD transcript variant

103771826

Hipkl

NMD transcript variant

103771834

Hipkl

NMD transcript variant

103773855

Hipkl

NMD transcript variant

103773975

Hipkl

NMD transcript variant

103774142

Hipkl

NMD transcript variant

103774264

Hipkl

NMD transcript variant

103774267

Hipkl

NMD transcript variant

103774269

Hipkl

NMD transcript variant

103774336

Hipkl

NMD transcript variant

103774390

Hipkl

NMD transcript variant

103774497

Hipkl

NMD transcript variant

103774773

Hipkl

NMD transcript variant

103774774

Hipkl

NMD transcript variant

103775283

Hipkl

NMD transcript variant

103775514

Hipkl

NMD transcript variant

103775775

Hipkl

NMD transcript variant

103776454

Hipkl

NMD transcript variant

103776903

Hipkl

NMD transcript variant

103777195

Hipkl

NMD transcript variant

103779290

Hipkl

NMD transcript variant

103780021

Hipkl

NMD transcript variant

103780352

Hipkl

NMD transcript variant

103783506

Hipkl

NMD transcript variant

103784173

Hipkl

NMD transcript variant

103784206

Hipkl

NMD transcript variant

103789644

Hipkl

NMD transcript variant

103789750

Hipkl

NMD transcript variant

103791109

Hipkl

NMD transcript variant

103791217

Hipkl

NMD transcript variant

103791540

Hipkl

NMD transcript variant

103862050

Ptpn22

NMD transcript variant

103862572

Ptpn22

NMD transcript variant

103863052

Ptpn22

NMD transcript variant

103863800

Ptpn22

NMD transcript variant

103863995

Ptpn22

NMD transcript variant

103864502

Ptpn22

NMD transcript variant

103865052

Ptpn22

NMD transcript variant

103865196

Ptpn22

NMD transcript variant

103865644

Ptpn22

OO |O(O|O|O(Z|Z|0[H|0]|Z[H|Z |22 |2[(O|O|>[(Z|O0]|H[(O|>|O(O|O|>[(O|>|0(0|oO|>|(O>|>|(>|d

S|IH|O(OZ|Z[(H|O|O(OO|O[OZ|O(O|O|O(O|Z>|Z>|(O|O|Z[(O>|O(d> ||| || |>|(d|[d]|d|[o|a]o

NMD transcript variant
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103865691 | Ptpn22 G A | NMD transcript variant
103865957 | Ptpn22 G A | NMD transcript variant
103866223 | Ptpn22 T C NMD transcript variant
103866294 | Ptpn22 G C NMD transcript variant
103866564 | Ptpn22 T C NMD transcript variant
103866607 | Ptpn22 C T NMD transcript variant
103866782 | Ptpn22 T C NMD transcript variant
103866882 | Ptpn22 C T NMD transcript variant
103867835 | Ptpn22 G A | NMD transcript variant
103867854 | Ptpn22 T C NMD transcript variant
103867993 | Ptpn22 C T NMD transcript variant
103868468 | Ptpn22 C T NMD transcript variant
103868512 | Ptpn22 A C NMD transcript variant
103868861 | Ptpn22 T C NMD transcript variant
103869678 | Ptpn22 Cc T NMD transcript variant
103870168 | Ptpn22 A G NMD transcript variant
103870181 | Ptpn22 C T NMD transcript variant
103871416 | Ptpn22 Cc T NMD transcript variant
103871590 | Ptpn22 T C NMD transcript variant
103871883 | Ptpn22 G A | NMD transcript variant
103871932 | Ptpn22 A G NMD transcript variant
103871948 | Ptpn22 A G NMD transcript variant
103871990 | Ptpn22 G A | NMD transcript variant
103871991 | Ptpn22 A T NMD transcript variant
103871995 | Ptpn22 G A | NMD transcript variant
103872053 | Ptpn22 A G NMD transcript variant
103872149 | Ptpn22 C T NMD transcript variant
103872150 | Ptpn22 C T NMD transcript variant
103872217 | Ptpn22 C T NMD transcript variant
103872738 | Ptpn22 C T NMD transcript variant
103872911 | Ptpn22 A a/t [ NMD transcript variant
103872913 | Ptpn22 G C NMD transcript variant
103872941 | Ptpn22 A a/c | NMD transcript variant
103872949 | Ptpn22 C G NMD transcript variant
103873046 | Ptpn22 A T NMD transcript variant
103873048 | Ptpn22 G C NMD transcript variant
103873053 | Ptpn22 T C NMD transcript variant
103873119 | Ptpn22 C T NMD transcript variant
103873202 | Ptpn22 C T NMD transcript variant
103873349 | Ptpn22 C c/t | NMD transcript variant
103873373 | Ptpn22 T C NMD transcript variant
103873527 | Ptpn22 C T NMD transcript variant
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103874257

Ptpn22

NMD transcript variant

103874307

Ptpn22

NMD transcript variant

103874309

Ptpn22

NMD transcript variant

103874844

Ptpn22

NMD transcript variant

103874919

Ptpn22

NMD transcript variant

103875021

Ptpn22

NMD transcript variant

103875759

Ptpn22

NMD transcript variant

103876511

Ptpn22

NMD transcript variant

103876807

Ptpn22

NMD transcript variant

103877043

Ptpn22

NMD transcript variant

103877388

Ptpn22

NMD transcript variant

103877982

Ptpn22

NMD transcript variant

103878030

Ptpn22

NMD transcript variant

103878173

Ptpn22

NMD transcript variant

103878264

Ptpn22

NMD transcript variant

103878269

Ptpn22

NMD transcript variant

103878271

Ptpn22

NMD transcript variant

103878273

Ptpn22

NMD transcript variant

103878275

Ptpn22

NMD transcript variant

103878297

Ptpn22

NMD transcript variant

103878710

Ptpn22

NMD transcript variant

103878771

Ptpn22

NMD transcript variant

103878905

Ptpn22

NMD transcript variant

103878933

Ptpn22

NMD transcript variant

103878971

Ptpn22

NMD transcript variant

103878972

Ptpn22

NMD transcript variant

103879092

Ptpn22

NMD transcript variant

103879186

Ptpn22

NMD transcript variant

103879265

Ptpn22

NMD transcript variant

103879530

Ptpn22

NMD transcript variant

103879668

Ptpn22

NMD transcript variant

103879673

Ptpn22

NMD transcript variant

103879850

Ptpn22

NMD transcript variant

103879858

Ptpn22

NMD transcript variant

103879860

Ptpn22

NMD transcript variant

103879994

Ptpn22

NMD transcript variant

103880234

Ptpn22

NMD transcript variant

103880265

Ptpn22

NMD transcript variant

103880272

Ptpn22

NMD transcript variant

103880295

Ptpn22

NMD transcript variant

103880316

Ptpn22

NMD transcript variant

103880366

Ptpn22

OO0 |H|O|O(d]|O|O|Z|Z[(O|a|O|0|O(a|O|H|[Oo|0[O|00(a|a|O|Z|H(Z|X>|X>|d|2|(d|>|>]|d
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NMD transcript variant
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103880505

Ptpn22

NMD transcript variant

103880509

Ptpn22

NMD transcript variant

103880566

Ptpn22

NMD transcript variant

103880746

Ptpn22

NMD transcript variant

103880751

Ptpn22

NMD transcript variant

103880759

Ptpn22

NMD transcript variant

103880796

Ptpn22

NMD transcript variant

103880901

Ptpn22

NMD transcript variant

103880905

Ptpn22

NMD transcript variant

103880912

Ptpn22

NMD transcript variant

103880915

Ptpn22

NMD transcript variant

103880925

Ptpn22

NMD transcript variant

103881180

Ptpn22

NMD transcript variant

103881420

Ptpn22

NMD transcript variant

103881684

Ptpn22

NMD transcript variant

103881713

Ptpn22

NMD transcript variant

103881804

Ptpn22

NMD transcript variant

103881831

Ptpn22

NMD transcript variant

103882018

Ptpn22

NMD transcript variant

103882409

Ptpn22

NMD transcript variant

103882525

Ptpn22

NMD transcript variant

103882539

Ptpn22

NMD transcript variant

103882540

Ptpn22

NMD transcript variant

103882556

Ptpn22

NMD transcript variant

103882557

Ptpn22

NMD transcript variant

103882627

Ptpn22

NMD transcript variant

103882695

Ptpn22

NMD transcript variant

103882718

Ptpn22

NMD transcript variant

103882730

Ptpn22

NMD transcript variant

103882883

Ptpn22

NMD transcript variant

103882915

Ptpn22

NMD transcript variant

103883048

Ptpn22

NMD transcript variant

103883067

Ptpn22

NMD transcript variant

103883068

Ptpn22

NMD transcript variant

103883127

Ptpn22

NMD transcript variant

103883152

Ptpn22

NMD transcript variant

103883154

Ptpn22

NMD transcript variant

103883155

Ptpn22

NMD transcript variant

103883188

Ptpn22

NMD transcript variant

103883222

Ptpn22

NMD transcript variant

103883298

Ptpn22

NMD transcript variant

103883311

Ptpn22
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103883315 | Ptpn22 C T NMD transcript variant
103883351 | Ptpn22 G A | NMD transcript variant
103883372 | Ptpn22 C A | NMD transcript variant
103883416 | Ptpn22 Cc G NMD transcript variant
103883441 | Ptpn22 G C NMD transcript variant
103883452 | Ptpn22 G T NMD transcript variant
103883469 | Ptpn22 Cc T NMD transcript variant
103883483 | Ptpn22 T G NMD transcript variant
103883601 | Ptpn22 G A | NMD transcript variant
103883619 | Ptpn22 T C NMD transcript variant
103883674 | Ptpn22 T C NMD transcript variant
103883854 | Ptpn22 T C NMD transcript variant
103883868 | Ptpn22 A C NMD transcript variant
103883911 | Ptpn22 T C NMD transcript variant
103884013 | Ptpn22 A G NMD transcript variant
103884071 | Ptpn22 Cc T NMD transcript variant
103884357 | Ptpn22 G T NMD transcript variant
103884673 | Ptpn22 G T NMD transcript variant
103885203 | Ptpn22 T C NMD transcript variant
103885439 | Ptpn22 T C NMD transcript variant
103887222 | Ptpn22 T C NMD transcript variant
103887378 | Ptpn22 T C NMD transcript variant
103887613 | Ptpn22 G A | NMD transcript variant
103887904 | Ptpn22 C A | NMD transcript variant
103888070 | Ptpn22 G A | NMD transcript variant
103888106 | Ptpn22 T C NMD transcript variant
103888370 | Ptpn22 A T NMD transcript variant
Splice region variant
103888508 |  Ptpn22 T A* NI\ED trangcript variant
103888669 | Ptpn22 G C NMD transcript variant
103888917 | Ptpn22 C T NMD transcript variant
103889075 | Ptpn22 G T NMD transcript variant
103889133 | Ptpn22 A G NMD transcript variant
103889154 | Ptpn22 G A | NMD transcript variant
103889181 | Ptpn22 C T NMD transcript variant
103889249 | Ptpn22 C A | NMD transcript variant
103889322 | Ptpn22 A G NMD transcript variant
103889404 | Ptpn22 C T NMD transcript variant
103889434 | Ptpn22 G A | NMD transcript variant
103889463 | Ptpn22 G A | NMD transcript variant
103889546 | Ptpn22 C T NMD transcript variant
103889547 | Ptpn22 C G NMD transcript variant
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103889807

Ptpn22

NMD transcript variant

103890236

Ptpn22

NMD transcript variant

103890613

Ptpn22

NMD transcript variant

103890835

Ptpn22

NMD transcript variant

103890858

Ptpn22

NMD transcript variant

103890951

Ptpn22

NMD transcript variant

103890961

Ptpn22

NMD transcript variant

103891148

Ptpn22

NMD transcript variant

103891284

Ptpn22

NMD transcript variant

103891342

Ptpn22

NMD transcript variant

103891678

Ptpn22

NMD transcript variant

103891777

Ptpn22

NMD transcript variant

103891990

Ptpn22

NMD transcript variant

103892004

Ptpn22

NMD transcript variant

103892034

Ptpn22

NMD transcript variant

103892043

Ptpn22

NMD transcript variant

103892047

Ptpn22

NMD transcript variant

103892059

Ptpn22

NMD transcript variant

103892061

Ptpn22

NMD transcript variant

103892187

Ptpn22

NMD transcript variant

103892197

Ptpn22

NMD transcript variant

103892440

Ptpn22

NMD transcript variant

103892458

Ptpn22

NMD transcript variant

103892463

Ptpn22

NMD transcript variant

103892469

Ptpn22

NMD transcript variant

103892503

Ptpn22

NMD transcript variant

103892574

Ptpn22

NMD transcript variant

103892649

Ptpn22

NMD transcript variant

103892774

Ptpn22

NMD transcript variant

103893057

Ptpn22

NMD transcript variant

103893066

Ptpn22

NMD transcript variant

103895618

Ptpn22

NMD transcript variant

103895619

Ptpn22

NMD transcript variant

103896056

Ptpn22

NMD transcript variant

103896108

Ptpn22

NMD transcript variant

103896283

Ptpn22

NMD transcript variant

103896400

Ptpn22

NMD transcript variant

103896815

Ptpn22

NMD transcript variant

103897266

Ptpn22

NMD transcript variant

103897322

Ptpn22

NMD transcript variant

103897439

Ptpn22

NMD transcript variant

103897632

Ptpn22
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103897947

Ptpn22

NMD transcript variant

103897993

Ptpn22

NMD transcript variant

103898156

Ptpn22

NMD transcript variant

103898216

Ptpn22

NMD transcript variant

103898273

Ptpn22

NMD transcript variant

103898445

Ptpn22

NMD transcript variant

103898511

Ptpn22

NMD transcript variant

103898814

Ptpn22

NMD transcript variant

103898980

Ptpn22

NMD transcript variant

103899017

Ptpn22

NMD transcript variant

103899156

Ptpn22

NMD transcript variant

103899178

Ptpn22

NMD transcript variant

103899196

Ptpn22

NMD transcript variant

103899205

Ptpn22

NMD transcript variant

103899432

Ptpn22

NMD transcript variant

103899510

Ptpn22

NMD transcript variant

103899541

Ptpn22

NMD transcript variant

103899740

Ptpn22

NMD transcript variant

103900939

Ptpn22

NMD transcript variant

103901055

Ptpn22

NMD transcript variant

103901063

Ptpn22

NMD transcript variant

103901887

Ptpn22

NMD transcript variant

103902308

Ptpn22

NMD transcript variant

103902713

Ptpn22

NMD transcript variant

103902764

Ptpn22

NMD transcript variant

103904280

Ptpn22

NMD transcript variant

103905079

Ptpn22

NMD transcript variant

103905223

Ptpn22

NMD transcript variant

103905932

Ptpn22

NMD transcript variant

103906375

Ptpn22

NMD transcript variant

103906404

Ptpn22

NMD transcript variant

103906553

Ptpn22

NMD transcript variant

103906564

Ptpn22

NMD transcript variant

103906642

Ptpn22

NMD transcript variant

103906989

Ptpn22

NMD transcript variant

103907300

Ptpn22

NMD transcript variant

103907574

Ptpn22

NMD transcript variant

103907613

Ptpn22

NMD transcript variant

103908205

Ptpn22

NMD transcript variant

103908574

Ptpn22

NMD transcript variant

103909478

Ptpn22

NMD transcript variant

103909560

Ptpn22
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103909636

Ptpn22

NMD transcript variant

103909858

Ptpn22

NMD transcript variant

103910510

Ptpn22

NMD transcript variant

103910525

Ptpn22

NMD transcript variant

103910934

Ptpn22

NMD transcript variant

103911747

Ptpn22

NMD transcript variant

104865646

St7l

NMD transcript variant

104865681

St7l

NMD transcript variant

104866827

St7l

NMD transcript variant

104868454

St7l

NMD transcript variant

104869204

St7l

NMD transcript variant

104869891

St7l

NMD transcript variant

104872446

St7l

NMD transcript variant

104873738

St71

NMD transcript variant

104874119

St7l

NMD transcript variant

104875321

St7l

NMD transcript variant

104875633

St71

NMD transcript variant

104876926

St7l

NMD transcript variant

104877115

St7l

NMD transcript variant

104877748

St71

NMD transcript variant

104877775

St7l

NMD transcript variant

104878663

St7l

NMD transcript variant

104879483

St71

NMD transcript variant

104879716

St7l

NMD transcript variant

104882163

St7l

NMD transcript variant

104884200

St71

NMD transcript variant

104884585

St7l

NMD transcript variant

104885637

St7l

NMD transcript variant

104885696

St71

NMD transcript variant

104886073

St7l

NMD transcript variant

104886369

St7l

NMD transcript variant

104888881

St71

NMD transcript variant

104891332

St7l

NMD transcript variant

104891612

St7l

NMD transcript variant

104893757

St7l

NMD transcript variant

104895397

St7l

NMD transcript variant

104896846

St7l

NMD transcript variant

104896981

St7l

NMD transcript variant

104897009

St7l

NMD transcript variant

104897826

St7l

NMD transcript variant

104899029

St7l

NMD transcript variant

104899243

St7l
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104901510

St7l

NMD transcript variant

104902530

St7l

NMD transcript variant

104904813

St7l

NMD transcript variant

104905611

St7l

NMD transcript variant

104906445

St7l

NMD transcript variant

104906831

St7l

NMD transcript variant

104907655

St7l

NMD transcript variant

104908296

St7l

NMD transcript variant

104908563

St7l

NMD transcript variant

104908993

St7l

NMD transcript variant

104909822

St7l

NMD transcript variant

104910136

St7l

NMD transcript variant

104910347

St7l

NMD transcript variant

104910405

St71

NMD transcript variant

104910688

St7l

NMD transcript variant

104910808

St7l

NMD transcript variant

104911012

St71

NMD transcript variant

104911155

St7l

NMD transcript variant

104911566

St7l

NMD transcript variant

104912439

St71

NMD transcript variant

104913142

St7l

NMD transcript variant

104913163

St7l

NMD transcript variant

104913677

St71

NMD transcript variant

104913800

St7l

NMD transcript variant

104913986

St7l

NMD transcript variant

104914127

St71

NMD transcript variant

104915072

St7l

NMD transcript variant

104915912

St7l

NMD transcript variant

104916086

St71

NMD transcript variant

104916275

St7l

NMD transcript variant

104916981

St7l

NMD transcript variant

104917461

St71

NMD transcript variant

104917790

St7l

NMD transcript variant

104917905

St7l

NMD transcript variant

104918031

St7l

NMD transcript variant

104918694

St7l

NMD transcript variant

104919747

St7l

NMD transcript variant

104920464

St7l

NMD transcript variant

104920650

St7l

NMD transcript variant

104920785

St7l

NMD transcript variant

104921546

St7l

NMD transcript variant

104922391

St7l
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104922510 St7l G A | NMD transcript variant - -
104923225 St7l C T NMD transcript variant - -
104923420 St7l C T NMD transcript variant - -
104923669 St7l G A | NMD transcript variant - -
104925082 St7l T C NMD transcript variant - -
104925584 St7l A G NMD transcript variant - -
104927034 St7l G A | NMD transcript variant - -
104927352 St7l T C NMD transcript variant - -
104927358 St7l G A | NMD transcript variant - -
104927384 St7l T C NMD transcript variant - -
104927422 St7l A T NMD transcript variant - -
104927626 St7l T C NMD transcript variant - -

Table 121: Single nucleotide polymorphisms in genes related to the pathogenesis of cancer and

Abbreviation

Amino acid name

Alanine

Arginine

Asparagine

Aspartic acid (Aspartate)

Cysteine

Glutamine

Glutamic acid (Glutamate)

Glycine

Histidine

Isoleucine

Leucine

Lysine

Methionine

Phenylalanine

Proline

Serine

Threonine

Tryptophan

Tyrosine

Valine

Aspartic acid or Asparagine

Glutamine or Glutamic acid

X|IN|m|<L|<[S|d|w|o|n|Z|X|r|—|T|o/mo|o|o|z|o|>

Any amino acid

TERM

termination codon

Table 122: Nomenclature and symbolism for amino acids, (IUPAC-1UB, 1984).

lymphocyte
biology identified in the QTL. The differences in nucleotides at specific positions between C57BL/6 and A/J mice
genes are shown. In AA (amino acid) column, the amino acid replacement is indicated, followed by the SIFT score
on how the substitution in amino acid is predicted to affect protein function: T (tolerated), D (deleterious, <0.05).
*Multiple consequences.

287



Position Gene C57BL/6 AJ Consequences AIA T
88717089 Ritl TG T NMD transcript variant - -
88718966 Ritl G GCA NMD transcript variant - -
88720828 Ritl G GGGCGTGGT NMD transcript variant - -
88721564 Ritl CT C NMD transcript variant - -
88724401 Ritl T TCTGCCTGCCTGC NMD transcript variant - -
88724473 Ritl CT CTT NMD transcript variant - -
88725392 Ritl AAATAATAAT A NMD transcript variant - -
88725693 Ritl A AACAG NMD transcript variant - -
88728690 Ritl CAA caaa NMD transcript variant - -
94933993 Selenbpl TC t NMD transcript variant - -
94934958 Selenbpl CT c NMD transcript variant - -
94935163 Selenbpl CTTTT CTT NMD transcript variant - -
94935957 Selenbpl A agtgtgt/agtgt NMD transcript variant - -
94938457 Selenbpl TACACACACACACAC tacacac/tacac NMD transcript variant - -
94938694 Selenbpl T TTTG NMD transcript variant - -
94939085 Selenbpl TAAAAAA TA NMD transcript variant - -
94939221 Selenbpl G GTTTGT NMD transcript variant - -
94939868 Selenbpl C CTTGGTCCACAGCCCT NMD transcript variant - -
94941130 Selenbpl AC A NMD transcript variant - -
94941189 Selenbpl AACC A NMD transcript variant - -
94941779 Selenbpl G GA NMD transcript variant - -

288



94941791 Selenbpl CAAAAAAA Cc NMD transcript variant
94941842 Selenbpl C CAAA NMD transcript variant
94943005 Selenbpl C CACACACAT NMD transcript variant
94943303 Selenbpl TAAA T NMD transcript variant
94943357 Selenbpl A AG NMD transcript variant
94943595 Selenbpl GGTGTGT GGTGT NMD transcript variant
94954668 Rfx5 TGGGGG tggg NMD transcript variant
05033317 | Anp32e | GTCTCTCTCTCTCTCTCTCTCTCTC | JCICCICICtCIACIOtCACIGIEICIAtotetetete. | v yranscript variant
95933688 Anp32e CA Cc NMD transcript variant
95936265 Anp32e GC G NMD transcript variant
95936317 Anp32e GA G NMD transcript variant
100149749 Wadr3 CA Cc NMD transcript variant
100151311 Wadr3 GCACACACACACA GCACACACACACACA NMD transcript variant
100158467 Wadr3 A AT NMD transcript variant
100160095 Wadr3 A AACACAT NMD transcript variant
100160823 Wadr3 T TAAG NMD transcript variant
100161288 Wdr3 C Ctttttttttt/ctittttttt NMD transcript variant
103062700 Nras AC ACC NMD transcript variant
103066490 Nras CGTGTGTGTGTGT cgtgtgt/cgtgt NMD transcript variant
103748101 Hipkl CTT CTTT NMD transcript variant
103749889 Hipk1 CCACACAC%&&&X— ACACACAC CCA NMD transcript variant
103751266 Hipk1 T TA NMD transcript variant
103754140 Hipk1 CT CTTT NMD transcript variant
103755197 Hipk1 TAA TAAA NMD transcript variant
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103756285 Hipk1 GC G NMD transcript variant
103757605 Hipk1 T TCACACA NMD transcript variant
103757621 Hipkl A acacaca/acacatactcact NMD transcript variant
103759001 Hipkl A AT NMD transcript variant
103759877 Hipkl G GTT NMD transcript variant
103760975 Hipkl G GACT NMD transcript variant
103765864 Hipkl T TA NMD transcript variant
103767572 Hipkl CTTTT CTT NMD transcript variant
103771183 Hipk1 CCAACCAAA C NMD transcript variant
103771399 Hipk1 G g/gaaagaaagaa NMD transcript variant
103773152 Hipk1 CTGCA Cc NMD transcript variant
103774079 Hipk1 T TA NMD transcript variant
103774324 Hipk1 GTGT G NMD transcript variant
103775265 Hipk1 GA G NMD transcript variant
103775533 Hipkl AGGAAT A NMD transcript variant
103784404 Hipkl T TCTCTGAG NMD transcript variant
103784505 Hipkl CA C NMD transcript variant
103789182 Hipkl A AT NMD transcript variant
103791225 Hipk1 GAGCGCTC G NMD transcript variant
103860656 Ptpn22 C CTG NMD transcript variant
103861105 Ptpn22 C CG NMD transcript variant
103861234 Ptpn22 GTGTT GTGTTTGTT NMD transcript variant
103861606 Ptpn22 GATT G NMD transcript variant
103862692 Ptpn22 ACCCAC A NMD transcript variant
103863538 Ptpn22 CTGGGACCTCAG(S AAACACAGCAA C NMD transcript variant

290



103863799 Ptpn22 AG A NMD transcript variant
103863945 Ptpn22 TGTGAGA T NMD transcript variant
103863980 Ptpn22 G GAGAGAC NMD transcript variant
103864067 Ptpn22 G GT NMD transcript variant
103864344 Ptpn22 TTG T NMD transcript variant
103864423 Ptpn22 CAA CA NMD transcript variant
103864735 Ptpn22 CT C NMD transcript variant
103866797 Ptpn22 TA T NMD transcript variant
103867519 Ptpn22 A AT NMD transcript variant
103868223 Ptpn22 GA G NMD transcript variant
103869756 Ptpn22 G GCCT NMD transcript variant
103870085 Ptpn22 GA G NMD transcript variant
103871742 Ptpn22 A AGGC NMD transcript variant
103871886 Ptpn22 ACAAAAACAAACAACCAAACAAC A NMD transcript variant
103872123 Ptpn22 A ATGCAGTAAACATT NMD transcript variant
103872511 Ptpn22 A AGTCT NMD transcript variant
103872540 Ptpn22 G GA NMD transcript variant
103873496 Ptpn22 C CA NMD transcript variant
103876025 Ptpn22 GTGTGTGTGTT G NMD transcript variant
103876070 Ptpn22 TGA T NMD transcript variant
lice region varian
103876589 |  Ptpn22 T TTTTA* N?\;’Dcfraﬁgc?ipt f‘/aﬁ‘ia;t
103877886 Ptpn22 ATGTGTG atgtgtg/atgtgtgtg NMD transcript variant
103878898 Ptpn22 C CAATGAAAAT NMD transcript variant
103878945 Ptpn22 G GTCACAGCA NMD transcript variant
103879220 Ptpn22 AT A NMD transcript variant
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103879433 Ptpn22 T TAGAG NMD transcript variant
103879460 Ptpn22 T TC NMD transcript variant
103879892 Ptpn22 C CAACAA NMD transcript variant
103879973 Ptpn22 CCTT C NMD transcript variant
103880767 Ptpn22 GTTA G NMD transcript variant
103881205 Ptpn22 A AT NMD transcript variant
103881859 Ptpn22 GA G NMD transcript variant
103881913 Ptpn22 A AG NMD transcript variant
103882199 Ptpn22 ATTT A NMD transcript variant
103882691 Ptpn22 C CTG NMD transcript variant
103882795 Ptpn22 A AACAT NMD transcript variant
103884029 Ptpn22 TA T NMD transcript variant
103884281 Ptpn22 TC T NMD transcript variant
103887563 Ptpn22 A AGAGAGAGAGAGAGAGG NMD transcript variant
103888005 Ptpn22 T TG NMD transcript variant
103888153 Ptpn22 CAAAAAAAAAAAAAAAAA Caaaaa/Caaaaaa NMD transcript variant
Splice region variant
103888861 |  Ptpn22 G GTCAC* NI\EI)D trangcript S
103888987 Ptpn22 C CT NMD transcript variant
103889253 Ptpn22 AG A NMD transcript variant
103889294 Ptpn22 CAAA C NMD transcript variant
103889379 Ptpn22 GATAC G NMD transcript variant
103889474 Ptpn22 G GCTGATT NMD transcript variant
103889487 Ptpn22 T TCAAGGC NMD transcript variant
103889817 Ptpn22 TC T NMD transcript variant
103890471 Ptpn22 TA T NMD transcript variant
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103890540 Ptpn22 AC A NMD transcript variant
103890581 Ptpn22 AACTAC A NMD transcript variant
103892012 Ptpn22 CCCTGCCCTCT C NMD transcript variant
103892579 Ptpn22 TC T NMD transcript variant
103893042 Ptpn22 CT ctt NMD transcript variant
103895079 Ptpn22 AT A NMD transcript variant
103896667 Ptpn22 CT CTTT NMD transcript variant
103897518 Ptpn22 AGGGG AGG NMD transcript variant
103898016 Ptpn22 AGT A NMD transcript variant
103898485 Ptpn22 TTC T NMD transcript variant
103898791 Ptpn22 G GCATA NMD transcript variant
103899387 Ptpn22 C CACACA NMD transcript variant
103902353 Ptpn22 GTCTCTCTCTCTC gtctctctctcte/gtctetctcetctete NMD transcript variant
103902707 Ptpn22 CT Cc NMD transcript variant
103906952 Ptpn22 GGTGTGTGT GGTGTGTGTGT NMD transcript variant
103907170 Ptpn22 CAA C NMD transcript variant
103907182 Ptpn22 CAAAAAAACAA C NMD transcript variant
103908727 Ptpn22 A ATATG NMD transcript variant
103909183 Ptpn22 TC T NMD transcript variant
104872873 St7l G GTTGTTTGCTTGCTTGC NMD transcript variant
104875905 St7l TACACACACAC TACAC NMD transcript variant
104876633 St7l GATGAATGAATGAATGA GATGAATG'AC‘;AATT%?GAATGAAT NMD transcript variant
104884273 St7l T TTC NMD transcript variant
104885039 St7l CA CAA NMD transcript variant
104892123 St7l GTTTTTT gttttt NMD transcript variant
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104892137 St7l TG T NMD transcript variant
104892164 St7l GTTTT gttt NMD transcript variant
104894332 St7l CTGTG C NMD transcript variant
104894850 St7l GA G NMD transcript variant
104899036 St7l C CGTGTGT NMD transcript variant
104900424 St7l CA C NMD transcript variant
104900708 St7l G GT NMD transcript variant
104901051 St7l GC GCC NMD transcript variant
104905356 St7l GTATAT G NMD transcript variant
104905606 St7l T TG NMD transcript variant
104908522 St7l A AAAG NMD transcript variant
104909839 St7l GCACA GCA NMD transcript variant
104912083 St7l ATGTGTGTGTGTGTGTGTGTGTG atgtgtgtgtgtgtgtgto/atgtgtgtgtgtgtg NMD transcript variant
104912776 St7l TTTGTTGTTG T NMD transcript variant
104912816 St7l GGTTTTTTT GTTTTT NMD transcript variant
104913110 St7l CCTTCCTTT C NMD transcript variant
104915226 St7l CAA C NMD transcript variant
104915782 St7l ACATTATACATTT A NMD transcript variant
104916047 St7l A AT NMD transcript variant
104916340 St7l A AT NMD transcript variant
104916561 St7l C CT NMD transcript variant
104917342 St7l CTT C NMD transcript variant
104917654 St7l G GCC NMD transcript variant
104918867 St7l T TTA NMD transcript variant
104918906 St7l G GT NMD transcript variant
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104919044 St7l TTTTATACTTAATTG T NMD transcript variant - -
104922461 St7l ATG ATGTG NMD transcript variant - -
104923207 St71 CGTGTGCGTGTGCGTGTGCGTGTGT CGTGCGTGTGCGTGTGT NMD transcript variant - -
104923209 St7l TGTGCGTGTGCGTGTGC tgtgtgcgtgtge NMD transcript variant - -
104927417 St7l AG A NMD transcript variant - -

Table 123: Insertions and deletions in genes related to the pathogenesis of cancer and lymphocyte biology identified in the QTL. The differences in nucleotides at specific positions between
C57BL/6 and A/J mice genes are shown. In AA (amino acid) column, the amino acid replacement would be indicated, followed by the SIFT score on how the substitution in amino acid was
predicted to affect protein function, but given they are all located in introns, that information does not apply/is difficult to predict. *Multiple consequences.
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Figure 40: Thymus FMO analysis of CD3-Pacific blue
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Figure 41: Thymus FMO analysis of CD4-FITC.

297



CD8-APC-Cy7

FMO Single staining No staining

Multiple staining

* Specimen_001 A3_A03 003 fcs: Time, SSC-
File Edit Graph Display Go Help

DErEERCE IR IZEEJIEJ' I — e

&« @ sytox Blue, CD45... > D Single Cells > € Single Cells » & @ sytoxBlue, Comp... > G Single Cells > D Single Cells »

-0 . 0
+4.42 10 7 +4.42 10”4 -0 5]
3 4 CD8 Single staining +4.42 10
824 ) 3
— 4 CD8 FMO i
= 982
[iF] 103 ‘ 3 & 0t

CD8-CD4- no staining

< < 999

~ v

5 o ~

g“ 10 3 107 3 )

s o 3 % o 3 = "

£ 3 3 e 3 CD4 SP
o _103- _103_ 3 _103_ ; 40343 134

LAAALAAR! | RAASLALL S pn B m s L m

3

3
3
3
3

|« compapc-cyrazcDs B [
‘A

v (i 10 10° 0 10 10 A o 10 10 |
( 4.5K, 3.6K) -0 +4.42/-100 -0 +4.42/-100 -0 +4.42/-100 9] -0 +4.421-100
(@@ [F comprmcAzcos V| o' B Comp-FITC-A v ®e E Comp-FITC-A 2  CompFTC-AiCDA V|
[ options v | [ options v | [ options v | [< options

|= Active Gate v | [= Active Gate v | |= Active Gate v | |= Active Gate - 13.4cDa sP

|S statistics - Count 380341/381361  99.7 v | | £ statistics - Count: 381548 /385395  99.0 v | | statistics - Count: 392237 /395471 99.2 v | |X statistics - Count 385877387653 99.5

% parent MFI % parent MFI % parent MFI Cell type % parent MFI
98.2 77.5 82.4 2110 99.9 2.02 DP 79.4 2372

CD8SP 3.18 2837

Figure 42: Thymus FMO analysis of CD8-APC-Cy7
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Figure 45: Thymus FMO analysis of CD45-PE-Cy7
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Figure 46: Thymus FMO analysis of CD117-APC
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Figure 47: Spleen FMO analysis of CD3-Pacific blue
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Figure 49: Spleen FMO analysis of CD8-APC-Cy7
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Figure 50: Spleen FMO analysis of CD19-AmCyan
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Figure 51: Spleen FMO analysis of CD25-PE
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Figure 52: Spleen FMO analysis of CD44-PE-CF594
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Figure 53: Spleen FMO analysis of CD45-PE-Cy7
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