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Abstract  i 
 

TFH LYMPHOMA: ANALYSIS OF A RHOA MUTATION & 

ESTABLISHMENT OF A PRE-CLINICAL MODEL 

DR REBECCA L ALLCHIN 

T cell lymphoma is a rare haematological cancer but represents an area of unmet need 
with little improvement in patient outcomes over the last 20 years. However, recently 
there has been an increase in the understanding of T cell biology and development of a 
subtype of T cell lymphoma known as Tfh lymphoma. This has been associated with the 
detection of recurrent mutations which occur in Tfh lymphoma including mutations 
found in RHOA.  

Here I show that the expression of RHOA carrying the mutations found in Tfh lymphoma 
samples is lower than the WT RHOA protein, and that these mutated proteins have 
reduced activity. The combination of this work and other recently published work 
suggests that the mutated RHOA is found at lower levels which may be due to protein 
instability. Although it has reduced GTP binding ability the mutated protein may activate 
other pathways leading to its role in lymphomagenesis. 

Due to the lack of preclinical models of Tfh lymphoma I have further characterised a T 
cell lymphoma model initially described by Ellyard et al showing that this represents a 
model of a genetically diverse lymphoma which occurs on an immunocompetent 
background.  

I demonstrate the use of Magnetic Resonance Imaging (MRI) to assess the response of 
the lymphoma to treatment. I demonstrate the utility of MRI to monitor changes in 
lymph node size showing this to be a useful tool in assessment of treatment effects. 

Subsequently I show the effect of ITK inhibition with ibrutinib on the T cell lymphoma 
in this model. Ibrutinib shows a mixed response in this model and no biomarkers of 
response were found.
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1 INTRODUCTION - T CELL LYMPHOMA 

Lymphoma is a malignant proliferation of lymphocytes and can present with 

lymphadenopathy, bone marrow infiltration and leukaemic disease or extra-nodal 

tumours. The classification of lymphoma depends upon the nature of the malignant 

lymphocytes and the clinical features. There were 13,605 cases of non-Hodgkin 

lymphoma (NHL) diagnosed in the UK in 2014 of which approximately 5% were cases of 

T cell lymphoma (1). T cell lymphomas arise from T cells and there are a number of 

subtypes of T cell lymphoma described by the World Health Organisation (WHO) in the 

Classification of Tumours of Haematopoietic and Lymphoid Tissues, which was updated 

in 2017 (2).  

 

Figure 1-1: 10-year survival of the most common T cell lymphoma subtypes as described by the 
International T Cell Project (3) 

1.1 T CELL LYMPHOMA CLASSIFICATION 

T cell lymphomas are diverse and accurate classification can be difficult due to 

overlapping clinical and histological features. Recent advances are reflected in the most 

recent update to the WHO classification with changes to classifications and the addition 

of new provisional entities (2). The most common types of T cell lymphoma are 

peripheral T cell lymphoma, not otherwise specified (PTCL-NOS) and 
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angioimmunoblastic T cell lymphoma (AITL) making up 29% and 18% of T cell lymphoma 

diagnoses respectively in UK data collected between 2004 and 2014 (1).  

The median age of diagnosis with T cell lymphoma in the UK is 65.8 years with the 

median age for diagnosis of AITL slightly later at 70.9 years. The International T cell 

Project report a median age at diagnosis of AITL of 65 years with a range of 18 to 86 

years (3). The vast majority of patients (89%) diagnosed with AITL present with 

advanced stage disease (Ann Arbor stage 3-4) (3).  

The UK data shows a 5-year overall survival of 25-40% (1) which is similar to that seen 

in data from the International T cell Project (4), (Figure 1-1) and contrasts poorly to 10-

year survival rates of 63% seen in B cell NHL diagnoses. Although T cell lymphomas are 

rare they represent an important area of unmet need, as demonstrated by the poor 

prognosis and the lack of improvement in outcomes seen over the last 20 years (5).  

Studies of genetic changes and gene expression have shown similarities between AITL 

and cases of PTCL-NOS with a T follicular helper (Tfh) cell phenotype (6,7) leading to the 

new category of nodal T-cell lymphomas with Tfh phenotype which encompasses AITL, 

follicular T cell lymphoma and other nodal PTCL with a Tfh phenotype (8). The 

clinicopathological features of AITL will be discussed in section 1.6.  

The ability to accurately classify cases of T cell lymphoma based on the biological 

understanding of these lymphomas will become more important as targeted therapies 

are developed and our understanding of the pathogenesis of T cell lymphoma increases. 

1.2 T CELL LYMPHOMA TREATMENT 

Nodal T cell lymphoma is an aggressive disease and patients would be considered for 

treatment at the time of diagnosis. In general treatment is given with curative intent 

although outcomes are poor with high rates of refractory and relapsed disease (9).  

Standard therapy for a patient diagnosed with PTCL-NOS or AITL is combination 

chemotherapy, usually with cyclophosphamide, doxorubicin, vincristine and 

prednisolone (CHOP) with the addition of etoposide (CHOEP) in some patients and 

centres (10). The addition of several agents to CHOP have not demonstrated better 

outcomes (11-13) and a recent UK trial comparing CHOP to a regimen containing 
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gemcitabine, cisplatin and prednisolone (GEM-P) was closed early as it was failing to 

show superiority of the GEM-P regimen at a planned interim analysis (14).  

The addition of novel agents to CHOP for first line treatment has been assessed in phase 

I/II studies but no randomised studies have been reported. The addition of romidepsin, 

a histone deacetylase inhibitor (HDACi), to CHOP was feasible but associated with 

increased toxicity compared to that expected with CHOP alone (15), the study authors 

recommend a romidepsin dose of 12 mg/m2 on D1 & D8 and this is being compared to 

CHOP alone in a phase 3 trial which has completed recruitment (NCT01796002). The 

combination of belinostat, another HDACi, and CHOP was assessed and a belinostat 

dose of 1000 mg/m2 on D1-5 used in an expansion phase without excess toxicity (16), 

no phase 3 randomised trial has yet been registered. The combination of pralatrexate, 

an antimetabolite which is a folate analogue inhibitor of dihydrofolate reductase 

(DHFR), and CHOP did not show a maximum tolerated dose (MTD) and the expansion 

phase used a dose of 30 mg/m2 on D1 & D8 (17). The authors describe the regimen as 

well tolerated and suggest that the response rates are good enough to warrant further 

evaluation in a randomised trial. Phase I/II trials with the addition of lenalidomide, an 

immunomodulatory drug (IMID), to CHOEP (NCT02561273) or CHOP (NCT01553786) 

are also underway.  

Autologous stem cell transplant (ASCT) in first remission is recommended by the 

American Society for Blood and Marrow Transplantation (18) but this remains 

controversial. There has not been a randomised trial and retrospective reviews and 

phase 2 studies show conflicting results (19). In reality, the median age of AITL diagnosis 

is 70 years and due to the toxicity associated with ASCT this approach is not suitable for 

a high proportion of patients.  

A number of patients are managed with supportive care at the time of diagnosis due to 

poor performance score secondary to age, co-morbidities and advanced disease. In the 

International T cell Project review of AITL 6% of patients were managed with supportive 

care. Although 82% received combination chemotherapy the 5-year progression free 

survival was only 18% with an overall survival of 32% at 5 years. The majority of deaths 

occurred due to progressive lymphoma (3).  
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Treatment of relapsed or refractory T cell lymphoma has dismal outcomes and few long-

term responses are achieved (9,20). In suitable patients where remission can be 

achieved, and an appropriate donor is found, an allogeneic stem cell transplant will be 

considered and is associated with better outcomes. A recent review of outcomes for 

patients with relapsed/refractory AITL or PTCL-NOS at the MD Anderson Cancer Center 

(MDACC) showed a 5-year overall survival rate of 52% for patients receiving an allograft 

compared to 10% for those receiving no transplant therapy (20). However only 31 of 

240 patients received an allograft as patients may be ineligible due to co-morbidities 

and poor performance scores or the failure to achieve response to therapy (13%).  

Novel agents have been used in several early phase trials in the relapsed/refractory 

setting and key completed trials are summarised in Table 1-1 and show both low 

response rates and poor median progression free survival (PFS). Lenalidomide, 

romidepsin and belinostat have shown very durable responses in a small number of 

cases. However, at present there is no clear mechanism for determining which is the 

most suitable agent for an individual patient. Outcomes with lenalidomide, romidepsin 

and belinostat appear to be better in patients with AITL compared to other T cell 

lymphoma subtypes however numbers are too small to be statistically significant. In 

general, these novel agents are better tolerated than chemotherapeutic agents, but 

they are not without toxicity. Trials of combinations of novel agents are currently 

underway in patients with relapsed/refractory disease, in the UK the combination of a 

HDACi (romidepsin) and a proteasome inhibitor (carfilzomib) is recruiting after 

completion of a dose finding phase.  

Preliminary results of a trial using oral 5-Azacitidine, a hypomethylating agent which is 

also directly cytotoxic through incorporation into DNA and RNA, and romidepsin in 

relapsed/refractory lymphoma have recently been reported and recruitment is ongoing 

(21). This follows a case report of successful treatment of AITL with 5-Azacitidine (22) 

and a subsequent case series (23). A study combining lenalidomide with vorinostat and 

dexamethasone recruited 8 patients and the combination was not further investigated 

due to high toxicity and poor responses (24).  
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Drug Trial Patient No ORR CR DoR 

(median) 

PFS (median) 

Lenalidomide 

  

(25) 54 22% 11% 3.6m 2.5m 

(26) 40 26% 8% 13 m 4 m 

Romidepsin (27) 130 25% 16% 28 m 4 m 

Brentuximab (28) 35 41% 24% 7.6 m 2.6 m 

Bendamustine (29) 60 50% 28% 3.5 m 3.6 m 

Pralatrexate (30) 111 29% 11% 10.1 m 3.5 m 

Belinostat 

  

(31) 129 26% 10% 13.6 m 1.6 m 

(32) 24 25% 8.3% 3.7 m Not reported 

Mogamulizumab (33) 38 35% 14% 5.5 m 3.0 m 

Alisertib (34) 37 30% 7% 3 m 3.0 m 

Everolimus (35) 16 44% 6% 8.5 m 4.1 m 

Table 1-1:  Summary of key phase 2 trials of single agents in relapsed/refractory T cell lymphoma 
Overall response rate (ORR), Complete response (CR), Duration of response (DoR), Progression free 
survival (PFS) 

 

Brentuximab vedotin (BV) is an antibody-drug conjugate which targets CD30 positive 

cells with monomethyl auristatin E which disrupts microtubules. A trial comparing CHOP 

to BV and CHP (cyclophosphamide, doxorubicin and prednisolone) for 6 – 8 cycles in 

patients with newly diagnosed systemic T cell lymphoma with CD30 expression has been 

recently published. Approximately half of AITL cases express CD30 and 12% of trial 

patients had AITL. Overall results showed an improvement in PFS with the use of BV + 

CHP although unpowered sub-group analysis suggests that the benefit is greatest in 

anaplastic large cell lymphoma (ALCL) and may not be present in AITL (36).  

 

1.3 T CELL DEVELOPMENT AND DIFFERENTIATION  

1.3.1 Early T cell development 

T cells develop in the thymus after migration of haemopoietic stem cell progenitors 

from the bone marrow. Approximately 95% of T cells carry the αβ-T cell receptor (TCR) 

with the remaining carrying the γδ-TCR. There are a series of maturation steps which 

are identified by the expression of surface markers and occur following interaction with 

the stromal cells of the thymus and initiation of intracellular signalling pathways. Double 
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negative (DN) cells undergo TCR-β rearrangement followed by selection (Figure 1-2). 

Cells with successfully rearranged β-chains upregulate CD4 and CD8 becoming double 

positive (DP) cells which undergo TCR-α rearrangement to carry an αβ-TCR. The T cells 

then undergo positive selection in the cortex of the thymus followed by negative 

selection in the medulla to remove self-reactive T cells. Subsequently CD4 or CD8 is 

downregulated to produce a naïve single positive T cell which leaves the thymus and 

enters the peripheral circulation (37,38).   

 

 

Figure 1-2: Representation of T cell development in the thymus.  
See text for description. 

 

1.3.2 T cell maturation and differentiation 

Naïve T cells undergo maturation and differentiation into mature effector T cells 

following interaction with antigen and exposure to specific cytokines. Naïve CD4+ T cells 

have the potential to differentiate into several different types of effector CD4+ T cells, 

originally described for T helper 1 (Th1) and T helper 2 (Th2) cells (39,40). Several other 
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types of CD4+ T cell subsets, which support the immune response with different 

functions, have now been described; regulatory T cell (Treg), T helper 17 (Th17), 

follicular helper T cell (Tfh) T helper 9 (Th9) and T helper 22 (Th22) (41).  

Various cytokines and transcription factors are involved in differentiation (Figure 1-3) 

with the aim of ensuring an appropriate immune response. Although differentiation was 

once thought to be an irreversible and permanent event, there is increasing evidence 

to support plasticity of differentiated CD4+ T cells (42,43) enabling flexibility in the 

immune response. Correct function of the different subsets mounts an appropriate 

immune response whilst limiting self-recognition, autoimmune disease and allergy. 

 

 

Figure 1-3: Diagram showing the main CD4+ T cell subsets with master transcription factors and key 
cytokines.  
The naïve C4+ T cell is shown in green and mature CD4+ T cell subsets in pink.  

 

The expression of transcription factors by CD4+ T cells can be altered after initial 

maturation by cytokine and chemokine receptor signalling, leading to a change in subset 

specification. This occurs as a result of chromatin modifications which can be reversed 

by the binding of cytokines leading to changes in the expression of the master 

transcription factors. The plasticity of CD4+ T cells reduces with increasing divisions as 

the chromatin modifications become less reversible (44,45). Interleukin 12 (IL-12) has 
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been shown to have an important role in conversion from Th17 or Th2 to Th1 cells when 

the original cells continue to express the IL-12 receptor (46,47).  

Recent discoveries suggest that microRNAs (miRNAs) have an important role to play in 

the differentiation and plasticity of CD4+ T cells by altering cell phenotype at the level 

of protein expression (48,49). They appear to have a particularly important role in the 

development of Tfh cells and one group have identified miRNA cluster miR-17~92 as a 

regulator of Tfh differentiation and subsequent T cell dependent antibody responses 

(50).  

1.4 FOLLICULAR HELPER T CELLS 

Tfh cells were first proposed in 2000-2001 but were not widely accepted as a distinct 

CD4+ T cell subset until 2009 when B-cell lymphoma 6 (BCL6) was shown to be the 

lineage defining master transcription factor (51-53) and their role in providing help to B 

cells in the germinal centre was established. Their distinct gene expression profile had 

already been described with differences to the established Th1 and Th2 subtypes 

demonstrated (54,55). Tfh cells are essential to support the development of the 

germinal centre and the subsequent generation of high affinity B cells and memory cells 

(52,53,56). Initial Tfh differentiation occurs following interaction with antigen 

presenting cells in an inducible co-stimulator (ICOS) dependent process (57) (Figure 

1-4). Signalling through ICOS occurs through the phosphoinositide 3-kinase (PI3K) 

pathway (58,59) and leads to expression of the transcription factor BCL6, and 

suppression of B-lymphocyte-induced maturation protein 1 (BLIMP1). An early feature 

of Tfh differentiation is the expression of C-X-C chemokine receptor type 5 (CXCR5) 

leading to migration of the T cell to the T-B border of the germinal centre (GC) in 

response to C-X-C chemokine ligand 13 (CXCL13). BCL6 also suppresses the expression 

of molecules which antagonise GC  localisation and represses the expression of 

opposing T cell differentiation programmes both directly and through co-localisation 

with AP1 (60).  

On-going Tfh proliferation and maturation depends upon interactions with B cells, 

initially at the T-B border (Figure 1-4). Further stimulation through ICOS along with 
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CD28, IL-21 receptor and IL-6 receptor contributes to commitment to the GC Tfh 

subtype. This further differentiation leads to higher expression of CXCR5, ICOS and PD-

1 and migration into the GC (61). There is, therefore, co-dependency between the GC-

Tfh cells and GC-B cells (62).  

Signalling lymphocyte activation molecule-associated protein (SAP, encoded by 

SH2D1α) plays an important role in T-B cell interactions and deficiency leads to reduced 

B cell expansion due to reduced T cell help and failure of Tfh cells to be retained in the 

GC (63,64). SAP binds to signalling lymphocyte activation molecule (SLAM) family 

receptors of which there are several. There is redundancy in this family with normal GC 

responses seen in mice with 3 family members knocked out (65).  

High expression of PD-1 is seen in GC Tfh cells and is thought to provide inhibitory 

signals to prevent excessive Tfh proliferation (66,67) but there is also data to support a 

role for PD-1 in regulating T-cell differentiation (68,69).  

 

 

Figure 1-4: Diagram representing the differentiation steps of Tfh cells.  
Initiation is dependent upon interaction with an APC and the upregulation of BCL6 and CXCR5. 
Maintenance of the Tfh phenotype occurs following cognate interaction with B cells. Subsequent 
migration into the germinal centre leads to full Tfh polarisation and help for B cells. Adapted from Crotty 
(51). 
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1.5 T CELL SIGNALLING 

Signalling through the T cell receptor (TCR) and co-stimulatory molecules is important 

for T cell proliferation, differentiation and activation. Several pathways can be activated 

upon stimulation of the TCR. Key pathways are those leading to transcriptional changes. 

Firstly, activation of nuclear factor of activated T cells (NFAT), nuclear factor kappa B 

(NF-κB) and interferon regulatory factor 4 (IRF4). Secondly, activation of the activator 

protein 1 (AP-1) and mitogen-activated protein kinase (MAPK) pathways via c-Jun, signal 

transducer and activator of transcription 3 (STAT3) and general transcription factor II-I 

(GTF2I). Finally, activation of the phosphoinositide 3-kinase (PI3K) pathway. Another 

pathway of interest when thinking about Tfh lymphoma is that leading to cytoskeletal 

changes and effects upon adhesion and migration due to the prevalence of mutations 

seen in genes of this pathway as discussed further in Section 1.7.   

Upon TCR activation with co-stimulation through CD28 +/- ICOS there is subsequent 

activation of PI3K leading to the accumulation of phosphatidylinositol (3,4,5)-

triphosphate (PIP3) which recruits Interleukin-2-inducible T-cell kinase (ITK) to the 

membrane complex where it is phosphorylated by Lck (70). One target of ITK is PLCγ1 

which hydrolyses phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) to produce inositol 

trisphosphate (IP3) and diacylglycerol (DAG) (71). IP3 leads to the influx of calcium and 

subsequent activation of calcineurin and NFAT. DAG activates members of the protein 

kinase C (PKC) family and Ras guanyl-releasing protein (Ras-GRP) which is an activator 

of the Ras-Raf-ERK pathway leading to STAT3 activation (72). ITK can also activate the 

Ras-Raf-ERK pathway and GTF21 leading to activation of the AP-1/MAPK pathways. 

The NF-κB/NFAT pathway can also be activated via PKC and subsequently Caspase 

recruitment domain family, member 11 (CARD11), Mucosa Associated Lymphoid Tissue 

Lymphoma Translocation Gene-1 (MALT1) and IκB kinase (IKK). This pathway can also 

be activated via the PI3K pathway through the interaction of RAC-alpha 

serine/threonine-protein kinase (AKT1) with CARD11 or IKK.  

PKC is also activated by a VAV1 and RAC1 mediated pathway, both VAV1 and RAC1 are 

also found as part of the TCR signalling complex (72). VAV1 is a guanine exchange factor 
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which interacts with RhoA, Rac1 and Cdc42 which play important roles in the actin 

cytoskeleton and subsequent adhesion and migration.  

 

 

Figure 1-5: T cell signalling pathway adapted from Schwartzberg et al (72) Vallois et al (73). 
See section 1.5 for further description of pathway.  

 

1.6 TFH LYMPHOMA 

AITL is now recognised as a malignant population of Tfh cells and this helps us to 

understand some of its clinical features (74). AITL is associated with autoimmune 

phenomena and hypergammaglobulinaemia in approximately 30% of patients at 

presentation (3). Immunohistochemistry has shown that AITL is associated with the 

expression of markers found on Tfh cells including PD-1 (75,76), CXCL13 (77), ICOS (78) 

and SAP (79).  This is confirmed by gene expression studies which show similarities 

between the gene expression profiles of AITL tumour cells and Tfh cells (6-8,80).  
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The malignant Tfh cells are rarely the prominent cell seen in the malignant lymph node 

as they are surrounded by numerous B cells (immunoblasts, plasma cells and 

centrocytes), a proliferation of follicular dendritic cells (FDCs) and high endothelial 

venules (81). Commonly the large B cells have active Epstein Barr Virus (EBV) infection 

(82) and EBV-driven B cell lymphomas develop more frequently than in association with 

other PTCL subtypes (83,84).  

Due to the high proportion of stromal cells in AITL tumours their gene expression profile 

includes a significant contribution from B cells and FDCs (85), pathological review of 

cases in this series showed malignant T cells making up on average 28.5% of the cells. 

This work generated classifiers for T cell lymphoma subtypes based upon gene 

expression profiles. The upregulated genes in the AITL classifier include T cell specific 

genes and a cytokine/chemokine signature demonstrating the importance of the 

microenvironment (Table 1-2). 

An extension of this study confirmed these findings and generated a prognostic model 

reflecting the importance of the microenvironment in outcomes (8). This paper lists 

genes unique to the AITL gene signature including genes involved in cell morphology, 

cell migration and the cell cycle (EFNB2, ROBO1, S1PR3, ANK2, LPAR1, SNAP91, SOX8, 

RAMP3, TUBB2B, ARHGEF10). Both the studies also showed that a proportion of cases 

diagnosed as PTCL-NOS had gene expression profiles consistent with AITL and on 

pathological review the cases showed some features consistent with AITL but were not 

sufficient to be diagnostic with histopathological criteria (85).  

The data from Iqbal et al (8) demonstrates the unique gene expression signatures for 

the different subgroups of T cell lymphoma (Figure 1-6Figure 1-6A) with each column 

representing a unique patient and each row a unique gene from the classifier. There is 

some correlation between pathological diagnosis and molecular classification (Figure 

1-6Figure 1-6B) but molecular investigation allows a proportion of cases to be 

reclassified including 21 cases (14%) of PTCL-NOS as AITL in this series. There were also 

26 AITL cases (22%), which were not molecularly classifiable as AITL and changed to 

PTCL-NOS.  
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Genes in classifier 

Cytokine/chemokine 

signature 

 

Proinflammatory response LTA (TNFSF1), LTB (TNFSF3) 

T- and B-cell activation TNFRSF4 (OX40/CD134), TNFRSF17(BCM/CD269) 

TNFSF8 (CD30L/CD153), CSF2RB (CD131) 

Chemotactic activity for 

activated T cells 

CCL17, CCL19, CCL20, CCL21, CCL22 

Angiogenesis CXCL8 (IL8), CXCL5 

Homing of B cells and TFH 

cells to follicles 

CXCL13, its receptor (CXCR5) 

B-cell receptor signalling CD79a, CD19, FCRL5, CD22 

Immunoglobulin family IgH, IgK, IgL 

B-cell–associated/activation MS4A1 (CD20), CR1 (CD21), CD23, CD24, CD37, FCRLA, 

AICD, ID3, SpiB 

FDC markers CR1, CR2 (CD21), CD23, CLU, CD200, C4orf7 

Complement system C1S, C3, C4A, C7 

T cell–specific genes 
 

Costimulatory ICOS 

Coinhibitory CTLA4 

Miscellaneous genes SOX8, XKR4, GPR64, PTGDS, NTN2L, PLA2G2D, ALPK2, 

NT5DC4 

Table 1-2: Differentially expressed genes in the molecularly defined AITL classifier 
Adapted from Iqbal et al (85) 

 

The paper describes the development of a prognostic model using gene signatures from 

the lymphoid signature database (86) to produce 4 subgroups with a better prognosis 

seen in patients with a higher expression of B cell genes and a lower expression of genes 

associated with cytotoxic CD8+ T cells, monocytes and TP53-induction. When this gene 

signature is applied to patients it is able to separate out prognostic groups (Figure 

1-6Figure 1-6C). 

The availability of gene expression profiling is generally restricted to clinical trials and is 

not currently routinely available. Although there is a suggestion that differences in the 

molecular signature within AITL are prognostic there is not yet any evidence to support 

different treatment strategies.  
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Figure 1-6: Molecular diagnostic signatures of PTCL subgroups and survival prediction in AITL  
adapted from Iqbal et al (2014) (8) A shows the gene expression signatures for cases of T cell lymphoma 
grouped by diagnosis based on GEP. B shows the differences in diagnosis based upon GEP and 
morphology.  C shows the Kaplan-Meier curves generated from a prognostic gene signature in a training 
set (left) and a validation set (right). 

 

1.7 TFH LYMPHOMA GENETICS 

1.7.1 Epigenetic dysregulation 

Advances in the availability of genome sequencing have led to discoveries of mutations 

associated with many cancers and AITL is no exception.  There is a strong association 

between the AITL subtype and mutations in genes related to epigenetic changes, 

specifically Tet methylcytosine dioxygenase 2 (TET2) (87,88), DNA methyltransferase 3 

alpha (DNMT3A) (88,89) and isocitrate dehydrogenase (NADP(+)) 2 (IDH2) with a hotspot 

at amino acid 172 (90,91) which are also associated with myeloid malignancies.  

TET2 mutations are usually loss of function and in several cases multiple mutations are 

found, they have been detected in 50-85% of cases in published series (88). TET2 

mutations have also been described in PTCL-NOS and Lemonnier et al found that TET2 

mutations were more common in PTCL-NOS cases with Tfh-like features, suggesting an 

association with Tfh differentiation (87).  
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DNMT3A mutations are reported in 20-30% of cases (88).  

IDH2 mutations are reported in 20-45% of cases and are exclusively found at an arginine 

residue at position 172 (IDHR172) (90). It is frequently found in individuals who also have 

one or more TET2 mutations, which contrasts with myeloid disease where TET2 and 

IDH2 mutations are predominantly exclusive (92,93). IDH2R172 mutations lead to 

abnormal production of 2 hydroxyglutarate (2HG) which inhibits TET2 activity (94) along 

with other enzymes (95). 2HG was detected in the frozen extracted lymph nodes and 

serum of patients with IDH2 mutated AITL by Lemonnier et al (96) who showed that 

2HG was restricted to ICOS+ cells.   

1.7.2 RHOA mutation 

 A point mutation of RHOA predicted to cause a substitution of valine for glycine at 

residue 17 (RHOAG17V) has been found in over 50% of AITL cases following the initial 

reports in 2014 (97-99), around 20% of PTCL-NOS cases also carry this mutation. Only 

occasional mutations at other RHOA loci have been reported in AITL, however a range 

of positions have been shown to be mutated in ATLL (100), Burkitt lymphoma (101,102), 

diffuse large B cell lymphoma (103), gastric cancer (104,105) and head and neck cancer 

(106) although at lower rates than seen in AITL . The recurrent mutations seen in 

haematological malignancies are shown in Figure 1-7A with all mutations listed in Table 

1-3. The majority of the mutations seen in AITL and ATLL are found in GTP-binding 

regions, which consists of four parts of the RHOA sequence consisting of amino acids 

12-19, 59-63, 117-120 and 157-164 (Figure 1-7)  

Two groups have compared the pathological features of AITL between cases with and 

without RHOAG17V mutation. Both found that the RHOA mutated cases had a higher 

number of Tfh markers expressed on the malignant cells (107,108). One series showed 

an increase in vessel density correlated with RHOA mutation (108) suggesting higher 

vascular proliferation. This group also found that RHOAG17V mutated cases were more 

likely to have B symptoms and splenomegaly, the other group found a correlation  with 

a higher performance score (PS) at diagnosis (107) but neither found an association with 

disease stage or survival. Both these series were small but add further to the evidence 

that RHOAG17V is important in the development of AITL. 
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Figure 1-7: RHOA mutations and structure 
A: Mutations in RHOA described in haematological malignancies with regions making up the GTP binding 
site highlighted in black. Recurrent mutations as reported by COSMIC are shown on the diagram (109). B: 
representation of the wild type RHOA protein generated in PYMOL with the GTP binding site highlighted 
in colour.  
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Site Mutation Diagnosis Number of cases 
reported in COSMIC 

5 R5Q Burkitt lymphoma 6 

R5Q DLBCL 3 

R5W PTLD 1 

15* A15P PTCL-NOS 1 

16* C16R / L / G / F ATLL 18 / 2 / 2 / 2 

C16F ALL 1 

C16Y AML 1 

17* G17V / E / R ATLL 11 / 3 / 2  

G17V /E / L AITL 170 / 24 / 1 

G17V PTCL-NOS  33 

18* K18N AITL 4 

19* T19I ATLL 2 

T19I ALL 1 

22 L22H Burkitt lymphoma 1 

23 I23R Burkitt lymphoma 2 

34 Y34N DLBCL 1 

37 T37A Follicular lymphoma 1 

39 F39L DLBCL 1 

42 Y42F / S  Burkitt lymphoma 1 / 1 

56 A56V  ATLL 1 

57 L57V Marginal zone lymphoma 1 

58 W58R Follicular lymphoma  1 

64 E64K Follicular lymphoma 1 

68 R68L ATLL 2 

69 L69P B cell lymphoma 1 

L69R Burkitt lymphoma 1 

72 L72P DLBCL 1 

73 S73F ATLL 1 

76 D76V Burkitt lymphoma 1 

83 C83Y ATLL 4 

117* N117I ATLL 1 

118* K118E / Q ATLL 2 / 1 

120* D120N ATLL 1 

D120N ALL 1 

138 P138L DLBCL 1 

161* A161E AITL 1 

A161V / P ATLL 3 / 1 

A161V PTCL-NOS 1 

162* K162E ATLL 2 
Table 1-3: RHOA mutations found in haematological malignancies as listed by COSMIC (109) in 
December 2018.  
The starred sites are those located within the GTP binding site. 
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1.7.3 Other mutations 

Mutations in CD28 have been demonstrated in around 10% of AITL cases (73,110,111), 

3 recurrent mutations have been reported and two of these have been shown to 

enhance NF-κB activity in vitro (111,112). Recurrent mutations in genes of the TCR 

signalling pathway (excluding RHOA) have been shown to present in 49% of AITL cases 

following targeted deep sequencing of a 69 gene panel by Vallois et al (73). They report 

TCR genes mutated in multiple cases: PLCG1, CTNNB1, GTF2I, PIK3R1, PDPK1, VAV1, 

FYN, CARD11, KRAS and STAT3 (see Section1-5 and Figure 1-5 for the T cell signalling 

pathway). Further in vitro testing of the 10 missense mutations found in PLCG1 showed 

that most caused an increase in MALT1 protease activity and increased NFAT in a 

luciferase reporter assay compared to WT. Three CARD11 point mutations were found 

and all of these were shown to increase NF-κB reporter activity in response to 

stimulation compared to WT CARD11 and two increased MALT1 protease activity. The 

other mutations described (shown in Figure 1-8) have also been found in other tumour 

types and have either been shown to increase downstream signalling or are proposed 

to. The authors suggest that these findings support the role of activated TCR-signalling 

in AITL and Tfh-lymphoma development.  

These findings suggested two major pathways to drive Tfh-lymphoma: mutated RHOA 

alone or mutated TCR signalling genes with or without mutated RHOA (Figure 1-8Figure 

1-8). They also showed mutations in TET2, DNMT3a and IDH2 in a high proportion of 

cases which had been analysed as part of previous work in which these genes were 

sequenced.   

A fusion of Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA4) and CD28 has been 

described and was found in 38% of T cell lymphoma in a case series, this included 26 of 

45 (58%) of AITL patients (113). The fusion has been shown between exon 3 of the 

CTLA4 gene and exon 4 of the CD28 gene which is predicted to produce a protein with 

the extracellular and transmembrane portions of CTLA4 and the cytosolic signalling 

domain of CD28. In vitro work using the Jurkat cell line transfected with a construct 

expressing the fusion protein showed increased proliferation, IL-2 production and AKT 

and ERK phosphorylation in response to stimulation. This suggests that there would be 
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dysregulation of inhibitory signalling through CTLA4. In this case series there were 4 

patients with a CD28 mutation and this was mutually exclusive to the CTLA4-CD28 

fusion.  This supports the hypothesis that dysregulation of the TCR signalling pathway 

plays a role in lymphomagenesis.  

 

Figure 1-8: Mutational status of TCR genes in an 85-patient cohort 
(upper panel) and the mapping of variants in TCR signalling genes (lower panel A-J) which were mutated 
in at least 3 patients adapted from Vallois et al (73). 
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Analysis of 154 patients with T cell lymphoma using RNA sequencing revealed a number 

of VAV1 mutations as well as three VAV1 gene fusions and two cases with an inframe 

deletion causing the loss of 9 amino acids (114). Further DNA sequencing showed four 

further cases with mutations resulting in alterations in splicing leading to changes in the 

C-SH3 domain due to deletion of amino acids 778-786. In vitro analysis of the gene 

fusions and a VAV1 construct with deletion of amino acids 778-786 showed increased 

ERK1/2 phosphorylation in keeping with activation of this downstream pathway. 

Analysis of the JNK pathway using an AP1 reported showed increased activity in the 

presence of the gene fusions, this activity was seen without CD3 stimulation suggesting 

constitutive activity. There was no increased activity seen in the VAV1 carrying the 778-

786 deletion. Similar results were seen when an NFAT reporter assay was performed.  

The chromosomal translocation t(5;9)(q33;q22) which fuses the IL-2–inducible T cell 

kinase (ITK) and the spleen tyrosine kinase (SYK) genes was initially described as a 

recurrent and specific genomic alteration in PTCL-NOS being found in five of 30 

examined cases (115). Although initially described as being absent in AITL but found in 

the follicular variant of PTCL (PTCL-F) a case has subsequently been reported (116). 

Another group did not find the ITK:SYK translocation in AITL but did find gain of either 

ITK or SYK in 38% and 14% of cases respectively (117).  

There appears to be co-operation between epigenetic dysregulation, RHOA mutation 

and activating mutations in the TCR signalling pathway which is discussed further in 

section 1.11.  

 

1.8 RHOA GTPASE 

Ras homolog family member A (RHOA) is a small GTPase which along with the other Rho 

GTPases have several roles within the cell. There are over 20 members of the Rho 

GTPase family and the best understood are RHOA, Rac1 and Cdc42. Each of these 

proteins cycle between an active GTP-bound state and an inactive GDP-bound state 

under the regulation of GTPase activating proteins (GAPs) and guanine nucleotide 

exchange factors (GEFs) (118). Guanine nucleotide dissociation inhibitors (GDIs) also 
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play a role in regulation by sequestering the GDP-bound Rho GTPases in the cytosol in 

their inactive form (119) (Figure 1-9Figure 1-9). 

 

Figure 1-9: The Rho GTPase cycle adapted from Etienne-Manville & Hall (118). 
 
 
 

The RhoGTPases were first identified in 1985 and in the 1990s were recognised to have 

an important role in cell motility and cell adhesion through the actin cytoskeleton (120). 

Their co-ordinated functions also play an important role in cell polarity, morphology and 

migration with the expression of different GEFs and GAPs in different cell types 

determining their precise role (118).  

The RhoGTPases play a role in the cell cycle both through signal transduction and 

activation of transcription factors (121) and through a role in the development of the 

actin and myosin contractile ring which is essential for cytokinesis (122,123).  

There are over 60 GAPs and over 70 GEFs which have variable specificity for RhoGTPases 

and approximately half are expressed in one or more lymphoid lineages (124).   

1.8.1 RHOA in T cell development 

A series of mouse experiments has examined the role of RHOA in T cell development by 

using the expression of bacterial enzyme C3-transferase from Clostridium botulinum at 

different stages of T cell development (37,125-127). Clostridium botulinum C3-

transferase selectively ADP-ribosylates Rho within its effector-binding domain and 

thereby abolishes its biological function (128).  
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Firstly C3-transferase was expressed under the control of p56lck which is expressed from 

the DN1 stage of T cell development (Figure 1-2 and section 1.3.1) until the cells exit the 

thymus. These mice had significantly smaller thymi with a marked reduction in 

cellularity (less than 20% of normal) compared to WT mice when examined at 5-6 weeks 

of age (125). Further analysis of the thymus showed a reduction in CD4+CD8+ DP 

thymocytes which appeared to be due to a partial G1 block in the DN thymocytes. The 

level of αβ-TCR expression on each cell was normal suggesting that the level of 

proliferation is reduced but maturation does occur. Spleen cellularity was reduced by 

50% with a marked reduction in αβ-TCR+ T cells. Examination of the Rho- thymi during 

embryogenesis showed a block of αβ-TCR+ T cells  and impairment of γδ-TCR+ T cell 

development (126).  

Subsequently C3-transferase was expressed under the control of the human CD2 

promoter leading to expression from the DN2 stage of T cell development (Figure 1-2) 

and throughout T cell development and on leaving the thymus (37). The thymi in these 

mice were also smaller than WT littermates with a 50-100-fold reduction in thymocyte 

numbers. These thymi contained almost exclusively CD4-CD8- DN cells with further 

stages of development almost completely absent.  

The authors compare the differences between these two models showing that when 

C3-transferase is expressed from the DN1 stage there is increased apoptosis of CD25+ 

cells but normal differentiation of remaining cells whereas when C3 is expressed from 

the DN2 stage CD25+ cells showed normal survival but no differentiation (37).  

Gene expression analysis of the DN3 T cells from the mice expressing C3-transferase 

under the control of the CD2 promoter was then compared to WT mice and Rag2-/- mice 

in which there is also a differentiation block at the pre-TCR stage (129). They show that 

loss of Rho function in pre-T cells leads to downregulation of members of the Fos/Jun 

and early growth response family of transcription factors.  

It was then noted that the lck-C3 mice were dying prematurely when compared to WT 

littermates with none surviving over 12 months and most dying between 4 and 8 

months of age (127). Post mortem examination of the mice now showed dramatically 
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enlarged thymi causing heart and lung compression. Spleen, lymph nodes and liver were 

enlarged, and all organs were infiltrated with monoclonal CD25+ T cells with blastic 

appearances. They propose that those CD25+ cells which survive may undergo 

compensatory changes to prevent apoptosis, which ultimately leads to a predisposition 

to malignant transformation.  

This shows that RHOA has an important role in the development of T cells and absence 

of RHOA in immature T cells appears to lead to compensatory changes, which 

predispose to the development of T cell lymphoma.  

1.8.2 RHOA in T cell signalling and behaviour 

Assessment of RHOA deficiency on T cell activation was made using a model in which 

exon 3 of RHOA was removed by Cre-recombinase under the control of the CD2 

promoter (130). They showed a similar reduction in T cell numbers to that seen in the 

model from the Cantrell laboratory (37), which used a different mechanism to 

knockdown RHOA function. T cell activation in response to stimulation with anti-CD3 

and anti-CD28 in vitro was reduced without increased apoptosis in the RHOA deficient 

T cells compared to normal T cells with inhibition of CD69 and CD25 upregulation. 

Further in vitro work suggested that RHOA was essential for Th2 differentiation but not 

Th1 differentiation. They also assessed the effect of RHOA deficiency on oxygen 

consumption and extracellular acidification rate (ECAR), an indicator of aerobic 

glycolysis, in response to stimulation demonstrating reduced oxygen consumption and 

compromised ECAR with reduced ATP production.  

Another group showed defective thymocyte development in the absence of RHOA in T 

cells expressing CD2 (131) with an apparent block at the transition from DN3 to DN4 

and defective β-selection. The RHOA deficient cells showed defects in mitosis and 

subsequently reduced proliferation. They also demonstrated reduced phosphorylation 

of ZAP70, ERK and JNK in response to TCR stimulation in RHOA deficient DP cells. They 

went on to assess mitochondrial function in the RHOA deficient cells showing that 

despite an upregulation in mitochondrial genes involved in oxidative phosphorylation 

there was a reduction in ATP production. They demonstrated a role for reactive oxygen 

species (ROS) with increased levels seen in RHOA deficient cells and treatment of the 
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RHOA deficient mice with the ROS scavenger N-acetylcysteine partially reversed the 

abnormalities in T cell development.      

Downstream effectors of RHOA include Rho-associated kinase (ROCK) 1 and ROCK2 

(132). Increased ROCK kinase activity has been shown in the peripheral blood 

mononuclear cells (PMBCs) of patients with systemic lupus erythematosus (SLE) and 

rheumatoid arthritis compared to healthy controls suggesting a role in autoimmune 

disease (133-135). ROCK inhibitors were shown to reduce production of IL-17 and IL-21 

(133), which are key cytokines in the inflammation seen in autoimmune disease.  

Inhibition of ROCK2 in vitro leads to reduced differentiation of naïve CD4+ T cells,  

cultured in the presence of stimulation and Th17 skewing pro-inflammatory cytokines, 

to Tfh cells (136). This occurred through regulation of STAT3 and STAT5 activities leading 

to reduced BCL6 expression and increased BLIMP1 expression with ROCK2 inhibition. 

The same group showed that ROCK2 inhibition did not affect the differentiation of naïve 

CD4+ T cells cultured with Th1 skewing pro-inflammatory cytokines which occurs 

through STAT4 dependent mechanisms (136).  

Thymocytes with constitutive activation of RHOA show better adhesion to β1 and β2 

integrin ligands and cells with deficient RHOA show reduced migration towards 

chemokines (137). The ligation of RHOA to 2 integrins appears to be mediated by amino 

acids 23-40 when the adhesion to ICAM-1 was assessed (138,139).  

Collectively it is clear that RHOA has essential functions in T cell development but also 

the differentiation and function of mature T cells.  

1.8.3 Effect of mutations on RHOA function 

A variety of experiments have been carried out in attempts to explain the frequency of 

RHOAG17V in AITL and determine its contribution to lymphomagenesis. There are also a 

number of mutations which cause constitutive activation of RHOA including glycine to 

valine at position 14 (RHOAG14V) and glutamine to leucine at position 63 (RHOAQ63L) 

which is a laboratory generated mutation and has not been described in human samples 

(140,141). A mutation leading to the substitution of threonine to asparagine at position 

19 (RHOAT19N) has been described as a dominant negative mutation (142).  
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The groups who initially described the RHOAG17V mutation in AITL also carried out a 

series of functional experiments. Over-expression of GFP-fused RHOA in fibroblasts 

showed similar changes including elongated morphology and increased cellular 

protrusions when RHOAG17V and RHOAT19N were transfected into HEK293T cells and 

reduced numbers of F-actin stress fibres when transfected into HeLa cells (97) and 

NIH3T3 cells (99).  

They showed reduced interaction with rhotekin by HA-tagged RHOAG17V and RHOAT19N 

compared to RHOAWT in keeping with reduced levels of GTP-bound RHOA in both the 

mutant forms (97-99). Increased affinity for Rho-GEFs by RHOAG17V was also shown 

(97,99).   

Overexpression of the RHOA in human T cell lymphoblastic lymphoma and leukaemia 

cells lines showed increased proliferation and invasiveness in cells transfected with 

RHOAG17V and RHOAT19N compared to RHOAWT and RHOAG14V (98). The induced 

expression of RHOAWT led to reduced proliferation of Jurkat cells with G1 cell cycle 

arrest whereas the expression of RHOAG17V did not affect proliferation or cell cycle 

progression (99).  

The similarities with changes induced by RHOAT19N expression and the increased affinity 

for Rho-GEFs led to the proposal that the RHOAG17V mutation was a dominant-negative 

mutation and produced its effects by sequestration of Rho-GEFs and reduced RHOA 

activity. However, none of these groups were able to assess the effect of RHOAG17V in a 

model of AITL as no cell line models exist (143,144). The expression of RHOAG17V protein 

was found to be consistently lower in several cell lines when exogenously expressed 

(143).  

Many of the mutations seen in AITL and ATLL are found in the GTP binding site regions 

which suggests that they alter the activation of RHOA.  

More recent work has assessed proteins which bind specifically to RHOAG17V in both 

unstimulated and stimulated Jurkat cells, which are over-expressing FLAG tagged RHOA 

(145). It was found that RHOAG17V bound to VAV1 in both unstimulated and stimulated 

cells with the binding efficiency augmented by stimulation whereas there was no 
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binding between RHOAWT and VAV1. This interaction led to increased activity 

downstream of VAV1 even in unstimulated cells demonstrated by subsequent PLCγ1 

phosphorylation. Activating mutations or translocations in VAV1 have also been 

described (114,145).  Increased NFAT activity was shown in stimulated Jurkat cells 

transfected with RHOAG17V or VAV1 mutants when compared to WT (145).  

Further work has assessed the effect of expression of an active mutant of RHOA with a 

valine substitution at amino acid 14 (RHOAG14V) under the control of the CD2 promoter 

(146). They showed that thymi were normal sized with normal cellular composition and 

thymocyte maturation. The RHOAG14V expressing thymocytes had normal morphology 

but showed higher levels of adhesion to fibronectin than normal thymocytes. They 

demonstrated lower levels of expression of αβ-TCR complexes on both CD4+ and CD8+ 

T cells however there was increased proliferation in response to stimulation with CD3 

antibodies than in WT T cells.  

Mutations in RHOA alter its function and lead to subsequent changes in cell behaviour. 

The described work all involves the induced expression of RHOA rather than assessing 

endogenous RHOA levels.  

1.9 ITK IN TFH CELLS AND T CELL LYMPHOMA 

ITK is a member of the TEC family of kinases and is highly expressed by T cells and plays 

a major role in TCR signalling (147) as discussed in section 1.5. Knockdown of ITK leads 

to reduced responses to TCR stimulation rather than abolition (71,148).   

Through its interaction with VAV1 it is involved in the organisation of the actin 

cytoskeleton (149) and activation of adhesion molecules (150). ITK also plays a role in T 

cell migration in response to chemokine stimulation (151,152).  

1.9.1 Role of ITK in T cell differentiation 

ITK plays an important role in the differentiation of naïve CD4+ T cells into mature Th2 

cells due to reduced nuclear localisation of NFAT and failure of IL-4 production (153). It 

also has an important role in Th17 cell differentiation with CD4+ T cells lacking ITK 

showing reduced IL-17A expression despite normal ROR-γT expression (154). 

Differentiation to Th9 cells also requires ITK. ITK deficient mice show reduced IL-9 
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production by T cells, which has also been demonstrated by reduced IL-9 production by 

human T cells after ITK inhibition (155).  

1.9.2 ITK inhibition 

There is interest in the role of ITK inhibition in prevention and management of 

inflammatory conditions, particularly asthma, as ITK knockout mice are resistant to the 

development of asthma (156,157). Analysis of an ITK inhibitor showed reduced TCR-

signalling in cultured Th2 cells with reduced cytokine secretion, however in a mouse 

model the ITK inhibition failed to reduce airway hyper-responsiveness or inflammation 

(158). 

In a mouse model of inflammatory skin inflammation improvement was seen in ITK 

knockout and with the use of an ITK inhibitor (159). Use of an ITK inhibitor in a mouse 

model of colitis also showed reduction in disease progression with Th1 and Th17 cells 

showing reduced P-selectin binding and impaired migration (160).  

Ibrutinib is a Bruton’s tyrosine kinase (BTK) inhibitor established in the treatment of CLL 

and other B cell malignancies, which also inhibits ITK (161). Using four mouse models 

ibrutinib was shown to reduce chronic graft-versus-host disease (cGVHD) with a 

reduction in the proliferation of B cells and lower levels of auto-antibodies (162). In one 

model ibrutinib treatment improved B cell reconstitution and reduced the percentage 

of Tfh cells in the spleen. In a model of acute GVHD in which T cells are the main drivers 

of disease ibrutinib was also able to improve clinical scores and survival (162). Ibrutinib 

has been approved for the treatment of cGVHD in patients after the failure of at least 

one systemic therapy (163) after showing clinical benefit in a phase 1b/2 study. A 

reduction was also shown in pro-inflammatory cytokines and chemokines.   

Ibrutinib has also been shown to inhibit B cell signalling and activation in the culture of 

human peripheral B cell lines  (164). It has also shown efficacy in the treatment of mouse 

models of autoimmune disease (165). BTK has been shown to alter B cell migration in 

response to chemokines (166) and integrin-mediated adhesion (167). There is interest 

in the use of ibrutinib in a number of conditions outside of B cell malignancies due to 
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the potential for manipulation of the tumour microenvironment in solid tumours (168-

170) but it has not previously been tested in models of T cell lymphoma.   

1.9.3 Role of ITK in T cell lymphoma 

The discovery of a recurrent ITK:SYK translocation in PTCL-NOS with an association with 

a follicular phenotype (115) suggests that increased ITK activity may contribute to the 

development of T cell lymphoma. Examination of a series of 30 follicular T cell 

lymphoma (PTCL-F) cases showed 18% carried the ITK:SYK translocation (171). ITK has 

been shown to be expressed in 87% of AITL cases (172).   

1.10 MOUSE MODELS OF T CELL LYMPHOMA 

Mouse models can be a useful method for understanding the pathogenesis of human 

disease and potentially be used for pre-clinical testing of novel therapies to allow the 

most appropriate compounds being taken forward into human trials. There are also 

important differences between the immune systems of mice and human, which mean 

findings must be interpreted with caution. The spontaneous development of T cell 

lymphoma in mice is common due to the persistence of the thymus into adulthood, 

although this often resembles a lymphoblastic picture (173). Models of T cell lymphoma 

are discussed here and summarised in Table 1-4.  

1.10.1 ITK:SYK translocation models 

Following the demonstration of the ITK:SYK translocation in PTCL-NOS Pechloff et al 

(174) developed a mouse model with inducible CD4+ T cell restricted expression of a 

patient derived ITK-SYK kinase. The mice with CD4+ T cell expression of ITK-SYK 

developed a PTCL-like illness with clonal T cell infiltration of the bone marrow and solid 

organs. They propose that although the ITK:SYK translocation is relatively rare in PTCL 

this model is more broadly applicable as it shows the effect of aberrant activation of 

TCR signalling pathways which are commonly found in PTCL (7).  

They refined this model by inducing ITK-SYK in CD4+ T cells using tamoxifen-inducible 

Cre activation in CD4+ T cells (175). A single dose of tamoxifen was given leading to 

expansion of the ITK-SYK CD4+ T cells which was dose-dependent but subsequently 

contracted. With ongoing observation 2 of 3 mice receiving the highest tamoxifen dose 
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developed expansion of the ITK-SYK CD4+ T cells with organ infiltration by lymphoblasts 

at around 200 days. In further work they developed a quadruple transgenic progeny 

with mutagenic ATP transposon cassettes expressed alongside ITK-SYK in CD4+ T cells. 

Analysis of the tumours in these mice showed the site of highest transposon insertion 

density was located at the Pdcd1 locus which encodes PD1, indicating that PD1 may 

have a tumour suppressor function in T cell lymphoma (175). This was supported by 

further mouse models with PD1 deficiency (PD1-/- & PD1+/-) and the treatment of mice 

with anti-PD1 and anti-PD-L1 where the suppression of PD1 led to increased 

lymphoproliferation.    

1.10.2 Models with features of Tfh lymphoma or PTCL 

Ellyard et al (176) demonstrated tumour development in mice with a heterozygous 

Roquin/Rc3h1 mutation. ROQUIN regulates ICOS mRNA stability and the mutant form 

has a higher affinity leading to slower mRNA decay and subsequent increased 

expression of ICOS (177,178). The increased ICOS expression leads to accumulation of 

Tfh cells and mice with a homozygous mutation develop a severe lupus-like disease 

(179). In their study 53% of the mice with a heterozygous mutation (Roquinsan/+) 

developed one or more enlarged lymph nodes which had histopathological changes 

with similarities to AITL (176). They demonstrated the presence of a clonal T cell 

population in amongst large numbers of reactive cells.  

Muto et al (180) described the development of a lymphoma-like illness in 71% of mice 

over 60 weeks of age with knocked down Tet2. Histology and T cell clonality showed 

that this was consistent with a T cell lymphoma and the gene expression profile was 

similar to that of Tfh cells. However, unlike the Roquin mutated mice there was no 

hypergammaglobulinaemia or B cell infiltration as seen in human AITL. They describe 

their model as a mimic of PTCL-NOS with Tfh-like features. Others have shown both 

lymphomagenesis and myeloid malignancies in mice with dysregulated TET2 (181,182). 
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Model Phenotype / Key findings 

ITK-SYK in CD4+ T cells 

(174) 

Development of increased proportions of circulating T 

cells and symptoms leading to sacrifice between 12 & 25 

weeks in all mice. Infiltration of T cells into spleen, bone 

marrow and solid organs. 

ITK-SYK in CD4+ T cells 

with PD1+/- (175) 

Development of organ infiltration with CD4+ T cells 

which could be transplanted. 

Roquinsan/+ (176) Development of asymmetrical lymphadenopathy in 

approximately 50% of mice at 4-6 months of age. 

Similarities to AITL and clonal T cell populations shown. 

Tet2 knockdown (180) Enlarged spleens with increased Tfh cells at 40-60 weeks 

old. Development of lymphadenopathy and organ 

infiltration over 60 weeks in 5 of 7 mice.  

Lin28b overexpression 

(183) 

Reduction in thymus size with reduced DP cells and 

increased CD8+ T cells. Subsequent development of 

lymphadenopathy, splenomegaly and symptoms at 10+ 

months of age. Infiltration of organs with CD3+ T cells 

demonstrating T cell clonality.  

Transplantation of Tet2-/- 

haematopoietic cells 

expressing RHOAG17V (184) 

Splenomegaly and lymphadenopathy developed at 200-

350 days. Tumour cells showed high expression of Tfh 

markers and gene expression consistent with Tfh cells 

and AITL.  

Expression of RHOAG17V in 

Tet2-/- CD4 cells (185) 

Development of lymphoma in 4 of 10 mice with 

splenomegaly and lymphadenopathy with tumour cells 

expressing CD4, PD1, CXCR5 and BCL6. 

Transplantation of Tet2-/- 

haematopoietic cells 

expressing RHOAG17V into 

TCRα deficient mice (186) 

Development of symptoms including weight loss, skin 

ulcers and lymphadenopathy in all mice. Organ 

infiltration with T & B cells including an increase in GC B 

cells.  

Table 1-4: Summary of mouse models of T cell lymphoma 
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Another group developed transgenic mice overexpressing Lin28b in haematopoietic 

cells demonstrating aberrant T-cell development. Lin28b and Lin28a have been shown 

to reduce the let-7 family of miRs and subsequent alteration in expression of MYC, 

HMGA2 and KRAS (187). Due to these links with genes implicated with malignant 

transformation the group hypothesized that Lin28b may function as a proto-oncogene 

if over-expressed.  These mice developed a peripheral T-cell lymphoma (PTCL) that 

occurred on the background of an inflammatory tumour microenvironment (183). They 

also showed the over-expression of Lin28b in PTCL samples when compared to 

activated CD4+ T cells. 

1.10.3 Models with expression of RHOAG17V 

Three groups have recently developed mouse models with expression of RHOAG17V in 

CD4+ T cells (184-186).  

Cortes et al produced a mouse model with inducible expression of RHOAG17V in CD4+ T 

cells and demonstrated increased Tfh differentiation both immunophenotypically and 

by gene expression analysis (184). They demonstrated a marked increase ICOS 

expression in naïve CD4+ T cells with induction of RHOAG17V expression with low levels 

of TCR engagement. After normalising ICOS levels between RHOAG17V expressing and 

control cells stimulation via the TCR and ICOS led to increased PI3K-mTOR and mitogen-

activated protein kinase (MAPK) signalling in the RHOAG17V expressing cells.  

They went on to transplant haematopoietic cells from TET2-/- mice, which had been 

infected with retroviruses expressing RHOAWT or RHOAG17V. The mice receiving cells 

infected with RHOAG17V went onto develop lymphoid malignancies with histological 

appearances similar to AITL and gene expression profiles similar to AITL and Tfh cells. In 

this TET2-/- RHOAG17V tumour model they found high levels of expression of ICOS-ligand 

on CD21+ follicular dendritic cells, CD11b+ GR1+ dendritic cells, and B220+ B cells 

suggesting that the microenvironment has an important role to play in driving tumour 

development.  

Ng et al developed a transgenic model in which RHOAG17V was expressed under the 

control of the CD4 regulatory elements, with RHOA mRNA expression at 60% of 
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endogenous levels (185). Expression of RHOAG17V began at the DP stage of T cell 

development and led to a reduction in peripheral T cell numbers. They demonstrated a 

lower TCR stimulation threshold in RHOAG17V CD4+ T cells. Transcriptome analysis 

showed enrichment of the PI3K-AKT-mTOR signalling signature in naïve RHOAG17V CD4+ 

T cells, this pathway is known to modulate T cell activation and differentiation 

(197,198). Enrichment of the mTORc1 signalling pathway was also seen in RHOAG17V Tfh 

cells from TET2-/- mice, but not in WT Tfh cells from TET2-/- mice.  

These tgRHOA mice had reduced numbers of naïve T cells but a relative increase of Tfh 

cells and with aging developed autoimmune phenomena. They went onto cross the 

tgRHOA mice with mice with a TET2 deletion throughout the haematopoietic system 

and carried out monthly immunisations of these mice with intraperitoneal injections of 

100µg NP40-Ovalbumin with 50% Alum in 100 mL total volume, up to a maximum of 7 

injections. 40% of the mice went onto develop T cell lymphomas with characteristics of 

AITL, several others developed myeloid tumours. Transplantation of tumour cells from 

the mice developing lymphoma to immunosuppressed Nod.SCID.IL2rγ-/- (NSG) mice led 

to rapid lymphoma development and was used to test the activity of everolimus. The 

mice were treated with 10 mg/kg everolimus or 10% DMSO in PBS by oral gavage and 

those treated with everolimus showed reductions in spleen size and harvested cells 

showed reduced phosphorylation of Akt, S6 and 4EBP1 suggesting reduced mTORC1 

activity and on-target drug activity.  

Zang et al isolated T cells from WT and TET2-/- mice and transduced them with 

retroviruses encoding tagged RHOAG17V (186). Downregulation of Fas ligand and 

reduced apoptosis of CD4+ T cells in the TET2-/- RHOAG17V group compared to the other 

groups (WT; TET2-/-; RHOAG17V) was shown. They demonstrated a reduction in Th17 and 

Treg cells in the TET2-/- group compared to the WT. The addition of the RHOAG17V to 

TET2-/- led to the return of Th17 cells to normal levels but a further decrease in Treg 

cells. The impact of RHOAG17V alone on CD4+ T cell subtype was minimal suggesting it is 

the combination of mutations which drives the abnormalities. Transcriptome analysis 

suggested that FoxO1 was a key target of these mutations with TET2-/- leading to 

reduced expression and RHOAG17V producing increased phosphorylation which leads to 
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transport of FoxO1 to the cytoplasm from the nucleus with subsequent degradation 

(188). They suggest that the abnormalities seen in CD4+ T cell proliferation, survival and 

differentiation are due to the reduction in FoxO1 activity (186).  

The transduced cells were then injected into TCRα deficient mice who were studied 

(186). Those receiving TET2-/- cells transduced with RHOAG17V showed shorter survival 

due to the development of weight loss and skin lesions and were found to have B and T 

cell infiltration of several organs. In this study the combination of TET2 deletion and 

RHOAG17V expression led to increased proliferation of CD4+ T cells over CD8+ T cells and 

increased Tfh numbers with a reduction in Treg numbers. Their comparator mice 

received untransduced TET2-/- cells rather than cells transduced with RHOAWT. 

1.10.4 Patient derived xenografts 

Another method of tumour modelling is patient derived xenografts (PDX). These were 

initially developed in solid tumours but more recently groups have developed PDX 

models of lymphoproliferative diseases (189-191).  As part of a larger study Ng et al 

were able to develop four PDX models of AITL along with 13 other PDX models of T cell 

lymphoma, they also described analysis of various T cell lymphoma cell lines. The AITL 

PDX models showed some of the mutations expected in the patient population using 

DNA sequencing with one carrying a RHOA mutation, two carrying multiple TET2 

mutations, one with a DNMT3a mutation and three with TCR signalling mutations (1 in 

CD28 and 2 in PLCG1). RNA sequencing showed a VAV1-SF1 gene fusion in one PDX and 

a FYN-BACH2 gene fusion in another (192).  

Using cell lines of different T cell lymphoma subtypes, they show that E3 ubiquitin-

protein ligase, MDM2, and MDMX are targetable in the cell lines with wild type p53 

function. They went on to test ALRN-6924 an inhibitor of MDM2 and MDMX in cell lines 

and PDX models including 2 of the AITL models, comparing the effect of ALRN-6924 to 

romidepsin over an 8-day treatment period. Both the AITL models showed a reduction 

in spleen volume compared to vehicle treated mice (192).   

PDX models are usually produced in immunosuppressed mice to reduce the risk of graft 

versus host disease or rejection of the tumour tissue (189).   
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1.10.5 Summary of mouse models 

There is no established model of T cell lymphoma that is widely used. Whilst the recently 

developed models based on RHOA mutants and other strains bearing TET2 mutation or 

disruption suggest these alterations are necessary and sufficient for the development 

of lymphoma they are not representative of the variety of mutation in human disease. 

The same criticism applies to models based on translocations that are found in only a 

small fraction of T cell lymphomas. The san roque mouse model is unique in being a 

source of genetically diverse T cell lymphomas derived from Tfh cells.  

The PDX models are a potential method of recapitulating more accurately human 

disease, however engraftment of AITL is challenging and there are likely to be 

differences between those tumours which engraft and those which do not.  

1.11 DEVELOPMENT OF AITL 

1.11.1 Speculation about clonal evolution   

The prevalence of TET2 and DNMT3A mutations in the haemopoietic cells of elderly 

individuals with clonal haematopoiesis (193,194) has led to the suggestion that 

mutations in epigenetic modifiers occur in haemopoietic progenitor cells of AITL 

patients. This is then followed by RHOA or other mutations in T cells leading to the 

development of AITL (195). Supporting this are sequencing results demonstrating the 

same TET2 and/or DNMT3A mutation in AITL tumour and B cells or CD34+ progenitors 

from the same individual (88,182). The variant allele frequency of RHOAG17V mutation 

was lower than that of TET2 mutation in two cases described by Sakata-Yanagimoto et 

al, which would also support the presence of TET2 mutation in a higher proportion of 

cells (196).  

More recently two groups have shown the presence of mutations of TET2 and DNMT3A 

in both PD-1+ and CD20+ cells micro-dissected from T cell lymphoma tumour samples 

(197,198). Nguyen et al (197) also showed that RHOAG17V and IDH2 mutations were 

found in the PD-1+ cells but not the CD20+ cells and in most cases the allele frequency 

was higher in the PD-1+ population than the matched whole tumour sample. Although 

the IDH2 mutations co-existed with TET2 mutations in the PD1+ cells they were not 
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found in the CD20+ cells. Interestingly this group also describe the presence of likely 

activating NOTCH1 mutations in 3 of 87 cases, in each case this mutation was found 

restricted to the CD20+ cells and was not present in the PD-1+ cells. NOTCH1 was among 

9 genes found to be hypomethylated and overexpressed in the Tet2-/- DNMT3AR882H 

murine model developed by Scourzic et al (181). These findings suggest that mutations 

in B cells in the microenvironment of AITL may play a significant role in the 

pathogenesis. 

These findings support the theory that mutations in TET2 and/or DNMT3A occur in 

progenitor cells potentially making cells more prone to further mutations such as RHOA, 

TCR-signalling pathway genes or IDH2 which drive lymphomagenesis.  

1.11.2 Do mutations in epigenetic modifiers cause T cell lymphoma? 

Despite these mutations being well described their functional contribution to the 

development of Tfh lymphoma remains incompletely understood. 

Nishizawa et al (199) has shown methylation levels of BCL6 locus at the CpG islands 27 

and 39 using bisulfite sequencing after deep sequencing of AITL and PTCL-NOS samples. 

They show that cases with TET2 mutation have higher rates of hypermethylation of the 

BCL6 locus than unmutated cases. In this small series the effect of IDH2 mutation had 

no additional effect on hypermethylation. They also assessed BCL6 expression by 

immunohistochemistry in some cases and showed high expression in 5 of 5 cases with 

hypermethylation samples and 6 of 16 cases without hypermethylation suggesting a 

correlation between hypermethylation of BCL6 and increased expression. This suggests 

that epigenetic alterations may cause changes in BCL6 expression, which is known to be 

vital in Tfh differentiation.   

Scourzic et al report a murine bone marrow transplant model in which Tet2-/- 

DNMT3AR882H mice were produced (181). This DNMT3A mutation has dominant 

negative activity by preventing the active formation of the WT protein (200) and is a 

frequent site of mutation in AITL (90). Of the 18 primary transplants five developed 

haematological malignancies – one AITL-like, 2 AML-like and 2 T-ALL-like. Following 

serial transplantation of the Tet2-/- DNMT3AR882H progenitors there was a bias towards 
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the T cell compartment in peripheral blood and the development of an AITL-like disease 

in 75% of mice. They conclude that concomitant DNMT3AR882H expression and loss of 

Tet2 in mouse HSPC leads to both myeloid and lymphoid malignancies, suggesting that 

the low number of transformation in primary recipients is due to TET2 and DNMT3A 

mutations being insufficient to drive full transformation. 

Lemonnier et al (96) developed mouse models to assess the functional impact of three 

common IDH2R172 mutations (IDH1R132H, IDH2R140Q, and IDH2R172K) demonstrating a 

dramatic decrease in 5hmC in DNA of IDH2R172K knock in T cells and impaired lymphoid 

development which was not seen with the other mutations. The IDH2R172K mouse also 

had the highest levels of 2HG in serum, myeloid cells and lymphoid cells. 

Wang et al (90) assessed the gene expression profiles of a cohort of AITL cases (n = 37) 

and found that those with IDH2 mutations formed a single cluster in unsupervised 

hierarchical clustering analysis suggesting a unique gene expression profile compared 

to IDH2WT cases. Following transduction of Jurkat cells and primary CD4+ cells with an 

IDH2R172K mutant, a global increase in 5-methylcytosine (5mC) and a global decrease in 

5-hydroxymethyl cytosine (5hmC) was observed compared with cells expressing wild-

type IDH2 or empty vector. However, analysis of AITL cases (n = 18) by reduced 

representation bisulfite sequencing showed only moderate differences in genome-wide 

methylation between IDH2/TET2 double-mutants and TET2 single-mutants suggesting 

that changes in DNA methylation alone cannot explain the differences in gene 

expression caused by IDH2R172K mutation. They went on to show that IDH2R172K 

mutations can dysregulate the post-translational modification of histones in T cells 

showing in vitro and in vivo increase in H3K27me3, suggesting that 2HG also interferes 

with the Jumonji family of histone demethylases.  

1.11.3 What is the role of the RHOA pathway in lymphomagenesis? 

The finding that RHOAG17V appears to augment VAV1 activation alongside the finding of 

VAV1 mutations leading to increased downstream signalling in AITL suggest that this 

pathway may be important in the pathogenesis of AITL (114,145). Secondly, the 

presence of activating mutations along the TCR pathway (73) suggest that over-

activation of this has an important role to play in lymphomagenesis.  
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The mouse models described in section 1-9 propose different roles for RHOAG17V in the 

development of T cell lymphoma but show that co-operating epigenetic mutations are 

vital.  

Although the initial descriptions of RHOAG17V suggested it acted in a dominant negative 

fashion by sequestration of GEFs more recent work suggests that the mutated RHOA 

leads to activation of the TCR-signalling pathway via the PI3K-mTOR pathway possibly 

by inducing ICOS expression (58,201). This may occur through the activation of VAV1. 

Mouse models suggest that both epigenetic dysregulation and alterations in the TCR 

signalling pathway are required for lymphomagenesis and that the microenvironment 

plays a role in stimulation of the T cells.  

Gene expression profiling has demonstrated the importance of the microenvironment 

in AITL (8,85) which suggests that alterations in cell-cell interactions and cell motility 

due to dysregulation of RHOA may have an important role to play in lymphomagenesis.  

1.12 AIMS 

1) To understand the role of mutated RHOA in T cell lymphomagenesis by: 

a.  carrying out an assessment of RHOA stability and expression using 

bacterial expression of RHOA constructs;   

b. assessing the expression of RHOA constructs by mammalian cells and 

investigating the activity of RHOA. 

2) To further characterise the Roquinsan/+ mouse strain as a model system for 

investigating T cell lymphoma.  

3) To develop a method of utilising the T cell lymphoma in the Roquinsan/+ mouse 

in pre-clinical study of the effect of ITK inhibition by ibrutinib on the T cell 

lymphomas. 
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2 METHODS 

2.1 BUFFERS 

Tissue lysis buffer 100mM Tris HCl (Fisher Scientific, Loughborough, UK) pH 

8.5 

200mM sodium chloride (NaCl; Fisher Scientific) 

5mM Ethylenediaminetetraacetic acid (EDTA; Sigma, 

Gillingham, UK) 

0.2% (w/v) Sodium dodecyl sulphate (SDS; Fisher 

Scientific) 

Agarose gel 

electrophoresis running 

buffer (0.5x TBE) 

50mM Tris (Fisher Scientific) 

50mM Boric acid (Sigma) 

1mM EDTA (Sigma) 

Bacterial lysis buffer  B-PER Bacterial Protein Extraction Reagent 

(ThermoFisher, Waltham, Massachusetts, US) 

DNase (ThermoFisher) 

Lysozyme (ThermoFisher) 

cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail – 

1 tablet per 50ml buffer (Roche applied science, 

Penzburg, Germany) 

Protein wash buffer  50mM Tris Hcl pH 7.4 (Fisher Scientific) 

150mM NaCl (Fisher Scientific) 

5mM Dithiothreitol (DTT; Sigma) 

SDS Loading buffer (1X) 50mM Tris-HCl pH 6.8 (Fisher Scientific) 

2% SDS (Fisher Scientific) 

10% glycerol (Sigma) 

1% β-mercaptoethanol (Sigma) 

12.5mM EDTA (Sigma) 

0.02% bromophenol blue (Sigma) 
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Protein electrophoresis 

running buffer (1X) 

25mM Tris (Fisher Scientific) 

190mM Glycine (Sigma) 

0.1% SDS (Fisher Scientific) 

Tris-Buffered saline with 

Tween 20 (TBST) 

20mM Tris (Fisher Scientific) 

150mM NaCl (Fisher Scientific) 

0.1% Tween 20 (Sigma) 

Blocking Buffer  5% milk in TBST (New England Biolabs, Ipswich, 

Massachusetts, US) 

Cell separation buffer 

(Miltenyi) 

1 x Phosphate Buffered Saline (PBS; Oxoid, Basingstoke, 

UK) 

0.5% bovine serum albumin (BSA; Sigma) 

2mM EDTA (Sigma) 

STE Buffer 10mM Tris pH 8.0 (Fisher Scientific) 

150mM NaCl (Fisher Scientific) 

1mM EDTA (Sigma) 

5 X MG Buffer 125mM Hepes pH7.5 (Sigma)  

750mM NaCl (Fisher Scientific) 

5% NP-40  

50mM MgCl2 (Fisher Scientfic)  

5mM EDTA (Sigma) 

1 X MG Buffer (prepared 

in this order) 

5X MG buffer 

25mM sodium fluoride (NaF; Sigma) 

1mM Sodium Orthanovate (Na3VO4 ;Santa Cruz 

Biotechnology, Dallas, Texas, US) 

10% glycerol (Sigma) 

Ultra-pure water  

cOmplete™, Mini, EDTA-free Protease inhibitor Cocktail 

(Roche)  

100ug Phenylmethylsulfonyl fluoride (PMSF; Sigma) 
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2.2 RHOA EXPRESSION CONSTRUCTS FOR BACTERIAL AND MAMMALIAN CELLS 

2.2.1 Quantification of nucleic acids 

DNA and RNA concentrations were determined spectrophotometrically using a 

Nanodrop 2000c (ThermoFisher) according to the manufacturer’s instructions.  

2.2.2 DNA sequencing 

DNA Sanger sequencing was performed by the Protein and Nucleic Acid Chemistry 

Laboratory (PNACL) at the University of Leicester. Results were analysed using 

SequenceAnalyser (Applied Biosystems, Foster City, California, US). 

2.2.3 Expression plasmids 

An expression plasmid containing the open reading frame (ORF) of RHOA cDNA and a 

6x histidine tag on a pDEST26 backbone was purchased from SourceBioscience 

(Nottingham, UK). The cDNA sequence was subsequently cloned into the pLEICS-12 and 

pLEICS-14 vectors by the PROTEX service at the University of Leicester (Figure 2-1) using 

the primers shown in Table 2-1 and the above expression plasmid as the template.  

 

 

Figure 2-1: PROTEX expression vectors. 
Diagrammatic representation of the expression vectors used for mammalian and bacterial protein 
expression. pLEICS-12 produced a His-FLAG tagged protein for mammalian expression. pLEICS-14 
produced a GST-tagged protein for bacterial expression 
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Primer Sequence 

Fwd GTATTTTCAGGGCGCCGCAGGCTCCATGGCTGCCAT 

Rev GACGGAGCTCGAATTTCAGGTTCTACAAGACAAGGCA 

Table 2-1: Primers used to insert RHOA cDNA into pLEICS vectors 
 

2.2.4 Bacterial transformation 

Three ultra-competent Escherichia coli were used in this project. For plasmid 

propagation for DNA production DH5α (Invitrogen, Carlsbad, California, US) or XL10-

Gold Ultracompetent Cells (Agilent Technologies, Santa Clara, California, US) were used. 

For protein expression Rosetta BL21 (DE3) (Novagen®, Merck Millipore, Darmstadt, 

Germany) were used due to their optimisation for mammalian protein production.  

Briefly, cells were defrosted on ice and aliquots made. Plasmid was added to the aliquot 

of cells and incubated on ice for 30 minutes before a 45 second heat shock at 42°C. 

Super Optimal Catabolite (SOC) media (Invitrogen) was added to the cells and they were 

incubated shaking at 37°C for 1 hour. Cells were then plated onto Luria broth (LB) agar 

(Medical Research Council Toxicology Unit, Leicester, UK) with appropriate antibiotics 

(Table 2-2Table 2-2).  

Antibiotic Concentration used 

Chloramphenicol (Sigma) 34µg/ml 

Ampicillin (Melford) 50-100µg/ml 

Kanamycin (Sigma) 50µg/ml 

Table 2-2: Concentration of antibiotics used for bacterial selection 
 

2.2.5 Small scale purification of plasmid DNA 

5ml LB media (MRC Toxicology Unit) was supplemented with the appropriate 

antibiotic(s) and inoculated with a single colony from a transformation. Following 

overnight incubation shaking at 37°C the bacteria were centrifuged at 4440 x g at room 

temperature for 5 minutes and the supernatant discarded. Plasmid DNA was extracted 

and purified from the bacterial pellet using a QIAprep spin mini-prep kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s instructions and eluted in ultra-pure water. 

Following quantification, the purified plasmid was stored at -20°C 



Methods  42 
 

2.2.6 Large scale purification of plasmid DNA for mammalian cell transfection 

5ml LB media was supplemented with the appropriate antibiotic(s) and inoculated with 

a single colony from a transformation. Following 8 hours of incubation shaking at 37°C 

1ml of the culture was added to 200ml of LB media with appropriate antibiotic(s) and 

cultured overnight shaking at 37°C. The culture was centrifuged at 4440 x g at 4°C for 

30 minutes and the supernatant discarded. Plasmid DNA was purified using Maxi Prep 

kit (Qiagen) according to the manufacturer’s instructions. DNA was precipitated in 

isopropanol (Chemistry Department, University of Leicester) and washed with 70% 

ethanol (Chemistry Department, University of Leicester). The DNA pellet was dissolved 

in ultrapure water and quantified prior to storage at -20°C. 

2.2.7 Site Directed Mutagenesis 

Introduction of a point mutation was performed using QuikChange II XL Site-Directed 

Mutagenesis Kit (Agilent Technologies) which uses a high-fidelity DNA polymerase 

(PfuUltra High Fidelity DNA polymerase). Primers were designed using the web-based 

QuikChange Primer Design Program found at www.agilent.com/genomics/qcpd. The 

sequences are shown in Table 2-3Table 2-3; primers were used in 50μl reactions at 

0.25μM.  

Primer Sequence 

Forward G17V GGTGATGGAGCCTGTGTAAAGACATGCTTGCTC 

Reverse G17V GAGCAAGCATGTCTTTACACAGGCTCCATCACC 

Forward G14V ATGTCTTTCCACAGGCTACATCACCAACAATCACC 

Reverse G14V GGTGATTGTTGGTGATGTAGCCTGTGGAAAGACAT 

Forward F25L GAACTGGTCCTTGCTGAGGACTATGAGCAAGCATG 

Reverse F25L CATGCTTGCTCATAGTCCTCAGCAAGGACCAGTTC 

Table 2-3: Primers used for site directed mutagenesis 
 
 

Reactions were set up according to the manufacturer’s instructions including 10-100ng 

of template DNA in a 50µl reaction. Thermocycling was carried out in a Veriti® Thermal 

Cycler (Applied Biosystems). Cycling parameters were used as per the manufacturer’s 

protocol with an extension time (at 68°C) of 10 minutes. The parental DNA was digested 

by addition of Dpn and incubation at 37°C for 1 hour. Reactions were then frozen and 

stored at -20°C prior to bacterial transformation. 

http://www.agilent.com/genomics/qcpd
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Figure 2-2: Sanger Sequencing Chromatograms. 
These show the sequence from bases 40-76 demonstrating the 3 mutations of interest 
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2.3 PROTEIN EXPRESSION AND PURIFICATION OF BACTERIAL CULTURE 

Following transformation of Rosetta BL21 (DE3) (Novagen) cells with pLEICS-14 vector 

containing the desired RHOA cDNA sequence cells were plated onto LB agar with 

ampicillin and chloramphenicol (Table 2-2Table 2-2). Subsequently colonies were 

picked and incubated in LB media with ampicillin and chloramphenicol. Initial 

incubation was carried out at 37°C in an orbital shaker. Following the initiation of 

bacterial growth 50µM Isopropylthio-β-galactoside (IPTG; ThermoFisher) was added 

and incubation was continued at 20°C in an orbital shaker. Following this incubation 

cells were pelleted at 16000 x g and if lysis was not carried out immediately the pellets 

were stored at -80°C.  

2.3.1 Cell Lysis 

Cells were resuspended in B-PER Bacterial Protein Extraction Reagent (ThermoFisher) 

with lysozyme and DNase I on ice and incubated for 15 minutes. Sonication was 

performed; cells were kept on ice and 5 cycles of sonication with 5 seconds on and 5 

seconds off were carried out. Cells were centrifuged at 30000 x g at 4°C for 30 minutes 

to remove the cell debris.  

2.3.2 Protein purification 

Pierce Glutathione Agarose (ThermoFisher) was washed with protein wash buffer 

(Section 2.1) and the supernatant from cell lysis was added. This was incubated on a 

shaker at 4°C for 1-2 hours. Sample centrifuged at 700 x g for 2 minutes at 4°C and 

supernatant removed. The resin was washed with 1 x PBS & 1% Triton (Sigma) five times 

then with protein wash buffer three times. Following a final wash, the sample was 

resuspended in protein wash buffer with Tobacco Etch Virus (TEV) protease (PROTEX, 

University of Leicester). The sample was incubated overnight under rotation at 4°C then 

centrifuged at 700 x g for 2 minutes at 4°C and the supernatant containing protein was 

carefully removed.  

2.3.3 Protein concentration 

The supernatant from the purification steps was added to a washed Amicon® Ultra-

Centrifugal Filter with Ultracel-10 membrane (Sigma) of an appropriate volume. The 
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sample was concentrated following the manufacturer’s protocol to the required 

volume. The sample was then filtered through a Corning® Costar® Spin-X® centrifuge 

tube filters with cellulose acetate membrane, pore size 0.22 μm (Sigma) to remove any 

residual agarose. 

2.3.4 Protein quantification 

To quantify protein 1mL Bicinchoninic acid (BCA; Sigma) was mixed with 20µl copper 

sulphate solution (Sigma). 5µl of sample was added to this mix and incubated in a heat 

block at 37°C for 30 minutes. After blanking the spectrophotometer absorbance 

readings for each sample were recorded. These were read alongside a standard curve 

prepared with known concentrations of BSA (Sigma) to calculate the protein 

concentration in mg/ml.  

2.3.5 Protein Electrophoresis 

Protein electrophoresis was carried out using Mini-Protean® TGX™ Precast Gels or 

Criterion™ TGX™ Gels (Bio-Rad Laboratories, Hercules, California, US). 12% gels were 

used. Protein electrophoresis was carried out using reducing and denaturing conditions 

with protein electrophoresis running buffer (Section 2-1). The sample of protein lysate 

was diluted to the required concentration and incubated at 95°C with the appropriate 

volume of SDS loading buffer for 5 minutes. Samples were added to the gel along with 

an appropriate ladder and SDS loading buffer with water to un-used wells. The gel was 

run to an appropriate distance at 100 -150 v.  

2.3.6 Immuno-blotting 

Following protein electrophoresis, the gel was transferred to a Polyvinylidene difluoride 

(PVDF) membrane using the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories). 

The membrane was then incubated in blocking buffer for at least 1 hour. The membrane 

was then incubated with the required primary antibody (Table 2-4Table 2-4) overnight 

at 4°C with gentle shaking. The membrane was washed with TBST three times for 10 

minutes then incubated with the secondary antibody, Anti-rabbit IgG, HRP-linked 

Antibody (Cell Signalling Technology, #7074) at a concentration of 1:10000 in blocking 

buffer for 1 hour at room temperature. The membrane was then washed again 3 times 
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with TBST for 10 minutes. During the final wash Clarity™ Western enhanced 

chemiluminescence (ECL) substrate was prepared by mixing equal volumes of the 

luminol and enhancer reagents (BioRad Laboratories). The membrane was incubated in 

the ECL substrate for 5 minutes. Excess solution was removed, and the membrane 

placed into a developing cassette. Blots were imaged (SRX-101A X-Ray Film Processor, 

Konica Minolta, Bloxham Mill, UK) using medical X-ray film (Fujifilm, Tokyo, Japan). Film 

was exposed for the required time and then developed.  

Where further staining was necessary the membrane was then washed with TBST three 

times for 10 minutes then incubated in Restore Stripping Buffer (ThermoScientific) for 

30 minutes at 37°C with gentle agitation. The membrane was washed with TBST three 

times for 10 minutes and was then incubated in blocking buffer prior to further antibody 

staining.  

Antibody Concentration 

RHOA (67B9) Rabbit mAb (#2117 Cell Signalling Technologies, 

Danvers, Massachusetts, US) 

1:1000 

DYKDDDDK (FLAG) Tag (D6W5B) Rabbit mAb (#14793 Cell 

Signalling Technologies) 

1:5000 

GAPDH (D16H11) XP® Rabbit mAb (Cell Signalling Technologies) 1:10000 

ITK Rabbit mAb (ab137359, Abcam, Cambridge, UK) 1:1000 

Table 2-4: Antibodies used for immunoblotting 
 

2.3.7 Coomassie staining 

Following protein electrophoresis, the gel was washed in ultra-pure water 3 times for 

10 minutes. PageBlue Protein Staining Solution (ThermoScientific) was added to the gel 

and incubated for 1 hour with gentle shaking at room temperature. The staining 

solution was removed, and the gel was washed with ultra-pure water three/four times 

to destain the gel so that bands could be clearly visualised.  

2.3.8 Circular Dichroism 

Circular dichroism spectroscopy was carried out using ChirascanTM circular dichroism 

spectrometer (Applied Photophysics, Leatherhead, UK) and Pro-Data Viewer software 

(Applied Photophysics). Following quantification, the protein samples were diluted to 
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1mg/ml with protein wash buffer. An initial background spectrum of the buffer was 

acquired between wavelengths of 210nm and 280nm with a step of 1nm. For each 

protein construct spectra were acquired in triplicate. A melting curve was then obtained 

at a wavelength of 220nm from 22°C to 90°C with measurements in triplicate at 1°C 

intervals.  

The circular dichroism spectra for each construct was averaged and the background was 

subtracted using the Pro-Data Viewer software. Further analysis of the curves was 

performed with GraphPad Prism7 software (GraphPad Software, La Jolla, California, 

US).  

2.4 MAMMALIAN CELL CULTURE 

HEK293 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) with 

GlutaMAXTM (GibcoTM, ThermoFisher) with 10% Fetal Calf Serum (FCS; GibcoTM, 

ThermoFisher). Upon approaching confluence cells were washed with 1 x PBS then 1 x 

Trypsin EDTA (TE) was added. For regular passage, an appropriate volume was then 

added to fresh media in a new flask. For transfection PBS was added to the cells and TE 

and transferred to a 50ml tube. Cells were pelleted then resuspended in media and 

counted. Cells were then plated at 3 x 105 cells/ml, e.g. for a 10cm2 plate a total of 3 x 

106 cells were plated in 10ml media.  

Jurkat cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium 

(GibcoTM, ThermoFisher) with 10% FCS and 1% GlutaMAXTM supplement (GibcoTM, 

ThermoFisher). Cells were passaged as required by the addition of supplemental media 

and transfer to a new flask.  

2.4.1 Cell counting 

Cell counting was performed with the TC20™ Automated Cell Counter (BioRad, 

Laboratories). 10µl Trypan blue (BioRad Laboratories) was added to 10µl sample of cells 

and then added to a counting slide. The slide was placed in the counter and the total 

cell number/ml and live cell number/ml was measured.  
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2.4.2 Mammalian cell transfection 

Cells were plated at 3 x 105 cells/ml 24 hours prior to transfection. Polyethylenimine 

(PEI; Sigma) was dissolved in water to a concentration of 100µg/ml and filtered through 

a 22µm filter and stored at 4°C. For transfection of cells in a 10cm2 plate 150µl of PEI 

was added to 2ml sterile PBS and 20µg of plasmid DNA and incubated at room 

temperature for 30 minutes. Following this incubation 3ml of serum free DMEM + 

GlutaMAX (GibcoTM, ThermoFisher) was added. The cells were washed twice with sterile 

PBS then the media with transfection reagents was added to the plate. The cells were 

then incubated at 37°C and 5% CO2 for 6 hours. 5ml DMEM + GlutaMAX with 10% FCS 

(GibcoTM, ThermoFisher) was then added to the plate and cells returned to the 

incubator.  

2.4.3 Mammalian cell lysis 

After the required incubation period cells were used for protein or RNA extraction. Cells 

were washed with sterile PBS then TE was added. The plate was incubated to allow cells 

to detach. An equal volume of PBS was added, and the cells were transferred to two 

microcentrifuge tubes (one for RNA extraction and one for protein extraction). Cells 

were then pelleted at 300 x g for 5 minutes at 4°C and supernatant discarded. 

2.4.4 RNA extraction 

Cells for RNA extraction were resuspended in 1ml TRIzolTM reagent (ThermoFisher) and 

lysed by pipetting up and down. If not proceeding to RNA extraction immediately the 

sample was then frozen at -80°C. For phase separation 200µl of 1–bromo–3–

chloropropane (BCP; Sigma) was added and the sample transferred to a pre-spun 

5PRIME Phase Lock Gel tube (Quantabio, Beverly, Massachusetts, US) and shaken 

vigorously. After a 2-minute incubation at room temperature the sample was spun at 

12000 x g for 10 minutes at 4°C. The Phase Lock Gel forms a barrier between the 

aqueous phase containing RNA and the organic and interface material. The aqueous 

phase was then transferred to a fresh microcentrifuge tube and an equal volume of 70% 

ethanol (Chemistry Department, University of Leicester) was added. The sample was 

vortexed then transferred to a column of the PureLink® RNA Micro Scale Kit (Invitrogen). 

RNA was bound to the column and then washed with a DNase step as per the 
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manufacturers protocol. The RNA was eluted with the addition of 15µl of ultra-pure 

water and quantified. RNA was used in reverse transcription reactions or frozen and 

stored at -80°C. 

2.4.5 Protein extraction 

Cells for protein extraction were resuspended in Radioimmunoprecipitation assay 

(RIPA) buffer (ThermoFisher) with protease and phosphatase inhibitor (New England 

Biolabs). Sample was vortexed and incubated on ice for 30 minutes. The sample was 

centrifuged at 10000 x g for 10 minutes at 4°C to remove the cell debris, and the 

supernatant transferred to a fresh tube. Protein lysate was quantified and used for 

immunoblotting or stored at -80°C. 

2.4.6 Rhotekin pull down 

To determine the proportion of RHOA bound to GTP (i.e. the active form) for the 

different mutant proteins a pulldown assay was performed using a protocol designed 

by Professor Anne Ridley’s group (202). Rhotekin is a Rho family effector protein which 

binds preferentially to GTP-bound RHOA by the Rho-binding domain (RBD) (203). First 

GST-Rhotekin protein was produced. A plasmid kindly supplied by Professor Ridley was 

used to transform Rosetta BL21 (DE3) cells as before and these were plated on LB agar 

with ampicillin and chloramphenicol. Following overnight incubation, a colony was 

picked from the plate and added to 5mL LB media with ampicillin and chloramphenicol 

and incubated overnight at 37°C shaking. This was added to 400ml LB media and 

incubated at 37°C for a further 3-4 hours. The temperature was then reduced to 20°C 

and 50µM of IPTG was added to induce protein expression. After overnight incubation, 

the media was divided into 50ml tubes and centrifuged at 4400 x g for 30 minutes and 

the supernatant discarded. The cell pellets were stored at -80°C. 

To prepare the GST-Rhotekin agarose 50ml STE buffer (Section 2-1) was prepared and 

10ml taken to prepare STE-PMSF buffer by the addition of 1mM Phenylmethylsulfonyl 

fluoride (PMSF; Sigma). One 50ml tube of pelleted cells was taken for each condition 

and cells lysed by the addition of 5ml STE-PMSF buffer to the first tube and then each 
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subsequent tube to produce a single tube of lysed cells. These were homogenised by 

passing through a 19G needle eight-ten times.  

Lysozyme was prepared by dissolving 50mg in 500µl of STE buffer and 20µl added to 

the lysed cells and mixed gently. This was incubated on ice for 20 minutes then 5mM 

DTT, 1% Tween-20 and 0.03% SDS were added and mixed gently. The sample was 

centrifuged at 14000 x g for 20 minutes at 4°C and the supernatant added to washed 

glutathione agarose (using 30µl agarose per condition). The agarose with supernatant 

was incubated under rotation at 4°C for 1-2 hours. Subsequently the agarose was 

washed three times with STE buffer and after the final wash left in a small volume of 

buffer (around 50µl/sample) and a 10µl sample taken for a gel.  

The agarose with GST-Rhotekin bound was then used to pulldown the GTP-bound 

RHOA. 20ml 1 x MG buffer (Section 2-1) was prepared and used to wash the prepared 

agarose once. The beads were resuspended in around 50µl / sample of 1 x MG buffer 

and kept on ice. HEK293 cells which had been transfected 48 hours previously in 10cm2 

plates were washed twice with cold PBS then 500µl of 1 X MG buffer was added. Cells 

were scraped from the plate and transferred to 1.5ml microcentrifuge tubes. The 

samples were centrifuged at 14000 rpm for 5 minutes at 4°C. From the supernatant 50µl 

was taken for the total lysate and added to SDS loading buffer boiled and stored at -

20°C. The remaining supernatant was added to the 50µl agarose and incubated under 

rotation at 4°C for 1-2 hours. The agarose was then washed 3 times with 1 X MG buffer 

then the supernatant removed and SDS loading buffer.  

Two 12% Mini-Protean® TGX™ Precast Gels were run – one with the total lysate samples 

and one with the agarose. Immunoblotting was performed as described previously to 

detect RHOA, FLAG (total lysate and pull down) and GAPDH (total lysate only).  

2.4.7 Gel analysis with Image J 

Developed films were scanned to produce image files. These were opened in ImageJ 

(204,205) for quantification of the density of the bands as described at 

https://imagej.nih.gov/ij/docs/menus/analyze.html#gels.  

https://imagej.nih.gov/ij/docs/menus/analyze.html#gels
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2.4.8 Ibrutinib treatment of cells 

Jurkat cells in culture were treated with ibrutinib (Janssen, Beerse, Belgium) dissolved 

in Dimethyl sulfoxide (DMSO; Sigma) and 10% 2-Hydroxypropyl-β-cyclodextrin (2-HBD) 

solution (Sigma). Cells were plated at 1 x 105 cells/ml into a 96-well white bottomed 

plate with 150µl added to each well. A range of concentrations if ibrutinib were added 

to the wells (0.5µM to 20µM) in triplicate. The plate was incubated for 48 hours before 

a CellTiter-Glo® (CTG) Luminescent Cell Viability Assay (Promega, Madison, Wisconsin, 

US) was carried out as described in section 2.5.12. 

2.5 A MOUSE MODEL OF T-CELL LYMPHOMA 

2.5.1 Husbandry and colony management 

Mouse work was carried out at the Department of Biomedical Science (DBS) Preclinical 

Research Facility (PRF) at the University of Leicester in accordance with the home office 

regulations under the project licences 60/4371 and subsequently P8E5F4055. Animal 

care and husbandry was carried out by technicians at the PRF. 

Roquinsan/+ mice were crossed with C57Bl/6J mice to maintain a population of 

heterozygote mice and wild type littermates. After weaning ear snips were taken for 

identification and genotyping, which was carried out by Transnetyx® (Cordova, 

Tennessee, US). Roquinsan/+ mice were set aside for ageing to allow for the development 

of tumours. Littermate control Roquin+/+ (WT) mice were also set aside for tissue culture 

work and to use as a control population. 

Once the heterozygous mice reached 6 months of age they were assessed for tumour 

development by palpation and those with palpable tumours were identified for entry 

into further study. Those with no tumour development by 12 months of age were culled 

for tissue culture work.  

2.5.2 Adoptive transfer 

Cell suspensions were produced from the enlarged lymph nodes of aged Roquinsan/+ 

mice as described in section 1.5.8 using sterile conditions. Cells were delivered to 
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recipients by intravenous tail vein injection using 25G needles. Mice were placed in an 

incubator at 37°C for 5 minutes prior to injection.  

SCID-Beige mice were used as recipients initially, these were obtained from Dr Ruth 

Barber who assisted with the design and delivery of these experiments. Six mice 

received 3 x 107 cells in 100µl and six received 5 x 106 cells in 100µl.  Mice were reviewed 

daily for signs of ill health and soggy food provided if signs of weight loss.  

Further adoptive transfer used WT littermates as recipients, mice selected were 

approximately 8 weeks old. Prior to tail vein injection half of the recipient mice 

underwent sub-lethal irradiation to determine if this would produce a better chance of 

engraftment and subsequent tumour development. Irradiation was carried out in an 

Xstrahl X-Ray Machine by myself and Dr Ruth Barber. Mice were transported to the 

machine inside transport boxes after a period of acclimatisation. Mice received a 

radiation dose of 250cGy approximately one hour prior to the receipt of cells.  

Three irradiated and three non-irradiated mice received 8 x 105 cells in 100µl and two 

weeks later a further 3 irradiated and 3 non-irradiated mice received 5 x 106 cells in 

100µl. Mice were reviewed daily for signs of ill health and soggy food provided if signs 

of weight loss. 

2.5.3 Imaging 

Magnetic Resonance Imaging (MRI) was carried out at the PRF imaging facility by Dr M 

Kelly and J Janus. MRI scanning was performed on a 9.4T Agilent scanner (Agilent 

Technologies, Santa Claire, CA, USA) with a 310mm bore diameter and 6cm inner-

diameter gradient (1000mT/m maximum gradient strength). A 4cm millipede RF coil 

was used for RF transmission and reception. Physiological monitoring was achieved 

using a custom monitoring and gating system (SA Instruments, Stony Brook, NY, USA). 

Mouse body temperature was maintained at 37°C using a warm air fan and rectal 

temperature probe. Respiration was measured using a pneumatic pillow. All scans were 

performed during the light cycle under anaesthesia with 1-2% isoflurane in oxygen. T2-

weighted images were acquired using a respiratory-gated fast spin echo (FSE) sequence 

with TR/TE=3000/40ms, 40x40mm field of view (256x256 matrix), 32x0.8mm slices and 
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two signal averages (scan duration = 6min 30secs). This scan was run twice to produce 

axial slices of both the axillary and inguinal regions. Following completion of imaging 

the mice were recovered and returned to their cage, they were reviewed the following 

day by a technician. 

2.5.4 Image analysis 

ImageJ (204,205) was used to carry out analysis of the images and calculate tumour and 

lymph node volumes. Scan images were opened as a stack in ImageJ. For each file the 

lymph nodes were identified and highlighted as a region of interest (ROI) using freehand 

drawing on each slice when present. The area of the ROI for each slice was recorded. 

This was performed separately for right and left sided inguinal, axillary and brachial 

lymph nodes. Lymph node volume was calculated for each slice using the known slice 

thickness (0.8 mm) and the volumes added to produce a total node volume. For each 

scan the following lymph node volumes were calculated when they could be identified– 

right & left axillary, right & left brachial and right & left inguinal.  

2.5.5 Drug treatments 

During drug treatments mice were weighed 3 times a week, or more frequently if there 

were concerns about their condition, and soggy diet provided in cases of weight loss. 

Palpable lymph nodes were measured in 2 dimensions using calipers three times a 

week. 

Cyclophosphamide (Sigma) was made up into solution with sterile PBS at a 

concentration of 20mg/ml. It was then passed through a 22µm filter. Cyclophosphamide 

was delivered as an intraperitoneal injection at a dose of 200mg/kg on day 1. An 

equivalent volume of filtered sterile PBS was delivered as an intraperitoneal injection 

to the vehicle dosed mice on day 1.  

Ibrutinib (Janssen) was made up in a 10% 2-Hydroxypropyl-β-cyclodextrin (2-HBD) 

solution (Sigma) at a concentration of 25mg/ml and stored at -20°C. This was diluted to 

2.5mg/ml in 1% 2-HBD for delivery by oral gavage at a dose of 25mg/kg each day. 

Vehicle treated mice received an equivalent volume of 1% 2-HBD.  
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2.5.6 Lymph Node Dissection 

To ensure that lymph nodes were reliably identified a mouse was injected with 5% Evans 

Blue dye (Sigma) subcutaneously into the base of the tail under general anaesthetic as 

described by Harrell et al (206). Anaesthesia was maintained for 20 minutes prior to 

schedule 1 killing. The mouse was then dissected, lymph node areas observed and 

photographed. This enabled identification of axillary, brachial and inguinal lymph nodes 

whilst the peritoneum was intact (Figure 2-3) (207).  

In most cases mice were killed for dissection by cervical dislocation and death confirmed 

by cutting of the femoral artery. Dissection was then performed making a midline 

incision through the skin and fascia but maintaining the integrity of the peritoneum. 

Inguinal lymph nodes were dissected and removed. Axillary and brachial lymph nodes 

were identified and removed. Enlarged lymph nodes were kept separate from non-

enlarged nodes and placed into sterile PBS on ice. The peritoneal cavity was then 

opened and the spleen removed and placed in sterile PBS on ice. The abdomen was 

inspected for masses and if enlarged mesenteric lymph nodes were found these were 

removed and placed in sterile PBS on ice. The liver was removed if tissue was required 

for constitutional DNA extraction.  
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Figure 2-3: Lymph node anatomy of the mouse from Dunn (207) 
 

2.5.7 Serum IL-21 measurement 

At the time of killing the mice were placed under terminal anaesthesia and a blood 

sample obtained by cardiac puncture carried out by trained PRF staff. The samples were 

taken into a plain 1.5mL tube and kept at room temperature to allow the preparation 

of serum. Samples were kept at room temperature undisturbed for at least 30 minutes.  
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Samples were centrifuged at 4°C at 3000 rpm for 15 minutes with the brake off. The 

serum was removed and placed in a fresh tube then stored at -20C.  

Serum IL-21 was measured using an IL-21 mouse enzyme-linked immunosorbent assay 

(ELISA) kit (ab100707, Abcam, Cambridge, Massachusetts, US) following the 

manufacturer’s instructions. Briefly a series of IL-21 standard dilutions were prepared 

and measured in duplicate. Serum samples were defrosted and measured in triplicate 

where possible or duplicate if insufficient material. After a period of incubation, the 

plate was washed then biotinylated IL-21 detection antibody added and allowed to 

bind. After washing, horseradish peroxidase (HRP) -streptavidin solution was added and 

allowed to bind. After final washing steps the 3,3’,5,5’-tetramethylbenzidine (TMB) 

substrate was added and the plate incubated in darkness. After addition of the stop 

solution the absorbance at 450nm was read using Infinite® 200 PRO (Tecan, 

Switzerland) with i-control™ software (Tecan). 

Analysis was then carried out using GraphPad Prism v7 (GraphPad) with generation of 

a standard curve. The concentration of IL-21 in the serum samples was then read from 

the standard curve (Figure 2-4).  

 

 

Figure 2-4: Standard curve generated for the IL-21 ELISA.  
Log10 IL-21 concentration is shown on the x-axis and absorbance at 450 nm on the y-axis. Black dots 
represent the mean of the standard samples (n=3) with error bars showing standard deviation.  
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2.5.8 Cell suspension preparation 

All centrifugation to pellet cells was carried out at 300 x g for 5 minutes at 4°C unless 

specified. The procedures were carried out in sterile conditions in class 2 biological 

safety cabinet.  

When tissue was to be used for sections and immunohistochemistry it was snap frozen 

in liquid nitrogen and stored at -80°C. The remaining lymphoid tissues were used to 

produce cell suspensions. The tissue was placed in a 70µm cell strainer and the plunger 

of a syringe was used to push the tissue through the strainer with pre-cooled sterile PBS 

into a 50ml tube. Following centrifugation, the supernatant was removed. Where red 

cells were present (spleen tissue and enlarged vascular lymph nodes) the cell pellet was 

resuspended in 3ml 1 x red cell lysis buffer (BioLegend, San Diego, California, US) and 

incubated at room temperature for 5 minutes. 7ml PBS was then added and the sample 

centrifuged, the supernatant discarded and the pellet resuspended in 5 – 10 ml PBS. If 

there were minimal red cells present the pellet was simply resuspended in 5 -10 ml PBS. 

The suspension was then passed through a 40µm cell strainer into a fresh 50ml tube 

and a 10µl sample taken for counting. Further processing was then carried out as 

required. 

2.5.9 Cell counting 

Cell counting was performed with the TC20™ Automated Cell Counter (BioRad). 10µl 

Trypan blue was added to 10µl sample of cells and then added to a counting slide. The 

slide was placed in the counter and the total cell number/ml and live cell number/ml 

was measured.  

2.5.10 Cell separation 

Cell separation was carried out to separate CD4+ T cells using CD4+ T cell Isolation Kit, 

mouse (Miltenyi Biotec, Bergisch Gladbach, Germany). This produces an untouched 

population of CD4+ T cells and the remaining labelled cells can also be collected if 

required. A 1 x 105 cell sample was taken following preparation of the cell suspension 

prior to cell separation to carry out flow cytometry (FACS) analysis. The remaining cells 

were then pelleted and resuspended in 40µl cell separation buffer per 1 x 107 cells and 
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10µl of Biotin-Antibody Cocktail was added per 1 x 107 cells. After mixing the samples 

were incubated in the fridge for 5 minutes. 30ul cell separation buffer and 20µl Anti-

Biotin MicroBeads per 1 x 107 cells were added and after mixing the samples were 

incubated for 10 minutes in the fridge.  

During the second incubation the LS Columns were placed into a MACS Separator on a 

cool tray and washed with 3ml cell separation buffer. The sample was then made up to 

500µl with cell separation buffer, if required, and added to the column and the flow 

through collected into a 15ml tube. The column was washed with 3ml cell separation 

buffer and the flow through collected into the same tube. If the non-CD4+ cells were 

required, the column was removed from the separator and placed over a new 15ml 

tube. 5ml cell separation buffer was added and the magnetically labelled cells were 

flushed out using the plunger.  

A 10µl sample of the unlabelled CD4+ cells was taken and cells were counted. 1 x 105 

cells were taken to carry out flow cytometry to assess the purity of the selected cells. 

2.5.11 FACS staining 

FACS antibodies were obtained from Becton Dickinson Biosciences, Franklin Lakes, New 

Jersey, US unless otherwise specified. For cell separation analysis FACS was carried out 

on 1 x 105 cells. Cells were centrifuged and the supernatant removed. Cells were 

resuspended in 50µl 1 x PBS with 1:100 anti-CD4-FITC, 1:50 anti-B220-PE and 1:50 anti-

CD8-APC and incubated in the dark at room temperature for 30 minutes. 400µl PBS was 

added and cells were centrifuged and supernatant removed. Cells were resuspended in 

500µl PBS and transferred to FACS tube. Flow cytometry was carried out using a FACS 

Canto to assess proportions of CD4 cells, CD8 cells and B cells before separation and 

purity of CD4 cells after separation. In some cases, the CD4 cell sample post separation 

was stained with 1:1000 anti-CD4-FITC, 1:10 anti-CXCR5-APC and 1:20 PD1-PE to 

determine the proportion of TfH cells in the CD4 cell population.  

For tumour / tissue characterisation analysis FACS was carried out on 1 x 106 cells. Cells 

were centrifuged and the supernatant removed. Cells were resuspended in 100µl PBS 

& 1% BSA with antibodies as shown in Table 2-5Table 2-5 and incubated in the dark at 
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room temperature for 30 minutes. 400µl PBS was added and cells were centrifuged and 

supernatant removed. Cells were resuspended in 500µl PBS and transferred to FACS 

tubes. Flow cytometry was carried out using a FACS Canto (BD Bioscience) with BD 

FACSDIVATM software to assess lymphocyte subsets and Tfh cells. Further analysis was 

performed using FlowJo® v10 (Ashland, Oregon, USA). 

 

Antibody Specificity Fluorophore Clone Panel 

CD4 FITC GK1.5 Lymphocyte subsets, Tfh 

B220 PE RA3-6B2 Lymphocyte subsets 

CD8 APC 53-6.7 Lymphocyte subsets 

PD1 (CD279) PE J43 Tfh 

CXCR5 APC 2G8 Tfh 

Table 2-5: Antibodies used in FACS panels  
 

2.5.12 CD4+ cell culture 

CD4+ cells were cultured in RPMI medium with 10% FCS, penicillin (50 U/ml) and 

streptomycin (50µg/ml) (GibcoTM, ThermoFisher). 1 x 105 cells were added to each well 

of a round-bottomed 96 well plate in 100µl of medium.  

To stimulate cells, the plate was pre-coated with purified NA/LE hamster anti-mouse 

CD3e (aCD3, clone 145-2C11, BD Bioscience). At least 12 hours prior to cell culture aCD3 

was diluted to 10µg/ml with sterile PBS and 50µl (0.5µg) added to required wells, the 

plate was sealed and kept at 4°C until required. Prior to plating the wells were washed 

with sterile PBS. 

Further stimulation was provided by purified NA/LE hamster anti-mouse CD28 (aCD28, 

clone 37.51, BD Bioscience). This was added to culture medium at a concentration of 

2µg/ml. 

Treatment of cells was undertaken with ibrutinib (Janssen). For cell culture ibrutinib was 

dissolved in DMSO at 50mg/ml and stored at -20°C. Prior to use in culture a 100µM 

stock in medium was prepared. An equivalent volume of DMSO was added to medium 

for control samples. Ibrutinib / DMSO was added to wells at the required concentration 

for treatment.  
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2.5.13 CellTiter-Glo® Luminescent Cell Viability Assay 

The CellTiter-Glo® (CTG) Luminescent Cell Viability Assay (Promega) assesses the 

number of viable cells based upon quantitation of ATP. Cells were cultured in 100µl of 

media with required additional conditions in an opaque 96-well plate (Corning Inc, 

Corning, New York, US). Following an appropriate incubation period, the plate was 

removed from the incubator and the CTG reagent removed from the fridge. Reagent 

and cells were allowed to equilibrate to room temperature for 15 minutes. 50µL of CTG 

reagent was added to each experimental well and the plate was shaken at 200rpm for 

2 minutes. Following a further 10-minute incubation the luminescence was read using 

the Infinite® 200 PRO (Tecan) with i-control™ software (Tecan).  

2.5.14 Cell proliferation & differentiation 

Following separation CD4+ cells were stained with Cell Trace Violet (CTV; Thermo 

Fisher). 5µM CTV was added to cells at a concentration of 1 x 106/ml in pre-warmed PBS 

and cells were incubated for 20 minutes at 37°C protected from light. 

Cells were centrifuged then resuspended at 1 x 106/ml in culture medium. For each 

condition 100µl of cells was plated into 10 wells of a round-bottomed 96 well plate 

(total of 1ml for each condition) with recombinant mouse IL-12 (R&D Systems, 

Minneapolis, Minnesota, US) at a final concentration of 10ng/ml and /or recombinant 

mouse IL-21 (R&D Systems) at a final concentration of 50ng/ml. Stimulation and drug 

or vehicle treatment was added as required.  

Plates were incubated at 37°C and 5% CO2 for 6 days before the cells were harvested. 

On the day of analysis frozen CD4 cells were defrosted and 1 x 106 cells were stained 

with CTV as above.  

Cells were washed with PBS then resuspended in 50µl PBS with 1:1000 anti-CD4-FITC, 

1:20 anti-PD1-PE and 1:10 anti-CXCR5-APC and incubated at room temperature in 

darkness for 20 minutes. 400µl PBS was added and cells were centrifuged and 

supernatant removed. Cells were resuspended in 500µl PBS and transferred to a FACS 

tube. Flow cytometry was carried out using FACS Aria (BD Bioscience) with BD 
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FACSDIVATM software with assistance from Dr Lucia Pinon, CTV was detected in the 

Pacific Blue channel. Further analysis was performed using FlowJo® v10. 

2.5.15 RNA extraction 

Frozen cell suspensions from mice which had undergone ibrutinib / placebo therapy 

were defrosted and counted. 1 x 106 cells were taken for RNA extraction and the 

remaining cells were separated. The CD4+ cells and non-CD4+ cells were then collected 

for RNA extraction. Cells were centrifuged and the supernatant removed. The cells were 

resuspended in 800µl TRIzolTM reagent (ThermoFisher) and transferred to a prepared 

5Prime Phase Lock Gel tube (QuantaBio). 160µl of BCP (Sigma) was added to each 

sample and tubes shaken vigorously. Phase separation was carried out by centrifugation 

at 12000 x g for 10 minutes at 4°C. The aqueous phase was transferred to a fresh 1.5ml 

tube and an equal volume of 70% ethanol was added. This mixture was vortexed then 

added to a PureLink™ RNA Micro column (Invitrogen) and the protocol followed to bind 

RNA, wash RNA with a DNAse step and elute RNA with 15µl of ultrapure water.  

RNA to be used for microarray was passed to the Nucleus Genomics service and quantity 

and quality assessed using a 2100 Bioanalyzer (Agilent Genomics). Samples with 

sufficient good quality RNA were chosen for a microarray (RNA Integration Number 

(RIN) greater than 7, or satisfactory trace).  

Further RNA extractions carried out from CD4+ spleen cells were carried out by the 

Nucleus Genomic service using the Maxwell® 16 LEV simplyRNA Purification Kit 

(Promega) for cells in the Maxwell® 16 Instrument (Promega). Following separation of 

CD4+ cells from mouse spleen the cells were centrifuged and supernatant removed. The 

cell pellet was then snap frozen in liquid nitrogen and stored at -80°C until RNA 

extraction. Quality and quantity of the extracted RNA was assessed as before.  

2.5.16 Gene Expression Profiling by Microarray 

A total of 100ng of total RNA was reverse transcribed, converted into complementary 

RNA (cRNA) and labelled with Cy3 using the LowInput QuickAmp Labeling Kit One-Color 

according to manufacturer’s protocol (Agilent Genomics). Labelled cRNA was then 

hybridized over night at 65˚C onto the SurePrint G3 Mouse Gene Exp v2 Array, which 
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permits the quantification of about 60,000 transcripts. Each microarray was scanned on 

an Agilent DNA microarray C-scanner. Extraction and quality check of the raw data was 

performed using the Agilent Feature extraction software 10.5.1.1. The microarray 

hybridisation and scanning were performed by Nucleus Genomics at the University of 

Leicester (Dr Nicolas Sylvius & Dr Spencer Gibson). 

Data was normalised using Partek software (Partek Inc., St. Louis, MO, USA) and further 

analysis was carried out using MeV v4.8.1 from the TM4 suite of software developed by 

The Institute for Genomic Research (208). The two-class unpaired Significance Analysis 

of Microarrays (SAM) was used to produce a list of differentially expressed genes.  

Further analysis of the differentially expressed genes was carried out using The 

Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 

(209,210). The gene list was submitted to the website and a number of databases are 

searched to explore functional relationship or over-represented pathways. The 

functional annotation clustering tool was used to search the databases shown in Table 

2-6Table 2-6. 

Category Terms 

Functional Categories COG_ontology 

Up_Keywords 

Up_Seq_Feature 

Gene Ontology GOTERM_BP_Direct 

GOTERM_CC_Direct 

GOTERM_MF_Direct 

Pathways BIOCARTA 

KEGG_Pathway 

REACTOME_Pathway 

Protein Domains INTERPRO 

PIR_Superfamily 

SMART 

Table 2-6: Databases used in Functional Annotation Clustering analysis 
 

2.5.17 DNA extraction 

DNA was extracted from enlarged lymph nodes and livers of mice – DNA from the liver 

was considered constitutional DNA. 200 µl of tissue lysis buffer (Section 2-1) was added 
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to the tissue with 1µl Proteinase K (Qiagen) and the sample was vortexed. Samples were 

incubated at 55°C at 800rpm in a ThermoMixer C (Eppendorf, Hamburg, Germany) for 

2 hours then centrifuged at 14000 x g for 2 minutes at room temperature. The 

supernatant was transferred to a fresh tube containing 200µl isopropanol (Department 

of Chemistry, University of Leicester) and the tubes shaken. The samples were 

centrifuged at 14000 x g for 2 minutes at room temperature and the supernatant 

removed. The DNA pellet was air dried for 5 minutes then resuspended in ultra-pure 

water.  

2.5.18 Whole exome sequencing 

Whole exome sequencing (WES) was carried out in collaboration with the Mouse 

Genome Project led by Thomas Keane at the Sanger Institute (Cambridge). DNA from a 

tumour and liver of 2 heterozygous mice, the liver from a heterozygous mouse with no 

tumour development at 8 months and the liver of a WT mouse was sent to Sanger. They 

performed WES using SureSelectXT Mouse All Exon Kit (Agilent Genomics) to develop 

the library which was sequenced on an Illumina HiSeq producing 75bp paired-end reads.  

2.5.18.1 Mapping reads to the reference genome 

Bioinformatic analysis was carried out with support from Anthony Doran at the Sanger 

Institute using the analysis pipeline they have previously described (211). After removal 

of Illumina tag sequences and poor-quality bases the sequencing reads from each 

sample were aligned to the C57BL/6J GRCm38 (mm10) mouse reference genome using 

BWA-MEM (v0.7.5) with default parameters. Each BAM file (one per sample) was then 

sorted and filtered for possible PCR and optical duplicates using Picard Tools (v1.64). To 

improve SNP and indel calling, the GATK v3.0 ‘IndelRealigner’ tool, was used to realign 

reads around indels using default options.  

2.5.18.2 Variant Calling & Effect Prediction 

After mapping the WES libraries to the reference genome bioinformatic tools were used 

to generate files containing lists of variations from the reference genome. There are a 

number of tools available to analyse variation from WES and using more than one piece 

of software is useful to detect variants which may be of interest. Those that are found 
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by more than one method may be of particular interest. The variation arises from the 

use of different quality filters. 

Filter Description Value 

MinMQ Minimum mapping quality supporting variant 20 

QUAL Minimum value of the sample specific QUAL score 20 

MinGQ Minimum genotype quality  20 

MinDP Minimum good quality read depth 20 

MinHetDP Minimum quality relating to depth and genotype 

(Hetrozygotes) 

10 

MinAltDP Minimum likelihood of alternative genotype 4 / 10 

StrandBias 
 

0.0001 

MaxDP Maximum read depth 5000 

Table 2-7: Filters used for determining variant quality. 
 
 

Dr Anthony Doran used SAMtools (v 1.3.1) mpileup to generate VCF files and BCFtools 

(v 1.3.1) to filter the variants. The filters used to determine variant quality are shown in 

Table 2-7. 

Further analyses were carried out using the high-performance computing system at the 

University of Leicester (SPECTRE). Varscan2 is a software programme from Washington 

University (212,213) which takes paired tumour & constitutional BAM files and analyses 

them to produce lists of somatic, germline and loss of heterozygosity (LOH) variants.  

Further analysis of files was carried out with Varscan2 to compare the constitutional 

and tumour samples. To generate a list of variants the somatic programme is used. This 

was run with the following modifications to the default settings: 

• Min-coverage-tumour 30 

• Min-coverage-normal 10 

• Tumour-purity 0.1 
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Next the variants were classified as high or low confidence using the processSomatic 

command with default settings. 

The Ensembl Variant Effect Prediction (VEP) tool version 88 or version 91 was used to 

predict the effect of the filtered SNVs and Indels on gene transcripts (214).  Further 

analysis of the gene lists produced was carried out by submitting the gene lists to 

InnateDB (215). InnateDB is a publicly available database, which allows online 

submission of a gene list to assess if there are over-represented pathways.  

2.5.19 Clonality 

To assess for the presence of T cell clonality genomic DNA was extracted from mouse 

lymph node tissue using PureLink Genomic DNA kit (Invitrogen). Four polymerase chain 

reactions (PCR) were carried out using pooled primers, sequences are shown in Table 

2-8 (176,216). Pool 1 (V-J1) included the 20 primers located within the Vβ segments and 

the downstream primer from the 3’ region of Jβ1.6.  Pool 2 (V-J2) included the 20 

primers located within the Vβ segments and the downstream primer from the 3’ region 

of Jβ2.7. Pool 3 (D-J1) included the 2 primers located immediately 5’ of Dβ1 and Dβ2 

with the downstream Jβ1.6 primer. Pool 4 (D-J2) included the two Dβ primers and Jβ2.7. 

The Jβ-3′-Primers were labelled at the 5’ end with 6-FAM to enable GeneScanning.  

PCR reactions were 25µl containing 50ng of genomic DNA with 3pmol of forward 

primers and 3pmol of the 6-FAM labelled reverse primer and MyFi (Bioline, London, UK) 

buffer and DNA Polymerase. Thermocycling was carried out in a Veriti® Thermal Cycler 

(Applied Biosystems) with three minutes at 95°C followed by 35 cycles of 30 seconds at 

94°C, 30 seconds at 60°C and 1 minute at 72°C then a final extension for 10 minutes at 

72°C.  

The PCR products were analysed by capillary electrophoresis using GeneScan-ABI 3100 

using the 500LIZ standard ladder. Plates were set up with each well containing 0.5µl of 

a single PCR reaction with 0.5µl of ladder and 9µl of formamide. The GeneScanning was 

performed by PNACL at the University of Leicester. Peak Scanner Software v1.0 (Applied 

Biosystems) was used to analyse the results.  
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Designation Sequence (5′→3′) 

Vβ-5′-Primer 
 

TCRB-V1 AAATGAGACGGTGCCCAGTCGTT 

TCRB-V2 TCCTGGGGACAAAGAGGTCAAATC 

TCRB-V3 GAAAAACGATTCTCTGCTGAGTGTCC 

TCRB-V4 AGCTATCAAAAACTTATGGACAATCAG 

TCRB-V5 CAGCAGATTCTCAGTCCAACAGTTT 

TCRB-V6 AAGGCGATCTATCTGAAGGCTATGA 

TCRB-V7 AGCTGATTTATATCTCATACGATGTTG 

TCRB-V8 TATATGTACTGGTATCGGCAGGACA 

TCRB-V9 TTCCAATCCAGTCGGCCTAACAAT 

TCRB-V10 GCGCTTCTCACCTCAGTCTTCAG 

TCRB-V11 TTCTCAGCTCAGATGCCCAATCAG 

TCRB-V12 AGCTGAGATGCTAAATTCATCCTTC 

TCRB-V13 CTGCTGTGAGGCCTAAAGGAACTAA 

TCRB-V14 AGAGTCGGTGGTGCAACTGAACCT 

TCRB-V15 CCCATCAGTCATCCCAACTTATCC 

TCRB-V16 GATTTTAGGACAGCAGATGGAGTTTC 

TCRB-V17 TCGAAATGAAGAAATTATGGAACAAAC 

TCRB-V18 CCGGCCAAACCTAACATTCTCAAC 

TCRB-V19 CTACAAGAAACCGGGAGAAGAACTC 

TCRB-V20 CTGGTATCAACAAAAGCAGAGCAAA 

Dβ-5′-Primer 
 

TCRB-D1 GAGGAGCAGCTTATCTGGTGGTTT 

TCRB-D2 GTAGGCACCTGTGGGGAAGAAACT 

Jβ-3′-Primer 
 

TCRB-J1 CACAACCCCTCCAGTCAGAAATG 

TCRB-J2 TGAGAGCTGTCTCCTACTATCGATT 

Table 2-8: Primers used for the assessment of T cell clonality  
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3 CHARACTERISATION OF RHOA MUTATIONS 

3.1 INTRODUCTION 

As described in section 1.8.3 it is not fully understood how the mutations described in 

RHOA effect its function. Although the groups describing the presence of the RHOAG17V 

mutation in AITL investigated its functional impact their descriptions of a “dominant 

negative” mutation depends on assumptions about the genetics i.e. that the mutation 

is heterozygous, which have not been clearly established. When considered alongside 

the work of Cleverley et al (37,127), who demonstrate thymic lymphomas in mice 

bearing homozygous deficiency of RHOA, it seems plausible that this mutation may 

cause a loss of function and this contributes to lymphoma development.  

Our laboratory has carried out targeted deep sequencing of cfDNA from plasma 

obtained at diagnosis from a cohort of 16 patients with AITL or PTCL-NOS. The panel 

included RHOA and 11 other genes. A novel mutation of RHOA, c.73A>G (p.Phe25Leu- 

F25L) was detected (217). The mutation leading to F25L has not previously been 

reported but p.Phe25Val has recently been described in lung cancer (218). 

To clarify the functional impact of the G17V mutation described in the literature and 

F25L as found in our laboratory bacterial and mammalian expression systems were 

used. We have also compared the effects to those seen following a G14V mutation 

which has been shown to be a gain of function mutation. Finally, a pulldown assay was 

carried out to assess the GTP-binding activity of the mutant RHOA proteins compared 

to the WT protein.  

3.2 BACTERIAL EXPRESSION & PURIFICATION OF RHOA MUTANT PROTEINS 

Following transformation of Rosetta DE3 cells with the required plasmids the cells were 

incubated and allowed to grow prior to induction of protein expression with IPTG and 

further growth as described in section 2.3.  

Protein was extracted from the cells as described in section 2.3.2 and a sample of 

supernatant was taken for assessment prior to addition of the remaining supernatant 

to the glutathione agarose. Figure 3-1 shows the GST-RHOA protein in column A for 



Characterisation of RHOA Mutations  68 
 

each construct. This shows that higher amounts of the GST-RHOAWT, GST-RHOAG14V and 

GST-RHOAF25L were produced than GST-RHOAG17V with GST-RHOAG17V&F25L barely 

detectable.  
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Figure 3-1: Coomasie stained gel showing proteins produced following bacterial expression.  
The 5 constructs are displayed above the relevant lanes. For each construct lane A shows the protein supernatant following protein extraction with the band at ~45kDa 
representing the GST-RHOA protein. Lane B shows the beads following TEV cleavage with the band at ~45kDa representing uncleaved GST-RHOA and the band at 
~25kDa representing GST. Lane C shows the supernatant following TEV cleavage prior to filtration and concentration with the band at 21kDa representing RHOA.  
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3.2.1 Circular dichroism of RHOA proteins 

The proteins were filtered and concentrated then their concentrations were quantified 

using the BCA assay. There was insufficient RHOAG17V&F25L protein produced to carry out 

any further analysis. The other proteins were diluted to 1mg/ml and 200µl added to the 

CD cuvette to perform CD spectroscopy and melting curve analysis. The curves of each 

construct follow a similar pattern consistent with the presence of an α-helix (Figure 3-2). 

This is in keeping with the known structure of RHOAWT.  

 

 

Figure 3-2: Circular dichroism curves for RHOA constructs.  
The ellipticity is shown against the light wavelength from 210nm – 280nm for the four RHOA constructs 
as shown in the legend to the right of the graph. RHOAWT is shown by blue circles, RHOAG14V by red squares, 
RHOAG17V by green triangles and RHOAF25L by purple triangles. The curves shown are the mean of 3 spectra 
with the baseline buffer spectrum subtracted.   

 

After obtaining the CD spectrum the protein was denatured by melting and a melting 

curve produced taking three measurements at a wavelength of 220nm at each degree 

change between 22°C and 90°C. The constructs all denature with rising temperatures 

(Figure 3-3).  The melting temperature of each protein is the temperature at which 50% 

of the protein is unfolded. RHOAWT remains folded at higher temperatures than the 
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RHOA-mutant constructs suggesting increased stability of the WT in vitro proteins 

(Table 3-1). 

 

 

Figure 3-3: Normalised melting curves of RHOA constructs.  
Melting curves showing the proportion of unfolded protein at each degree of temperature between 22°C 
and 90°C for the RHOA constructs as shown in the legend to the right of the graph. Each point represents 
the mean of 3 readings with the error bars showing the standard deviation. RHOAWT is shown by blue 
circles, RHOAG14V by red squares, RHOAG17V by green triangles and RHOAF25L by purple triangles. 

 

 

Protein Melting temperature (°C) 95% confidence (°C) 

RHOAWT 60.9 60.6-61.3 

RHOAG14V 56.8 56.6-57.0 

RHOAG17V 55.4 55.1-55.8 

RHOAF25L 53.7 53.3-54.0 

Table 3-1: Melting temperatures of RHOA constructs.  
Calculated from triplicate readings from one protein construct. 

 



Characterisation of RHOA Mutations  72 
 

Taken together, these results show reduced expression of RHOAG17V and RHOAG17V&F25L 

by a bacterial system when compared to RHOAWT, RHOAG14V and RHOAF25L. The four 

constructs analysed all showed similar structure with the presence of an α-helix. There 

is a suggestion that the mutant proteins may be less stable than the RHOAWT proteins. 

3.3 MAMMALIAN EXPRESSION OF RHOA PROTEINS 

Next, to assess the protein expression in mammalian cells, HEK293T cells were 

transfected with plasmids encoding FLAG-RHOA proteins using PEI as described in 

section 2.4.2. A total of 5 plasmids were used for transfection and one flask was treated 

with transfection agent but no plasmid to act as an untransfected control. Following a 

period of incubation, the cells were lysed and protein extracted. An equal amount of 

total protein from each cell population was loaded into a PAGE-gel for protein 

electrophoresis and immunoblotting, GAPDH was used as an additional loading control.  

Immunoblotting was performed for RHOA, FLAG and GAPDH as described in section 

2.3.6. Due to the similarity in size of the proteins the membrane was stained with each 

antibody before being stripped and restained with the next antibody. 
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Figure 3-4: Representative Western blots showing FLAG, RHOA and GAPDH.  
The upper panel shows the detection of the FLAG-RHOA protein. The middle panel shows the detection of 
the endogenous RHOA protein at 21kDa and the FLAG-RHOA protein at ~25kDa. The lower panel shows 
the detection of the GAPDH loading control. Lane 1 contains protein from untransfected cells, lane 2 from 
FLAG-RHOAWT transfected cells, lane 3 from FLAG-RHOAG14V transfected cells, lane 4 from FLAG-RHOAG17V 
transfected cells, lane 5 from FLAG-RHOAF25L transfected cells and lane 6 from FLAG-RHOAG17V&F25L 
transfected cells.  

 

 

ImageJ was used to analyse the images and assess the relative amount of FLAG-RHOA 

produced compared to the FLAG-RHOAWT transfected cells after controlling for the total 

protein using the GAPDH loading control. There were higher amounts of RHOAG14V 

expressed compared to RHOAWT with lower amounts of RHOAF25L and RHOAG17V. There 

were very small amounts of RHOAG17V&F25L expressed (Figure 3-4 & Figure 3-5A).  

These differences in expression were consistent across several experiments (n=8) and 

several of the comparisons reached statistical significance (Figure 3-5). As seen in the 

bacterial system there is a lower expression of RHOAG17V (as a single mutation or in 

combination with a second mutation) when compared to RHOAWT, RHOAG14V and 

RHOAF25L. The expression of RHOAG14V appears to be higher than the expression of 

RHOAWT but this does not reach statistical significance.   
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Figure 3-5: Graph showing the relative expression of FLAG-RHOA protein by HEK293 cells.  
A- Bars represent the relative expression of FLAG-RHOA protein compared to the FLAG-RHOA-WT 
transfected cells after controlling for amount of protein loaded. The error bars represent the standard 
deviation (for WT and G17V n=10, for G14V, F25L and G17V&F25L n=8). B- results of one-way ANOVA 
analysis with Tukey correction for multiple analyses showing the difference in the means of the expression 
of the two constructs (blue dot) and the 95% confidence intervals (error bars) 
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3.4 ASSESSMENT OF RHOA ACTIVITY 

The proportion of RHOA-GTP was used as a marker of RHOA activity as this represents 

the active form of RHOA. HEK293 cells were transfected with the FLAG-RHOA plasmids 

as before. To perform the pulldown assay GST-Rhotekin was prepared and bound to 

glutathione agarose beads as described in section 2.4.6 (Figure 3-6). 48 hours after 

transfection the HEK293 cells were lysed using a magnesium containing lysis buffer on 

ice to prevent hydrolysis of the GTP bound to RHOA by Rho-GAPs during the cell lysis 

and subsequent processing. A small volume of whole cell lysate was taken to assess for 

total FLAG-RHOA and the remaining was incubated with the agarose carrying GST-

Rhotekin.  

 

 

 

Figure 3-6: Coomassie stained gel showing the GST-Rhotekin-RBD.  
The Coomassie stained gel shows the GST-Rhotekin-RBD from a sample of the agarose with the expected 
size of ~35kDa. 

 

 

The whole cell lysates and the agarose were then loaded onto a gel for protein 

electrophoresis. GAPDH was used as a loading control for the whole cell lysate. The 

same volume of agarose was loaded for each sample. Figure 3-7 shows a Western blot 

which again demonstrates differences in expression of FLAG-RHOA depending upon the 

presence of mutations. This makes assessment of the proportion of activated RHOA 

difficult – particularly for the proteins expressed at the lowest level.   
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Figure 3-7: Representative Western blot showing the results of the active RHOA pulldown. 
The upper panel shows the detection of FLAG-RHOA bound to GST-Rhotekin agarose and representing the 
active GTP-bound RHOA. The central panel shows the total FLAG-RHOA in the cell lysate. The lower panel 
shows the detection of the GAPDH loading control from the whole cell lysate. Lane 1 contains protein from 
untransfected cells, lane 2 from FLAG-RHOAWT transfected cells, lane 3 from FLAG-RHOAG14V transfected 
cells, lane 4 from FLAG-RHOAG17V transfected cells, lane 5 from FLAG-RHOAF25L transfected cells and lane 
6 from FLAG-RHOAG17V&F25L transfected cells. 

 

 

Figure 3-8 shows the combined results of 2 experiments and shows that a higher 

proportion of the FLAG-RHOAG14V is active and GTP bound when compared to FLAG-

RHOAWT which is consistent with previous work suggesting that it is an activating 

mutation. The presence of an F25L or G17V mutation leads to a lower proportion of 

active RHOA and the combined mutation leads to such low levels of protein expression 

that it was not possible to assess the proportion of active RHOA.  
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Figure 3-8: Relative activation of RHOA compared to RHOAWT.  
Graph showing the relative level of RHOA activation compared to RHOAWT. (n=2) 

 

3.5 DISCUSSION 

The presence of point mutations in RHOA which have been discovered in cases of AITL 

and PTCL-NOS which lead to the substitution of a single amino acid. The mutations 

appear to influence the protein structure and in the cases of mutations found in AITL 

and PTCL-NOS (RHOAG17V and RHOAF25L) they lead to reduced expression and activation. 

Other groups have also found that the exogenous expression of RHOAG17V was lower 

than of RHOAWT in various cell lines (99,143). Although we have not excluded the 

possibility that RHOAG17V may be found in inclusion bodies in bacteria and not be found 

in the lysate this seems less likely as the result mirrors that seen in the mammalian 

system. 

Both G17V and F25L mutations lead to reduced exogenous expression of RHOA and 

reduced GTP binding. It remains unclear how this leads to the development of AITL.  

The substitution of valine for glycine at amino acid 17 occurs within the GTP-binding site 

and is likely to alter the interaction between RHOA, GDP and GTP as demonstrated by 
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this work and others (97-99). The bulkier amino acid may also alter the stability of RHOA 

folding leading to the apparent reduced expression seen in this work (Figure 3-9). 

  

 

Figure 3-9: Representation of RHOA generated in PYMOL.  
(A & B) show the WT protein with Gly highlighted at amino acid position 17. (C & D) show the G17V 
mutated protein with Val highlighted at amino acid position 17.  

 

The substitution of leucine for phenylalanine at amino acid 25 is not with the GTP 

binding site but in the WT protein there is an interaction between this amino acid and 

the phenylalanine residue at position 171 (Figure 3-10). The alteration in the side chain 

may alter the interaction between these amino acids leading to disruption of the α-helix 

and reduced protein stability.    

Further assessment of the cause for reduced expression could be carried out using 

proteasome inhibitors to reduce protein breakdown in the cell to assess if this led to 

higher expression of the mutated protein. 
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Figure 3-10: Representation of RHOA generated by Louise Fairall in PYMOL.  
(A) WT RHOA with amino acids 25 (Phe) and 171 (Phe) highlighted in red and blue respectively. (B & C) 
show the interaction between amino acid 25 in the WT (B) and F25L-mutated (C) forms of RHOA 
demonstrating the change in side chain between Phe and Leu at amino acid position 25. 

  

Further assessment of the effect of the mutations on cell phenotype could be achieved 

using CRISPR/Cas9 techniques to introduce the point mutations and assess the effect of 

heterozygous and homozygous mutations on the cell behaviour at endogenous 

expression levels. 
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4 CHARACTERISATION OF THE SAN ROQUE MOUSE MODEL 

4.1 INTRODUCTION TO THE MODEL 

As described in section 1.10 a proportion of mice with a heterozygous point mutation 

in the Roquin gene develop lymphadenopathy between 6 and 12 months of age. Work 

published by Ellyard et al (176) has described some of the features of this model. We 

have carried out work to confirm their findings in our colony and gain a better 

understanding of the model. Throughout the chapter Roquinsan/+ mice are referred to 

as SRQ mice and littermate control Roquin+/+ mice as WT mice, at no point did our work 

involve Roquinsan/san mice. 

4.2 THE SAN ROQUE COLONY 

Over the course of the work we assessed the proportion of mice developing enlarged 

lymph nodes. In our colony 74 of 240 mice over 100 days old (31%) developed 

lymphadenopathy. Of those developing lymphadenopathy 65% were female and 35% 

were male, as was seen in the original description of these mice (176). There were a few 

cases in which mice were found to have enlarged lymph nodes by palpation which 

subsequently reduced in size spontaneously. Figure 4-1 shows an example of enlarged 

lymph nodes and normal lymph nodes dissected from a mouse found to have bilateral 

axillary lymph node enlargement.  
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Figure 4-1: Lymph nodes extracted from SRQ5211.  
The enlarged axillary lymph nodes are shown on the left and the normal inguinal lymph nodes on the 
right.  

 

Sections from an enlarged lymph node showed an absence of normal germinal centres 

and infiltration with larger cells (Figure 4-2). 

 

 

Figure 4-2: Haematoxylin and eosin stained sections of an enlarged axillary lymph node  
(staining performed by S Mamand). (A) shows a section at x2.5 magnification and (B) a section at x40 
magnification.   
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4.3 FLOW CYTOMETRY ASSESSMENT 

Ellyard et al showed flow cytometric analysis of normal lymph nodes from SRQ and WT 

mice and tumour lymph nodes from SRQ mice. In this section analysis of cell content 

will be carried out to compare 1) spleens from wild-type and SRQ mice without tumours 

2) normal lymph nodes from SRQ mice without tumour development and enlarged 

lymph nodes and 3) paired comparisons of enlarged lymph nodes and spleen. 

4.3.1 Comparison of SRQ and WT spleens 

To assess differences in cell composition between the SRQ and WT spleens we carried 

out flow cytometry of cell suspensions produced from the spleens (Figure 4-3). T-tests 

with correction for multiple analyses show that the lymphocyte composition of the 

spleens was the same in WT and SRQ mice with similar proportions of B cells (p=0.3), 

CD4+ T cell (p=0.7) and CD8+ T cells (p=0.1) (n=21). However, there was a difference in 

the CD4+ subsets with an increased proportion of Tfh cells seen in the SRQ spleen 

compared to the WT spleen (p<0.0001; n=21).  

These findings show that the differences in the WT and SRQ spleens are found in the 

CD4+ T cell subsets. The Tfh cells make up only a small proportion of the total CD4+ T 

cells in both populations. The proportion of B cells seen in the WT mouse population is 

higher than typically reported for mouse spleens at 60% compared to 45-50%.   

 

Figure 4-3: FACS assessment for lymphocyte subsets in WT and SRQ spleens.  
Bars represent the mean subset percentage of the total lymphocyte population (n=21) and the error bars 
standard deviation. A- shows the percentage of each lymphocyte subset of the total lymphocyte 
population. B- shows the percentage of Tfh cells from the CD4 cell population. 
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4.3.2 Assessment of lymph nodes 

To confirm the findings of Ellyard et al (176) we carried out flow cytometry of tumour 

and normal lymph nodes from a number of SRQ mice. The proportion of B220 positive 

cells, CD4 positive cells and CD8 positive cells was measured from the lymphocyte 

population (Figure 4-4 A). In keeping with Ellyard et al (176), we found that the tumour 

lymph nodes had an increased proportion of B cells (p=0.0003) with a reduction in both 

CD4+ (p=0.014) and CD8+ (p=0.0002) proportions (Figure 4-4B) when analysed by t-tests 

with correction for multiple analyses. Similar proportions of B cells (40-50%) and T cells 

(CD4+ 30-40% & CD8+ 20-25%) were found in the lymph nodes from the WT mice which 

is consistent with the values seen in the paper from Ellyard et al (176) but demonstrates 

a higher proportion of B cells than typically reported in murine lymph nodes.  

We assessed the Tfh proportion of cells using high PD1 and CXCR5 expression on CD4+ 

lymphocytes (Figure 4-6 A shows an example of the gating strategy). We found that the 

proportion of CD4+ T cells which we defined as Tfh cells was not significantly different 

between the normal and enlarged lymph nodes (Figure 4-4 C) when analysed by t-test 

with correction for multiple analyses. However, as the enlarged lymph nodes had an 

increased number of cells the total number of Tfh cells was higher in the enlarged 

nodes.  

These findings are consistent with those shown by Ellyard et al (176) and the suggestion 

that these tumours have features similar to AITL. The presence of a malignant Tfh 

population is thought to lead to an excess of B cells through increased germinal centre 

activity and abnormal B cell help.  

 

 

 
Figure 4-4: FACS to determine lymphocyte subset proportions in normal and tumour lymph nodes in 
SRQ mice (page 84) 
A- gating strategy to select lymphocytes and then histograms showing separation of positive and negative 
cells from a representative sample. B- chart showing the mean percentage of each cell type from the total 
lymphocyte population with the error bars showing the standard deviation (normal nodes n=12; tumour 
nodes n=17). C- chart showing the mean % of Tfh cells from the CD4 cell population with the error bars 
representing standard deviation (n = 5). 



Characterisation of the San Roque Mouse Model 84 
 

 



Characterisation of the San Roque Mouse Model 85 
 

4.3.3 Paired comparison of tumour lymph nodes and spleen 

To further characterise the lymphoid populations in the mice we assessed the cellular 

composition of spleens in the SRQ mice and compared this to the composition of the 

tumours.  Four mice with tumours were selected and cell suspensions produced from 

the spleen and tumours.  

4.3.3.1 Lymphocyte subsets 

A sample of the cell suspension was used for flow cytometry to assess the B cell, CD4+ 

T cell and CD8+ T cell proportions. This showed that the B cell proportion was similar 

between the spleen and enlarged lymph node but with a slightly higher CD4+ cell 

proportion in the spleen (p = 0.02) and consequent lower CD8+ cell proportion (p = 

0.003) when analysed by t-tests with correction for multiple comparisons (Figure 4-5).   

 

 

 

Figure 4-5: Lymphocyte subsets in paired spleen and enlarged lymph node samples.  
Chart showing the mean percentage of each lymphocyte subset from the total lymphocyte population 
with the error bars representing standard deviation (n=4) 
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4.3.3.2 Tfh population 

After separation from total splenocytes or total lymph nodes, CD4+ T cells were analysed 

by FACS to 1) determine the purity of the separation and 2) the Tfh proportion as 

assessed by measuring the PD1hiCXCR5hi population (Figure 4-6 A). There was a higher 

proportion of Tfh cells found in the spleens than the lymph nodes of these mice 

(p=0.007) which is reflected in the higher expression of PD1 (p=0.03) although there 

was no significant difference in the CXCR5 expression (p=0.100) (Figure 4-6 B &Figure 

4-6 C).  Significance was calculated by t-tests with a correction for multiple comparisons.  

This demonstrates that there are differences in composition between the enlarged 

lymph nodes and spleens. The majority of the lymphocytes in both tissues are B cells 

but there are slight differences in the proportion of CD4+ and CD8+ T cells. Within the 

CD4+ T cell population there was higher expression of PD1 in the cells from the spleen 

and a consequent increase in the Tfh population defined as PD1hiCXCR5hi. However, 

these enlarged nodes showed a lower proportion of Tfh cells than those used in the 

comparison with normal lymph nodes which is difficult to explain.  

Tfh cells generally make up less than 0.5% of CD4+ T cells in normal mouse spleens and 

lymph nodes (219) so these results do show an increase in Tfh proportions in the SRQ 

mice compared to normal mice.  



Characterisation of the San Roque Mouse Model 87 
 

 

 
 
Figure 4-6: FACS assessment for Tfh populations in spleen and tumour pairs. 
A- shows representative FACS plots and gating strategies for the spleens (left) and lymph nodes (right) 
from the SRQ mice analysed. Following the lymphocyte gate doublets were excluded and the CD4 
population gated. The CD4 population was plotted with CXCR5-APC expression on the x-axis and PD1-PE 
expression on the y-axis. A quadrant gate was used to select the PD1hiCXCR5hi population representing 
Tfh cells. B- shows the mean proportion of Tfh cells as a percentage of CD4 cells (n=4) with error bars 
representing standard deviation. C- shows the geometric mean fluorescence of PD1-PE and CXCR5-APC 
from the CD4 cell population (n=4) with error bars representing standard deviation.  
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4.4 T CELL CLONALITY 

Overall while there are differences in cell composition between normal and enlarged 

lymph nodes these are subtle and in particular there is no major increase in TfH cell 

fraction in enlarged lymph nodes. It was, therefore, necessary to assess for the presence 

of T cell clones in lymph nodes using spectratyping as described in section 2.5.19 in a 

selection of SRQ mice. We detected three cases in which there was a consistent clonal 

peak found across different enlarged lymph nodes and in two cases the same peak was 

seen in non-enlarged lymph nodes. The presence of T cell clones was detected by 

spectratyping in 7 of 12 mice.   

 

Figure 4-7 shows representative examples of results from 2 mice. SRQ 5283 had 

enlarged right axillary and bilateral inguinal lymph nodes. A peak was seen at 180bp in 

all three lymph nodes, this was particularly marked in the left inguinal node but was 

present in the others with an increase in polyclonal background.  

This is consistent with Ellyard et al (176) who showed the presence of a T cell clone in a 

high proportion of mice carrying enlarged lymph nodes. We have also demonstrated 

the presence of a consistent clone within different enlarged nodes of the same mouse 

suggesting that the malignant clone only arises once.  
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Figure 4-7: TCR spectratyping results of V2-J PCR products. 
Panels A-C show the results from three enlarged lymph nodes from SRQ5283 with a consistent peak at 
approximately 180bp, this is on a polyclonal background in the right axillary and inguinal lymph nodes. 
Panel D shows the results from the enlarged right inguinal lymph node with polyclonal T cells 
demonstrated. The red line represents the size standards. 
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4.5 IN VITRO CHARACTERISATION 

Experiments were performed to characterise the response of CD4+ T cells from both WT 

and SRQ mice to stimulation and treatment in culture. For all culture experiments the 

CD4+ T cells were isolated from spleens or tumour lymph nodes of the SRQ mice and 

from spleens of the WT mice as described in section 2.5.8.  

As discussed in section 1.9 ITK is an important molecule in T cell activation and 

signalling. We used ibrutinib as an ITK inhibitor in the CD4+ T cell population in culture 

to demonstrate its effect upon cell survival and differentiation after stimulation.  

4.5.1 CD4+ T cell ITK expression  

Firstly, we assessed the expression of ITK in CD4+ T cells isolated from SRQ and WT 

mouse spleens using Western blots for ITK and GAPDH. This demonstrated that ITK was 

expressed by CD4+ T cells in SRQ and WT mice, in this single experiment the expression 

of ITK was slightly lower in the SRQ cells when adjusted for GAPDH expression (Figure 

4-8).  

 

 

Figure 4-8: Western blot showing expression of ITK in SRQ and WT mice 
ITK is shown at approximately 72kDa and GAPDH at approximately 36kDa. Protein from SRQ CD4 cells is 
on the left and WT CD4 cells on the right as labelled.  
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4.5.2 T cell stimulation and ITK inhibition 

Subsequently, to assess the effect of ITK inhibition, using ibrutinib, upon stimulation of 

CD4+ T cells in culture with anti-CD3 and anti-CD28 viability and proliferation were 

measured using an ATP luminescence method as described in section 2.5.13. 

4.5.2.1 Ibrutinib treatment of CD4+ T cells 

First, we determined an appropriate concentration of ibrutinib to use for further 

experiments. CD4+ T cells from SRQ spleens were cultured with anti-CD3 and anti-CD28 

stimulation in a range of ibrutinib concentrations (0 – 50µM). A concentration of 2.5µM 

ibrutinib was selected for further experiments as this concentration led to reduced cell 

viability but did not kill all the cells (Figure 4-9), the mean relative luminescence at 

2.5µM was 81%.  

 

 

Figure 4-9: Response curve showing effect of ibrutinib treatment on stimulated CD4+ T cells. 
The x-axis shows the concentration (log10 µM) and the y-axis the luminescence relative to cells treated 
with vehicle alone. The points represent the mean (n=3) and error bars the standard deviation with the 
lines representing the standard curve with the 95% confidence intervals shown by the dotted lines.  
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4.5.2.2 WT vs SRQ CD4+ T cells from spleen  

Experiments to compare the difference between CD4+ T cells extracted from the spleens 

of WT and SRQ mice were performed. This enabled assessment of the response to 

stimulation and any difference in the effect of ITK inhibition.  

After extraction and purification from the spleens of WT and SRQ mice CD4+ T cells were 

cultured as described in section 2.5.12. Stimulated CD4+ T cells from both WT and SRQ 

mice showed increased viability represented by increased luminescence compared to 

unstimulated cells (SRQ p=0.0015, WT p < 0.0001) using a two-way ANOVA with Tukey’s 

multiple comparison test. In both cases the addition of ibrutinib reduced the effect of 

stimulation (SRQ p=0.0308, WT p < 0.0001) (Figure 4-10). 

 

 

 

Figure 4-10: Effect of stimulation and treatment on splenic CD4+T cells.  
Graph showing the relative luminescence of unstimulated cells (100) and cells which have been stimulated 
with or without ibrutinib treatment. Bars represent the mean and error bars the standard deviation (WT 
n= 10, SRQ n= 7) 

 

4.5.2.3 Paired spleen and tumour samples 

Next experiments to determine the effect of ITK inhibition on CD4+ T cells from enlarged 

lymph nodes were performed.  The effect of stimulation with anti-CD3 +/- anti-CD28 
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was assessed and compared to the effect in the spleen from the same mouse. The effect 

of ITK inhibition on cells stimulated with anti-CD3 and anti-CD28 was measured. 

CD4+ T cells were purified from the enlarged lymph nodes and spleens of four SRQ mice 

with tumours. The cells were then cultured with stimulation in the presence or absence 

of ibrutinib treatment (2.5µM) for 48 hours.  

When compared to unstimulated cells the cells stimulated with anti-CD3 +/- anti-CD28 

showed an increase in luminescence suggesting increased cell viability. This increase 

was less in the presence of ibrutinib. Paired t-tests with correction for multiple 

comparisons showed no significant differences between the responses of CD4+ T cells 

from spleens or tumours (Figure 4-11). 

 

 

Figure 4-11: Graph showing effect of stimulation and ibrutinib treatment on CD4+ T cells from SRQ 
spleens and tumours.  
Bars represent the mean relative luminescence compared to unstimulated cells (n=4; blue-spleen; green-
tumour) and the error bars the standard deviation. The culture conditions are described on the x-axis. 

 

These experiments show that in the presence of an ITK inhibitor (ibrutinib) the effect of 

CD4+ T cell simulation with anti-CD3 and anti-CD28 is reduced. This is consistent across 

WT CD4+ T cells and SRQ CD4+ T cells isolated from spleens and enlarged lymph nodes.  
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4.5.3 Interleukin stimulation and proliferation 

Work on human T cell lines and primary patient T cells in our laboratory (220) showed 

that ITK inhibition affected the differentiation of CD4+ T cells in response to cytokine 

stimulation. The addition of cytokines to T cell culture altered the proportion of CD4+ T 

cell subsets and showed CD4+ T cell plasticity as discussed in section 1.3.2. IL-21 is 

established as an important cytokine in Tfh differentiation, it is also secreted by Tfh cells 

(221,222). IL-12 has been shown to induce IL-21 expression in CD4+ T cells and play a 

role in Tfh differentiation (223,224).  

Firstly, we assessed the effect of ibrutinib on Tfh differentiation of CD4+ T cells in the 

presence of IL-12 and/or IL-21 in culture. Then, we assessed the effect of IL-12 and IL-

21 on the differentiation and proliferation of CD4+ Tfh cells from WT and SRQ mice in 

culture. The experiment is described in section 2.5.14. 

 

 

 

Figure 4-12: Tfh proportions following culture with interleukins +/- ibrutinib.  
The bars show the mean Tfh population as a proportion of CD4 cells (n=3) with blue representing SRQ and 
green WT. The error bars represent the standard deviation. The culture conditions are shown beneath the 
x-axis. 
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These experiments showed a low proportion of Tfh cells in unstimulated culture and an 

increase in Tfh differentiation following stimulation with anti-CD3 and anti-CD28. In 

these experiments the addition of IL-12, IL-21 or both interleukins appeared to have no 

effect on the Tfh proportion. Treatment with ibrutinib appeared to reduce the 

differentiation to Tfh cells in all conditions although the differences are not statistically 

significant (Figure 4-12).  

To assess changes in proliferation the cells were labelled with Cell trace violet (CTV) 

prior to culture. Higher amounts of proliferation lead to reduced fluorescence as the 

marker is divided between the daughter cells. A lower average fluorescence represents 

increased proliferation. CTV is detected by the Aria (BD Biosciences) in the Pacific Blue 

position. Lymphocytes were subsequently gated by CD4 positivity and divided into Tfh 

(PD1hiCXCR5hi) and non-Tfh (PD1loCXCR5lo) cells (Figure 4-13 A). Examination of the 

Pacific Blue fluorescence for the Tfh population showed that cells treated with ibrutinib 

appeared to show less proliferation compared to cells in the same culture conditions 

without ibrutinib (Figure 4-13 B & C). These variations did not meet statistical 

significance but appeared similar in both WT and SRQ Tfh cells.  
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Figure 4-13: Summary of CTV and proliferation of Tfh cells. 
A- representative FACS plot showing the gating strategy used to gate lymphocytes then CD4+ positive cells 
in the upper panels followed by the gates for Tfh and non-Tfh cells in the middle panel based upon PD1 
and CXCR5 expression. The lower panels show the Pacific-Blue fluorescence representing the CTV in the 
Non-Tfh and Tfh populations. B- overlying Pacific-Blue fluorescence for cells cultured with the labelled 
interleukin and anti-CD3/anti-CD28 with the blue peak showing DMSO treated and the purple peak 
ibrutinib treated cells (representative panels shown). C- the average arithmetic mean fluorescence 
intensity is shown by the bars with standard deviation shown by error bars. The culture conditions are 
shown below the x-axis. 
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4.5.4 Conclusions from in vitro experiments 

In vitro experiments confirm that ITK is present in the CD4+ T cells and it has a role to 

play in T cell signalling as demonstrated by the reduced cell viability and reduced 

differentiation to Tfh cells seen in stimulated cells treated with ibrutinib. This effect is 

seen in CD4+ T cells from both WT mice and SRQ mice.  

4.6 ASSESSMENT OF GENE EXPRESSION BY MICROARRAY 

As described in section 1.10 the ROQUIN protein binds to Icos mRNA and regulates its 

stability. The mutated ROQUIN protein encoded by Roquinsan binds with greater affinity 

so the Icos mRNA decays more slowly leading to increased ICOS protein expression. To 

assess the effect of this on gene expression we carried out a microarray experiment 

using CD4+ T cells extracted the from spleens of SRQ and WT mice as described in 

section 2.5.16. A total of 14 samples (7 SRQ and 7 WT) were analysed.  

Using the two-class unpaired Significance Analysis of Microarrays (SAM) a list of 

differentially expressed genes was generated using a random selection of 100 

permutations (Figure 4-14). Using a delta-value of 0.304 a total of 15 genes were 

differentially expressed, with a false discovery rate of 22.5%.  
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Figure 4-14: SAM graph from MeV 
This graph from MeV shows the initial output of SAM with genes which are significantly more highly 
expressed in the SRQ mice shown in red and those which are significantly less expressed in green.  

 

One gene was found to be positively significant in SRQ CD4+ T cells – 

ENSMUST00000130888 a transcript of RCC1 domain-containing protein 1 (RCCD1). This 

protein has been described as a co-regulator of KMD8 in human studies with a role in 

chromatin regulation (225) and possibly cytoskeletal microtubule stability (226).  The 

genes which are differentially expressed in the SRQ CD4+ T cells are shown in Figure 4-

15.  
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Figure 4-15: Hierarchical clustering generated from differentially expressed genes. 
 Samples are listed above the heat map and the gene names on the right.  

 

Further analysis of the significant negative genes was carried out using DAVID v6.8 

(209,210) as described in section 2.5.16.  

There were several pairs of genes which are found in categories or pathways 

determined by DAVID and a single cluster produced in the functional analysis clustering. 

This is a cluster based on location in the cell and the function of metal ion binding. No 

clusters were found which appeared to have functional implications related to 

tumorigenesis by this analysis.  

Further analysis using the genes identified by Iqbal et al (8,85) and used in the AITL gene 

classifiers did not show sample clustering along genotype (Figure 4-16). However, the 

published analyses assessed whole tumour samples whereas this analysis was of 

selected CD4 cells. The expression of ICOS was high in both the SRQ mice and the WT 

littermate control samples.  
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Figure 4-16: Heat map of hierarchical clustering of genes from AITL gene classifiers. 
Genes are listed to the right of the heat map and samples above.  

 

Although the flow cytometry analysis has shown an alteration in the Tfh proportion in 

the spleens of SRQ mice the Tfh cells remain a small proportion of the CD4 cells. This 

may explain why we did not detect the over-expression of other genes associated with 
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Tfh cell differentiation.  These results also suggest that there are minimal transcriptional 

differences between the SRQ and WT mice.  

4.7 WHOLE EXOME SEQUENCING 

Although all SRQ mice carry a point mutation in Roquin, only a proportion develop 

lymphoma during their lifetime. The cause of this incomplete penetrance is not 

understood. WES was carried out to look for genetic variation that might play a role in 

lymphoma development. Six DNA samples were sequenced by the Sanger Institute in 

collaboration with Dr Thomas Keane’s laboratory as described in section 2.5.18.  

The samples consisted of constitutional DNA from the livers of a WT mouse, an SRQ 

mouse (SRQ control) with no tumour development and two SRQ mice (SRQ5293 and 

SRQ5301) with tumours. Matched tumour DNA from the enlarged lymph nodes of these 

mice was also sequenced. 

4.7.1 Analysis of reads and Mapping to the reference genome 

To carry out further analysis of the WES libraries various bioinformatic steps must be 

undertaken. BAM files were generated, sorted and filtered by Dr Anthony Doran of the 

Sanger Institute as described in section 2.5.18.1, aligning each sample to the C57BL/6J 

GRCm38 (mm10) mouse reference genome. Details of the reads generated, and the 

quality of the mapping are shown in Table 4-1Table 4-1. This shows that over 99% of 

reads in each sample were mapped to the reference genome and over 98% of paired 

reads were properly paired.  

In order to demonstrate the presence of the expected heterozygous mutation in Rc3h1 

at Chr1: 160,940,825 in the five SRQ samples Integrated Genomic Viewer was used 

(Figure 4-17). This provides an indication that the WES is of reasonable quality as the 

expected mutation is found in the SRQ samples and not the WT sample. In each SRQ 

sample both the normal base and the mutant base are found in the proportions which 

would be expected in a heterozygous mouse. 

 

 



Characterisation of the San Roque Mouse Model 102 
 

Sample 5301 

tumour 

5301 

constitutional 

5293 

tumour 

5293 

constitutional 

SRQ 

control 

WT control 

QC passed 

reads total 

(n) 

86962026 98439457 110294088 117582295 97539351 106171148 

Mapped 

reads (n) 

86822933 98290519 110089219 117413405 97393433 106003901 

Mapped 

reads (%) 

99.84 99.85 99.81 99.86 99.85 99.84 

Properly 

paired (n) 

85573964 97732356 109264538 116666754 96798758 105421112 

Properly 

paired (%) 

98.52 99.31 99.12 99.26 99.28 99.32 

Table 4-1: BAM file statistics showing the numbers and proportions of properly mapped reads and 
properly paired reads for each sample.  
 

 
Figure 4-17: Integrated Genomics Viewer confirming the genotype of each sample in the Roquin gene. 
Variation at Chr1: 160,940,825 (exon 5 of Rc3h1) is shown in the five SRQ samples with the red block 
representing the WT allele (T) and the gold block representing the variant allele (G) and the total block 
height representing the coverage (range 18-46) at this site. The total number of reads at this nucleotide 
and the number of each allele is shown in the table. 
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4.7.2 Generating variants of interest 

After determining that the WES data was of good quality and each sample had been 

mapped to the reference genome we went on to look for variation from the reference 

genome which could have a potential impact upon on the development of lymphoma 

in these mice.  

Numerous bioinformatic tools exist to call single nucleotide variants (SNVs) which have 

primarily been developed for variant calling in human samples. Groups have shown that 

there is not always consensus between the tools when calling SNVs which means that 

use of more than one method should be considered (227,228). 

To analyse the WES data two methods of analysis were used to produce lists of SNVs of 

interest. The process is summarised in Figure 4-18 and described in the text below.  

 

 

Figure 4-18: Summary of WES analysis to produce SNVs of interest. 
 
 

As described in section 2.5.18.2 Dr Doran produced a list of high quality variants from 

each sample and used VEP version 88 to predict the effect of each SNV (211,214). He 

then compared the lists to produce SNVs, which were found in the tumour samples and 

the constitutional samples from the tumour bearing mice, which were not found in the 

control samples.  
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Total variants Passed filters  Intronic SNVs Deleterious 

WT control 201728 1760 868 187 

SRQ control 195088 1758 901 211 

5293 constitutional 217651 1890 875 209 

5293 tumour 212005 1900 878 191 

5301 constitutional 190177 1796 935 203 

5301 tumour 186028 1680 897 208 

Table 4-2: VCF file statistics.  
The total numbers of variants in each sample, the number passing the quality filters, the number of high 
quality SNVs predicted to occur in intronic regions with coding consequences and the number of high 
quality SNVs predicted to have deleterious effects on protein production. 

 

 

Analysis of the VCF files showed similar amounts of variation from the reference 

genome in each of the six samples (Table 4-2). VEP analysis predicted that around half 

the SNVs found in each sample occurred in intronic DNA with coding consequences and 

a proportion of these were likely to have deleterious effects on protein production. 

As described in section 2.5.18.2 analysis was also carried out using Varscan2 to produce 

lists of SNVs which are somatic, germline or loss of heterozygosity (LOH) and 

subsequently a list of high confidence SNVs in each category (212,213). The high 

confidence somatic SNVs were then further analysed using VEP version 91 to predict 

the effect of each SNV (214). This was used to compare the tumour and constitutional 

DNA from the two tumour bearing mice (Figure 4-19Figure 4-19). It was also used to 

compare the constitutional DNA from the tumour bearing mice with the control mouse 

to look for variation which may predispose to tumour development (Figure 4-20Figure 

4-20).  
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Figure 4-19: Variants analysed by Varscan showing the number of variants found at each stage of the 
analysis for 5293 (A) and 5301 (B). 
The initial analysis produces the number of SNV and indels which vary between the germline and tumour 
DNA. The SNVs are then divided into those found in the tumour sample (Somatic), those showing LOH and 
those in the Germline sample. Each of these is then divided into high confidence (HC) and low confidence 
variants. Following VEP analysis of the Somatic high confidence variants those producing deleterious 
amino acid changes were counted.  

 

As part of the VEP analysis the SNVs were assigned a SIFT score which predicts the effect 

of the SNV on protein production (229). The SNVs assigned a deleterious label by the 

SIFT score were then reviewed.  
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Figure 4-20:Variants analysed by Varscan showing the number of variants found at each stage of the 
analysis for 5293 and 5301 constitutional samples compared to SRQ control sample.  
The initial analysis produces the number of SNV and indels which vary between the germline and tumour 
DNA. The SNVs are then divided into those found in the tumour sample (Somatic), those showing LOH and 
those in the Germline sample (SRQ control). Each of these is then divided into high confidence (HC) and 
low confidence variants. Following VEP analysis of the Somatic high confidence variants those producing 
deleterious amino acid changes were counted. 

 

4.7.3 Description of Variants  

The above bioinformatic analysis produced several lists of SNVs in genes which may be 

of interest. From the comparison of filtered VCF files four lists of genes were produced:  

1) SNVs in 5293 tumour not found in the SRQ or WT control samples 

2) SNVs in 5301 tumour not found in the SRQ or WT control samples 

3) SNVs in 5293 constitutional not found in the SRQ or WT control samples 

4) SNVs in 5301 constitutional not found in the SRQ or WT control samples 

Following comparison of the VCF files the genes containing SNVs in one or both tumour 

samples but not found in the control samples are shown in Table 4-3 which also 

indicates whether the gene was shown to contain SNVs in the matched constitutional 

sample. Some genes contained more than one SNV.   
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Gene Name 

(MGI) 

5293 

Tumour 

5301 

Tumour 

5293 

Constitutional 

5301 

Constitutional 

Mroh2a X X X X 

Hjurp X X X X 

Vmn2r116 X X X 
 

Ccnb3 X X 
  

Rrs1 X 
 

X 
 

Ugt1a9 X X X X 

Pfdn2 X 
 

X X 

Pdzrn4 X 
   

Vmn2r114 X X X X 

Vmn2r115 X X 
  

Hsp90ab1 X 
   

Rhoa X    

Table 4-3: List of genes generated by comparison of filtered VCF files.  
Genes shown were found to have mutations predicted to have a deleterious effect in the samples shown 
by an X and not in the SRQ or WT control samples.  

 

Genes which contained an SNV in one or both tumour samples but not the matched 

constitutional samples were cyclin B3 (Ccnb3), PDZ domain containing RING finger 4 

(Pdzrn4), heat shock protein 90 alpha (cytosolic), class B member 1 (Hsp90ab1), ras 

homolog family member A (Rhoa) and vomeronasal 2, receptor 115 (Vnm2r115).  

From the Varscan2 analysis four lists of genes were produced: 

1) SNVs in 5293 tumour not found in 5293 constitutional sample 

2) SNVs in 5301 tumour not found in 5301 constitutional sample 

3) SNVs in 5293 constitutional not found in SRQ control sample 

4) SNVs in 5301 constitutional not found in SRQ control sample 

These lists were reviewed and compared to the lists produced from the filtered VCF 

files. Varscan analysis also confirmed the presence of an SNV in Rhoa in the 5293 

tumour sample, it also showed SNVs in Hsp90ab1 in both tumour samples.  

Further review of the SNVs using IGV viewer showed several SNVs in Hsp90ab1 in both 

tumour samples, and these varied between the tumours (Table 4-4 & Figure 4-21A). The 

deleterious variants were all predicted in the transcript ENSMUST00000024739.13. 
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Tumour cDNA change Amino acid substitution VAF 

5293 c.1810C>T Arg604Trp 0.11 

5293 c.1820A>C Lys607Thr 0.16 

5301 c.1885A>T Asn629Tyr 0.14 

5301 c.1889C>T Pro630Leu 0.15 

5301 c.2015A>T Asp672Val 0.21 

5301 c.2035C>A Arg679Ser 0.23 

5301 c.2044C>T Arg682Cys 0.29 

Table 4-4: Details of predicted effects of SNVs on Hsp90ab1-201. 
 
 

The SNV found in Ccnb3 was the same in both tumours and was predicted to produce a 

c.354A>C mutation in transcript ENSMUST00000115752 which leads to an asparagine 

to glutamic acid substitution (p.Asn75Glu) (Figure 4-21B). This variant had a variant 

allele frequency (VAF) of 0.46 in the 5293 tumour sample and 0.43 in the 5301 tumour 

sample.  

Rhoa was predicted to have a single SNV with a deleterious effect in the 5293 tumour 

sample (Figure 4-21C). This was predicted to produce a c.575T>C mutation in transcript 

ENSMUST00000007959 leading to a phenylalanine to leucine substitution (p.Phe25Leu) 

which we have also examined following the detection of this mutation in patient 

samples as described in section 3.1 (217). There was a difference in coverage between 

the samples for the Rhoa exons with higher coverage in the 5293 tumour sample (253 

x compared to 83 x in the 5301 tumour sample) which may suggest copy number 

variation. The VAF was 0.41. On review of IGV viewer other heterozygous variants in 

exons 3 and 6 of the 5293 tumour sample could also be seen which on further review 

showed no change in amino acid. 

Pdzrn4 had an SNV in the 5293 tumour sample predicted to cause a c.2376G>A 

mutation in transcript ENSMUST00000035399 leading to an arginine to glutamine 

substitution (p.Arg705Gln) (Figure 4-21D). This SNV had a VAF of 0.54. 
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Figure 4-21: Gene lollipop diagrams representing the six genes found to have SNVs predicted to impact 
protein production in tumour samples only. 
 (A) Hsp9pab1 (B) Ccnb3 (C) Rhoa (D) Pdzrn4 (E) Vmn2r115 & (F) Vmn2r116. The grey bar represents the 
base sequence and repeats and motifs are highlighted and coloured according to the Pfam database 
(230,231) 

 
 

Vmn2r115 had an SNV in both tumour samples predicted to cause a c.727A>G mutation 

in transcript ENSMUST00000168175 leading to an asparagine to aspartic acid 

substitution (p.Asn243Asp) with a VAF of 0.24 in the 5293 tumour sample and 0.25 in 

the 5301 tumour sample. There was also a SNV found in the 5301 tumour sample 

predicted to cause a c.709A>C mutation in the same transcript leading to an isoleucine 

to leucine substitution (p.Ile273Leu) with a VAF of 0.24 (Figure 4-21Figure 4-21E).  
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Vmn2r116 had an SNV in both tumour samples and the constitutional samples from 

5293. The SNV was predicted to cause a c1440A>C mutation in transcript 

ENSMUST00000164856 leading to a lysine to asparagine substitution (p.Lys480Asn) and 

had a VAF of 0.22 in the 5293 tumour sample, 0.28 in the 5301 tumour sample and 0.33 

in the 5293 constitutional sample (Figure 4-21F). 

Hsp90ab1 is a member of the heat shock protein (HSP) family which support the folding 

of other proteins and maintain protein stability (232). HSPs have been found to be up-

regulated in several cancer types although only a small proportion of haematological 

malignancy cases have been found to have a mutation in HSP90AB1 (109).  

Ccnb3 has been associated with a subtype of bone sarcoma where tumours containing 

a fusion between the BCL6 co-repressor gene and Ccnb3 gene have been shown to be 

distinct from  Ewing sarcoma (233).  

Pdzrn4 has limited association with cancer although according to the COSMIC database 

mutations have been found in 0.4% of haematological malignancy (109).  

Vmn2r115 and Vmn2r116 are G-protein coupled receptors which is part of the mouse 

olfactory system, along with Vmn2r114. SNVs were also found in Vmn2r114 in tumour 

and constitutional samples. These genes have been shown to alter behaviour in 

response to specific stimuli.  

cDNA 

change 

Amino acid 

substitution 

5293T VAF 5293C VAF 5301T VAF 5301C VAF 

c.648G>A V146M  0.17 0.21  

c.817C>T T202M 0.23 0.18 0.16 0.13 

c.1321G>A C370Y 0.31 0.31 0.36 0.35 

c.1405G>A R398H 0.77 0.84 0.82 0.83 

c.1936C>T A575V 0.83 0.85 0.86 0.87 

c.3157G>A C982Y   0.17 0.19 

c.3522C>T L1104F   0.2 0.16 

c.4570T>C V1453A   0.17  

c.5100C>T R1630C   0.16  

Table 4-5: SNVs found in Mroh2a. 
The Variant Allele Fractions (VAFs) are listed for SNVs which passed the quality filters. 5293T and 5301T 
indicate the VAF within tumour and 5293C and 5301C are VAF within non-tumour tissue. 
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Other genes which were found to have SNVs in the tumour-bearing mice but not the 

SRQ control or WT control samples are also shown in Table 4-3. These included Maestro 

heat like repeat family member 2A (Mroh2a; Table 4-5) and Holliday junction 

recognition protein (Hjurp; Table 4-6) in which a number of SNVs were found, Ribosome 

Biogenesis Regulator Homolog (Rrs1) and UDP Glucuronosyltransferase Family 1 

Member A9 (Ugt1a9) in which 2 SNVs were found and Prefoldin Subunit 2 (Pfdn2) in 

which 1 SNV was found (Figure 4-22Figure 4-22). These genes have not been associated 

with lymphoma in previous studies (109).  

 

Figure 4-22: Gene lollipop diagrams showing the genes mutated in the tumour and constitutional 
samples of the tumour-bearing mice. 
Genes shown are Mroh2a (A), Hjurp (B), Rrs1 (C), Pfdn2 (D) and Ugt1a9 (E). The grey bar represents the 
base sequence and repeats and motifs are highlighted and coloured according to the Pfam database 
(230,231) 
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cDNA 

change 

Amino acid 

substitution 

5293T VAF 5293C VAF 5301T VAF 5301C VAF 

c.192A>T R10W 0.42 0.4 0.43 0.41 

c.757G>T G198V  0.2   

c.897G>A D245N 0.17    

c.1108C>A P315H    0.17 

c.2164C>T P667L    0.23 

Table 4-6: SNVs found in Hjurp. 
The Variant Allele Fractions (VAFs) are listed for SNVs which passed the quality filters. 5293T and 5301T 
indicate the VAF within tumour and 5293C and 5301C are VAF within non-tumour tissue. 

 

4.7.4 Pathway analysis 

The gene lists from the Varscan analysis were also submitted to InnateDB to determine 

if there were over-represented pathways (215). Analysis of the lists of gene found in the 

tumours but not the constitutional DNA showed over-represented pathways including 

molecules associated with elastic fibres, regulation of the actin cytoskeleton and focal 

adhesion. This is of interest as RHOA is known to be of importance in the regulation of 

the actin cytoskeleton and cell-cell interactions suggesting that these variations may be 

contributing to lymphomagenesis in this mouse model.   

Analysis of the genes found in the constitutional DNA of the tumour bearing mice but 

not in the control sample showed over-represented pathways including CD28 

dependent PI3K/AKT signalling, PI3K/AKT activation and CD28 co-stimulation. These are 

pathways, which have been associated with the development of T cell lymphoma as 

part of the TCR signalling pathway (73).   

Speculatively, this suggests that over-activity in T cell signalling may produce a tendency 

towards the development of lymphoma and a second hit in genes regulating cell motility 

and cell to cell interaction lead to lymphomagenesis.  

4.7.5 Discussion of WES results 

Other genes which have been found to be mutated in AITL (PLCG1, CD28 and JAK2) were 

reviewed in IGV and showed no evidence of variation. TP53 was also examined and 

showed no variation from the reference genome in these samples.  
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Due to the low tumour burden thought to be present in the sample the results may 

underestimate the genetic variation in the malignant cells themselves. The variant allele 

frequencies which have been discussed may be found in non-tumour cells due to their 

frequency.  

4.8 CHARACTERISATION OF THE SRQ MOUSE MODEL SUMMARY 

In this chapter it is shown that a proportion of the SRQ colony go onto develop AITL like 

tumours with evidence of T cell clonality. Tumour composition showed a high 

proportion of B220+ cells in keeping with previous work by Ellyard et al (176). In vitro 

work showed that ITK inhibition affects the differentiation and proliferation of CD4+ T 

cells from both WT and SRQ mice.  

Gene expression analysis was carried out on CD4+ T cells from the spleens of WT and 

SRQ mice and few differences were detected. Although increased expression of Tfh 

markers was observed, Tfh cells make up only a small proportion of the CD4+ T cells 

which may explain the limited differences seen.  

WES analysis revealed the presence of SNVs which may be contributing to tumour 

development in the colony and confirmed that lymphomas produced are genetically 

diverse. Further assessment of the genetic drivers of tumour development would 

require sequencing of larger numbers. Detailed analysis of the VAFs demonstrated allele 

frequencies varied within tumours suggesting sub-clonal variation. By flow cytometry 

for Tfh cells the tumour burden was estimated at <5%. However, allele frequencies of 

SNVs in tumour tissue are significantly higher than this. The same problem exists in 

studies of human T-cell lymphoma (see Supp Table 7 from Sakata-Yanagimoto et al (99) 

and Supp Table 6 from Palomero et al (97)) and this is likely to be due to 1) complex 

genetics within the T-cell population with copy number variation and possibly mixtures 

of heterozygous and homozygous changes and, 2) some mutations might be present in 

the non-tumour populations of B-cells as has been reported for TET2 (197). 
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5 RESULTS OF PRECLINICAL EXPERIMENTS 

5.1 INTRODUCTION 

The published mouse models of T-cell lymphoma are difficult to employ for pre-clinical 

testing either due to long latency of tumour development or because the genetic driver 

is not representative e.g. the ITK:SYK transgenic mouse produces T-cell lymphomas but 

the t(ITK;SYK) is found in 20% of follicular T-cell lymphoma. 

The san roque strain of mouse also develops tumours with a long latency. However, the 

tumours are genetically diverse (as described in Chapter 1). As less than half of the 

heterozygous san roque mice developed easily detectable lymphadenopathy we 

considered various methods to utilise the model in the most effective way. 

In this chapter a failed adoptive transfer approach to produce large numbers of mice 

with genetically identical tumours is first described. Subsequent experiments describe 

studies on san roque mice with lymphomas including a pilot study demonstrating firstly, 

the usefulness of MRI and secondly, the effects of cyclophosphamide treatment. Finally, 

a pre-clinical study to investigate the ITK/BTK inhibitor, ibrutinib, in san roque mice is 

described.  

5.2 ADOPTIVE TRANSFER TO PRODUCE COHORTS OF MICE WITH GENETICALLY IDENTICAL 

LYMPHOMAS? 

We hoped that by transferring cell suspensions produced from tumours extracted from 

the aged heterozygous mice we would generate consistent tumour development. 

Groups have had success in developing myeloma models with this method (234). Cell 

suspensions were produced in a sterile environment then delivered via intravenous 

injection (tail vein) to recipient mice as described in Section 2.x.x.  

Our efforts were unsuccessful with significant toxicity seen following transfer of cells to 

SCID/Beige mice thought to be secondary to graft versus host disease. The mice 

receiving cells became unwell with weight loss, diarrhoea and behaviour suggestive of 

illness after four to five days. Haemotoxylin and eosin (H & E) staining of bowel fixed in 
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formalin at the time of post mortem suggested an increase in inflammatory infiltrate 

(Figure 5-1).  

 

Figure 5-1: H & E stained section of bowel taken from a mouse at post mortem 5 days after receipt of 
adoptive transfer of tumour cells. 

 

We went on to perform adoptive transfer of tumour cell suspensions to wild type 

littermates, half of whom received prior irradiation as described in section 2.x.x. No 

tumour development occurred in the recipients after an observation period of 6 

months.  

5.3 VISUALISING MOUSE LYMPHOMA BY MAGNETIC RESONANCE IMAGING (MRI) 

Following the failure to develop a cohort of mice with identical lymphomas by adoptive 

transfer we considered ways in which the mice with spontaneous tumour development 

could be used as a model for preclinical studies.  

The ability to visualise and accurately measure the volumes of enlarged lymph nodes 

using MRI scans enabled us to perform pre- and post- treatment images. Initially we 

carried out post mortem scans to determine the feasibility of this approach to 

demonstrate that we could detect abnormalities. We went on to perform a series of 

scans of mice at 3 age points – 6 months, 8 months and 12 months. These scans 

demonstrated that lymph nodes could be identified in the inguinal and brachial region 
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whether enlarged or not and in the axillary region when enlarged and sometimes when 

not.  

From this series of scans (Figure 5-2 & Figure 5-3) we were able to determine that 

enlarged inguinal lymph nodes could be palpated enabling mice to be identified for 

further studies.  

 

Figure 5-2: Montage of T2 weighted MRI scan images of axial slices (0.8mm) from a 12-month-old 
mouse with no enlarged lymph nodes.  
The image in the upper left of each series is the most cranial. A: images from the axillary region with 
orange arrows highlighting the normal sized brachial lymph nodes. The axillary lymph nodes cannot be 
seen clearly. B: images from the inguinal region with orange arrows highlighting normal sized inguinal 
lymph nodes. 
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Figure 5-3: Montage of T2 weighted MRI scan images of axial slices (0.8mm) from an 8-month-old 
mouse.  
The image in the upper left of each series is the most cranial. A: images from the axillary region where the 
orange arrows highlight a normal axillary lymph node and a normal brachial lymph node. The yellow 
arrow highlights an enlarged brachial lymph node. B: images from the inguinal region with yellow arrows 
highlighting the bilateral enlargement of inguinal lymph nodes. 
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The scans from a mouse with palpable lymph nodes (Figure 5-3) show that enlarged 

lymph nodes have a higher signal intensity when compared to the normal lymph nodes 

in T2 weighted scans.  

5.4 PILOT STUDY TO DEMONSTRATE SENSITIVITY TO CYCLOPHOSPHAMIDE TREATMENT 

To assess the response of the enlarged lymph nodes to treatment with chemotherapy 

we designed an experiment to assess the response to cyclophosphamide therapy. 

Cyclophosphamide is a widely used chemotherapy drug, which is a key component of 

treatment regimens for lymphoid malignancies. It has been used in treatment of mouse 

models of lymphoid malignancies at a range of doses (235-237) and we selected 

200mg/kg as likely to be therapeutic without excessive toxicity. After the identification 

of 3 mice with enlarged inguinal lymph nodes they underwent MRI scans and 2 were 

subsequently treated with a single intra-peritoneal (IP) injection of cyclophosphamide 

(200mg/kg) in sterile PBS and the other with a single IP injection of the equivalent 

volume of sterile PBS. The age, sex and location of enlarged lymph nodes in the mice 

are shown in Table 5-1. 

 

Mouse Sex Age (days) Enlarged node location Treatment 

5336 M 315 Left inguinal Placebo 

5395 F 246 Left inguinal & left brachial Cyclophosphamide 

5396 F 246 Right inguinal & left axillary Cyclophosphamide 

Table 5-1: Details of mice treated with cyclophosphamide/placebo with the age measured on the day 
of treatment 
 

 

The mice were observed as described in section 2.5.5 with regular health checks 

including weight and tumour measurements. There was a clear reduction in the 

palpable lymph node caliper measurements in the two cyclophosphamide-treated mice 

within 3 days of treatment and no evidence of recurrence in the period (Figure 5-4). 

These mice also showed a weight reduction approximately 7 days after treatment, 

which was likely to be due to cyclophosphamide toxicity, both mice recovered with 

additional dietary support.   
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The placebo-treated mouse underwent a repeat MRI scan on day 24 and the 

cyclophosphamide-treated mice underwent the repeat scan on day 22. All mice were 

culled on day 28 and tissues harvested for post-mortem analysis.  

Scans show the reduction in size of the enlarged lymph nodes following treatment with 

cyclophosphamide (Figure 5-5) with no reduction in lymph node size in the placebo 

treated mouse (Figure 5-6). The lymph node volumes were calculated using ImageJ and 

the changes in size between the scans is represented in a waterfall plot (Figure 5-7). 

 

 

Figure 5-4: Graphs showing the lymph node volume by caliper measurement and the weight of mice in 
the cyclophosphamide study 
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Figure 5-5: Series of MRI scan images from SRQ5396 
Images from prior to treatment are in the left-hand column of each panel and a follow up scan after 4 
weeks in the right-hand column of each panel. Sequential axial images (0.8mm slices) are shown from the 
most cranial slices at the top of the columns in the left panel. The yellow arrow highlights the enlarged 
lymph node prior to treatment and the orange arrow highlights the same lymph node following treatment. 
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Figure 5-6: Series of MRI scan images from SRQ5336  
Images from prior to treatment are in the left-hand column of each panel and a follow up scan after 4 
weeks in the right-hand column of each panel. Sequential axial images (0.8mm slices) are shown from the 
most cranial slice at the top. The yellow arrow highlights the enlarged lymph node prior to treatment and 
the orange arrow highlights the same lymph node following treatment. 
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Figure 5-7: Water fall plot demonstrating the response to cyclophosphamide 
This waterfall plot shows the percentage change in lymph node volume of the lymph nodes which were 
enlarged at baseline after treatment with cyclophosphamide or placebo. The blue bars represent the mice 
treated with cyclophosphamide and the green bar the mouse treated with vehicle only. The x-axis label 
shows the number assigned to the mouse as an identifier at birth. 

 

 

Cell suspensions were produced from the harvested lymph nodes and flow cytometry 

performed to assess the proportions of B cells, CD4+ T cells and CD8+ T cells (Figure 5-8). 

There was a reduction in the proportion of B cells in the enlarged lymph nodes of the 

treated mice, producing a profile in keeping with that of non-enlarged lymph nodes. 

Due to the small numbers involved no statistical tests were performed.  

This pilot study showed that the enlarged lymph nodes reduced in response to 

treatment with a chemotherapy agent suggesting that the model was useful for the 

preclinical assessment of novel agents.  
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Figure 5-8: Results of FACS analysis of lymph nodes following treatment of mice with 
cyclophosphamide/placebo.  
A: representative FACS plots showing the lymphocyte gate and selection of live cells using Draq7 staining 
followed by determination of cells stained with appropriate surface markers in the three histograms. B: 
graph showing the proportions of B cells, CD4+ cells and CD8+ cells from enlarged lymph nodes in the 
untreated mouse (green bars) and two treated mice (blue bars) with the bars representing the mean 
percentage and error bars the standard deviation.  
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5.5 A PRECLINICAL STUDY WITH THE ITK/BTK INHIBITOR, IBRUTINIB 

Our next aim was to determine the effect of ITK inhibition on the san roque tumours 

using ibrutinib and assess its potential as a therapy for AITL. Ibrutinib has previously 

been used in preclinical studies of CLL treatment at a dose of 25mg/kg daily. Ibrutinib 

was dissolved in 1% 2-HBC and delivered by oral gavage each day. 

To show that the vehicle did not alter the effect of ibrutinib on T cell survival we 

compared the effect of ibrutinib dissolved in DMSO and 2-HBC on Jurkat cells. Ibrutinib 

was dissolved in DMSO or 10% 2-HBC and added to Jurkat cells cultured in RPMI with 

10% FCS and 1% Glutamax at a range of concentrations. This showed similar IC50 

concentrations of 6.79µM (5.73-8.05) for DMSO and 6.10µM (5.01-7.32) for 2-HBC 

(Figure 5-9).  

 

 

Figure 5-9: Graph showing the effect of ibrutinib vehicle on Jurkat cells assessed by CTG assay.  
The relative luminescence of Jurkat cells treated with ibrutinib at a range of concentrations as shown in 
the x-axis (log10 scale of µM concentrations). The mean of 3 readings is shown with the standard 
deviation represented by the error bars and luminescence calculated relative to cells cultured with vehicle 
alone. The green line shows the results when ibrutinib was dissolved in H2PB and the blue line in DMSO.  

5.5.1 Cohort 1 

In the first cohort we identified 12 mice with palpable tumours and 4 were treated with 

vehicle alone and 8 with ibrutinib. To determine if there was a progressive treatment 

effect over time one mouse received 7 days ibrutinib, one received 14 days, one 

received 21 days and the remaining received 28 days. All vehicle treated mice received 
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28 days of treatment. Prior to the initiation of treatment mice underwent an MRI scan 

under general anaesthetic. During treatment mice were weighed 3 times a week and 

tumour measurements were carried out with calipers. Treatment was well tolerated 

with no significant changes in weight or health concerns during the course. Details of 

the mice in this cohort are shown in Table 5-2. 

Following completion of treatment, the mice underwent a second MRI scan under 

general anaesthetic. The following week the mice were anaesthetised, blood collected 

via cardiac puncture and death confirmed by cervical dislocation. Lymph nodes, spleen 

and liver were harvested for further analysis.  

Mouse Sex Age 

(days) 

Treatment group Enlarged lymph nodes 

5349 M 377 Ibrutinib 28 days Left inguinal & right axillary 

5350 F 377 Ibrutinib 28 days Right inguinal 

5412 F 332 Ibrutinib 28 days Left inguinal & left axillary 

5468 F 267 Ibrutinib 28 days Left inguinal 

5488 F 270 Ibrutinib 28 days Right inguinal & left axillary 

5547 F 209 Ibrutinib 21 days Right inguinal & right axillary 

5469 F 281 Ibrutinib 14 days Right inguinal 

5535 F 231 Ibrutinib 7 days Right inguinal 

5403 F 327 Vehicle Left inguinal & bilateral axillary 

5427 F 318 Vehicle Left inguinal 

5498 F 256 Vehicle Right inguinal & right axillary 

5524 F 227 Vehicle Right inguinal & left axillary 

Table 5-2: Details of mice in cohort 1 with the age measured on the first day of treatment 
 
 

5.5.2 Cohort 2 

To assess the effect of a longer treatment period a further 8 mice with palpable tumours 

were identified 4 of whom were treated with ibrutinib and 4 with vehicle for a total of 

7 weeks. As previously mice underwent an MRI scan under general anaesthetic prior to 

the start of treatment and regular health monitoring during treatment. Additional 

diffusion weighted images were captured for this cohort where possible. The details of 

the mice in this cohort are shown in Table 5-3. 
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Following completion of treatment, the mice underwent a second MRI scan under 

general anaesthetic. The following week the mice were anaesthetised, blood collected 

via cardiac puncture and death confirmed by cervical dislocation. Lymph nodes and 

spleen were harvested for further analysis. On this occasion the cardiac puncture 

yielded insufficient blood for further analysis in 5 of the 8 subjects so no further analysis 

was undertaken.  

Mouse Sex Age 

(days) 

Treatment 

group 

Enlarged node location 

5617 F 335 Ibrutinib 56 days Left inguinal 

5700 F 241 Ibrutinib 56 days Bilateral inguinal 

5528 F 475 Ibrutinib 56 days Bilateral inguinal & left brachial 

5690 F 248 Ibrutinib 56 days Left inguinal & right axillary 

5580 F 410 Vehicle Right inguinal 

5680 F 260 Vehicle Left inguinal 

5560 F 439 Vehicle Left inguinal 

5684 F 255 Vehicle Left inguinal, left brachial & left axillary 

Table 5-3: Details of mice in cohort 2 with the age measured on the first day of treatment 
 
 

5.5.3 Response assessment by MRI 

Lymph node volumes before and after treatment were calculated using ImageJ and 

change in enlarged lymph nodes used to assess response to treatment.  

A range of treatment responses were seen (Figure 5-11) and one of the vehicle-treated 

mice in cohort 1 showed a spontaneous tumour regression with a reduction in tumour 

size of 50%. In the second cohort with longer treatment duration a response was seen 

in 3 of the 4 treated mice and progressive or stable disease seen in 3 of the 4 vehicle 

treated mice. One of the vehicle treated mice showed a small reduction in lymph node 

volume between the two scans. Overall the mice treated with ibrutinib showed a higher 

rate of lymph node size reduction and this was more apparent with longer treatment 

durations as can be seen in a waterfall plot (Figure 5-10).  
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Figure 5-10: Water fall plot showing the change in volume of enlarged pre-treatment lymph nodes 
following therapy. 
Each bar represents the change in volume of all enlarged lymph nodes in an individual mouse measured 
from the end of treatment scan when compared to the pre-treatment scan, with the % change shown 
alongside each bar. Green bars represent mice treated with placebo and blue bars mice treated with 
ibrutinib, with increasing length of treatment represented by darker shades. 
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Figure 5-11: Representative MRI scan images from the first cohort of mice treated with ibrutinib or 
vehicle. 
MRI scan images from the inguinal and axillary/brachial regions before and after treatment showing 
examples of response, stable disease and progression from the first cohort of mice in the ibrutinib study 
with the orange arrows highlighting lymph nodes prior to treatment and the yellow arrows showing the 
same lymph nodes following treatment.  



Results of Preclinical experiments  129 
 

5.5.4 Post mortem analysis 

To better understand the effect of ibrutinib on the lymph node composition several 

experiments were carried out on cell suspensions produced from the enlarged lymph 

nodes and serum collected at the time of post mortem.  

5.5.4.1 Assessment of lymph node composition after ibrutinib therapy with FACS 

Flow cytometry was used to analyse the proportion of B cells, CD4+ and CD8+ T cells in 

enlarged lymph nodes following treatment. This showed that the proportions of these 

lymphocyte subsets were no different following treatment with ibrutinib in the post-

mortem samples (Figure 5-12 A). There was also no difference when the treated mice 

were analysed by response (Figure 5-12 B) with progressive disease (PD; n=2) defined 

as an increase of greater than 50% in lymph node volume, partial response (PR; n=4) 

defined as a reduction of greater than 50% in lymph node volume and stable disease 

(SD; n=6) as all others. Differences between treated and untreated mice were assessed 

using t-tests with a correction for multiple comparisons.  
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Figure 5-12: FACS to assess lymphocyte subsets following ibrutinib treatment. 
Both charts show the mean percentage of all lymphocytes with standard deviation shown by the error 
bars. The p-values were calculated by t-tests with a correction for multiple comparisons. A- shows the 
results for treated (blue; n=12)) and untreated (green; n=8) mice. B- shows the results for treated mice 
when categorised by response (see text). 

Flow cytometry was also used to assess the proportion of Tfh cells within the CD4+ T cell 

population. As with the lymphocyte subset analysis there were no differences in the 

proportion of Tfh cells based upon treatment (Figure 5-13 A) using t-tests with 

correction for multiple comparisons. The numbers of mice when categorised by 

response are small but the proportion of Tfh cells is shown in Figure 5-13 B.    
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Figure 5-13:FACS to assess Tfh populations following ibrutinib treatment. 
Both charts show the mean Tfh percentage of CD4+ lymphocytes with the standard deviation shown by 
error bars. A- shows the results for treated (blue n=12) and untreated (green n=8) mice. B- shows the 
results for treated mice when categorised by response.  

5.5.4.2 Assessment of ibrutinib effect on serum IL-21 

IL-21 is an important cytokine in Tfh differentiation and is secreted by Tfh cells. In order 

to assess if it could be used as a biomarker to show response to therapy we collected 
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serum from the mice in cohort 1 and an IL-21 ELISA was performed as described in 

section 2.5.7.  

A standard curve was generated with a line of best fit plotted. Results from the mouse 

samples showed an undetectable level of IL-21 in 7 mice (<8 pg/ml). The results from 

the other 5 mice enabled the IL-21 level to be determined from the standard curve, 2 

of these mice were untreated and 3 were treated and showed SD. There was no 

association between treatment (Figure 5-14) or response and the IL-21 level.  

 

Figure 5-14: Assessment of serum IL-21.   
Individual IL-21 serum levels are shown by dots with undetectable samples plotted at 0. Blue dots 
represent treated mice (n=8) and green dots represent untreated mice (n=4). Error bars show the standard 
deviation.  

5.5.4.3 Microarray to assess effect of ibrutinib treatment on gene expression 

To assess the difference in gene expression between lymph nodes in mice treated with 

ibrutinib compared to those treated with placebo a microarray was carried out. RNA 

was extracted from cell suspensions produced from the enlarged lymph nodes of 
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treated and untreated mice. A total of 6 samples (4 treated and 2 untreated) were 

analysed using SurePrint G3 Mouse GeneExpression v2 Microarray Kit from Agilent as 

described in section 2.5.16. Samples selected were those with sufficient good quality 

RNA. Three of the treated mice showed stable disease and the other progressed on 

treatment. One of the untreated mice showed progressive disease over the course of 

the treatment period (4 weeks) and the other showed stable disease. 

Results were normalised using Partek® Genomics Suite® software, version 7.0 Copyright 

©; 2018 Partek Inc., St. Louis, MO, USA. Further analysis was performed using 

MultiExperiment Viewer (MeV) from the TM4 suite of software developed by The 

Institute for Genomic Research (208).  

Using the two-class unpaired Significance Analysis of Microarrays (SAM) a list of 

differentially expressed genes was generated using a random selection of 100 

permutations. Using a delta-value of 1.76 a total of 54 genes were differentially 

expressed (Figure 5-15) with a median false discovery rate of 10%. All genes were more 

highly expressed in the untreated mice (Figure 5-16).  

The list of differentially expressed genes was analysed using The Database for 

Annotation, Visualization and Integrated Discovery (DAVID ) v6.8 (209,210).     

Using the Functional Annotation Clustering tool with the selected databases shown in 

Table 2-6Table 2-6 there were 4 annotation clusters produced based upon 

Up_Keywords in the functional categories. These categories may also be based upon 

cellular location and although the genes are thought to have similar functions there 

were no over-represented pathways found.   

Cluster one includes genes associated with cell membranes, particularly G-protein 

coupled receptors. Cluster two includes genes which produce secreted proteins. Cluster 

three includes genes which produce cytoplasmic proteins with a role in the cytoplasmic 

skeleton. Cluster four includes genes encoding phosphoproteins.  
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These categories are primarily location based and do not represent any over-

represented pathways or indicate any clear effect of ibrutinib on gene expression 

related to cell survival pathways.  

 

 

 

Figure 5-15: SAM graph from MeV 
This graph from MeV shows the initial output of SAM with genes which are significantly more highly 
expressed in the untreated mice shown in red. 
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Figure 5-16: Hierarchical clustering generated from genes with significantly different upregulation by 
SAM analysis 
The mice analysed are listed across the top and the 4 treated mice are the left-hand columns and the 2 
untreated are the right-hand columns. Genes which are significantly different in the level of upregulation 
in untreated mice by SAM analysis are listed to the right of the heat map.  
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5.5.4.4 Assessment of CD4+ T cell response to stimulation using in Vitro cell culture 

To assess changes in CD4+ T cell response to stimulation after in vivo ibrutinib treatment 

culture of cells was carried out. Following tissue harvest from mice in cohort 2, CD4+ T 

cells were selected from a portion of the lymph node cell as described in section 2.5.8. 

These cells were then added to culture medium and cultured with or without 

stimulation in a 96 well plate. Stimulation was performed using anti-CD3 +/- anti-CD28. 

After 48 hours the cells were analysed for viability using an ATP luminescence assay as 

described in section 2.5.13. Each condition was performed in triplicate.  

There was no difference in the effect of stimulation with anti-CD3 between the cells 

from lymph nodes in untreated mice compared to the treated mice (p=0.531) or in the 

effect of stimulation with anti-CD3 and anti-CD28 (p=0.602) using t-test with correction 

for multiple analyses. The addition of anti-CD28 to anti-CD3 had no effect upon the level 

of viability seen using the CTG assay in CD4+ T cells from the lymph nodes of treated or 

untreated mice (Figure 5-17). There was no difference in the raw luminescence values 

for the unstimulated cells when comparing treated and untreated mice (p=0.856).  
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Figure 5-17: Bar graph showing the effects of stimulation of CD4+ T cells in cell culture.  
The bars represent the relative luminescence from an ATP luminescence assay comparing cells in 
experimental conditions to unstimulated cells. The CD4+ T cells were extracted from the enlarged lymph 
nodes of ibrutinib-treated (blue n=4) or untreated (green n=4) mice.  

 

5.6 DISCUSSION 

As described in section  1.10 there is a lack of mouse models that are faithful 

representations of human T cell lymphoma. Here the san roque mouse strain has been 

explored as a model for pre-clinical testing. The novel aspects of this strain are that it is 

immunocompetent and produces genetically diverse lymphomas. The implications of 

the model are that, as with genetically heterogeneous human disease, only a proportion 

would be expected to respond to any particular treatment. 

Our attempts to generate an adoptive transfer model were unsuccessful with transfer 

of lymph node cell suspensions into SCID-Beige mice causing rapid and severe illness. 

The SCID-Beige mice are deficient in T cells, B cells and NK cells. Although these mice 

have been used for xenograft models (238) we found that all recipient mice were 

euthanized or died within 10 days of intravenous cell injection. It may be possible to 

carry out subcutaneous injection or intraperitoneal injection (239) of cells to produce 

mice with identical tumours.  
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Transfer of cells to the immunocompetent WT littermates did not produce any tumour 

development despite the use of sublethal irradiation. We may have had greater success 

if we had selected cells for transfer rather than using the entire lymph node population 

given that any tumour cells are only a small proportion and these recipients would have 

provided a microenvironment for tumour development. Other methods of xenografting 

such as subcutaneous injection could also have been considered.   

Our imaging and drug treatment work included a high proportion of female mice as the 

majority of tumour bearing mice were female (65%) and this also enabled mice 

receiving the same treatment to be house together and limited the need for single 

housing.  

The concept of "mouse hospital" has been developed to support the idea that animal 

models faithful to human disease can be used to inform clinical trial design by providing 

pharmacokinetic and pharmacodynamic data as well as data on responses in different 

contexts (240). The work here sits within this framework and suggests that some 

patients with ITK expressing T-cell lymphoma will respond to ibrutinib. The genetic basis 

for these responses will need further work to elucidate. 

MRI scans enabled assessment of tumour volume and were used to monitor response 

to treatment in this mouse model of lymphoma. The mice tolerated the scans 

suggesting that scans could be carried out multiple times over the course of a longer 

treatment period.  

The san roque model shows similarities to AITL as shown by the increase in B cells 

present in tumour lymph nodes described in section 4.3.2 and occasional cases of 

spontaneous regression (241-243). The benefit of a genetically diverse model is that it 

offers a more accurate representation of human disease and the genetic diversity seen 

amongst patients. 

Ibrutinib treatment in our cohort produced a mixed response but there is a suggestion 

that longer treatment times produced more responses.  Treatment was well tolerated, 

and further assessment of longer treatment durations could be considered.  
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The results of the post mortem analysis did not show many significant changes between 

treated mice and untreated mice. This may be explained by the period of up to 10 days 

between the last dose of ibrutinib and the post mortem due to the design of the 

experiment and timing of the MRI scans.  

In an assessment of the effect of ibrutinib on the transcriptome in CLL the authors 

describe the results of both WES and RNA-sequencing (244). They profiled the CLL 

transcriptome in 14 patients at baseline and after 1 month and 6 months of ibrutinib 

therapy. They showed that of genes with differential expression at baseline and after 

treatment the majority (498 of 653 genes) were down-regulated.  They found that 

changes became more pronounced with longer treatment duration. Consistent with this 

finding, in our study the differentially expressed genes were all down-regulated in the 

treated cohort. Although we have not demonstrated pathways regulated by ibrutinib it 

is possible that some of the genes whose expression is altered might be biomarkers of 

response.  
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6 CONCLUSIONS 

6.1 RHOA MUTATION: COULD LOSS OF PROTEIN EXPRESSION CONTRIBUTE TO 

LYMPHOMAGENESIS? 

Recent advances in T cell lymphoma include the discovery of recurrent mutations in Tfh 

lymphoma which suggest that the combination of epigenetic dysregulation and 

RHOAG17V mutation along with activation of the TCR-signalling pathway are important 

contributors to the development of T cell lymphoma (73,245,246). The co-operation 

between TET2 and RHOA mutations has been confirmed in mouse models which have 

suggested that RHOAG17V leads to activation of signalling pathways (184-186) despite 

the fact the G17V mutation leads to reduced activation.   

To better understand the role of mutated RHOA in T cell lymphomagenesis the 

expression of RHOA constructs in bacterial and mammalian cells was determined and 

demonstrated that the induced expression of RHOAG17V is lower than that of RHOAWT. 

This may be due to reduced protein stability as suggested by the lower melting point of 

the RHOAG17V protein. This reduced expression is mentioned in a review paper from one 

group (143) but is not commented upon by the papers which originally described the 

RHOA mutation in T cell lymphoma. 

The mutations found in RHOA in AITL appear to alter both the amount of protein and 

its function. The G17V mutation occurs within the GTP-binding domain with the larger 

valine subunit likely to lead to altered GTP binding and potentially protein stability. The 

mutation at F25L shown by our laboratory (217) does not occur within the GTP-binding 

site but alters the interaction with amino acid 171 which may alter the GTP binding site 

conformation along with changes in the protein stability.  

Assessment of the role of protein degradation in reduced expression could be 

determined by using proteasome inhibitors and assessing their effect upon the 

expression of RHOA in WT and mutant forms.  
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A mouse strain with RHOA deficient T cell precursors has been shown to develop T cell 

lymphoma (127). This is potentially interesting and might suggest that PTCL could have 

a very early origin in the thymus as has been suggested for ALCL (247). However, it 

seems that RHOAG17V is an acquired mutation and sequencing studies have suggested 

that RHOA mutations occur subsequent to TET2 mutations (196,197).  

A more recently described mouse model (185) in which RHOAG17V was expressed under 

the control of the CD4 regulatory elements demonstrated mRNA expression of 

RHOAG17V but protein immunoblotting cannot differentiate between endogenous 

RHOAWT expression and RHOAG17V.  

It remains an open question as to whether the effect of the RHOAG17V mutation is due 

primarily to a RHOA deficiency or, as has been suggested by one group, dysregulation 

of signalling downstream of RHOA (145). These authors showed that RHOAG17V binds to 

VAV1 leading to its activation (145). They also found markedly lower levels of RHOAG17V 

expression compared to RHOAWT, although this is not commented upon.  

Several models have now shown alterations in downstream signalling pathways in the 

presence of the RHOAG17V mutation suggesting that the mutated RHOA protein interacts 

either directly or indirectly with components of the TCR signalling pathway (145,184-

186). The prevalence of mutations in the TCR signalling pathway in cases of AITL 

suggests that activation of the TCR pathway plays an important role in the development 

of AITL.  

A better understanding of the effect of the RHOAG17V and RHOAF25L mutations could be 

developed with the use of CRISPR/Cas9 techniques to introduce the mutation and 

assess the subsequent RHOA expression and effect upon cell behaviour. Although the 

lack of model Tfh cell lines might be problematic this technique could elucidate the 

molecular mechanism of action of RHOA and potentially guide whether targeting of the 

TCR or other signalling pathway would be a useful therapeutic target. 
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6.2 THE SAN ROQUE MOUSE STRAIN IS A USEFUL PRE-CLINICAL MODEL FOR TESTING NOVEL 

AGENTS THAT MIGHT BE BENEFICIAL IN T-CELL LYMPHOMA 

Clinical trials are currently the only means of bringing new drugs into clinical practice, 

but they are expensive to carry out and carry a high risk of failure. It is recognised that 

cancers are genetically heterogeneous and that even within the same histological group 

there are different molecular drivers of disease. There is, therefore, interest in "de-

risking" trials by targeting agents to specific groups of patients for whom pre-clinical 

testing has suggested a benefit. Using animal models that are faithful to the human 

disease has an important role in this process.  

The SRQ mouse model was developed a few years ago (Ellyard et al (176)) and 

preliminary work suggested that animals heterozygous for an activating mutation 

leading to increased numbers of Tfh cells, develop Tfh lymphomas with fairly long 

latency and in about 50%. There are no standard pre-clinical models of Tfh lymphoma 

and, therefore, the SRQ mouse strain could form a useful part of pre-clinical testing. 

There appear to be few, if any, cell lines representative of Tfh cells and, therefore, cell 

line testing will always be limited. Pre-clinical testing in animal models is a routine part 

of drug development as molecules developed and tested in vitro in cell lines require 

pharmacodynamic and pharmacokinetic assessment in preclinical models prior to first 

in man trials.  

The SRQ mouse model produces genetically diverse Tfh lymphoma on an 

immunocompetent background, which, in keeping with human Tfh lymphoma, shows a 

proliferation of reactive B cells in the microenvironment. I undertook a limited 

sequencing study of two tumours to try to assess genetic drivers of disease. This 

produced complex results. While certain genes were mutated in lymphomas and not in 

other tissues from the diseased mouse or littermate controls the study did not reveal 

mutations in the group of genes involved human lymphoma with the exception that 

RhoA was altered at a residue close to the GTP binding site in one case. Further work 

will be necessary to understand if genes found in this study (Hsp90ab1, Ccnb3 and 

Pdzrn4) are drivers of the mouse disease.   
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In order to carry out a study as close as possible to a clinical trial, tumour volumes were 

assessed by MRI scanning before and after treatment. This method of imaging was used 

partly because of local expertise but it also represents a feasible means to obtain in vivo 

tumour measurements and enabled the assessment of response to treatment. 

Potentially diffusion weighted MRI imaging is a technique that can be used for 

functional imaging while the T2 weighted imaging (reported in this thesis) was used to 

obtain structural information. 

ITK is a target for therapy in Tfh lymphoma because it is highly expressed in Tfh 

lymphoma and the ITK:SYK translocation, which is present in a minority of follicular Tfh 

provides a genetic link to the disease. In addition mutations leading to increased TCR 

signalling are recognised in PTCL (73) and ITK is a constituent of the proximal TCR 

signalling pathway. VAV1 is also a target for mutation in PTCL and a potential target for 

treatment (114,145). ITK is upstream of VAV1 and inhibition of ITK might be a route to 

abolish VAV1 effects. There is now extensive experience with the BTK inhibitor, 

ibrutinib, in B-cell lymphomas (248-250) and this drug also inhibits ITK (161).  An action 

of ibrutinib in Tfh lymphoma may be due to the combined effect upon inhibition of ITK 

in T cells and BTK in B cells with subsequent effects upon the microenvironment.    

ITK inhibition with ibrutinib led to reduced proliferation and differentiation of CD4+ T 

cells from WT and SRQ mice in response to stimulation in vitro without any prominent 

differences in gene expression. This could have been because of the experimental 

conditions used or reflect the fact that most of the important changes are post-

transcriptional.  

Mice were treated with ibrutinib for varying lengths of time. Although treated mice 

showed definite evidence of response that was not observed in the control group there 

were confounding factors such as spontaneous regression of tumours. Spontaneous 

regression has been reported in human AITL (242) and this does not, therefore, diminish 

the usefulness of this animal model. In addition, the modifying effects of mutations 

could play a role in generating variation in response with some lymphomas being truly 

resistant to ITK inhibitors due to indirect genetic mechanisms, while others might need 

longer periods of treatment before an effect is observed. 
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A recently published pilot trial of ibrutinib in T cell lymphoma (both PTCL and cutaneous 

T cell lymphoma) included 13 patients of whom only one responded to therapy (251). 

In this study, most patients had Sézary Syndrome (a cutaneous and peripheral blood 

type of T cell lymphoma) and none of the patients had AITL/Tfh lymphoma. The results 

obtained in this thesis with the san roque preclinical model suggest that ibrutinib may 

be effective in a proportion of cases of Tfh lymphoma suggesting that further study of 

ibrutinib in patients with Tfh lymphoma, and particularly those expressing ITK, is 

warranted. 

Collectively the san roque mouse is a promising model system for pre-clinical studies in 

Tfh lymphoma. Further characterisation of the molecular drivers of the lymphomas 

produced by these animals might help to define markers associated with response or 

resistance to treatment and inform the design of future clinical trials.    

6.3 FUTURE DIRECTIONS 

Further assessment of the genetic drivers of the Tfh lymphoma occurring in the san 

roque mice could be established with further WES and subsequent targeted 

sequencing. Given the importance of mutations in genes involved in epigenetic changes 

an assessment of the methylation patterns in the san roque mice may add to the validity 

of the model.  

Those mice which were unresponsive to ITK inhibition also offer a useful source of 

information and assessment of genetic changes in these mice could offer an insight into 

mechanisms of resistance.  

The addition the RHOAG17V mutation to T cells of the san roque mouse would potentially 

be interesting, offering an opportunity to assess the effect upon tumour prevalence and 

behaviour.  
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