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Lymphoma is a heterogenous disease accounting for 4% of all UK cancer diagnoses. Its overall response to chemotherapy is good. However, in patients with relapsed or refractory disease, less than half will obtain durable remissions. Anti CD20 targeting by monoclonal antibodies such as rituximab have made great improvements in the treatment responses of B cell Lymphoma. However, resistance can occur, and relapse following treatment is commonly seen in indolent Lymphoma subtypes. Oncolytic virus (OV) therapies are an emerging treatment option for many malignancies and the first OV has recently been approved by the FDA for the treatment of melanoma. The aim of OV therapy is to effectively replicate within the host, specifically target and lyse tumour cells, and induce robust, long lasting tumour-specific immunity, without having any detrimental effects on healthy cells. 

We therefore hypothesise that an oncolytic adenovirus that places transcriptional control of the adenoviral replication essential component E1A under a CD20 promoter will specifically infect and lyse B cell Lymphoma cells. The aim is that in combination with conventional chemotherapy this will not only lead to reduced tumour burden and remission, but long-term immunity allowing for longer periods of remission and a potential cure for those indolent lymphomas currently considered incurable. 

HT and SC-1 cell lines were used in cell viability assays to assess the optimal plating density (2x104 cells per well) to allow further investigation, we then went on to determine chemotherapy (Vincristine and Doxorubicin) dosing to allow for subsequent virus and drug combination studies. HT and SC-1 cell lines tested in vitro showed expected dose dependent decreases in viability with approved lymphoma chemotherapies (Vincristine and Doxorubicin), but only up to 50%. 

CD20 expression in B cell lymphoma is well documented in the literature, initially HT and SC-1 cell lines were checked for CD20 expression by flow cytometry and found to be positive (MFI 77 and 172 respectively).

 Importantly, for the replication of the virus the CD20 promoter MS4A1 was assessed by qPCR in both HT and SC1 cell lines and high levels of expression were shown (relative expression 290 and 144.4  fold respectively compared to housekeeping gene).  Lymphoma cell lines (HT and SC-1) were then used to assess viral infection and replication, by both immunohistochemistry and by flow cytometry using a reporter adenovirus (AdGFP). This confirmed that these cells were able to be infected by, and allow for replication of, the adenovirus.

 As lymphoma cells lack the CAR receptor which is the recognised mechanism for adenoviral infection, other potential receptors including CD51/61 were assessed in order to explain infection. 

MS4A1 was inserted upstream of E1a via the AdEasy system. This plasmid underwent homologous recombination with the Adenoviral backbone and transfection into HEK293 cells to produce the MS4A1Ad virus. 

Ethical approval was gained for collection of patient samples to enable testing of the CD20 specific adenovirus in primary cell culture. Primary samples were obtained from patients being investigated for Lymphoma who consented to the study.  Samples were also collected to be used to create patient derived xenograft models on which the OV could be tested prior to early phase clinical trials, given the potential for additional substantial benefit for patients with lymphoma. Twenty one chronic lymphocytic leukaemia (CLL) patient-derived cell samples were investigated for CD20 expression by flow cytometry and showed high levels of CD20 expression (50-98% of viable cells) and MS4A1 expression (relative expression to housekeeping gene was 177110).  Due to numerous issues with virus construction, the effectiveness of the virus was unable to be assessed on Lymphoma cell lines or patient-derived cells; and due to time constraints xenograft models were not derived. 

We conclude this MS4A1Ad virus has potential as a treatment for CD20 positive lymphomas, but its efficacy on lymphoma cells and in xenograft models need to be investigated further.
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[bookmark: _Toc149050819]Haematological Malignancies
Haematological malignancies are a heterogeneous group of disorders comprising leukaemias, lymphomas, and lymphoproliferative disorders. They are broadly categorised as myeloid or lymphoid, dependent on the cell line from which they have arisen (Al-Shammari, Rameez and Al-Taee, 2016). 

[bookmark: _Toc149050820] Lymphoma
Lymphomas are lymphoid malignancies involving the lymph nodes and/or other extra medullary sites.  They are classified as Hodgkin or Non-Hodgkin lymphomas. Non-Hodgkin lymphoma (NHL) is a diverse disease entity comprising both high grade and low grade B-cell and T-cell lymphoma subtypes, accounting for 4% of all cancer cases, with 14100 new cases in the UK in 2017 (CRUK, 2017b). These different disease entities have different presentations, cellular origin, histology and clinical behaviour. One key diagnostic tool is the use of immunohistochemistry to identify different cluster of differentiation (CD) subtypes. These cell surface markers allow differentiation of B cell malignancies, which are CD20 positive from T cell malignancies which are CD4 positive and from Hodgkin Disease which is classically CD30 positive (Quintanilla-Martinez, 2017). They are staged as described in Tables 1 and 2. 




Staging Systems
[bookmark: _Toc145663876]Table 1.Lugano staging Criteria for Lymphoma  (Adapted from (Cheson, 2015) with permission)
	Stage
	Description

	Limited

	I
	One Lymph node or group of adjacent nodes

	II
	Two or more nodal groups on the same side of the diaphragm

	Advanced

	III
	Nodes on both sides of the diaphragm 

	IV
	Disseminated disease with involvement of other extranodal sites (i.e. liver, bone marrow, lungs)



[bookmark: _Toc145663877]Table 2. CLL staging (adapted from(Schuh et al., 2018) with permission)
Rai Stage
	0 Low risk
	Lymphocytosis in blood and marrow only

	I + II Intermediate risk
	Lymphadenopathy, splenomegaly +/- hepatomegaly

	III + IV High risk
	Anaemia, thrombocytopenia


Binet Group
	A
	Fewer than 3 areas of lymphadenopathy; no anaemia or thrombocytopenia

	B
	More than 3 involved areas; no anaemia or thrombocytopenia

	C
	Haemoglobin <100g/l Platelets <100x 10g/L




Diffuse large B cell lymphoma (DLBCL) comprises 26%up to 40% of NHL (Susanibar-Adaniya and Barta, 2021) and patient outcomes have greatly improved since the addition of rituximab, an anti-CD20 monoclonal antibody, to standard regimens (Pfreundschuh et al., 2011)  (Forstpointner et al., 2004), with overall three year survival rates of between 84-932% (Nowakowski et al., 2016). Further research into immunotherapy to improve front line treatment is ongoing such as the addition of Polatuzimab. (Susanibar-Adaniya et al., 2021)

 First line treatment is with RCHOP or R-Pola-CHP chemotherapy regimes described in Table 3. However, a significant number of patients have primary-refractory disease or eventually relapse and in these groups prognosis remains poor (Elstrom et al., 2010). Standard treatment in these cases is salvage chemotherapy followed by autologous haematopoetic stem cell transplant (HSCT) (Philip et al., 1995; Vose et al., 2001). In primary refractory DLBCL, 23-29% respond to second-line treatment and those undergoing auto-HSCT, have a median progression-free survival of 3 months and a median overall-survival of ten months (Telio et al., 2012; Van Den Neste et al., 2017).

Although the majority of DLBCL recurrences occur in the 3 years after initial treatment up to 10% of relapses occur more than 5 years after initial diagnosis (Coiffier et al., 2010).  Second and subsequent relapses have long been thought of as clonally related outgrowths of the primary tumour assuming that a relapse was considered to be a more evolutionarily advanced stage of the primary tumour (Coiffier, 1999; Cappelaere, 1998). The persistence of genetic mutations such as BCL2 or CCND1 translocations throughout the disease supported this theory. However recent studies of the genetic composition of the recurring tumour have shown a combination of unique and shared features suggesting sub-clonal evolution (Aparicio and Caldas, 2013); (Bakhshi and Georgel, 2020). Of clonally related relapses there is a clear divide between early divergent (sharing some common genetic alterations that attest to their clonal origin, but the majority of somatic mutations are unique to each tumour occurrence) and late divergent (the relapsed clone shares the vast majority of genetic alterations of the primary  tumour, but can additionally possess variable numbers of relapse-specific mutations) (Pasqualucci et al., 2014; Okosun et al., 2014; Ruminy et al., 2008; Green et al., 2013).

In addition, advances in assessment of clonality traditionally performed by multiplex PCR of rearranged IGH and IGL loci (Langerak et al., 2012) now using high throughput sequencing of B and T cell receptor genes (Ig-Seq) (Boyd et al., 2009; Robins, 2011; He et al., 2011; Georgiou et al., 2014) has allowed better understanding of the polyclonal nature of these tumours (Appenzeller et al., 2015). This has shown that clonally unrelated relapses also occur, these appear to be more common in certain clinical situations such as immunocompromised patients and Richter’s transformations (Jiang et al., 2014; Geurts-Giele et al., 2013; Juskevicius et al., 2016; Lee et al., 2016). Conversely, relapses of follicular lymphoma as well as their transformations to DLBCL are almost always clonally related to the primary tumour (Pasqualucci et al., 2014; Okosun et al., 2014; Matolcsy et al., 1996). 

These distinctions are important due to the potential clinical implications for treatment of relapsed disease. Initial heterogeneity of the tumour, associated with early divergence can confer a propensity to relapse due to minor cell populations that have pre-existing resistance to treatment (Coiffier et al., 2010).  Late divergence can be driven by intrinsic genetic instability or by genetic instability caused by alkylating and DNA intercalating agents used in first line treatment (Kreso et al., 2013). Both of these subsets have the potential to affect relapsed disease response to subsequent treatments. Furthermore, the discovery of clonally unrelated relapse poses more questions in the management of relapsed disease. These neoplasms may have distinct genomic and drug sensitivity profiles. Current management of relapsed disease is with aggressive chemotherapy and autologous or allogeneic stem cell transplant, if the patient is considered fit enough. Consideration must be given to the potential that these clonally unrelated recurrences may be sensitive to first line therapy as the clone was not exposed to this previously. This would not only mean decreasing exposure to the toxic effects of aggressive second line treatment but could also render patients currently considered unfit for further treatment eligible for treatment with less aggressive regimes (Juskevicius, Dirnhofer and Tzankov, 2017).

Follicular lymphoma accounts for 35% of all NHLs and 70% of indolent lymphomas. This B cell lymphoma is strongly associated with t(14;18) resulting in over expression of apoptosis blocking protein BCL2 (Swerdlow et al., 2016). Presentation is often with asymptomatic lymphadenopathy, B symptoms are only seen in approximately 20% of patients but bone marrow involvement is common (70%) (Forstpointner et al., 2004). Much like in DLBCL, overall survival has improved since the introduction of rituximab (Forstpointner et al., 2004; Marcus et al., 2008). However, unlike DLBCL, complete, long-lasting remission is rare (Sarkozy et al., 2019).

Treatment of limited stage (I/II) disease is with radiotherapy with a 10 year OS of 60-80% (Guadagnolo et al., 2006). Most patients however have advanced stage disease at diagnosis. Asymptomatic disease does not require immediate treatment and is often managed expectantly with a watch and wait strategy (Ardeshna et al., 2003; Brice et al., 1997). When treatment is required for symptomatic disease, compromised end organ function, cytopenias or B symptoms, this is with combination chemotherapy plus rituximab, such as RCVP or R Bendamustine described in Table 3. This is highly effective although not curative (Salles et al., 2008; Marcus et al., 2008; Marcus et al., 2005; Hiddemann et al., 2005; Herold et al., 2007). Progression to high grade disease such as DLBCL is part of the natural history of the disease with a risk of 2% per year (Montoto and Fitzgibbon, 2011; Freedman, 2005; Link et al., 2013). For patients with relapsed FL requiring treatment, options include rituximab alone or in combination with chemotherapy, radioimmunotherapy and, for fit patients, autologous or allogeneic stem cell transplantation (Freedman and Jacobsen, 2020). Prognosis of FL is excellent but patients often require multiple courses of chemotherapy affecting their quality of life and lymphoma including transformation to aggressive disease remains the primary cause of death (Sarkozy et al., 2019).

Hodgkin lymphoma (HL) accounts for 1% of cancer diagnoses in the UK, there were around 2100 new cases diagnosed in 2017 (CRUK, 2017a). Patients with HL are often cured with first-line anthracycline-based chemotherapy regimens, typically doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD) (Duggan et al., 2003; Engert et al., 2009; Hoskin et al., 2009). Despite this, there is a subgroup of patients with refractory or relapsed disease. Of this subgroup, half will not obtain durable remission with standard salvage chemotherapy plus auto-HSCT (Montanari and Diefenbach, 2014; Schmitz et al., 2002). In the past 125 years, novel targeted therapies have provided alternative treatment options such as Brentuximab vedotin, an antibody-drug conjugate targeting CD30. Monotherapy with this drug has shown a 5 year PFS of 22% (Younes et al., 2012); (Andrade-Gonzalez and Ansell, 2021).

In patients with relapsed refractory disease in both Hodgkin and Non-Hodgkin lymphoma, allogeneic HSCT may offer a cure in selected cases. However, there is a significant treatment related mortality associated with this treatment (Rezvani et al., 2008). It is clear that novel treatments are required to augment existing regimes to improve survival in these difficult cases. 
[bookmark: _Toc145663878]Table 3. Common Chemotherapy Regimes in B cell malignancies and drug classes.
	Regime
	Drug/Class
	Drug/Class
	Drug/Class
	Drug/Class
	Drug/Class
	Reference

	RCHOP
	Rituximab
	Cyclophosphamide
	Doxorubicin
	Vincristine
	Prednisolone
	(Cabanillas and Shah, 2017; Pfreundschuh et al., 2008; Pfreundschuh et al., 2011)

	
	Monoclonal antibody
	Alkylating
	Anti tumour
Antibiotic
	Vinka Alkaloid

	Corticosteroid
	

	RCVP
	Rituximab
	Cyclophosphamide
	Vincristine
	Prednisolone
	
	(Freedman and Jacobsen, 2020; Marcus et al., 2008)

	
	Monoclonal antibody
	Alkylating
	Vinka Alkaloid
	Corticosteroid
	
	

	R Pola CHP
	Rituximab
	Cyclophosphamide
	Doxorubicin
	Prednisolone
	Polatuzumab Vedotin
	(Tilly et al., 2022)

	
	Monoclonal antibody
	Alkylating
	Anti tumour Antibiotic
	Corticosteroid
	Antibody-drug conjugate
	

	R Bendamustine
	Rituximab
	Bendamustine
	
	
	
	

	
	Monoclonal antibody
	Alkylating
	
	
	
	(Freedman and Jacobsen, 2020)

	ABVD
	Doxorubicin
	Bleomycin
	Vinblastine
	Dacarbazine
	
	(Duggan et al., 2003)

	
	Anti tumour Antibiotic
	Anti tumour Antibiotic
	Vinka Alkaloid
	Alkylating
	
	

	UKALL 14
Phase 1
	Daunorubicin
	Vincristine
	Dexamethasone
	Asparaginase
	
	(Fielding, 2012)

	
	Anti tumour Antibiotic
	Vinka Alkaloid

	Corticosteroid
	Miscellaneous
	
	

	UKALL14 Phase 2
	Cyclophosphamide
	Cytarabine
	Mercaptopurine
	Methotrexate
	
	

	
	Alkylating
	Alkylating
	Alkylating
	Anti-metabolite
	
	



Chemotherapy remains the mainstay of treatment for haematological malignancies, these drugs work by disrupting the cell cycle and DNA replication and they are split into four main classes based on their mechanism of action as described in Table 4.
[bookmark: _Toc145663879]
Table 4. Chemotherapy Drug Class and Mechanism of action (Amjad, Chidharla and Kasi, 2023)
	Chemotherapy Drug Class
	Mechanism of action

	Alkylating Agent
	Act directly on DNA by yielding an unstable alkyl group leading to abnormal base pairing, crosslinking or strand breakage. Non cell cycle specific. 

	Vinka Alkaloid
	Bind to tubulin and inhibit microtubule formation leading to arrest of the cell in metaphase. M-phase specific.

	Anti-tumour Antibiotic
	Inhibit DNA and RNA synthesis. Non cell cycle specific.

	Anti-metabolite
	Inhibit the replication of DNA by incorporation of altered metabolites or depletion of deoxynucletotides. S-phase specific.



[bookmark: _Toc149050821]Immunomodulatory drugs in Lymphoma

There has been increasing interest and excitement over the use of various immunomodulatory agents in the treatment of lymphoproliferative disorders including thalidomide and other immunomodulatory imide drugs (ImiDs) (Dunleavy et al., 2009; Thieblemont, Delfau-Larue and Coiffier, 2012; Yang et al., 2012; Xu et al., 2013), check point inhibitors e.g. DarvalumuMab (Rotte, Jin and Lemaire, 2017), BCL2 inhibitors e.g. Venetoclax (Cabanillas and Shah, 2017), and Bruton kinase inhibitors e.g. Ibrutinib (Dreyling et al., 2017). In trials so far synergism between traditional chemotherapeutic agents and oncolytic viruses has been shown (Ungerechts et al., 2010). As has an increase in efficacy when oncolytic viruses have been combined with check point inhibitors (Dummer et al., 2017; Puzanov et al., 2016; Zamarin et al., 2014). This represents an exciting opportunity to improve survival and increase specificity of treatments with targeted drug therapy.  

[bookmark: _Toc149050822]B cell targeting for B cell Lymphomas
Both B cell precursors and mature B cells express CD20 making it a target for monoclonal antibody therapy both in B cell malignancies and in B cell mediated autoimmune disease. Furthermore, its lack of expression on haematopoetic stem cells and plasma cells means that B cell targeting does not affect haematopoiesis or immunoglobulin production, minimising its immunosuppressive  and myelosuppressive effect (van Meerten and Hagenbeek, 2009). 

CD20 is expressed from early pre-B cell stages until plasma cell differentiation(Tomita, 2016). It is a 33-37kDa surface phosphoprotein belonging to the membrane-spanning 4-domain family A (MS4A) protein family encoded for by MS4A1 (Tedder et al., 1989). The MS4A1 is 16kb long and the dominant CD20 mRNA variant is 2.8kb long and uses all eight exons. Different transcripts have been found both in healthy and malignant cells. In some malignant cells mutations lead to the production of abnormal CD20 proteins (Gamonet et al., 2015).

Expression of CD20 is highly variable in B cell malignancies with the highest levels of expression seen in DLBCL and lowest in CLL. Heterogenicity is seen not only within the same malignancy but within the clonal cell populations (Pavlasova and Mraz, 2020). 

The aim of anti CD20 therapy has been to kill B lymphocytes using monoclonal antibodies. The first anti CD20 monoclonal antibody, rituximab, has made large improvements to the treatment of many B cell malignancies. 

Rituximab is a mouse derived chimeric IgG1 antibody, classed as a Type 1 antibody due to its mode of CD20 binding and primary CD20 cell killing mechanism. Rituximab recognises the 170ANPS173 region of the large extracellular loop, it has also been shown to recognise the 182YCYSI186 region (believed to contribute to conformational stability) and also the WPXWLE region (functional significance unclear). Rituximab binding leads to the formation of lipid rafts within the plasma membrane. In turn this clustering promotes potent complement dependent cytotoxicity, which is its primary killing mechanism. However, it has also been shown to exert antibody mediated cell mediated cytotoxicity by the Fc region of the antibody interacting with FcRIIa on immune effector cells (Klein et al., 2013; Cerny et al., 2002).

Survival benefits have been seen in DLBCL, Follicular lymphoma, Mantle cell lymphoma and Chronic Lymphocytic Leukaemia (CLL), see Table 5 (van Meerten and Hagenbeek, 2009; Reagan and Friedberg, 2017).  It’s efficacy in CD20 positive Acute Lymphoblastic leukaemia (ALL) is being evaluated by the UKALL14 trial (Fielding, 2012) but data from smaller studies already suggests a survival advantage in those treated with rituximab in addition to traditional chemotherapeutic agents (Maury et al., 2016). Maintenance therapy with prolonged courses of rituximab has also been shown to be of benefit in both MCL after autologous SCT and in FL following traditional treatment (Le Gouill et al., 2017; Salles et al., 2011).  Despite this success, resistance can occur and prognosis following rituximab failure is poor (Reagan and Friedberg, 2017).

Newer anti-CD20 monoclonal antibodies have been developed such as Ofatumumab, a fully human anti-CD20 which binds to a different epitope to rituximab. It has a slower off rate (how quickly an antibody dissociates from its target) and reduced risk of antibody formation due to its fully human nature. It is licensed as a first line therapy in CLL for patients not fit for intensive chemotherapy (Reagan and Friedberg, 2017). Obinutuzimab, a humanised type II antibody, has been shown in particular to be superior to rituximab in CLL and is also being investigated in FL and DLBCL (van Meerten and Hagenbeek, 2009; Reagan and Friedberg, 2017).

[bookmark: _Toc145663880]Table 5. Efficacy of rituximab in combination with chemotherapy
	Disease 

	Treatment
	Efficacy
	Reference

	B- ALL
	GRALL2005 v GRALL2005/R

	GRALL2005 EFS 45 v GRALL2005/R 68% 
	(Maury et al., 2016)

	DLBCL




	CHOP-14 v RCHOP-14 FOR 6 OR 8#

CHOP v RCHOP
	6# CHOP 3yr OS 67.7.%
8# CHOP 3yr OS 66%
6# R CHOP 3yr OS 78.1%
8# R CHOP 3yr OS 72.5
CHOP 3yr OS 84% v RCHOP 93%
	
(Pfreundschuh et al., 2008)

(Pfreundschuh et al., 2011)

	CLL
	FC v FCR

	FC 5yr OS 58% v FCR 67%
	(Hallek et al., 2010)

	MCL
	CHOP v R-CHOP
	CHOP 18 month OS 84% v R-CHOP 82%
	(Lenz et al., 2005)

	FL
	FCM v R-FCM

CVP v R-CVP
	2 yr OS FCM 70% v R-FCM 90%
4 yr OS CVP 77% v R-CVP 83%
	(Forstpointner et al., 2004)
(Marcus et al., 2008)


CHOP=cyclophosphamide, doxorubicin, vincristine, prednisolone CVP = cyclophosphamide, vincristine, prednisolone  EFS= event free survival FC = fludarabine, cyclophosphamide FCM = fludarabine, cyclophosphamide, mitoxantrone  FCR = Fludarabine, cyclophosphamide, Rituximab GRALL 2005 = Vincristine, prednisolone, daunorubicin, L-asparaginase, cyclophosphamide, methotrexate.  GRALL2005/R= Vincristine, prednisolone, daunorubicin, L-asparaginase, cyclophosphamide, methotrexate, rituximab OS= overall survival  RCHOP = rituximab, cyclophosphamide, doxorubicin, vincristine, prednisolone R-FCM Rituximab, fludarabine, cyclophosphamide, mitoxantrone

[bookmark: _Toc149050823]Rituximab Resistance

Many mechanisms of rituximab resistance have been suggested with the two major groups being 1) abnormalities of CD20 and rituximab binding, and 2) abnormalities of mechanisms post CD20 binding with rituximab described in detail in Table 6. 

[bookmark: _Toc145663881]Table 6. Mechanisms of rituximab resistance
	
	Mechanism
	Reference

	Abnormalities of CD20 binding
	Genetic muations in coding region of MS4A1
	(Miyoshi et al., 2012)
(Nakamaki et al., 2012)
(Terui et al., 2009)

	
	Aberrant expression of splicing variants of CD20 mRNA resulting in conformational change in rituximab binding epitope.
	(Henry et al., 2010)

	
	Decreased expression of CD20 due to down-regulation of MS4A1 expression due to genetic and epigenetic mechanisms.
	(Hiraga et al., 2009)
(Kinoshita et al., 1998)
(Tomita et al., 2007; Maeshima et al., 2013; Sugimoto et al., 2009)

	
	Internalisation or degradation of CD20 protein
	(Lapalombella et al., 2008)
(Bil et al., 2010)
(Beers et al., 2010) 

	
	Shaving of the CD20-rituximab complex from the cell surface by monocytes 
	(Beum et al., 2006)
(Taylor and Lindorfer, 2010)
(Kennedy et al., 2004)
(Gagez et al., 2017) 

	
	Specific gene mutations in B -cell malignancies are correlated with down-regulation of MS4A1 gene expression
	(Pozzo et al., 2016)
(Stilgenbauer et al., 2014)

	Abnormalities of mechanisms post CD20 binding with rituximab
	Decreased complement-dependent cytotoxicity due to increased expression of regulatory proteins
	(Bannerji et al., 2003)
(Terui et al., 2006)
(Takei et al., 2006)
(Cruz et al., 2007)
(Cruz et al., 2007)

	
	Fc receptor polymorphisms leading to less effective antibody dependent cellular cytotoxicity.
	(Ahlgrimm et al., 2011)
(Persky et al., 2012)


 
Although there are resistance mechanisms that  include mutation or downregulation of MS4A1, including a case report of homozygous MS4A1 deletion in relapsed DLBCL post rituximab (Nakamaki et al., 2012), it is important to note that many of the mechanisms would leave functioning MS4A1 making it a suitable target even in disease with decreased cell surface expression of CD20.

[bookmark: _Toc149050824]Novel Immunotherapies

There has been increasing interest in immunotherapies for haematological malignancies. CAR-T cells are an attractive therapy using patients’ own T cells and engineering them against malignant cells. The use of Kymriah, a anti CD19 CAR-T cell in refractory B cell ALL has been approved by NICE.  Notably anti CD20 CAR-T cells have been developed for use in DLBCL, they have been NICE approved for the treatment of B cell lymphoma in both a second and third line setting. They are, however, expensive to engineer as they are individualised, have poor intention to treat data, meaning that unfortunately many patients do not reach the point of infusion, and, have a serious side effect profile meaning their use in certain patient groups, or widespread use is challenging (Brudno and Kochenderfer, 2018; Locke et al., 2022). 

Another evolving immunotherapy are Bi-specific T -cell engagers. These ‘off the shelf’ treatments have been developed to direct the host immune system to target and eradicate tumour cells expressing specific antigens. Blinatumomab, a CD19/CD3 bispecific T-cell engager has been approved for the treatment of relapsed B-ALL (National Institute for Health and Care Excellence (Great Britain), 2017).  Tafasitamab and Loncastuximab tesirine are both anti CD19 T cell engagers being investigated for the treatment of DLBCL (Nastoupil and Bartlett, 2023). The success of therapies directing the host immune system to target tumour cells means that oncolytic viruses (OVs), that not only direct the host immune system but have the potential to induce long lasting immunity, have become an interesting field of research.

[bookmark: _Toc149050825] Oncolytic Viruses

OVs as cancer therapy were first considered in 1910 when a dramatic reduction in a cervical cancer was seen in a patient receiving a live attenuated rabies vaccine (Sinkovics and Horvath, 2008). With advances in understanding and engineering of viruses they are an emerging treatment option for many malignancies. The first oncolytic virus, an oncolytic herpes virus, has recently been approved by the FDA for the treatment of melanoma by intralesional injection (Conry et al., 2018). 

The ultimate aim is to design a virus which can effectively replicate within the host, specifically target and lyse tumour cells and induce robust, long lasting tumour-specific immunity (Howells et al., 2017).  




[bookmark: _Toc149050826]Oncolytic Mechanisms

OVs work via two distinct mechanisms - direct and indirect oncolysis. Infection of tumour cells and viral replication within them leads to cell lysis (Kaufman, Kohlhapp and Zloza, 2015). The release of progeny virion can then infect nearby cells, lysing them by the same mechanism (Mullen and Tanabe, 2002). Further to this, cytotoxic proteins are produced by some oncolytic viruses during their cell cycle. For example, the Adenovirus produces E311.6kD death protein and E4ORF4 protein which cause tumour cell death (Shtrichman and Kleinberger, 1998; Tollefson et al., 1996). 

The release of new viral particle and tumour antigens along with danger signals from infected and lysed cells results in the activation of an immune response (Figure 1). This has the potential to not only target tumour cells not infected with the virus, but also for a long lasting immune response (Kohlhapp and Kaufman, 2016).
[image: ]
[bookmark: _Toc145664315]Figure 1 :Mechanism of action of oncolytic viruses (adapted from (Howells et al., 2017) with permission). Genetic engineering has made it possible to modify OVs to make them safer and more effective against tumour cells. Various genes can be deleted to produce a safer virus, e.g., thymidine kinase (TK), while others can be inserted into the viral genome to increase efficacy, e.g., immune stimulators like IL-12. By carrying out these modifications, OVs can be made safer as they require target cells to provide the essential deleted gene, e.g., TK which is upregulated in tumour cells and not in healthy cells. They can also generate long lasting immunity as a result of stimulation of a potent immune response in which tumour associated antigens (along with viral antigens), damage associated molecular patterns (DAMPS) and pathogen associated molecular patterns (PAMPS) can be targeted by T-cells following stimulation of natural killer (NK) and antigen presenting cells (APC). Also, when the virally infected tumour cells die, they release progeny virions into the tumour microenvironment which can in turn infect neighbouring cells, improving the efficiency of viral treatment. Systemically delivered OVs also have the potential to eliminate metastatic tumour cells.


[bookmark: _Toc149050827]Modification of Oncolytic Viruses

Tumour specificity and therefore safety of the oncolytic virus is paramount. Many strategies have been trialled to achieve this. One of these approaches is to exploit aberrant expression of proteins in viral replication pathways. The Ras pathway is a common target with it being activated in malignant cells but generally dormant in healthy cells (Farassati, Yang and Lee, 2001; Strong et al., 1998). 

Genetic modification is another strategy used to preferentially target tumour cells. For example, Thymidine Kinase (TK) gene knock out prevents efficient replication of the virus in healthy cells whilst allowing replication in malignant cells due to higher levels of TK (Hughes et al., 2015; McCart et al., 2001; Martuza et al., 1991).

Modification of viral coat proteins allows specific tumour cell targeting, masking the existing receptor, along with the addition of a tumour specific target such as epidermal growth factor (EGF). This prevents infection of healthy cells by disabling the receptor mechanism and increases specificity as tumour cells have high levels of epidermal growth factor expression (Harvey et al., 2010).

Deletion of apoptosis-inhibiting genes can also be used to improve tumour specificity, particularly in the adenovirus. The encoding of genes which block apoptosis in wild-type adenovirus means that infected cells do not enter apoptosis in response to infection leading to ongoing production of virus (Liu et al., 2004). Tumours themselves often block apoptotic mechanisms to allow for increased survival and carcinogenesis (Fernald and Kurokawa, 2013). Therefore, by blocking apoptosis blocking pathways healthy cells will undergo cell lysis in response to infection, whereas tumour cells will undergo prolonged infection (Liu et al., 2004).

Viral behaviour can also be modified by control of gene promoters. This method can be used to render the virus unable to replicate in healthy cells whilst still replicating in tumour cells. For example, the use of a Cyclin E promoter in adenovirus increased its tumour specificity and induced oncolysis in osteosarcoma, lung and breast cancer cell lines (Cheng et al., 2015). It can also be used to attenuate the virus, improving the safety profile whilst maintaining oncolytic activity (Hikichi et al., 2011).

[bookmark: _Toc149050828]Oncolytic viruses in Lymphoproliferative disorders

[bookmark: _Toc149050829]History
There has been a long-standing relationship between lymphoma and viruses, albeit causal rather than curative. Several types of lymphoma have strong causal links with viruses such as EBV with Burkitt’s lymphoma, HIV with several B cell lymphomas and Human T-cell lymphotropic virus (HTLV) with Adult T cell Leukaemia/Lymphoma (ATLL) (DeVita and Canellos, 1999).

As with many new therapies the initial insights were gained serendipitously. Occasional regression of lymphoma or leukaemia has been seen with natural viral infection. These include regression of a Burkitt lymphoma in the orbit of an 8 year old boy who was infected with the measles virus (Bluming and Ziegler, 1971). Along with several cases of regression of Hodgkin disease, again after infection with the measles virus (Taqi et al., 1981).

[bookmark: _Toc149050830]Current work
Several oncolytic viruses have undergone pre-clinical work in haematological disorders (Table 7) including lymphoproliferative disorders such as ALL and various forms of lymphoma (Angelova et al., 2017; Aref, Bailey and Fielding, 2016). 

The rat H-1 parvovirus has been found to have oncolytic activity against Burkitt’s lymphoma as well as possible activity against CHOP resistant DLBCL (Angelova et al., 2017; Rommelaere et al., 2010). The Measles virus has been shown to have oncolytic effects both in vitro and in vivo against non-Hodgkin lymphoma, along with a synergistic effect in combination with traditional chemotherapy agents in Mantle cell lymphoma (Montanari and Diefenbach, 2014; Ungerechts et al., 2010; Aref, Bailey and Fielding, 2016).  A CD30 targeted Measles virus has shown in vitro and in vivo oncolysis in Classical Hodgkin lymphoma (Hanauer et al., 2018). Varicella Stomatitis Virus in combination with chemotherapy (5′-fluorouracil and doxorubicin)  has been shown to enhance therapeutic effect in A549 (lung adenocarcinoma), HepG2 (Hepatocarcinoma) and Huh-7 (Hepatoma) cell lines, due to down regulation of Mcl-1, an anti- apoptotic B cell lymphoma family member and major contributor to chemotherapy resistance (Schache et al., 2009).
Newcastle disease virus has also shown both in vitro and in vivo activity against Non-Hodgkin lymphoma (large cell immunoblastic) as well as synergy with rituximab and doxorubicin which is thought to be due to p53 induction, shown by increased p53 expression ('<Al-Shammari 2016 Newcastle Disease Virus.pdf>,' ; Al-Shammari, Rameez and Al-Taee, 2016). A modified HSV virus HSV1716, with deletions of RL1 gene and proliferating cell nuclear antigen conferring tumour specificity, in combination with Bortezomib has shown significant reduction in tumour growth in mouse models (Tazzyman et al., 2023). 
Combination therapy with oncolytic viruses and chemotherapy, radiotherapy, immunotherapy and even CAR-T cells have shown the potential for enhanced tumour cell killing, particularly in difficult to treat tumours (Yang et al., 2021; Xie et al., 2021).




[bookmark: _Toc145663882]Table 7. Oncolytic viruses in Haematological malignancies – pre clinical trials (table adapted from (Angelova et al., 2017) with permission)
	Oncolytic Virus
	Malignancy
	Cell Type
	Reference

	DNA
	
	
	

	Myxoma virus
	MM, AML
	Plasma, Myeloid
	(Kim et al., 2009; Bartee, Dunlap and Bartee, 2016; Bartee et al., 2016)

	Vaccina virus
	MM, Lymphoma
	Plasma, B cell
	(Deng et al., 2008; Xie et al., 2021)

	Adenovirus
	MM, Lymphoma
	Plasma, B cell
	(Senac et al., 2010; Medina et al., 2005; Qian et al., 2008)

	Herpes virus
	Lymphoma, AML, MM
	B cell, T cell, Myeloid
	(Esfandyari et al., 2009; Ishino et al., 2021; Tazzyman et al., 2023)

	RNA
	
	
	

	CVA21
	MM
	Plasma
	(Au et al., 2007)

	Reovirus
	MM, Lymphoma
	Plasma, B cell
	(Thirukkumaran et al., 2003; Thirukkumaran et al., 2012; Thirukkumaran et al., 2013; Alain et al., 2002)

	VSV
	MM, CML, AML, Lymphoma
	Plasma, myeloid, T cell 
	(Naik et al., 2012; Lichty et al., 2004; Tumilasci et al., 2008; Cook et al., 2022)

	Measles
	MM, Lymphoma, Leukaemia
	Plasma, B cell, T cell, Hodgkin
	(Peng et al., 2001; Dingli et al., 2004; Russell et al., 2014; Ungerechts et al., 2010; Grote et al., 2001; Yaiw et al., 2011; Patel et al., 2011; Miest, Frenzke and Cattaneo, 2013; Castleton et al., 2014; Heinzerling et al., 2005; Hanauer et al., 2018)

	H-1PV
	Lymphoma, leukaemia
	B cell, T cell, Myeloid
	(Faisst, Schlehofer and zur Hausen, 1989; Faisst et al., 1990; Angelova et al., 2009; Rommelaere et al., 2010)

	Newcastle Disease Virus
	MM, Lymphoma
	B cell, Plasma 
	(Al-Shammari, Rameez and Al-Taee, 2016)





[bookmark: _Toc149050831]Adenovirus

The Adenovirus generally has low pathogenicity in humans, though is a common cause of upper respiratory tract infections, pharyngitis, conjunctivitis and bronchitis with different serotypes resulting in this variety of clinical manifestations (Dominguez et al., 2005). The Adenovirus is one of the most commonly investigated oncolytic viruses (Howells et al., 2017). Over 50 serotypes have been identified, within seven species (A-G), and these have varying sero-prevalence in the adult population. Sero-prevealence is of relevance to their use as oncolytic agents as pre-existing antibodies may negatively affect the efficacy of systemically delivered adenovirus (Uusi-Kerttula et al., 2015).

The Adenovirus serotype 5 (Ad5) from species C has thus far been most widely studied as an oncolytic agent (Chen et al., 2011). This non-enveloped double stranded DNA virus has an icosahedral protein capsid (Figure 2). Measuring approximately 70-100nm it is composed of a protein capsid of 252 capsomeres and a nucleoprotein core (Ghebremedhin, 2014). Viral entry is via attachment of the fibrin knob to cell surface receptors on susceptible cells. This receptor is the Coxsackie and Adenovirus receptor (CAR) which is widely expressed on epithelial tumour cells (Chen et al., 2011).  Subsequent internalisation is by interaction between the penton base and cellular v integrins, members of a large family of heterodimeric adhesion receptors (e.g. v1, v3 and 31) (Zhang and Bergelson, 2005). Once internalised, the virus is stripped of its capsid proteins and is then transported to the nucleus, the site of viral RNA transcription, DNA replication and assembly (ICTV, 2017).

[image: ]
[bookmark: _Toc145664316]Figure 2. Structure of Adenovirus (adapted from (San Martin, 2012) with permission). 
Icosahedral protein capsid and a  nucleoprotein core that contains the linear dsDNA viral genome and core proteins (Ghebremedhin, 2014). The capsid consists of 240 hexon components with 12 pentons, associated with fibre shaft and knob domain (San Martin, 2012).

[bookmark: _Toc149050832] Oncolytic Adenoviruses
The Adenovirus is one of the most extensively studied candidates for oncolytic virotherapy (Howells et al., 2017). There are many practical reasons for this including their highly efficient replication and the ability to infect a wide range of cell types. Their genome has also been found to be relatively easy to engineer allowing a range of modifications to improve their oncolytic efficacy and safety profiles (Choi et al., 2012).

The Adenovirus’s oncolytic effect is thought to be predominantly via T cell mediated immune response rather than by direct oncolytic effect (Li et al., 2017b). When infection occurs there is an initial innate immune response followed by an adaptive immune response (Fausther-Bovendo and Kobinger, 2014). Several proinflammatory cytokines are triggered by infection such as TNFa, IL-1a/b and IFNa/b along with chemokines MCP-1, RANTES, IP-10 and IL-8 (Hartman, Appledorn and Amalfitano, 2008). These ‘danger signals’ attract neutrophils, natural killer cells, macrophages and dendritic cells as part of the innate immune response to control the viral infection (Thaci et al., 2011). The adaptive immune system is alsothen engaged by the presentation of antigens to T-helper and T-cytotoxic cells. B cells are activated by CD4+ T cells leading to a release of neutralising antibodies which mark cells for antibody dependent cell-mediated cytotoxicity by NK cells or phagocytosis by macrophages. , in time this leads to a full humoral response and antibody-producing B cells (Pesonen et al., 2010).

Several techniques have been employed to produce viruses with specificity for tumour cells. The insertion of tumour specific promoters has shown significant success in limiting viral replication to tumour cells alone. Examples of such promoters are the use of prostate specific antigen (PSA) in prostate tumours (Rodriguez et al., 1997; Muthana et al., 2011; Cheng et al., 2006), TARP again in prostate tumours (Cheng et al., 2004), Alpha-fetoprotein (AFP) in hepatocellular carcinoma (Li et al., 2001) and carcinoembryonic antigen (CEA) in colorectal carcinoma (Li et al., 2003). Additionally, promoters such as vascular endothelial growth factor (VEGF)(Rein et al., 2004), human telomerase reverse transcriptase (hTERT) (Hemminki et al., 2012) and cyclooxygenase (Cox-2) (Pesonen et al., 2010) have been studied as potential targets for cancer specific OVs. Our lab have has experience of engineering adenoviruses to be under cancer specific promoter control.  Dr Simon Tazzyman has engineered an adenovirus whose replication is under a CS1 promoter control and has specific oncolytic activity against myeloma (unpublished).  

Oncolytic activity of the adenovirus has been improved, for example by the addition of p53 to suppress tumour growth with addition of granulocyte macrophage colony stimulating growth factor (GM-CSF), an immune cell recruiting factor, to induce apoptotic pathways eliciting a synergistic effect (Lv et al., 2017). Certain oncogenes can be downregulated by oncolytic adenoviruses. The insertion of siRNA targeting EphA3 into the genome of an adenovirus under telomerase reverse transcriptase promoter (TERTp) control resulted in increased autophagy. This increase in autophagy is due to the inhibition of the AKT/mTOR pathway as shown by acridine orange staining and Beclin 1 protein analysis. Not only did the virus exhibit oncolytic affect it also inhibited tumour cell proliferation as shown on MTT assays (Zhao et al., 2015).

[bookmark: _Toc149050833] Clinical experience 
It is important to note that oncolytic adenoviruses have made it out of the lab and into clinical settings. The ONYX-015 adenovirus was granted an SFDA license in China for the treatment of nasopharyngeal carcinoma (Liang, 2012). The modification of this virus by deletion of E1B-55K to selectively replicate in tumour cells with altered p53 pathways was initially demonstrated in cell lines with known p53 status (Bischoff et al., 1996). Early phase trials showed no dose limiting toxicities and that adverse events such as flu like symptoms were short lived (Aiuti et al., 2007). Clinical responses in combination with cisplatin were shown although no survival data has been shown.

Clinical experience has also been gained in using ONCOS-102, a GM-CSF expressing oncolytic adenovirus against a range of solid tumours. In a phase I trial of 12 patients no dose limiting toxicities were identified and evaluable disease control by positron emission tomography/computed tomography (PET/CT) scan was shown in 40% of patients studied (Ranki et al., 2016).

In a review of OV clinical trials from 2000 to 2020, looking at 97 studies on 3233 patients, the safety profile was evaluated. This showed that the majority of adverse events (AEs) were Common terminology criteria for adverse events (CTCAE) grade 1-2 and therefore considered low grade. Fever was the most common symptom reported in 60 of the studies. Of these, 56 studies reported grade 1-2 with 4 studies reporting grade 3-4 reactions. Other low grade constitutional symptoms were common including chills and rigors, nausea and vomiting, flu like symptoms, fatigue and pain including local injection site pain. Higher grade AEs included more severe nausea and vomiting, pain, fever and infusion reaction (Table 6). Many of the high grade AEs were associated with drug combinations, particularly checkpoint inhibitors or with disease progression (Macedo et al., 2020).

[bookmark: _Toc145663883]Table 8.  Adverse events in OV clinical trials (adapted with permission from (Macedo et al., 2020))

	Adverse event
	Low grade *
(CTACE 1-2)
	High grade *
(CTCAE 3-4)
	Total *

	Fever
	56
	4
	60

	Chills/Rigors
	40
	0
	40

	Nausea/Vomiting
	30
	8
	38

	Flu-like Symptoms
	27
	2
	29

	Fatigue
	36
	4
	40

	Injection site pain
	15
	0
	15

	Other pain
	19
	7
	26



*number of studies reporting event

[bookmark: _Toc149050834]Oncolytic Adenovirus in Lymphoma

The lack of high levels of CAR expression on most haematological cells means that they have historically not been considered a target for Ad5 based oncolytic virotherapy. Species D adenoviruses, however, have shown selectivity to lymphoma cell lines (Raji and RL)  and patient derived (Mec1 and Mec2)  in vitro models. Ad26 and Ad45 were tested in xenograft models (RL)  and showed slowing of tumour growth in these animals, whereas Ad5 was ineffective (Chen et al., 2011).

Despite the lack of CAR, adenovirus infectivity and cytotoxicity have been shown in both Mantle cell lymphoma and CLL (Medina et al., 2005; Strair et al., 2002). Although normal B cells were not infected by adenoviruses and had low or no expression of CAR, v3, v5 and M integrins, CLL cells were shown to express CAR, v3 and v5 integrins allowing infection by adenovirus. Interestingly, Mantle cell lymphoma was infected at a similar level to CLL cells but did not show expression of CAR, v3, v5 or M integrins. This suggests that MCL cells are infected by an alternative pathway and that CAR expression cannot be used to predict infectivity (Medina et al., 2005). 

Cytotoxicity has been shown in primary MCL cells with live attenuated adenovirus, increased cytotoxicity was found with specific mutants. The lack of E1B 19K anti-apoptotic gene as well as those viruses with mutations of E1A pRb or P300 binding showed increased cytotoxic effect in vitro in primary MCL cells (Medina et al., 2005).

An additional challenge in the development of an OV for the treatment of lymphoma is that the commonly used intra-tumoural injection method would limit its application only to needle accessible sites and therefore decrease its efficacy in this widespread disease (Nemunaitis et al., 2001). Systemic administration of the OV  would therefore be desirable (Russell, Peng and Bell, 2012) in order for it to be a viable treatment for lymphoma. The challenge of intravenous administration is evasion of immune response; the coating of the virus in neutralising antibody and clearance via the complement pathway, the presence of antiviral antibodies, particularly to the common serotypes (Evgin et al., 2016), as well as inactivation by erythrocytes (Carlisle et al., 2009) can lead to rapid clearance of OV and therefore failure of the virus to induce sufficient oncolysis (Filley and Dey, 2017). 
One strategy to evade this initial immune response is to suppress it with low dose chemotherapy such as cyclophosphamide or TGF- treatment (Fulci et al., 2006; Han et al., 2015). Many lymphoma or lymphoproliferative disorder patients will have received prior chemotherapy which is known to have a suppressive effect on immunoglobins, namely IgM and IgG. Vincristine and prednisolone, often found in these disease regimens, specifically cause a significant drop in IgG levels (van Tilburg et al., 2012). Additionally, the use of B cell specific treatment such as rituximab causes B cell depletion, reducing immune response. This may help OVs to evade immune response in this patient group.
Another strategy is to shield the oncolytic virus using lipid encapsulation or modification of the protein coat, both protecting it from neutralising factors and decreasing formation of new antibodies (Pol et al., 2015; Parato et al., 2005). The use of carrier cells such as mesenchymal stem cells has also been trialled (Dwyer et al., 2010). 

Other considerations are hepatic clearance, biodynamics and ability to infect cancer cells outside of the vascular system (Seymour and Fisher, 2016; Fisher, 2006). With an intravenously administered virus a high enough dose to infect extravascular tumours but low enough to avoid hepatic toxicity or intolerable systemic side effects is the ultimate aim (Russell, Peng and Bell, 2012).


[bookmark: _Toc149050835]Laboratory Models

The pre-clinical testing of novel agents is a crucial step in the development of new drugs. Prior to entry into clinical studies both efficacy and tolerable toxicity must be shown. Cell line assays are a common method for assessing these novel agents (Baumann et al., 2001). A cell line is a permanently established cell culture that proliferates indefinitely. Under optimal conditions they stably retain the major features of the original cells. There are, however, limitations in the use of cell lines. Firstly, these cell lines are immortalised, most B cell malignancies are transformed via EBV infection. This insertion of immortalising genes along with continuous culture means that cell lines have acquired mutations that are not present in patients (Drexler, Matsuo and MacLeod, 2000). An additional complicating factor is that of cell line misclassification. Studies suggest that anywhere from 18-31% of the time, cells used in experiments are misclassified or contaminated (Capes-Davis et al., 2010; Drexler, MacLeod and Dirks, 2001). The concern is therefore that cell lines do not accurately represent patient disease and response to therapy. 

[bookmark: _Toc149050836] In vitro models
Patient derived in vitro models are, therefore, desirable for the pre-clinical testing of novel therapies. Patient derived in vitro models take the form of cultures started from cells/tissue taken from the patient and before the first passage, known as primary cultures. These models, however, are not without challenges. In a standard monolayer of primary cultured cells, those cells that survive the disaggregation technique will form the basis of the culture. As time progresses, cells capable of proliferating will increase and cells sensitive to density limitation will stop dividing (Freshney, 2006), therefore in theory, malignant cells will overgrow and normal cells, will die off. Unfortunately, in practice, this is not always achievable. 
Tumour cells have poor plating efficiencies (<0.1%) (Bellamy, 1992; Runge et al., 1986) and therefore would require a large starting cell number to start a culture. Difficulties can often arise when trying to obtain large numbers of starting cells from limited patient samples. Therefore, one proposed solution is to culture and expand the initial, small number of primary cells to sufficient numbers to be of analytical value. Unfortunately, by the time a clone has grown to sufficient numbers, it may have changed significantly due to genetic instability and phenotypic drift. Furthermore, factors like genetic aberrations, terminal differentiation, spontaneous apoptosis or terminal senescence may limit the lifespan of the tumour cells so that only a few cells will survive in culture media (Freshney, 2006).
A further complicating factor is that primary tumour cells, unlike cell lines, require stimulation by growth factors specific to each tumour type, in order to proliferate ex vivo (van Kooten and Banchereau, 2000; Woltman et al., 2000). Successful proliferation of primary cultures requires knowledge and provision of these correct stimuli and culture conditions. A number of approaches have been evaluated for in vitro expansion of primary cells. However, no consensus has been reached on the optimal culturing conditions or the most appropriate drug sensitivity assays to use as endpoints for evaluation of standard and novel therapeutics (Blumenthal, 2005).
CD40 stimulation has been shown to induce proliferation in both normal B cells and malignant B cells. Co-culture of malignant B cells with CD40 has shown promise as a patient derived In vitro model. Low grade malignancies such as CLL and follicular lymphoma have been successfully cultured using this method (Planken et al., 1996). Mantle Cell lymphoma also proliferated in this co-culture with co-stimulation from IL-10 (Visser et al., 2000). CD40 co-culture along with IL-4 stimulation has shown some success in the development of a DLBCL model (Kato H, 2010).
[bookmark: _Toc149050837] In vivo models
Patient derived in vitro models add significantly to chemosensitivity testing. However, their main limitation is the lack of tumour micro-environment. Therefore, there is a need to use patient-derived in vivo models in the form of xenografts. Unlike cell line derived models the use of patient samples provides a heterogenous tumour cell population similar to the patient tumour cell population (Tentler et al., 2012). Studies have shown that patient derived xenograft models can be used to predict the choice of therapeutic target and regime (Morelli et al., 2012). 
Patient derived B cell lymphoma xenograft models have been designed (Zhang et al., 2017; Chapuy et al., 2016) although there is no consensus on the methods used to create these models. One method employed has been to implant tumour tissue into the subrenal capsule of NOD SCID IL2Rγ (NSG) null mice, testing of these models showed that they reflected the heterogeneity of primary DLBCL (Chapuy et al., 2016). Other models have used human bone implants, subsequently injected with freshly isolated lymphoma cells in order to recapitulate the pathological and clinical characteristics of patient disease. This model allowed for passaging across multiple generations and tumour that closely resembled the initial patient’s disease  (Zhang et al., 2017). The hope is these models will not only allow better translation of early laboratory studies but also allow for individualised medicine.

[bookmark: _Toc149050838]Challenge of In vivo models to test oncolytic viruses

One of the challenges when assessing the efficacy of oncolytic adenoviruses is selection of an appropriate in vivo model. The commonly used model of human cancer xenograft in an immunodeficient mouse allows for assessment of replication and oncolytic effect but crucially does not allow for the assessment of the host immune response. Without this immune response translation of results both in terms of efficacy and safety are limited (Zhang et al., 2015). Unfortunately, whilst immunocompetent models allow investigation of infectivity of human adenovirus in rodent cells, the adenovirus’ stringent species selectivity means these viruses do not replicate, therefore limiting the ability to fully assess oncolytic potential (Ying et al., 2009). Whilst mouse adenoviruses are available their biology is vastly different from that of human adenoviruses meaning that they do not provide translatable data (Lenaerts et al., 2005).

Due to these challenges alternative models have been investigated. Whilst porcine models have been shown to be permissive to Ad5, their use as a laboratory model is limited by their size (Jogler et al., 2006).  Therefore, the Syrian hamster model has been turned to as a semi-permissive adenovirus species that is easily handled in the lab (Thomas et al., 2006; Thomas, Spencer and Wold, 2007). Although its replication is not equivalent to humans it has been used extensively in the testing of oncolytic viruses as an effective immunocompetent model (Cerullo et al., 2010; Bunuales et al., 2012; Nistal-Villan et al., 2015). The Syrian hamster model has also been shown to have value in planning biodistribution and toxicity studies (Matthews et al., 2009). One criticism of this model is, however, that despite it being immunocompetent there is a lack of availability to the reagents to study immunological parameters.

Humanised mice with an intact human immune system may provide a potential solution to the challenges outlined above. There are several humanised mouse models including Hu-PBL-SCID (Mosier et al., 1988), the SRC-Hu model (Ito et al., 2002; Traggiai et al., 2004) and the Thy/HSC model (Lan et al., 2004; Lan et al., 2006). The relative advantages and disadvantages are outline in Table 9. It is worth noting that these models are not currently used routinely in the cancer field but there have been limited studies utilising them for investigating oncolytic viruses (Kuryk, Møller and Jaderberg, 2019; Kuryk and Møller, 2023). 
[bookmark: _Toc145663884]Table 9 Advantages and disadvantages of various humanised mouse models. Adapted with permission (Tian et al., 2020)

	Advantages/ Disadvantages
	Mouse models

	
	Hu-PBL-SCID
	SRC-Hu
	Thy/HSC

	Accessibility of human sample
	Good
	Moderate
	Difficult (potential ethical issues)

	Technique for model construction
	Easy
	Moderate
	Relatively difficult – requires anaesthesia and transplant technique

	Human immune cell survival/development
	Majority of activated human T cells; transient human B cells, myeloid cells and NK cells
	Multi-lineage human immune cell reconstitution; Poor human thymopoiesis; lack of HLA mediated thymic selection for T cells;
Poor HLA restricted T cell responses
	Multi-lineage human immune cell reconstitution; Robust human thymopoiesis; Human TCR repertoire influenced by mouse antigen; good HLA restricted T cell responses

	Human immune function
	T cell responses; Lack of interaction between human T, B and myeloid cells
	Poor T cell-dependent humoral responses
	Good T cell-dependent humoral responses

	Experimental time window
	Short
	Long
	Long





[bookmark: _Toc149050839]Hypothesis and aims
Oncolytic viruses have shown promise against multiple different cancer types, both solid and haematological. Despite haematological malignancies traditionally not being viewed as a target for oncolytic adenoviruses there is evidence of their potential efficacy. It is likely that rather than being used as a single agent, oncolytic viruses will be used as an adjunct to current chemo and immunotherapy. This MD will investigate the use of OVs as a treatment in B cell lymphoma.

[bookmark: _Toc149050840]Hypothesis


An adenovirus engineered to be under the control of a CD20 promoter will selectively infect and replicate in CD20 positive lymphoma cells leading to tumour killing.  

[bookmark: _Toc149050841]Aims

· Establish CD20 protein and MS4A1 expression of lymphoma cells
· Determine the ability of adenovirus to infect lymphoma cells
· Investigate infection mechanisms of lymphoma cells by Ad5
· Develop a B cell lymphoma specific adenovirus for testing in vitro
· Conduct a clinical study to collect B cell lymphoma cells from patients in order to develop in vitro and in vivo models for oncolytic virus therapy.

[bookmark: _Toc149050842]Materials and Methods

[bookmark: _Toc149050843]Cell lines and culture

[bookmark: _Toc149050844] Lymphoma cell lines 

The malignant lymphoma cell lines used in this project (Table 10) included; SC1, HT, (DSMZ, Germany), HDLM2 and L540 (Kind gift from Dr Sally Thomas, University of Sheffield, Sheffield, UK). The lymphoma cell lines were maintained in Roswell Park Memorial Institute (RPMI) GlutaMAXTM medium (Gibco by Life Technologies, UK) plus 10% foetal calf serum (FBS) and 1% penicillin/streptomycin. Cells were passaged when they had reached an appropriate density (2x106 cells/ml). They were incubated at 37oC in a humidified atmosphere containing 5% CO2. The donated cell lines were genetically profiled by the genomics core facility at the University of Sheffield using short tandem repeat (STR) analysis to confirm their identity and were routinely tested for mycoplasma.


[bookmark: _Toc145663885]Table 10. Lymphoma cell lines and their origin
	Cell Line
	Cell Type
	Origin

	HT
	B cell Lymphoma
	Established from the ascitic effusion of a 70-year-old man with B cell non-Hodgkin lymphoma (B-NHL) in 1983 (diffuse large cell lymphoma); assigned to GCB-like lymphoma subtype (germinal center B-cell)

	SC1
	B cell Lymphoma
	Established from the ascitic fluid of a 67-year-old man at diagnosis of B cell lymphoma (B-NHL, follicular lymphoma, small cleaved cell type) in 1977

	HDLM2
	Hodgkin Lymphoma
	Established from the pleural effusion of a 74-year-old man with Hodgkin lymphoma

	L540
	Hodgkin Lymphoma
	Established from the bone marrow of a 20-year-old woman with Hodgkin lymphoma




[bookmark: _Toc149050845] HEK293

Cultures of Human embryonic kidney (HEK) 293 cells were used for viral generation, amplification and titre assays. They have been transformed to be highly permissive for the generation and replication of adenoviruses. The inclusion of a fragment of the Ad5 genome including the E1A gene responsible for adenoviral replication allows for the amplification of non-replicative E1-deleted adenoviral vectors and the generation and functional titration of oncolytic adenoviruses.

The HEK293 cells were cultured in HEK293 complete medium, which consists of Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, by Life Technologies, UK), supplemented with 10% foetal calf serum, 1% penicillin/streptomycin and 1% amphotericin B (Gibco by Life Technologies, UK). The flasks were incubated at 37oC with 5% CO2 and routinely passaged every 4-5 days.  Cells were washed with PBS after medium was removed, followed by the addition of 3ml 0.05% trypsin- EDTA (Gibco by Life Technologies, UK) and incubated at 37oC for 5 minutes. 10ml HEK293 complete medium was then added to stop trypsinisation, the resulting suspension was centrifuged at 1000RPM for 5 minutes and the supernatant discarded. The pellet was resuspended in HEK293 complete medium and cultured as above.

[bookmark: _Toc149050846] Cell counting

The trypan blue exclusion method was used to determine cell numbers. Manual counting using a haemocytometer and the following calculation used to determine the mean:
Mean number of cells per quadrant x dilution factor x 104 =   cells per ml

[bookmark: _Toc149050847] Cell freezing and cryopreservation

Cells were suspended in a freezing medium of 90% FBS and 10% DMSO at a concentration of 1-2x106/mL of cell suspension per cryovials. Vials were placed in a Mr FrostyTM freezing container filled with 2-propanol at -80C for 48 hours, to ensure a cooling rate of -1C, the optimal rate for cell preservation, before being transferred to a liquid nitrogen tank.


[bookmark: _Toc149050848]Adenoviruses

[bookmark: _Toc149050849]ADCEA1

ADCEA1, a Myeloma specific adenovirus generated by Dr Simon Tazzyman was used in initial infectivity studies in this project. This virus was engineered so that viral replication by E1A gene was controlled by a CS1 promoter inserted upstream of the E1A gene. This was done using the AdEasy system and a CS1 promoter isolated from a CS1 luciferase reporting plasmid (SwitchGear, Belgium). This virus is currently under investigation by the Sheffield Myeloma research team in Myeloma plateau phase. This virus was used as it has undergone a similar engineering process to that planned for the lymphoma specific adenovirus.

[bookmark: _Toc149050850]AdGFP

AdGFP, a recombinant non-replicative E1A/E1B deleted human Ad5 which expresses green fluorescent protein (GFP) under the control of a CMV promoter was kindly donated by Munitta Muthana. This virus was used to study infection of cell lines as it has no replicative capacity and can be tracked due to expression of a fluorescent reporter.


[bookmark: _Toc149050851]Adenoviral amplification

Adenoviral amplification was accomplished  using a standard amplification method. This was undertaken using HEK293 cells which were seeded in T75 flasks at a density of 2.5x105 with HEK293 complete medium. To this adenovirus was added at a multiplicity of infection (MOI) of 1. Flasks were incubated at 37oC and regularly checked for cytopathic effect, which is usually apparent at 48 to 72 hours. Cells and medium were collected and centrifuged at 1500rpm for 5 minutes.  The supernatant was discarded, and the cells resuspended in 10mL cold PBS. This suspension underwent further centrifugation and the resulting pellet resuspended in 2mL cold PBS. The cells were subject to repeated freeze-thawing by freezing in ethanol/dry ice bath for 5 minutes and thawing in a water bath at 37oC for 2 minutes four times to release viral particles. Following this the suspension was centrifuged at 13000rpm for 10 minutes and the supernatant containing the adenovirus was collected and stored at -80oC until required.

[bookmark: _Toc149050852]Quantification of adenoviral stock

Adenoviral quantification was undertaken using the Adeno-XTM rapid titre kit (Clontech, UK). This immunostain determines number of functional infectious units by staining of the adenoviral hexon in monolayers of HEK293 cells.

Firstly, to form the HEK293 monolayer, cells were seeded at 2.5x105 in 24 well plates in 1ml of HEK293 complete medium. The cells were then inoculated with 50µL of serial dilutions of virus. Flasks were incubated at 37oC for 48 hours and media was discarded. To fix the cells 0.5ml of ice-cold methanol was added to each well and left to stand for 10 minutes at -20oC. Cells underwent three rinses with 500µL PBS with 1% BSA. Mouse anti-hexon antibody was added to the wells and incubated for 1 hour at 37oC on an orbital shaker. A further three rinses with 500µL PBS with 1% BSA, following which 250µL of rat anti-mouse horseradish peroxidase conjugated antibody was added and incubated for a further 1 hour at 37oC on an orbital shaker. Following incubation cells underwent a further three washes with 500µL PBS with 1% BSA. The cells were then incubated at room temperature for 10 minutes with 250µL 1X3,3’-Diaminobenzidine (DAB). DAB was aspirated and infected cells were counted per field of view, in a minimum of three fields using a brightfield microscope. The following calculation was then used to determine infectious units per ml. 






[bookmark: _Toc149050853] Cell Viability assays

[bookmark: _AlamarBlue®][bookmark: _Toc149050854]AlamarBlue®

The alamarBlue® Assay (Invitrogen UK) was used to assess cell viability. The active ingredient of alamarBlue®, resazurin is reduced to resorufin in living cells. Resorufin is highly fluorescent, viable cells increase the overall fluorescence and colour of the media surrounding the cells (Rampersad, 2012). 

AlamarBlue® Assays were undertaken in a 96 well plate seeded with 5x 103, 1x 104 and 2x104 cells/well with 100l complete RPMI media. To assess cell viability 20l alamarBlue® was added to wells at 24, 48 and 72 hours and incubated at 37oC for 4 hours. The plates were then read on a plate reader using a fluorescence emission wavelength of 580-610nm.



[bookmark: _Toc520163290][bookmark: _Toc149050855]Dose response of anti-lymphoma treatments

The dose response of cell lines to commonly used anti-lymphoma treatments was assessed prior to treatment to select appropriate concentrations for future combination assays. Therefore,  2x104 cells were seeded in a 96 well plate in 100µL of complete media and treated in quadruplicate. Cells were treated with solution ofDexamethasone (200µg/ml, 20µg/ml, 2µg/ml), Doxorubicin (50µg/ml, 5µg/ml, 0.5µg/ml), or Vincristine (0.1µg/ml, 0.01µg/ml, 0.001µg/ml), dissolved in water to correct concentrations. Drug doses were chosen based on previously published literature (He et al., 2019) and concentrations used by our lab group, and then log values above and below were used in order to try to establish a half maximal inhibitory concentration (IC50). Chemotherapies were purchased from Generon UK and Dexamethasone from Cambridge Bioscience (UK). Cell viability was assessed 24, 48, 72, 96 and 120 hours after post treatment as by AlamarBlue® as described in 3.3.1.

[bookmark: _Toc149050856]Immunohistochemistry

[bookmark: _Toc149050857] Cytospin

Cytospin was used to prepare cells for immunohistochemistry. A cell suspension was prepared by seeding a 24 well plate with 1x106 cells in 1.5ml complete RPMI media and inoculating with adenovirus at MOI 10. Plates were then incubated at 37oC for 24 hours. Cell suspension was transferred to eppendorfs and centrifuged at 1500RPM for 5 minutes. The supernatant was removed, and the pellet washed with PBS. The resulting suspension was centrifuged at 1500 RPM for a further 5 minutes and the supernatant discarded. Cells were then fixed using 220l of 100% methanol and left for 1 hour at room temperature. 

Slides were prelabelled and mounted with a filter paper pad and cytofunnel in the metal holder. 100l of cell suspension was added to each cuvette. This was then spun at 500rpm for 10 minutes with medium acceleration using a Cytospin3. Slides were carefully removed, a reservoir around the cells created with a wax isolator pen and allowed to air dry.
 
[bookmark: _Toc149050858]Immunohistochemistry 

Slides were prepared by cytospin as per section 3.5.1 and once dried slides were washed in PBST. Anti-adenovirus antibody (ab7428 Abcam USA) in a 1 in 1000 dilution was applied to slides and incubated at room temperature for 1 hour. Slides were then washed 3 times in PBST for 5 minutes. The secondary antibody, biotinylated goat mouse IgG antibody (Vector labs, UK) was applied to slides and incubated at room temperature for 30 minutes. Slides were then washed 3 times in PBST for 5 minutes. A tertiary antibody ABC (Vector labs, UK) was then applied and incubated at room temperature for a further 30 minutes. Slides were then washed 3 times in PBST for 5 minutes. Virus/antibody reaction was visualised using 3,3’-Diaminobenzidine (DAB) (Vector ImmPact, UK) was applied to stain the slides and incubated at room temperature for 30 minutes. Slides were washed 3 times in PBST for 5 minutes before being allowed to dry overnight. Coverslips were applied, and slides analysed using a brightfield microscope. Number of infected cells, stained with DAB were counted. 

[bookmark: _Toc149050859]Quantitative Real-time PCR


[bookmark: _Toc149050860]RNA Extraction

To extract RNA from cells the ReliaPrep™ RNA Miniprep Systems (Promega, UK) was used.
2-5 x106 cells were centrifuged at 1500rpm for 5 minutes and resuspended in 1mL of ice-cold sterile PBS. Cells were centrifuged once more and then resuspended in 250µL of BL+TG buffer to lyse the cells, the cells were resuspended by pipetting and vortexing. Then 85µL of isopropanol was added, this was vortexed for 5 seconds. The resulting mixture was transferred to a ReliaPrep™ Minicolumn with a 2mL collection tube and centrifuged at 12,000g for 30 seconds. The flow-through was discarded and 500µL of RNA wash solution added to the column, this was centrifuged at 12,000g for 30 seconds. The flow-through was
discarded again. In a sterile tube, 24µL of yellow core buffer, 3µL of 0.09M of MnCl 2, 3µL of DNase I enzyme was added per reaction. 30µL of this solution was then added to the column and incubated at room temperature for 15 minutes. 

After the incubation, 200µL of column wash was added centrifuged at 12,000g for 15 seconds. 500µL of RNA wash was added and centrifuged again at 12,000g for 30 seconds. The column was placed into a new collection tube and 300µL of RNA wash was added, this was centrifuged at 12,000g for 2 minutes. The column was then placed in 1.5mL elution tubes and 30µL of nuclease-free water was added to the membrane. The eluted RNA was
analysed on a Nanodrop 2000 spectrophotometer to assess purity and quality of RNA, then aliquoted and stored at -80ºC for later use or used straight away.

[bookmark: _Toc149050861]cDNA Synthesis using Reverse Transcription (RT)

The High Capacity RNA to cDNA kit (Applied Biosystems, UK) was used for reverse transcribing total RNA. As 1µg of RNA was required for each reaction, to volume of sample required was calculated as follows:
Volume of RNA = RNA concentration desired/sample concentration 


Using 1µg of RNA per reaction, the necessary amount of RNA was added to PCR tubes in a volume of up to 9µL, along with 10µL 2x RT buffer mix and 1µL of 20x RT enzyme mix, the sample was made up to a total of 20µL with nuclease free water. Samples were mixed gently before centrifuging and placed on ice until they were ready to load onto the thermocycler

[bookmark: _Toc149050862] Quantitative Real-time polymerase chain reaction

The cDNA was used to analyse levels of mRNA expression. To conduct qRT-PCR 2x SYBR® green select master mix (Applied Biosystems, UK) was used, this enables the reaction to be quantified in real time by emitting fluorescence upon DNA amplification, which increases with number of gene copy repeats for each primer. The primers were designed to bind to complementary nucleotides on the cDNA of interest and the housekeeping gene GAPDH. For each reaction 5µL SYBR® green master mix was used alongside 3µL RNAse free water, 0.5µL of both forward and reverse primer (MS4A1 Taqman Gene Expression Assay #4453320, Applied Biosystems, UK) and 1µL of cDNA. The resultant mixture was added to a 384 well qPCR plate in 9µL aliquots, this was then sealed and centrifuged.  Using the Applied Biosystems 7900 machine it underwent the following PCR protocol: Enzyme activation (10 mins at 95C), denaturation for 50 cycles (15 seconds at 95C) and fluorescence measurement (1 minute at 60C). These parameters were optimised by a previous PhD student (Georgia Stewart via personal communication).

[bookmark: _Toc145663886]Table 11. qPCR Assay 
	Gene
	Sequence

	Human GAPDH
	F 5’-TGCACCACCAACTGCTTAGC
R 5'-GGCATGGACTGTGGTCATGAG 

	Gene
	Assay IG

	Human MS4A1
	Hs00544819_m1 (Thermofisher Scientific) 


	Human GAPDH
	Hs00266705_g1 (Thermofisher Scientific) 





The data was further analysed using the 2-ΔΔCt method for relative quantification shown below (Tazzyman et al., 2023).

∆∆Ct = ∆Ct (treated sample) – ∆Ct (untreated sample)
RQ = Relative quantification = 2-∆∆Ct


[bookmark: _Toc149050863]Flow cytometry

[bookmark: _Toc149050864]Measurement of CD20 expression

Five hundred thousand human lymphoma cells per test were acquired. Cells were centrifuged and resuspended in 100µL of Flow cytometry buffer (PBS + 4% FBS). 2.5 µL of FITC- conjugated mouse anti-human CD20 (clone 2H7) (BD Biosciences, UK) or a FITC conjugated mouse IgG control was added and incubated for 20 minutes at room temperature in the dark. Cells were then washed twice with PBS and labelled with 2 µg/mL TO-PRO-3 just prior to analysis on a FACsCalibur (BD, UK). Viable cells were gated and the mean fluorescence intensity for FITC-conjugated mouse anti-human CD20 was measured. 

[bookmark: _Toc149050865]Measurement of GFP expression

A cell suspension was prepared by seeding a 24 well plate with 1x106 cells in 1.5ml complete RPMI media and inoculating with adenovirus at an MOI of 2 and 20. Plates were then incubated at 37oC for 24 and 48 hours. Cell suspension was transferred to eppendorfs and labelled with 2 µg/mL TO-PRO-3 just prior to analysis on a FACsCalibur (BD, UK). Viable cells were gated and the mean fluorescence intensity for GFP measured. 

[bookmark: _Toc149050866]Measurement of CAR expression

100,000 human lymphoma cells per test were acquired. Cells were centrifuged and resuspended in 100µL of Flow cytometry buffer (PBS + 4% FBS). 2.5 µL of PE- conjugated mouse anti-human CAR (clone RmcB) (Merck Millipore, USA) or a PE conjugated mouse IgG control was added and incubated for 20 minutes at room temperature in the dark. Cells were then washed twice with PBS and labelled with 2 µg/mL TO-PRO-3 just prior to analysis on a FACsCalibur (BD, UK). Viable cells were gated and the mean fluorescence intensity for PE-conjugated mouse anti-human CAR was measured. 

[bookmark: _Toc149050867]Measurement of CD51/61 expression

100,000 human lymphoma cells per test were acquired. Cells were centrifuged and resuspended in 100µL of Flow cytometry buffer (PBS + 4% FBS). 2.5 µL of FITC- conjugated mouse anti-human CD51/61 (clone 23C6) (Biolegend, USA) or a FITC conjugated mouse IgG control was added and incubated for 20 minutes at room temperature in the dark. Cells were then washed twice with PBS and labelled with 2 µg/mL TO-PRO-3 just prior to analysis on a FACsCalibur (BD, UK). Viable cells were gated and the mean fluorescence intensity for FITC-conjugated mouse anti-human CD5161 was measured. 

[bookmark: _Toc149050868]Molecular biology 

[bookmark: _Toc149050869] AdEasy system

The AdEasy system from Clontech (Agilent technologies, US) was used in order to engineer an adenovirus whose replication was under the control of a CD20 promoter. An overview of the process is shown in figure 3, the vectors and plasmids included in the AdEasy kit in Table 12 and the individual steps detailed in the sections below. 
[image: ]
[bookmark: _Toc145664317]Figure 3 Overview of the Agilent Adeasy Adenoviral vector system 
The steps taken to produce a modified adenovirus. Insertion of gene of interest in to pshuttle vector. Cotransformation of pshuttle vector with p-adeasy vector leading to homologous recombination and transfection in to AD293 cells for viral production.


[bookmark: _Toc145663887]Table 12. Vectors and plasmids provided in AdEasy Kit
	Vector/Plasmid
	Features

	pAdEasy vector
	Plasmid containing most of the Ad5 genome E1 and E3 deleted to create space for insertion of foreign DNA and prevent replication

	pShuttle vector
	Vector containing multiple cloning sites 

	PShuttle-CMV-LacZ
	LacZgene inserted into the MCS site of the pShuttle-CMV provided as a control for production of recombinant adenovirus

	pUC18 
	Control plasmid




[bookmark: _Toc149050870]Switchgear plasmid

In order to isolate the CD20 promoter (MS4A1) for insertion into pShuttle a LightSwitch™ Promoter Reporter GoClone® was purchased containing the desired promoter sequence. This was isolated using restriction digests as outline below.

[bookmark: _Toc149050871]Agar plates

To make the agar, 37g of LB Agar powder (Sigma Aldrich) was added to 1 L of deionised, sterile water and autoclaved. The Agar was cooled to 60°C in a water bath and the appropriate antibiotic was added. To make the plates 30mls of the selective agar was then poured onto a 10cm dish next to a flame and left to set overnight. Plates were then either used immediately or sealed with parafilm and stored upside down at 4°C for no more than two weeks.


[bookmark: _Toc149050872]Transformation and bacterial culture

Bacterial transformations were undertaken to bulk up purchased plasmids and create a glycerol stock, as well as for ligated DNA. One Shot Top10 cells were thawed on ice for 20-30 minutes following storage at -80°C. Between 1 - 5 μl of DNA was gently mixed into 20-50μL of competent cells in a microcentrifuge or falcon tube. This was then incubated on ice for 20 minutes. Tubes were then heat shocked by heating to 42°C for 45 seconds in a bench top water bath. Bacteria were then placed on ice for 2 minutes. 250μl of fresh LB broth was added and bacteria grown at 37°C in a shaking incubator for 45 minutes. 50μL of bacterial culture was pipetted on to an agar plate containing the appropriate antibiotic and the rest on a second plate. The cultures were spread using a flame sterilised wire spreader. The plates were incubated at 37°C upside down overnight. A sterile pipette tip was used to pick an isolated colony from the plate and then place into 5ml fresh LB broth containing appropriate antibiotic. Following overnight incubation at 37°C in a shaking incubator, cultures were used for miniprep or as glycerol stocks. 

[bookmark: _Toc149050873]Glycerol stocks 


Glycerol stocks were made by mixing 500 μL of the overnight culture to 500 μL of 50% glycerol in cryovial and freezing at -80°C.

[bookmark: _Toc149050874]Qiagen Miniprep


Following overnight culture bacterial cells were pelleted by centrifugation at 8000rpm for 3 minutes at room temperature. Harvested bacterial cells were resuspended in 250µl Buffer P1 with RNase A and LyseBlue added as per protocol. The resulting suspension was transferred to a micro-centrifuge tube and 250µl Buffer P2 and mixed by inversion until it turned blue throughout. 350µl of Buffer N3 was added and mixed thoroughly by inversion until the solution became colourless. This was then centrifuged at 13000 rpm for 10 minutes. 800µl of the resulting supernatant was applied to the QIAprep 2.0 spin column and centrifuged for 1 minute at 13000rpm and flow through discarded. The addition of 500 µl of Buffer PB and a further 1-minute centrifuge washed the column and the flow through was discarded. A further wash step with 750µl Buffer PE was undertaken by the same method. Residual wash buffer was removed by a further spin at 13000rpm. The column was placed in a clean microcentrifuge tube and DNA was eluted by the addition of 50µl of Buffer EB followed by standing for 1 minute and a final 1-minute centrifuge at 13000rpm. The eluted DNA was analysed for quality and purity on a Nanodrop 2000 spectrophotometer, then aliquoted and stored at -20°C or used immediately.

[bookmark: _Toc149050875]Qiagen gel extraction

The Qiagen gel extraction kit was used to extract DNA fragments from agarose gels. Following gel electrophoresis, the required DNA fragment was excised from the agarose gel. The gel was placed on an ultraviolet light box and the fragment removed with a clean, sharp scalpel. The gel slice containing the required DNA was weighed and for 1 volume of gel, 3 volumes of Buffer QG was added. The gel slice and buffer was incubated at 50°C with vortexing every 2-3 minutes until the gel slice was completely dissolved. Once completely dissolved, 1 gel volume of isopropanol was added. This was then applied to a QIAquick spin column and centrifuged at 13,000rpm for 1 minute. The flow through was discarded and the sample washed by adding 0.75ml Buffer PE and centrifuging at 13.000rpm for 1 minute. The flow through was again discarded and a further 1-minute spin was undertaken to ensure all residual ethanol was removed. The QIAquick spin column was then placed into a clean 1.5ml microcentrifuge tube. To elute the DNA 30µl of Buffer EB wasWAS added to the centre of the QIA quick membrane and left to stand for 1 minute. The QIAquick spin column was then centrifuged at 13,000rpm for 1 minute and the eluted DNA was analysed on a Nanodrop 2000 spectrophotometer, then aliquoted and stored at -20°C or used immediately.


[bookmark: _Toc149050876]Restriction digests
Restriction digests were undertaken to isolate DNA fragments from plasmids and to allow cloning of gene of interest into the pShuttle vector. Appropriate enzymes were selecting for different applications and the corresponding buffer was used. For example, the following combination was used:
· 1 μg of DNA
· 1 μl enzyme (e.g KpnI)
· 3 μl of relevant 10x Buffer (e.g Cutsmart buffer)
·  0.5 μl 10x BSA
· dH2O to a total volume of 20 μl
To combine the tube was gently flicked prior to being incubated for 1 hour at 37°C. 

[bookmark: _Toc149050877]Electrophoresis

Gel electrophoresis was used to analyse plasmid digests and recombinations. Firstly a 1% agarose gel was made using 1L of 1x Tris-acetate EDTA (TAE) buffer combined with 10g of low melting point agarose. Before use it was heated in the microwave until completely molten and 0.5μg/ml of ethidium bromide added to allow for visualisation under UV light. The agarose was then poured into a gel mould of suitable size with a well comb in place. The gel was allowed to set until solid, at least 20 minutes. Once set the gel was placed in an electrophoresis tank and covered with TAE.

A molecular weight ladder was loaded into one of the wells to allow analysis of size of DNA fragments. Before loading the samples, they were diluted with a 5x loading dye (New England Biolabs) at a 1 in 5 dilution. The gel was run at 100V for approximately one hour or until the dye line was around 75% of the way down the gel. Gels were then analysed on a UV light gel imaging system.

[bookmark: _Toc149050878]Invitrogen E-gel Clonewell

Due to poor DNA yield from gel extraction the Invitrogen E-gel Clonewell was used. This system maximises DNA recovery by the use of the SYBR safe stain and blue light illuminator to minimise DNA damage, along with allowing direct recovery of DNA by pipette from the well in the gel, avoiding the need for a further gel extraction step. The pre-cast gel was inserted into the E-Gel® iBase™, combs were removed and 50μl of nuclease free water was added to both the top and bottom row of wells.  25μl of sample (pre mixed with loading buffer) was then loaded into each well and a DNA ladder was used in lane 1. The run time was calculated using the expected molecular weight of the DNA and the gel was then run. The gel was checked periodically using the Safe Imager™ blue light transilluminator, which allowed tracking of the bands as they migrated. When the band of interest reached the reference line on the bottom well the programme was paused and a further 50μl of nuclease free water was added to the bottom well. With careful monitoring the programme was restarted and once the band had migrated into the well, paused again to allow extraction of the DNA by pipetting. This process was repeated to allow bands of different molecular weights to be collected. The extracted DNA was analysed on a Nanodrop 2000 spectrophotometer, then aliquoted and stored at -20°C or used immediately.

[bookmark: _Toc149050879]Ligation
Ligation was used to insert the promoter of choice into the digested pShuttle vector. Firstly, the concentration of DNA was measured using the Nanodrop spectrophotometer. A 3 insert:1 vector molar ratio was used with 100ng of total DNA. Vector DNA, insert DNA, 1μl 10x T4 buffer per 10μl reaction, 1μl of T4 ligase enzyme and dH2O to make up volume to 20μl were combined in an Eppendorf and incubated at room temperature for 2 hours. The ligation mixture was then used for bacterial transformations.
[bookmark: _Toc149050880]In gel Ligation 

In order to reduce steps of insert purification in-gel ligation was used. 20 µl of each plasmid was digested as per 3.7.6 plus the addition of 1 unit calf intestinal alkaline phosphatase in the vector digestion. Gel electrophoresis was then undertaken as per 3.5.9. In order to ensure good resolution, the gel was run at 4°C at 50V for 2 hours. Using a UV box and a clean scalpel the target bands were cut out, minimising the volume of gel and exposure to UV light, which can degrade the DNA. The extracted gel bands were added to PCR tubes and heated to 60°C. Once the gel had melted the tube was cooled to 35°C and 4 µl of vector gel was mixed with 4 µl insert gel in a pre-warmed tube. Then 1 µl of warmed 10x ligase buffer was added to each reaction along with 1 µl T4 DNA ligase. This was mixed by gentle flicking. The temperature was then dropped to 15°C overnight. The gel was then re-melted by warming to 60°C and 20 µl of TAE added to prevent resetting of the gel. This mixture was then used for bacterial transformations.


[bookmark: _Toc149050881]Genscript plasmid

Genscript undertook synthesis of MS4A1 and E1a which was cloned in pUC57 by EcoRV. Subsequently this was cloned into the pShuttle vector provided by us via KpnI/BgIII to produce PShuttle-MS4A1-E1A. 
The proprietary rights of this product are as follows:

‘Client will own all rights throughout the world to all inventions, discoveries, improvements, ideas, processes, formulations, products, computer programs, works of authorship, databases, trade secrets, know-how, information, data, documentation, reports, research, creations and all other products and/or materials arising from or made in the performance of Services (whether or not patentable or subject to copyright or trade secret protection) (collectively, with all associated intellectual property rights, the "Deliverables"). At Client's costs, GenScript will assign and does assign to Client all right, title and interest in and to all Deliverables and will promptly disclose to Client all Deliverables. For purposes of the copyright laws of the United States, Deliverables constitute "works made for hire", except to the extent such Deliverables cannot by law be "works made for hire". Upon completion of the Services, GenScript will archive materials, data and documentation obtained or generated by GenScript in the course of preparing for and providing Services, including computerized records and files (collectively, the "Records") for a period of one (1) year. The Records will be disposed and destroyed one (1) year after the completion of Services.’ (Genscript) 



[bookmark: _Toc149050882]Adenoviral production

The Agilent AdEasy (USA) system was used to generate an adenovirus whose replication was under the control of a CD20 promoter. The promoter of interest was inserted into the pshuttle plasmid along with E1A. This was incorporated into the AdEasy system following the protocol outlined in the AdEasy kit and is described below.
[bookmark: _Toc149050883]Plasmid preparation for bacterial recombination.
The pShuttle plasmid containing the CD20 promoter and E1A protein was digested with PmeI for 2 hours at 37C. Samples of this restriction digest were checked for complete digestion by gel electrophoresis at 1 and 2 hours. Once digestion was complete the enzyme was heat inactivated at 65C for 20 minutes. The enzyme and buffer were removed using the Min-Elute purification kit and they DNA treated with alkaline phosphatase.  The DNA was then loaded on to a 1% gel, the linearized plasmid was cut out and the DNA gel extracted. Samples were then stored at -20C until needed.

[bookmark: _Toc149050884]Qiagen MinElute Purification
In order to purify the digestion mixture 5 volumes of Buffer PB (with added pH indicator) was added to 1 volume of digestion mixture and mix. Once confirmed that the colour of the resulting mixture was yellow a MinElute column was placed into a 2ml collection tube in a rack. To bind the DNA the sample was applied the sample to the column and centrifuged for 1 minute and flow-through discarded. The MinElute column was placed back into the same collection tube. Then washed by adding 750 μl Buffer PE to the minElute column and centrifuging for a further minute. Once again flow through was discarded and MinElute column placed back in the same tube and centrifuged for an additional minute. Then the MinElute column was placed into a clean 1.5ml microcentrifuge tube. To elute the DNA 10 μl Buffer EB or water was added to the centre of the membrane and the column let stand for 1 minute, prior to a further 1 minute centrifuge. 

[bookmark: _Toc149050885]Alkaline Phosphatase dephosphorylation
In order to dephosphorylate the linearised protein the following reaction was prepared:

[bookmark: _Toc145663888]Table 13. Alkaline Phosphatase Dephosphorylation
	Reagents
	Quantities

	DNA
	1pmol DNA ends

	rCutSmart Buffer (10X)
	2 μl

	Alkaline Phosphatase
	1unit

	Nuclease free water 
	Make up to volume of 20 μl



This was then incubated at 37C for 30 minutes prior to gel purification.

[bookmark: _Toc149050886]Transforming the BJ5183-AD-1 Cells to Produce Recombinant Ad Plasmid
One DNAase-free microcentrifuge tube and one electroporation cuvette for each transformation were prechilled on ice. Whilst these parts were prechilling BJ5183-AD-1 cells were thawed on ice. Once thawed, 40 μl of the cells were pipetted into each of the chilled microcentrifuge tubes. To these tubes 1 μl of linearized shuttle vector and 1 μl of linearised control shuttle vector pShuttle-CMV-lacz were added respectively, mixed by gentle tapping and kept on ice until electroporation. The electroporator was set to the following settings: 200 Ω, 2.5 kV. The contents of each microcentrifuge tube were transferred into electroporation cuvettes. Each cuvette was then inserted into the electroporation chamber and a single pulse applied. Immediately 1ml of sterile LB broth was added and the cells were then resuspended by pipetting. The cell suspensions were transferred to a sterile 14ml BD Falcon round bottom tube. The transformations were then incubated at 37°C for 1 hour while shaking at 225rpm. Subsequently, the transformations were plated onto LB plates containing 50μg/ml kanamycin at volumes of 50 μl, 100 μl, 250 μl and 600 μl of culture and then incubated overnight at 37 °C.
[bookmark: _Toc149050887]Testing Colonies for Recombinant Ad Plasmid
The following day the plates were examined and those with two distinct sized colonies were determined to have been successfully transformed. 
Several of the smallest colonies from each plate were picked using sterile pipette tips and placed into 5ml cultures of LB kanamycin broth. These cultures were then incubated at 37°C overnight while shaking at 225–250 rpm. Plasmids were isolated from each culture using a QIAGEN miniprep. 
10 μl of the miniprep DNA were digested with PACI and then run on a 0.8% agarose gel and any potential recombinants identified. 
[bookmark: _Toc149050888]XL10-Gold Transformation Protocol
The correct recombinants then had to be bulked up by transformation into XL10-gold cells. These cells exhibit the Hte phenotype increasing the transformation efficiency of large DNA molecules. 14ml BD Falcon polypropylene tubes were pre-chilled and XL10-gold cells thawed on ice. 100μl of cells were pipetted into prechilled tubes along with 4μl of 1.5M -Mercaptoethanol whilst swirling gently. This mix was incubated on ice for 10 minutes. For each plasmid to be transformed 50ng of DNA was added to the aliquot of cells and incubated on ice for 30 minutes. Tubes were then heat pulsed at 42°C for 30 seconds before being returned to incubate on ice for a further 2 minutes. 900μl of pre-warmed NZY+ Broth was added to each tube. All tubes were incubated for 1 hour at 37 °C while shaking at 250rpm. The transformation reaction was then plated on to LB-kanamycin agar plates and incubated at at 37 °C overnight. The following afternoon was colony was picked from each plate using sterile pipette tips and grown in 10ml kanamycin LB broth at 37 °C while shaking at 250rpm overnight. 
Large volume cultures were then established by inoculating 500μl of the starter culture, generated after transformation, into 500ml LB-kanamycin broth. This was then grown overnight at 37 °C while shaking at 250rpm. Next, QIAGEN maxiprep kit was used to produce DNA from the culture. 5 μg of maxiprep DNA was then digested with PACI and 0.2 μg of this cut DNA was run on a 0.8% agarose TAE gel to confirm that the colonies were still producing the correct recombinant plasmid. The remainder of the digest was then prepared using the Agilent Strataprep PCR purification kit and the purified DNA eluted in 50 μl of TE buffer and stored at -20 °C.
[bookmark: _Toc149050889]Transfecting HEK-293 Cells
Hek-293 cells were plated 3x105 in 6 well plates and the following day were inspected to check they were approximately 70% confluent. MBS-containing medium (DMEM supplemented with 25mM chloroquine (Sigma-Aldrich, Germany) and 7% modified bovine serum (Agilent)) was prepared immediately prior to transfection. The growth medium was aspirated, the cells twice washed with PBS, then replaced with 4 ml of MBS-containing medium in each well. The plates were then incubated at 37°C incubator for 30 minutes before the addition of the DNA suspension

In a laminar flow hood 5 g of Pac I digested, PShuttle-MS4A1-E1A was pipetted inro a 5-ml BD Falcon polystyrene tube containing sterile dH2O such that the final volume of dH2O plus DNA was 225 l.
Then 25 l Solution I and 250 l Solution II from the ViraPack Transfection Kit were added to the tubes containing the DNA. Immediately following the addition of Solutions I and II, the contents of the tube were gently mixed by tapping the tube.  This solution was incubated at room temperature for 10 minutes. The plates containing HEK-293 cells in MBS-containing medium were removed from the incubator to which the DNA solution was added in a dropwise fashion whilst gently swirling the plate to ensure even distribution. After incubating at 37°C for 3 hours, the medium was aspirated from the plates and replaced with 4 ml of growth medium supplemented with 25 M chloroquine. These were incubated for a further 6 hours, the growth medium was then aspirated and replaced with DMEM. The cultures plates were incubated for 7-10 days with addition of fresh media or replacement of media when required. 
[bookmark: _Toc149050890]Preparing the Primary Viral Stocks
After 7 days incubation, growth medium was carefully removed and the cells washed gently with PBS. Cells were harvested by scraping using a plastic cell scraper into an additional of 500μl PBS. This suspension was transferred to a 1.7ml centrifuge tube, this was incubated alternately between a 37°C water bath and a dry-ice methanol bath for 5 minutes in each. This was repeated for a total of 4 freeze thaw cycles, with vortexing following each thaw step. The sample was then centrifuged at 12000g for 10 minutes at room temperature. The resulting supernatant containing the virus was transferred to a fresh cryovial and stored at -80°C until needed.
[bookmark: _Toc149050891]Bulking up of primary adenovirus stock
HEK293 cells were seeded into 2 fresh T75 flasks so that they were approximately 50% confluent. Following growth overnight 200μl of primary viral stock produced in section 3.7.20 was added to each flask. The virus was isolated using the freeze thaw method (section 3.2.3) having been cultured for 7 days. Viral titres were then measured using the immunohistochemical technique outlined in section 3.2.4.
[bookmark: _Toc149050892]Adeasy XL
The Adeasy XL system from Clontech (Agilent technologies, US) was also used due to problems during virus engineering. The method is the unchanged other than the inclusion of BJ5183 cells pre-transformed with the pAdEasy-1 plasmid. This decreases the chance of non-recombinant shuttle plasmid therefore making it easier to select colonies containing the recombinant adenoviral plasmid. 



[bookmark: _Toc149050893]
Collection of patient samples

[bookmark: _Toc149050894]Clinical Study set-up and timeline

In order to collect patient samples as part of this research project I developed the ‘Studies of the use of oncolytic viruses and other immunomodulatory compounds in a lymphoma trial’, this included both the design of the project including the protocol, consent forms and patient information sheet as well as setting up the trial at Sheffield Teaching Hospitals (STH) in order to recruit patients (see Appendices 1 & 2). The timeline and set-up process for this is outlined below in Figure 4. In order to set up this study at Sheffield Teaching Hospitals the proposal underwent Independent scientific review and project set up in the Research and Development department. To fund the consumables for this project a grant was applied for via Sheffield Hospitals charity which was successful. Once funding was in place, UK ethics approval was applied for via the IRAS system. Following this approval, the set-up process at STH could be completed and patient recruitment could begin,

[bookmark: _Toc145664318]Figure 4 Timeline for clinical study set up.
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[bookmark: _Toc149050895]Ethics statement

The ‘Studies of the use of oncolytic viruses and other immunomodulatory compounds in a lymphoma trial’ underwent independent scientific review at Sheffield Teaching Hospitals and was subsequently reviewed by an external ethics committee. The review was undertaken by Yorkshire and Humber – South Yorkshire Research Ethics committee, Health Research Authority and Health Care Research Wales and was approved on 9th October 2018. REC reference number 18/YH/0318 (see Appendices 1& 2).

[bookmark: _Toc149050896]Study Power

The study is laboratory based basic-science and early-translational science, so using statistical methods to calculate the required sample size is not appropriate. Last year 200 patients were diagnosed with Lymphoproliferative disorders at STH, given funding available and current recruitment rates for similar studies a target of 50 patients was set.

[bookmark: _Toc149050897]Study Design

The ‘Studies of the use of oncolytic viruses and other immunomodulatory compounds in lymphoma’ trial was a laboratory-based study looking at developing patient derived in vitro and in vivo models of lymphoma. 

[bookmark: _Toc149050898]Recruitment consent and withdrawal

Patients were opportunistically screened for eligibility (Table 14) by myself or other clinicians in the department. Potential participants were approached if appropriate and given a patient information sheet (see Appendix 1) about the project and had the opportunity to consider and discuss this information with the study team. Patients who were willing to participate and fit the eligibility criteria were be invited to give informed consent and complete the consent form (see Appendix 2). It was made clear to patients that they could withdraw from the study at any time and that their medical care would not be affected as a result. 


[bookmark: _Toc145663889]Table 14. Patient eligibility criteria

	Inclusion Criteria

	Exclusion Criteria

	Aged 18 years or older

	Patients unable to consent to participate

	Diagnosed or under investigation for lymphoma*

	Patients on active treatment for lymphoma

	Able to consent to participate in trial

	

	Not on active treatment for lymphoma

	

	*NB at the time of recruitment to the study, potential participants will be in the investigation stage of lymphoma. If, following consenting the patient is found not to have lymphoma, their participation in the study will end at this point and their research samples will be discarded. 




[bookmark: _Toc149050899]Processing of samples

Following consent, patient samples of blood and bone marrow were collected from patients at the same time as routine sampling. Cerebrospinal fluid (CSF) and lymph node samples were not collected although they were included in the ethics approval, due to the presentation of patients recruited. If collected these would be processed in the same way as the steps outlined below with the additional step of passing through a cell sieve before to the below method is applied to the solution.


[bookmark: _Toc520163273][bookmark: _Toc149050900]Isolation of BMMCs/PBMCs by Density gradient Separation  

Bone marrow aspirates and peripheral blood samples were collected from CLL and lymphoma patients under ethical approval as per section 3.8.1. Bone marrow aspirates were collected into RPMI medium plus heparin (100units/ml). Peripheral blood samples were collected into Lithium-Heparin collection tubes (17IU/ml). After filtering through a 100µm filter the samples were diluted in an equal volume of PBS and carefully layered over 15ml of Histopaque® (Sigma, UK).  The samples were then centrifuged at 1600rpm for 20 minutes with no brake and the visible mononuclear layer was carefully collected into a 50ml falcon tube and filled with ice-cold PBS. This was centrifuged at 1600rpm for 10 minutes at 4oC. The supernatant was removed, the mononuclear cells were then resuspended in their own volume before adding 2mL of ice-cold PBS. The mononuclear cells were then either used to isolate CD20 positive lymphoid cells as in section 3.8.7 or resuspended in RPMI medium for culture or to be frozen and stored at -80oC. 

[bookmark: _Toc520163274][bookmark: _Toc149050901]CD20+ Positive selection using magnetic activated cell sorting 

CD20 is expressed on both healthy and malignant human B Lymphocytes. In order to isolate CD20+ cells from peripheral blood and bone marrow mononuclear cells, CD20 magnetic microbeads (Miltenyi Biotech, UK) were used. Mononuclear cells from section 3.8.6 were centrifuged at 1200rpm for 5 minutes at 4oC. The supernatant was then discarded and the cells were resuspended in their own volume. 80µL of ice-cold Auto-MACS® buffer (Miltenyi Biotech, UK) was then added. Following this 20µL of CD20 magnetic microbeads (Miltenyi Biotech, UK) per 1x108 cells was added and this was then incubated on ice for 30 minutes. Mononuclear cells were washed by adding 900µL of ice-cold Auto-MACS® buffer to the cell suspension and centrifuged at 1200rpm for 5 minutes at 4oC. Once again the supernatant was discarded, and the cells were resuspended in 1ml of ice-cold Auto-MACS® buffer. The Auto-MACS® column and magnet apparatus (Miltenyi Biotech, UK) was assembled as per the manufacturer’s instructions and 500µL of ice-cold Auto-MACS® buffer added to equilibrate the column. Mononuclear cells were then added to the column and CD20- cells were collected. The column was washed three times with 500µL of ice-cold Auto-MACS® buffer. To elute the CD20+ cells the column was removed from the magnet and 1ml of ice-cold Auto-MACS® buffer was added. CD20+ Cells were counted as described in 2.1.3. The collected CD20+ cells were cultured in RPMI (Gibco by Life Technologies, UK) supplemented with 10% foetal calf serum 1% penicillin/streptomycin.

[bookmark: _Toc149050902]Assessment of viability and CD20 expression of primary cells


Cells were cultured for 24 hours in complete media, 10,000 human lymphoma cells per test were acquired. Cells were centrifuged and resuspended in 100µL of Flow cytometry buffer (PBS + 4% FBS). 5 µL of PECy7- conjugated mouse anti-human CD20 (BD Bioscience,UK) or a PE conjugated mouse IgG control was added and incubated for 20 minutes at room temperature in the dark. Cells were then washed twice with PBS and labelled with 1 µl per 100 µl Zombie viability dye (Biolegend, USA) just prior to analysis on a FACsCalibur (BD, UK). Viable cells were gated and the mean fluorescence intensity for PE-conjugated mouse anti-human CD20 was measured. Unstained cells were used for flow calibration. 

[bookmark: _Toc149050903]Statistical analysis

Data was summarised using accepted statistical methods such as mean and standard distribution. Data was analysed using GraphPad Prism 8 (GraphPad Software Inc., San Diego,USA). For comparison of the mean of two groups the paired t-test was used, for groups of more than two an ANOVA was performed. P values of less than 0.05 were considered significant. 




[bookmark: _Toc149050904]Results

[bookmark: _Toc149050905] Cell Viability Assays

[bookmark: _Toc149050906]Establishing optimum seeding densities using AlamarBlue assay

In order to determine the optimum seeding density of lymphoma cell lines (HDLM2, L540, SC1 and HT), for future cell viability assays with treated cells, a variety of seeding densities (5x103, 1x104 and 2x104) were used in AlamarBlue assays.  This selection of seeding assays was used due to the cell line information sheet and previous lab group experience. As shown in Figure 5 a seeding density of 2x104 cells per well resulted in a linear assay, cells were growing exponentially making this density suitable for future assays with treated cells. The 72 hour time point was chosen due to previous experience with drug dosing assays and expected time needed for the oncolytic viral effect.
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[bookmark: _Toc145664319]Figure 5. Optimal seeding densities of cell lines of 2x104 cells/well for AlamarBlue assay.
Seeding densities ranging from 5x103 to 2x104 cells per well were plated in 96 wells and incubated for 72 hours. AlamarBlue assays were undertaken at 24, 48 and 72 hours to assess cell viability. Data are the mean of n=3 independent experiments.

[bookmark: _Toc149050907]Dose response to Anti Lymphoma Treatments.

In order to determine the optimum dose of established anti-lymphoma drugs on B cell lymphoma cell lines for use in future planned synergy assays a variety of drug concentrations were used in AlamarBlue assays. Vincristine and/or Doxorubicin form the back bone of many B cell lymphoma chemotherapy regimens such as RCHOP or RCVP and are often used in combination with anti CD20 antibodies (Cabanillas and Shah, 2017). Hence, B cell lymphoma cell lines, HT and SC1, were treated with increasing concentrations of Vincristine (0.001g/ml, 0.01g/ml, 0.1g/ml) and Doxorubicin (0.5g/ml, 5g/ml, 50g/ml) and incubated for 48 hours before assessing cell viability by an AlamarBlue® assay (Figure 6).
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[bookmark: _Toc145664320]Figure 6. Viability of HT and SC1 cells treated with Vincristine and Doxorubicin. 
lymphoma cell lines (HT and SC1) were treated with increasing concentrations of Vincristine and Doxorubicin. 48 hours after incubation, cell viability was assessed using the AlamarBlue® assay. Data in experimental arms are means of 3 experiments n=3  ±SD. 

Both cell lines showed expected dose dependent decreases in viability with Vincristine and Doxorubicin at 48 hours. Even at the highest concentrations used, 100% cell death was not achieved meaning it was not possible to determine an accurate IC50. For both cell lines 50% cell death was achieved with a dose range of 0.01-0.1g/ml of Vincristine. Doxorubicin achieved 50% cell death with a dose range of 0.5-5g/ml. These doses will be used in subsequent experiments.

[bookmark: _Toc149050908]Expression of CD20 in B Cell lymphomas

[bookmark: _Toc149050909]CD20 expression by flow cytometry

CD20 expression in B cell lymphoma is well described in the literature. However, as the aim of this project is to engineer an adenovirus where transcriptional control of the adenovirus replication protein E1A is under CD20 control it was essential to test the follicular lymphoma (SC1) and DLBCL (HT) cell line for expression of CD20. B cell lymphoma cell lines HT and SC1 were stained with anti-human CD20 or with an isotype control. Using flow cytometry mean fluorescent intensity was determined. Both cell lines expressed CD20 with the highest level of expression observed in the SC1 cell line (Figure 7). 
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[bookmark: _Toc145664321]Figure 7:Human B cell lymphoma cell line express CD20: 
9) Human lymphoma cell lines were stained with anti-human CD20 (Blue) or isotype control (Red). Mean fluorescence for CD20 and control were determined by flow cytometry. Above are fluorescent histograms from a representative experiment of N=3. B) mean fluorescent intensity data from a representative experiment of N=3 showing significant CD20 expression compared to isotype control p<0.00001.	

[bookmark: _Toc149050910]CD20 Expression by Quantative Real time PCR

In addition to measuring CD20 protein expression on lymphoma cell lines, CD20 gene expression (MS4A1) was also measured by qPCR. RNA was isolated from lymphoma cell lines (SC1, HT and HDLM2) and primary patient-derived CLL samples as per section 3.5.1. RNA was reverse transcribed to cDNA as per section 3.5.2 and this was used to analyse mRNA expression of MS4A1. As shown in Figure 8 high levels of MS4A1 expression relative to housekeeping gene were shown in all B cell lymphoma cell lines, SC1 relative expression 144.4, HT relative expression 290 and patient CLL cells relative expression 17110 and were appropriately negative in HDLM2 Hodgkin cell lines. 
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[bookmark: _Toc145664322]Figure 8. Lymphoma cell lines and patient samples express CD20: 
RNA was isolated from SC1, HT and HDLM2 cell lines as well as patient CLL samples. MS4A1 was analysed using qPCR. N=3 data are mean ±SD. P values were calculated using a one way ANOVA and show statistical significance for both HT and SC1 cell lines and CLL patient samples. 



[bookmark: _Toc149050911]Infection of cell lines by Adenovirus

[bookmark: _Toc149050912]Infection of cell lines by Adenovirus by immunohistochemistry

Haematological cells lack high expression of CAR necessary for Ad5 infection. However, some lymphoma and leukaemia cells have been shown to be infected by Ad5 despite this. It was therefore important to check infectivity of the Ad5 to the B cell lymphoma cell lines. To do this HT and SC1 cell lines were inoculated with adenovirus and incubated for 24 hours. Cells were cytospun on to slides as described in section 3.4.1 and then stained with an anti-adenovirus antibody that stains the adenoviral hexon. This clearly showed that both the positive control HEK cells and the experimental HT and SC1 cells inoculated with an MOI 10 were infected with adenovirus as shown by the DAB staining in over 90% of cells seen (figure 9). 






















A HT cells infected with adenovirus at MOI10 stained with anti-adenoviral antibody showing positivity for infection with negative control
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B HT cells infected with adenovirus at MOI10 stained with anti-adenoviral antibody showing positivity for infection with negative control
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[bookmark: _Toc145664323]Figure 9. Infection of cell lines by adenovirus.
Cells were inoculated with adenovirus and incubated for 24 hours before being cytospun onto slides and stained with anti-adenoviral antibody. A) HEK293 cells infected with adenovirus at MOI10 stained with anti-adenoviral antibody showing expected positivity by DAB staining. B) HT cells infected with adenovirus at MOI10 stained with anti-adenoviral antibody showing positivity for infection with negative control. C) SC1 cells infected with adenovirus at MOI10 stained with anti-adenoviral antibody showing positivity for infection with negative control D) Slides were analysed with number of DAB positive cells per high power field counted. N=3 P=<0.0001.


[bookmark: _Toc149050913]Infection of cell lines by GFP expressing adenovirus

To confirm the ability of adenovirus to infect lymphoma cells,  HT and SC1 cell lines were inoculated with AdGFP and incubated for 24 and 48 hours. AdGFP is a non-replicative adenovirus expressing GFP under the control of a CMV promoter. Therefore, positive expression of GFP represents activation of the cells transcription machinery. Following incubation the cells were examined by flow cytometry as per section 2.6.2. This showed infection of the low grade lymphoma, SC1 cell line by the virus at an MOI of 20, with a suggestion of low level, non-statistically significant infection at an MOI 2. The high grade lymphoma HT cell line was infected at both MOI 2 and 20 (figure 10).  



[image: ]

[bookmark: _Toc145664324]Figure 10. Flow cytometric analysis of GFP expression in Lymphoma cell lines infected with AdGFP: 
Lymphoma cell lines SC1 and HT were infected with AdGFP at a MOI of 2 and 20. A) representative histograms of one experiment. B) Mean fluorescence was determined by flow cytometry at 24 and 48 hours. Data are mean of 3 experiments ± SD. Statistical analysis was assessed using an ordinary one-way Anova showing statistically significant infection of the SC1 cell line at an MOI 20 p=<0.001 at 24 hours and p=<0.0001. HT cell line showed infection at MOI 2 at 24 and 48 hours p = 0.0162 and p= 0.0006 respectively as well as infection at MOI 20 at 24 and 48 hours p=<0.001 and p=<0.0001 respectively.
[bookmark: _Toc149050914]Infection of healthy volunteer mononuclear peripheral blood cells

Healthy volunteer mononuclear peripheral blood cells were inoculated with AdGFP and incubated for 24 and 48 hours. They were then examined by EVOS and flow cytometry as per section 2.6.2 This shows minimal infection of healthy volunteer mononuclear peripheral blood cells by the virus even at MOI 20 as shown by the low level mean fluorescence intensity (figure 11). 
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[bookmark: _Toc145664325]Figure 11: Flow cytometric analysis of GFP expression in healthy volunteer mononuclear peripheral blood cells infected with AdGFP.  
Healthy volunteer mononuclear peripheral blood cells were infected with AdGFP at a MOI of 2 and 20. A) representative histograms of one experiment. B) Mean fluorescence was determined by flow cytometry at 24 and 48 hours. Data are mean of 3 experiments ± SD. Statistical analysis was assessed using an ordinary one-way Anova showing statistically significant infection of the healthy volunteer mononuclear peripheral blood cells at 24 hours with MOI 20 (p=0.0012) and MOI 2 and 20 at 48 hours (p = 0.026 and 0.003 respectively).
[bookmark: _Toc149050915]CAR expression

Given the ability for Ad5 to infect lymphoma cell lines, CAR expression was checked by flow cytometry to assess if aberrant expression in malignant cell lines may explain this. The lymphoma cell line HT was incubated with an anti-CAR antibody and examined by flow cytometry as per section 2.6.3. As shown in figure 12 this demonstrated low level expression of CAR in the HT cell line, but compared to the HEK cell positive control expression was significantly less (p=0.0002). 
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[bookmark: _Toc145664326]Figure 12 Flow cytometric analysis of CAR expression in HT lymphoma cell line. 
Human HT lymphoma cell lines were stained with anti-human CAR antibody or isotype control. Mean fluorescence for CAR and isocontrol were determined by flow cytometry. Above are A) Fluorescent histograms and B) Fluorescent intensity data from a representative experiment of N=3 Paired t test comparing HT to the positive control HEK cells shows significantly less expression in the HT lymphoma cell line p=0.0002.	




[bookmark: _Toc149050916]CD51/61 expression 

As high levels of CAR expression were not shown alternative mechanisms of infection were investigated. One proposed mechanism was upregulation of V integrins such as V3 (CD51/61).  Lymphoma cell lines were incubated with anti CD51/61 antibody and expression assessed by flow cytometry as per section 2.6.4. HDLM2 and HT cell lines showed low albeit statistically significant levels of expression, and very low level expression in SC1 cell line, despite all these cell lines being infected by Ad5 (figure 13).
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[bookmark: _Toc145664327]Figure 13.  Flow cytometric analysis of CD51/61 expression in Lymphoma cell lines. 
Human lymphoma cell lines (HT, HDLM2, SC1) were stained with anti-human CD51/61 antibody or isotype control. Mean fluorescence for CD51/61 and control were determined by flow cytometry. Above are A) representative fluorescent histograms and B) Fluorescence intensity data from a representative experiment of N=3. CD51/61 expression was compared to isotype control and found to be significant in all cell lines HT, HDLM2 and HEK p<0.001, SC1 p<0.006. CD51/61 expression in cells lines was also compared to that in HEK cells known to be infected by adenovirus, expression was significantly less in HT and, SC1 p = <0.0001. but showed similar expression HDLM2 relative to isotype control. p= <0.001. and HDLM2 cells p = <0.0001

Following confirmation of both CD20 expression and Ad infection the next step was to begin engineering a CD20 specific adenovirus.


[bookmark: _Toc149050917]Ligation of MS4A1 and PShuttle plasmid

[bookmark: _Toc149050918]Digestion of MS4A1 and pShuttle plasmid

In order to acquire the CD20 promoter a reporter plasmid, containing the CD20 promoter inserted upstream of luciferase was purchased. Initially this promoter had to be digested out from the reporter plasmid to allow it to be inserted into the pShuttle vector from the Adeasy system. On analysis of the multiple cloning sites (MCS) both were found to contain a KpnI and HindIII site (Figure 14). Furthermore, these enzymes were at the 5’ end (KpnI) and 3’ end (HindIII) in both plasmids allowing for insertion of the MS4A1 fragment in the correct orientation.

A)















B)

[bookmark: _Toc145664328]Figure 14. Plasmid maps of MS4A1 reporter plasmid and pShuttle.
A) pShuttle plasmid highlighted are KpnI and HindIII restriction sites for digestion. B) MS4A1 lightswitch promoter plasmid, highlighted are KpnI and HindIII restriction for digestion of MS4A1 promoter. 



Both the MS4A1 reporter plasmid and Pshuttle were digested with KpnI restriction enzyme and then HindIII as the two enzymes did not have complimentary buffers. Linearisation of the plasmid with the first digest (KpnI) caused it to run slower on an agarose gel than the supercoiled uncut plasmids, as shown in figure 15. The resultant bands were cut out and DNA extracted from the gel using the Qiagen gel extraction kit as per section 2.7.7. The second digest with HindIII was then undertaken resulting in two bands shown for MS4A1 reporter plasmid, one of approximately 1000bp corresponding to the digested MS4A1 promoter and the larger band representing the remaining plasmid. The second digest of the PShuttle resulted in a slower moving band than the uncut, super coiled DNA. The fragment between KpnI and HindIII was not seen (figure 16). 
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[bookmark: _Toc145664329]Figure 15.  KpnI digest of MS4A1 and pShuttle.
KpnI digest of MS4A1 and pShuttle, L1 is 1kb DNA ladder, L3 digested MS4A1, L5 undigested MS4A1 plasmid, L6 is undigested pShuttle plasmid and L8 is digested pShuttle plasmid. Digestion was successful as shown by the L3 and L8 DNA running slower than the supercoiled non-digested plasmid.
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[bookmark: _Toc145664330]Figure 16. HindIII digest of KpnI digested MS4A1 and pshuttle. 
L1 is 1kb DNA ladder, L3 KpnI and HindIII digested MS4A1, two bands are shown for MS4A1 reporter plasmid, the highlighted band of approximately 1000bp corresponding to the digested MS4A1 promoter and the larger band representing the remaining plasmid.  L8 is KpnI and HindIII digested pShuttle plasmid in the slower moving highlighted band then the uncut, super coiled DNA. The fragment between KpnI and HindIII was not seen.

Due to poor DNA yield from gel extraction the next step was an in-gel ligation of the MS4A1 promoter into the prepared PShuttle vector. The ligated DNA was transformed into bacteria and grown on agar plates containing kanamycin. Unfortunately, there was no growth suggesting unsuccessful ligation. This may have been due to a low DNA concentration resolved from the initial digest or with the in-gel ligation protocol.  Therefore, in
 order to avoid this problem moving forward the E-gel electrophoresis was used and the same KpnI and HindIII digests undertaken to circumvent the need for gel extraction. The resulting cut DNA could then be used in a standard ligation, transformed into bacteria and grown on agar plates to make pshuttle-MS4A1 (figure 17). Despite these attempts ligations remained unsuccessful, a further attempt using new, high fidelity restriction (New England Biolabs) enzymes requiring the same buffer was made. See Table 15 for summary of protocol amendments. 
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[bookmark: _Toc145664331]Figure 17 MS4A1- pShuttle plasmid map. 
Plasmid map showing the planned insertion of MS4A1 (CD20 promoter) sequence into p-Shuttle plasmid. 


[bookmark: _Toc145663890]Table 15. Digest and Ligation attempts
	Attempt Number
	Protocol/method amendment
	Result
	Interpretation

	1
	None first attempt 
	Poor DNA yield post HindIII digest therefore ligation not attempted
	Poor DNA yield possibly due to multiple step process or poor gel purification technique

	2
	Optimised gel purification after both KpnI and HindIII digest steps -minimised UV light exposure, warmed buffer and increased incubation time
	DNA yield improved but not optimal. Ligations attempted. Control – Growth, ligations negative. 
	Ongoing issues with poor DNA yield possibly due to multiple step process

	3
	In gel ligation protocol used post HindIII digest.
	Control – Growth, ligations negative
	Possible problem with in-gel ligation method. 

	4
	In gel ligation protocol used post HindIII digest done in cold room to assist with ultra low melting point gel handling
	Control – Growth, ligations negative
	Possible problem with in-gel ligation method.

	5
	Use of E-gel electrophoresis to resolve poor DNA yield of attempts 1and 2 and to use traditional ligation method
	DNA yield post 2 step digest remained problematic. Ligations attempted
Control – Growth, ligations negative
	Two stage digest potential cause of DNA loss and deterioration

	6
	Purchase of high fidelity restriction enzymes that required the same buffer, E-gel electrophoresis and traditional ligation.
	Control – Growth, ligations negative
	Possible issue with digests – STAR activity i.e. relaxation or alteration of the specificity of restriction mediated DNA cleavage

	7
	Check digests with BAMHI digests. Both old and new KpnI + BAMHI and old and new HindIII + BAMHI digests undertaken 
	Gel electrophoresis gave expected bands
	No evidence of STAR activity. Possible problem with ligation method or choice of restriction sites. 





[bookmark: _Toc149050919]P-shuttle MS4A1 E1A

Despite multiple attempts to ligate MS4A1 segment into the Pshuttle vector we were unable to do this successfully. Therefore, the decision was made to purchase an engineered plasmid of our design, this plasmid included the Pshuttle vector from the Adeasy kit with MS4A1 and E1A inserted. The MS4A1 E1A was synthesised using a sequence provided by us (see Appendix 3), this was then cloned into the PShuttle using KpnI and BGlII restriction digests (figure 18) by Genscript. 

[image: ]
[bookmark: _Toc145664332]Figure 18 PShuttle-MS4A1-E1A Plasmid map showing the insertion of synthesised MS4A1 E1A sequence into p-Shuttle plasmid by Genscript.

The following restriction digest results (figure 19) were provided by Genscript as well as the sequencing data seen in appendix 3. This demonstrated fragments of the expected size with no unexpected bands. 

[image: ]
[bookmark: _Toc145664333]Figure 19: Sal1 restriction digest of Pshuttle-MS4-E1A. 
A) Lane 1 shows Pshuttle-MS4-E1A undigested plasmid running faster than the expected size of approximately 8500kb due to being super coiled, Lane 2 shows Sal 1 digested Pshuttle-MS4-E1A with a fragment running at the expected size of 1200k kb, Lane M shows the kb ladder. B) Virtual Sal1 restriction digest of the Pshuttle-MS4-E1A plasmid to compare with the provided data. 


[bookmark: _Toc149050920]Adeasy recombination
The PShuttle-MS4A1-E1A engineered by Genscript (from now on termed PSH-MS4A1-E1A) was used in the Adeasy system.
[bookmark: _Toc149050921]Linearisation of PSH-MS4A1-E1A
As per the manufacturers protocol the first step was to linearise the PSH-MS4A1-E1A with PmeI digestion. As can be seen in figure 20 the digested plasmid runs at the expected size of approximately 8500bp, in this case the uncut plasmid ran slower at an apparent size larger than 10000bp. In previous digests uncut plasmids ran faster due to super coiled DNA in this case it appears that the plasmid is circular but not supercoiled and as such would run slower than the digested plasmid. To prevent the plasmid from re-ligating when transformed into bacteria it was treated with calf intestinal alkaline phosphatase and then underwent gel electrophoresis and gel extraction (figure 21).L3[image: ]
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[bookmark: _Toc145664334]Figure 20  Plasmid linearisation using PmeI. 
L1 =1Kb Ladder in L2 the PmeI digested PSH-MS4A1-E1A runs at the expected size of approximately 8500bp (highlighted) which is faster than the undigested plasmid in L3.
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	Comment by Kelsey Anna (R0A) Manchester University NHS FT: What’s in the additional lanes? If not relevant then remove	Comment by KELSEY, Philippa (SHEFFIELD TEACHING HOSPITALS NHS FOUNDATION TRUST): Removed additional lanes
[bookmark: _Toc145664335]Figure 21 Gel isolation after Alkaline Phosphatase treatment.
 L1 =1Kb Ladder, in L2 and L3 the PmeI digested alkaline phosphatase treated PSH-MS4A1-E1A alkaline phosphatase treated runs at the expected size of approximately 8500bp (highlighted) which is faster than the undigested plasmid in L4.  Bands in L2 and L3 were gel extracted and used for recombination below.


[bookmark: _Toc149050922]PSH-MS4A1-E1A and Adeasy recombination
To insert the MS4A1 driven E1A into the adenovirus genome the pShuttle plasmid had to be combined with the AdEasy vector. This was done by co-transforming PSH-MS4A1-E1A and pAdEast-1 vector into BJ5183 cells using electroporation. Once again, several challenges were faced in the successful completion of this stage of the AdEasy protocol. The main challenge faced was producing a solution whose salt content was low enough to prevent cellular damage during electroporation. Following two failed attempts at electroporation resulting in no growth including in the control samples, the first modification was to modify to wash step by incubating the MinElute column for 5 minutes as per manufacturers suggestion. As this was unsuccessful, we purchased BJ5183-AD cells which already contain the adenoviral vector therefore requiring only transformation of the shuttle vector. This did not result in growth of mixed colonies, once again suggesting a problem during electroporation. The Adeasy XL method suggested that direct transformation of Pme-1 digested shuttle vector could result in sufficiently high recombination efficiency to allow for recovery of adenoviral vectors. Therefore, it was reattempted without the alkaline phosphatase de-phosphorylation step and then without the DNA purification step. See Table 16 for summary of attempts, controls and protocol modifications. 
[bookmark: _Toc145663891]Table 16. PSH-MS4A1-E1A and AdEasy recombination optimisation.
	Attempt No
	Protocol Amendment
	PSH-MS4A1-E1A
	Pshuttle-CMV-Lacz
	P Shuttle
	PUC18
	Comment 

	1
	None – 1st attempt 
	No Growth
	No Growth
	No Growth
	Growth
	Indicated a problem with electroporation of linearised and dephosphorylated vector

	2
	None 
	No Growth
	No Growth
	No Growth
	Growth
	Indicated a problem with electroporation of linearised and dephosphorylated vector

	3
	Modify the wash step by incubating the MinElute column for 5 min at room temperature after adding 750 µl of Buffer PE, then centrifuge
	Growth – mixed size colonies
	Growth – mixed size colonies
	Growth – mixed size colonies
	Growth
	Picked colonies failed to grow in LB Broth – possible cellular damage during electroporation

	4
	BJ5183-AD cells
	No Growth
	No Growth
	No Growth
	Growth
	Indicated a problem with electroporation of linearised and dephosphorylated vector

	5
	Remove Alkaline phosphatase de-phosphorylation step 
	Growth – mixed size colonies
	Growth – mixed size colonies
	Growth of uniform colonies
	Growth
	Picked colonies failed to grow in LB Broth – possible cellular damage during electroporation

	6 
	Removal of DNA purification step 
	Growth – mixed size colonies
	Growth – mixed size colonies
	Growth of uniform colonies
	Growth
	Successful growth of picked colonies 



Bacteria were then plated out on to kanamycin containing LB agar. After overnight incubation the colonies were inspected. Two types of colonies were evident one large and one small. The small colonies are expected to contain the recombinant plasmid due to the large plasmid impeding bacterial growth. Therefore, ten individual small colonies were selected (figure 22).
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[bookmark: _Toc145664336]Figure 22 PSH-MS4A1-E1A-AdEasy recombination.
Successful recombination produced smaller colonies (circled), larger colonies were unsuccessful recombination (no circles). 
Minipreps from 10 small colonies were prepared. To check for recombination the plasmids were digested with PacI. If recombination was successful this should show two bands, a large band just above 12kb and a smaller band at either 3000bp or 4500bp as shown in figure 23.
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[bookmark: _Toc145664337]Figure 23 PACI PacI digestion of positive plasmids.  
L1 is a 1kb Ladder, digestion of plasmids from colony 1(L2) and 4 (L5) identified in previous section gave the correct pattern of bands, with a large band just above 12kb and a smaller band at either 4500bp (highlighted).

[bookmark: _Toc149050923]Virus production
Positive plasmids (Figure 23) from section 3.6.2 were amplified by transformation into XL-10 Gold ultra-competent cells. Both the recombinant plasmids and control plasmid PUC18 were transformed with growth of both. A further Pac1 digest was undertaken to once again check the desired restriction pattern was evident.  Once amplified the plasmids underwent a purification step before being transfected using the AdEasy kit into viral producing cell line HEK293s. Virus was isolated 7 days after transfection by repeated freeze thaw cycles and then viral production monitored by Adeno-X titre assay (section 2.2.4).
The Adeno-X titre assays failed to demonstrate the production of viable virus in our first transfection assay. In case these viruses were not concentrated, these viruses were bulked up by adding half of the primary virus stock to 4 further flasks of fresh HEK293. After incubating for up to 5 days whilst monitoring for cytopathic effect the titre assay was repeated. As before no positive staining was seen. This left two possibilities; one that colonies chosen contained poor quality recombinant plasmids that were low copy number or poor viral producers, or two that the transfection was not successful. Despite this, patient samples were then collected in the hope that virus assessment on these could be done at a later date.  

[bookmark: _Toc149050924]Patient samples

Twenty one patients were recruited to the Oncolytic viruses in Lymphoma study see Table 17. 
[bookmark: _Toc145663892]Table 17 Oncolytic Viruses in Lymphoma Patient Recruitment
	Patient  No
	Date
	WCC on date of sample
	Date of Diagnosis
	Binet Stage*
	Quantity of cells

	Patient 1
	08/10/2019
	239.1
	17/07/2018
	C
	x1 vials @ 6x10^6

	Patient 2
	22/10/2019
	7.3
	11/04/2017
	A
	x2 vials @ 4x10^6

	Patient 3
	22/10/2019
	228.4
	20/12/2010
	C
	x4 vials @ 8x10^6

	Patient 4
	05/11/2019
	158.9
	10/04/2013
	B
	x4 vials @ 8x10^6

	Patient 5
	12/11/2019
	152.4
	09/05/2017
	B
	x3 vials @ 4x10^6

	Patient 6
	13/11/2019
	155.8
	20/12/2012
	A
	x2 vials @ 4x10^6

	Patient 7
	19/11/2019
	42.4
	05/05/2017
	A
	x2 vials @ 4x10^6

	Patient 8
	03/12/2019
	205.8
	27/02/2014
	C
	x2 vials @ 4x10^6

	Patient 9
	03/12/2019
	114.1
	09/06/2008
	A
	x1 vials @ 6x10^6

	Patient 10
	04/12/2019
	51.1
	08/12/2016
	A
	x3 vials @ 6x10^6

	Patient 11
	04/12/2019
	183.9
	21/09/2016
	B
	x1 vials @ 6x10^6

	Patient 12
	04/12/2019
	10.5
	26/06/2019
	A
	x2 vials @ 4x10^6

	Patient 13
	10/12/2019
	255.6
	27/11/2019
	B
	x4 vials @ 8x10^6

	Patient 14
	14/12/2019
	241.6
	16/12/2019
	C
	x10 vials @ 32x10^6

	Patient 15
	22/01/2020
	22.4
	23/03/2018
	C
	x3 vials @ 4x10^6

	Patient 16
	05/02/2020
	24.1
	21/07/2011
	A
	x3 vials @ 4x10^6

	Patient 17
	05/02/2020
	89.5
	10/10/2018
	A
	x6 vials @ 6x10^6

	Patient 18
	12/02/2020
	43.4
	04/11/2010
	A
	x5 vials @ 4x10^6

	Patient 19
	12/02/2020
	242.1
	17/11/2011
	A
	x3 vials @ 8x10^6

	Patient 20
	04/03/2020
	191.0
	05/05/2015
	C
	x8 vials @ 50x10^6

	Patient 21
	11/03/2020
	101.1
	27/11/2017
	A
	x12 vials @ 32x10^6


*Binet stage A = Low Risk Binet stage B= Intermediate risk Binet stage C= High risk

Twenty peripheral blood samples and one bone marrow aspirate from patients with CLL were collected and processed as per section 2.8.6. Cell viability and CD20 expression were assessed as per section 2.8.8. Flow cytometry of four representative peripheral blood samples showed 99% viability and 89% CD20 expression (figure 24). 
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[bookmark: _Toc145664338]Figure 24 Flow cytometric analysis of CD20 expression and viability in CLL patient samples.
Patient cell lines were stained with PECy7-conjugate mouse antihuman CD20 antibody or isotype control plus Zombie viability dye.  Mean fluorescence for CD20 and control were determined by flow cytometry. Above are A)  Dot plots of patient cells from 4 representative samples B) Fluorescence intensity data from 4 representative samples Percentage of viable cells and CD20 expression as a percentage of viable cells. CMedian cell viability was 929% and 86.69% of these cells expressed CD20.

Further flow cytometry was undertaken on all samples looking at CD20 protein expression. This showed variable levels of CD20 expression (50-98.6%) (Table 18).

Table 18. Expression of CD20

	Patient ID
	CD20 PE/Cy7 
Percent of viable cells 

	Patient #1
	97.9

	Patient #2
	96.3

	Patient #3
	94.2

	Patient #4
	83.1

	Patient #5
	94.7

	Patient #6
	98.6

	Patient #7
	93.6

	Patient #8
	95.1

	Patient #9
	85.2

	Patient #10
	79.6

	Patient #11
	89.8

	Patient #12
	67.3

	Patient #13
	50

	Patient #14
	67.4

	Patient #15
	87.6

	Patient #16
	87.8

	Patient #17
	85.4

	Patient #18
	95.8

	Patient #19
	90.7

	Patient #20
	88.2

	Patient #21
	91.2
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*Levels of CD20 tabulated as a percentage of viable cells

[bookmark: _Toc149050925]Discussion

OVs have been shown to be a promising treatment in several cancer types both in clinical trials and in pre-clinical models. The aim of OVs in lymphoma treatment would be as an adjunct to traditional chemotherapy to increase tumour killing and induce long lasting host immunity (Kaufman, Kohlhapp and Zloza, 2015; Kohlhapp and Kaufman, 2016). This is of particular relevance in indolent or low-grade lymphomas which are considered incurable currently and their clinical course is one of remission and relapse (Sarkozy et al., 2019). The aim with the addition of a lymphoma specific OV would be to target cells not removed by chemotherapy leading to deeper remission and the resulting immunity may help to prolong remissions or even result in a cure. 

As discussed in section 1.9.3, the lack of CAR receptor on healthy B lymphocytes has raised concern as to the ability of Ad5 to infect lymphoma cells. Before pursuing the engineering of a CD20 specific virus it was important to establish that Ad5 was able to infect lymphoma cells. The results from section 3.3 clearly show the ability of Ad5 to infect the B cell lymphoma cell lines used, we would like to confirm this data by repeating the AdGFP experiments in our patient cells in the future. The infection of the cell lines is at odds with current understanding of the need for CAR for infection. However, previous studies have also shown infection of lymphoma cells by Ad5 (Medina et al., 2005; Strair et al., 2002). 

The proposed mechanisms are varied but include aberrant expression of the CAR receptor or the use of secondary infection pathways such as v5 or M integrins (Medina et al., 2005). We have shown that there is low level expression of the CAR receptor in the HT cell line (Figure 11). Another possible receptor CD51/61 (V3) was investigated, and low level expression was shown in HDLM2 and HT cell lines but no expression in the SC1 cell line was shown.  It is also important to note the minimal infection of healthy volunteer mononuclear peripheral cells by Ad5 (Figure 10).  This suggests that up regulation of the CAR receptor along with CD51/61 as well as potential further pathways in malignant cells allows for infection with Ad5 (Nestic et al., 2021). 

The lack of infection of the healthy volunteer adds to the specificity of this OV. It is important to note that CD20 expression is not limited to malignant B cells and therefore there may be concern regarding effects on healthy B cells. The low level of side effects and lack of long term sequalae associated with anti-CD20 treatments currently widely used is reassuring (Reagan and Friedberg, 2017). Whilst investigating the ability of AdGFP to infect lymphoma cell lines we also assessed the infectivity in healthy, volunteer PBMCs. Reassuringly this showed significantly lower levels of infection than in the malignant cell lines. This is thought to be due to the lack of CAR receptor and the lack of aberrant expression of other pathways such as CD51/61, v3 and M integrins frequently seen on malignant cells (Medina et al., 2005). 

CD20 has been selected as a target, as already CD20 targeting has been shown to vastly improve outcomes in several B cell lymphomas as well as having fewer side effects than traditional chemotherapy agents (Maury et al., 2016; Pfreundschuh et al., 2011; Pfreundschuh et al., 2008; Hallek et al., 2010; Lenz et al., 2005; Forstpointner et al., 2004; Marcus et al., 2008). Additionally, B cell lymphomas form the bulk of NHLs and many of these fall into the low grade category, currently felt to be incurable (Sarkozy et al., 2019). For these, low grade, malignancies the potential to induce long term immunity is particularly attractive. The current disease course is one of treatment and remission followed by relapse requiring further treatment. The induction of host immunity has the potential to prolong the remission and treatment free periods, it may also offer the potential for a cure. The expression of CD20 by these lymphoma cells is well documented in the literature (van Meerten and Hagenbeek, 2009) and flow cytometry on both the HT and SC1 cell lines as well as CLL patient cells (Figure 5) is in keeping with this. This means that these cell lines and patient samples will be appropriate for initial investigation of the adenovirus. Importantly, we have also demonstrated the transcriptional mRNA expression of MS4A1 in both immortalised B cell lymphoma cell lines and patient CLL cells (Figure 6). It is the transcription of MS4A1 that is key to driving the adenoviral replication rather than the translation of the protein. Therefore, an OV whose replication is dependent on MS4A1 would be expected to replicate in these cells as hoped. Expression of MS4A1 was significantly higher in the patient CLL cells than in immortalised B cell lymphoma cell lines. This requires further investigation to establish if this is significant. In the first instance repeating the RT-qPCR running the patient cells alongside the immortalised cell lines will determine if the expression differences were real or apparent. MS4A1 expression in patient samples from other subtypes of B cell lymphoma should be assessed. It may be that MS4A1 expression in CLL is higher than in other lymphoma subtypes, however, it may be that expression is suppressed in the immortalised cell lines. It is hoped that higher levels of MS4A1 expression would relate to increased replication of the OV, increasing efficacy. Therefore, determining if there is a real or apparent difference would be important to establish. 

The drug dosing assays which were designed to form the basis of future synergy studies did not allow for the determining of an accurate IC50 as 100% cell death was not achieved. Before moving forward with synergy studies this should be repeated with higher doses of both drugs to hopefully determine an accurate IC50. If higher doses still fail to lead to 100% cell death the possibility of resistance must be considered and further investigated. 

The engineering of the virus was challenging, despite the purchasing of a plasmid containing the CD20 promoter and the AdEasy system. The initial digests required different buffers and the sequential use of gel extraction and purification kits led to a loss of DNA making it difficult to perform the necessary ligations and transformations. Much work was done to improve these steps including, trying to optimise DNA extractions from gel by minimising UV exposure, increasing elution time in the column and warming the elution buffer. Initially, we had hoped to undertake a simple bench top ligation but the lack of DNA following the initial KpnI digest meant that the only way to undertake the ligation was to attempt an in gel ligation. This, again, was unfortunately unsuccessful, likely due to low concentration DNA in the second digest. In order to reduce the amount of DNA lost during the initial digest the Clonewell E-gel kit was used, this kit allows the desired DNA band to be pipetted out of the gel without need for an extraction step. Unfortunately, despite this there was still not enough DNA resolved to undertake the next steps successfully. High fidelity digestion enzymes from New England Biomarkers with activity in the same Cutsmart buffer were purchased to circumvent the problems described above. However, despite this ligation of MS4A1 in Pshuttle remained unsuccessful.  Given the difficulties faced and the continuing issues despite multiple troubleshooting attempts the decision was made to purchase the engineered Pshuttle-MS4A1-E1A plasmid. This was engineered by Genscript as per section 3.7.13. 

Unfortunately engineering the virus continued to pose problems. Initial attempts at recombination into the Adeasy vector resulted in extremely slow growing plasmids that were unsuitable for use. One recurrent problem was ensuring a solution sufficiently low in salts to prevent cellular damage during electroporation. As initial attempts to co-transform PShuttle-MS4A1-E1A and the Adeasy vector in BJ5183 resulted in slow growing plasmids, multiple steps were taken to optimise the protocol. These included, longer incubation of the purification step, then BJ5183-AD-1 cells were purchased in order to optimise this stage in the protocol. Due to ongoing issues with excess salts in the solution, as suggested by the manufacturer, both the alkaline phosphatase dephosphorylation step and the DNA purification step was skipped prior to electroporation. This resulted in a solution whose salt content was more suitable for electroporation and resulted in good growth of successful recombinants. 

Despite this, transfection of these recombinants led to slow growing viral stock which did not allow for further testing of the efficacy of the virus. Despite further bulk up significant numbers of virus were not isolated. Therefore, building on my work, the transfection was repeated with an alternative method (see appendix 4) by my colleague Dr Jack Goddard. This resulted in successful virus production. 

As shown in figure 4, the patient study set up took a long time due to multiple steps of approval needed. R+D set up within Sheffield Teaching Hospitals was particularly slow, meaning that even once ethics had been approved via IRAS there was a long delay before I could start to recruit patients. This, unfortunately, meant that time to recruit was limited. Patients were screened, recruited, consented and samples taken by myself in clinic. Experiments using patient cells were therefore limited. Expression of MS4A1 was confirmed by RT-qPCR as was CD20 by flow cytometry. Future work will be discussed below. 

In conclusion, this project has shown the ability for an adenovirus to infect and replicate within lymphoma cells. It has also confirmed CD20 and, importantly, MS4A1 expression in both immortalised lymphoma cell lines and patient derived cells. It has produced an adenovirus whose replicative control is under control of MS4A1 and, set up on ongoing clinical study to collect patient samples to aid in vitro and in vivo lymphoma models and testing of oncolytic viruses. 

[bookmark: _Toc149050926]Future work

As the virus has been successfully produced the next step will be genetic sequencing of the viral product to ensure it contains the modifications expected. Once confirmed, the ability of the virus to infect both the lymphoma cell lines, patient cells and whether it infects healthy mononuclear cells should be investigated. Following this, the ability of the adenovirus to replicate in the lymphoma cell lines must also be assessed. This will be done by looking at the replication kinetics of the infected cell lines. Cell lines will be inoculated with virus, after 24 hours the cells will be washed and resuspended in culture medium. After a further 48 hours of incubation both the medium and lysed cells will be harvested and virus titres quantified to assess the OV’s ability to replicate and lyse cells. 

The OV’s oncolytic activity would then be assessed in vitro on the CD20 positive cell lines, HT and SC1. Following this its cytotoxicity would be assessed in primary patient samples using Alamarblue and MTT assays.  

The oncolytic effect of the virus will then be assessed in vitro in combination with standard chemotherapeutic agents. These will include doxorubicin, vincristine which form part of the common lymphoid chemotherapy regimes.  It is hoped there will be an additive, if not a synergistic effect when OV and chemotherapy are combined. This has previously been shown in vitro with urothelium specific adenovirus and mitomycin C and Hydroxycampothecin in bladder cancer (Li et al., 2017a), and also with Newcastle disease virus, rituximab and doxorubicin in NHL and plasmacytomas (Al-Shammari, Rameez and Al-Taee, 2016).

Further data on the oncolytic activity of the virus and its safety will be assessed using patient derived xenograft models. Patient samples will be collected as per the above methods and two potential models will be attempted including a subcutaneous insertion of tumour material and perinephric inoculation of tumour material in NSG mice (Donnou et al., 2012). The exact treatments they will be exposed to will be guided by the in vitro work. Although currently the aim will be to assess the efficacy of lone OV and OV in combination with currently used chemotherapy, including vincristine and doxorubicin. 
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Oncolytic viruses in Lymphoma
Patient information sheet. Version 3 08/10/2018
STH20360

We would like to invite you to take part in our research study. Before you decide whether to take part it is important for you to understand why the research study is being done and what it will involve. Please take time to read the following information carefully and discuss it with friends, relatives, and the doctors and nurses who usually look after you, if you wish. Take time to decide whether or not you wish to take part. If you are interested in taking part in the research study, we will meet with you to go through this information and answer any questions you may have. 

What is the purpose of this study?
Lymphoproliferative diseases include Lymphomas and certain types of leukaemia.  Although there are currently lots of successful treatments for these diseases we are always looking for new ways of treating these disorders to improve survival and quality of life for patients in the future. 
By using samples from patients we are able to more accurately test potential treatments in the laboratory.

Why have I been invited to take part?
You have been invited to take part in this study because you have, or potentially have, one of the types of cancer which are being studied as part of the project. 

If the results of your tests show that you do not have cancer, we would not include you in the project and would not continue to keep any of your information or samples

Do I have to take part?
No, you do not have to take part. You can take as much time as you need to think about joining the project. Only you can choose if you want to take part. If you don’t want to join, you don’t have to say why. And, if you don’t join, you will still receive the best available care. If you do decide to take part, you will be asked to sign a consent form and given a copy to keep. If you decide to take part, you are still free to withdraw at any time without giving a reason. This would not affect the medical care you receive or your legal rights. 

What will happen to me if I take part?

If you decide to take part, we will ask you to: 

• Read and fill in a form giving your permission to take part (consent form);
• Give a blood sample of 10-20mls (about a tablespoon) 
• Donate a piece of your lymph node (tumour), 10-20ml of liquid bone marrow or 0.5 mL of cerebrospinal fluid (depending on your type of cancer), collected during your normal care and allow some of this sample to be used for testing. 

You would not have to have ‘extra’ tests and we would only ask for samples that would be taken during your usual investigation.

If you take part, you will not have to make extra trips to hospital and you will not have to change medication. If you are having a blood test or bone marrow biopsy done more than once as part of your usual treatment we might ask you to donate a sample for research more than once, but you can say no.

If you take part we would also like permission to collect details of your diagnosis, test results and treatment from your medical records. 

You can still take part in this research study even if you are already taking part in other research studies. 

What are the possible benefits of taking part?
Taking part in the research study will not benefit you in any way, but the knowledge we get from this study may help to improve the treatment of patients with lymphoproliferative disorders in the future. 

What are the disadvantages and risks of taking part?
Taking part in the research study does not involve any extra tests or any change to your medical treatment. Blood, bone marrow, lymph node or cerebrospinal fluid (CSF) samples will be taken at the same time as the samples being taken as part of your routine investigation or monitoring. For blood tests this may mean it takes a few seconds more to collect your blood samples. For CSF samples the collection may also take a few seconds longer. 
If you are having a bone marrow biopsy and donate a sample of bone marrow for research the sample will be taken after the samples for your routine care have been taken, whilst the needle used to take those samples is still in the bone. When liquid bone marrow samples are taken you may feel a sharp ‘tugging’ pain in the bone for a few seconds. Donating a sample for research may mean you experience this for a few extra seconds. 
If you are having a lymph node biopsy this is usually done under local anaesthetic with a needle, the doctor will usually take two samples the size of a grain of rice. If possible we will take an extra sample (around the size of a grain of rice) at the same time. This should not cause any additional discomfort but may make the procedure last a few seconds longer.
Some patients who take part in research studies are worried about the risks to their confidentiality. We will take minimal identifiable data and any identifiable data will be stored in a locked cabinet in the Department of Oncology and Metabolism at the University of Sheffield. Any computer analysis will be anonymised. Your data and samples will only be accessible by members of the research team. The steps we take to protect your confidentiality are described in detail on page 4.

What will happen if I don’t want to carry on with the research study?
You can withdraw from the study at any time by contacting us, without giving a reason. This will not affect the medical care you receive or your legal rights. 

What if there is a problem?
Any complaint about the way you have been dealt with during the study or any possible harm you might suffer will be addressed. If you have a concern about any aspect of the study, you should speak to the researchers (Dr Philippa Kelsey and Dr Morley contact no. 0114 271 1726) who will do their best to answer your questions. If you remain unhappy and wish to complain formally you can do this by contacting the Patient Services Team (0114 271 2400). In the event that something does go wrong, and you are harmed during the research and this is due to someone’s negligence then you may have grounds for legal action for compensation against Sheffield Teaching Hospitals NHS Trust, but you may have to pay legal costs. The normal National Health Service complaints mechanism will still be available to you. 

What will happen to the samples?
We will use the samples to study the effect of new Lymphoma treatments in the laboratory. 
This laboratory research may include research using animals. All research using animals is ethically reviewed and licensed by the Home Office. Please see page 4 for sources of further information on research using animals. 

The laboratory research may include genetic research. The results of the genetic research will not have implications for you or your family. We will not give you any individual results from the study of the samples you give us.

At the end of the study any remaining samples will be stored by the researchers, in an appropriately licenced facility, and may be used for future research. These samples may be used for future research if the proposed projects meet ethical and scientific standards when reviewed by an appropriate review group. If you do not want the samples you donate to be used for future research, this can be indicated on the consent form when you join the study.

What will happen to the results of the research study?
The results of the study will be presented at medical and scientific meetings, discussed with other doctors and scientists, and reported in a medical or scientific publication. If you would like to receive information about the overall study findings this can be indicated when you join the study. It will not be possible for you to be identified in any reports of the research study.      

Who is organising and funding the research study?
The research study is being organised by The Department of Oncology and Metabolism at the University of Sheffield and The Department of Haematology at the Royal Hallamshire Hospital. The research study is funded by Sheffield Hospitals Charity. The research team is not being paid for including you in the research study. 

Who has reviewed the study?
All research in the NHS is looked at by an independent group of people, called a Research Ethics Committee, to protect your interests. REC approval 9th October reference number 18/YH/0318.


Confidentiality
Sheffield Teaching Hospital NHSFT (STH NHSFT) is the sponsor for this study based in the United Kingdom. We will be using information from you and your medical records in order to undertake this study and will act as the data controller for this study. This means that we are responsible for looking after your information and using it properly. STH NHSFT will keep identifiable information about you until the study finishes. STH NHSFT will then archive the study anonymously for a minimum of 10 years. Your identifiable data will be kept in a locked cabinet in the University of Sheffield for 10 years, after which it will be destroyed.
 
Your rights to access, change or move your information are limited, as we need to manage your information in specific ways in order for the research to be reliable and accurate. If you withdraw from the study, we will keep the information about you that we have already obtained. To safeguard your rights, we will use the minimum personally-identifiable information possible.
 
You can find out more about how we use your information at http://nww.sth.nhs.uk/NHS/InformationGovernance/
 
All information collected during this study will be kept confidential. However, authorised representatives from the hospital research office or UK regulatory authorities might perform an audit of the trial and review the trial data and your medical records.
 
STH NHSFT will use your name, NHS number and contact details to contact you about the research study, and make sure that relevant information about the study is recorded for your care, and to oversee the quality of the study. Individuals from STH NHSFT and regulatory organisations may look at your medical and research records to check the accuracy of the research study. The only people in STH NHSFT who will have access to information that identifies you will be people who need to contact you for the trial or audit the data collection process. The people who analyse the information will not be able to identify you and will not be able to find out your name, NHS number or contact details
 
This information will not identify you and will not be combined with other information in a way that could identify you. The information will only be used for the purpose of health and care research and cannot be used to contact you or to affect your care. It will not be used to make decisions about future services available to you, such as insurance.
 

Thank you for taking the time to consider this study. 

Further information and contact details:
General information about research:
Sheffield Cancer Research Centre website:
www.sheffield.ac.uk/sheffield-cancer-research
NHS choices pages on clinical trials and medical research
www.nhs.uk/conditions/clinical-trials/pages/introduction.aspx
Association of Medical Research Charities information on the use of animals to advance medical research:
https://www.amrc.org.uk/our-work/animal- research
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CONSENT FORM

Thank you for reading the information about our research project. If you would like to take part, please read and sign this form. You will be given a copy of the form to keep.

Oncolytic viruses in Lymphoma

Researchers: Dr P Kelsey, Dr A Chantry

Participant identification number for this study………………………………..

Please initial boxes:
1. I have read and understand the attached information sheet on this project and have been given a copy to keep. I understand why the research is being done and the risks involved. I have had the opportunity to consider the information, and ask questions and have had these answered satisfactorily. 


2. I agree to donate a sample of blood and/or bone marrow, lymph node or CSF to be used for
 the research, which will be taken at the same time as the samples being taken for my care. I understand that giving permission for samples to be used for this research is voluntary and that
I am free to withdraw my approval for use of the samples at any time without giving a reason and without my medical treatment or legal rights being affected.


3. I give permission for the research team to look at my medical records to get information 
about my disease and treatment. I understand that the information will be kept confidential.


4. I understand that the samples I donate may be used in research involving animals.



5. I understand that the samples I donate may be used in genetic research.


6. I understand that the samples I donate may be used in research involving growing blood or bone marrow cells which are alive.


7. I Give permission for any samples remaining at the end of this research to be stored and 
used in future research, provided this meets appropriate scientific and ethical standards. 



8.  I understand that the information collected about me will be used to support
other research in the future, and may be shared anonymously with other researchers

9. I agree to take part in the above study




Would you like to be sent information on the overall progress of this project?   Yes     No  



…………………………………	………………..	………………………………
Name of patient                                   Date	                         Signature
(BLOCK CAPITALS)


…………………………………	………………..	………………………………
Name of person taking consent           Date                            Signature
(If different from researcher)


…………………………………	………………..	………………………………
Name of researcher	                         Date	                         Signature


Thank you for agreeing to participate in this research.



1 for medical notes, 1 for participant, 1 for researcher site file.
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**5T4-H8 PE

Patient ID

*CD20 PE/Cy7 *CD34 APC

Percent of viable cells  Percent of viable cells PERCFNT OFEDZ0%
viable cells
Patient #1 n/a n/a n/a
Patient #2 n/a n/a n/a
Patient #3 n/a n/a n/a
Patient #4 n/a n/a n/a
Patient #5 98.6 0.3 0.2
Patient #6 93.6 0.3 0.8
Patient #7 95.1 0.3 0.2
Patient #8 n/a n/a n/a
Patient #9 79.6 0.6 0.3
Patient #10 89.8 0.5 0.6
Patient #11 67.3 0.1 0.4
Patient #12 50 1.7 0.7
Patient #13 67.4 0.9 0.2
Patient #14 87.6 0.4 0.1
Patient #15 87.8 0.7 0.2
Patient #16 85.4 0.4 0.2
Patient #17 95.8 0.4 0.2
Patient #18 90.7 0.7 0.2

*Levels of CD20 and CD34 are tabulated as a percentage of viable cells
**5T4 expression as a percentage of CD20+, viable cells




image46.png
The
University

of
Sheffield.





image47.png
Sunday, August 04, 2019 7:16 PM Page 1
Project: U6364EG020-2.SQD Contig 1

10 20 30 40 50 60 70 80 90 100 110
L n L | L N L N L L L 1 L h ! 1 L f L 1 L 1

TGITACTCATAGCGCGTAATACTGGTACCTGAGCTCTTAGAGAGACAGGAATGAACCTCGAAT TAGGCAACAGAGCTGCCTGCCATAT TTCATCCCT TTAGAT TARATARAC

DO7-T67766-U6364EG020-2-T-SEQF.abl (1>838) ~ —*  TGITACTCATAGCGCGTAATACTGGTACCTGAGCTCTTAGAGAGACAGGAATGAACCTCGAATTAGGCAACAGAGCTGCCTGCCATATTTCATCCCTTTAGATTARATARAC
U6364EG020-2.seq (1>2282) - GGTACCTGAGCTCTTAGAGAGACAGGAATGAACCTCGAATTAGGCAACAGAGCTGCCTGCCATATTTCATCCCTTTAGAT TARATARAC
120 130 140 150 160 170 180 190 200 210 220
L 1 L L L 1 L 1 L 1 L L L 1 L 1 L 1 L L L 1
AAATAATTACCTAACTATAGCTCTGTGTCTCTAATAAAATGAAGCAATGAACAGGGARATARAAATGTAAT TAAAAATCCCACATATGAACATAAAAGTTGAATATTGTAGG
D07-T67766-U6364EG020-2-T-SEQF.abl (1>838) ~ —  AAATAATTACCTAACTATAGCTCTGTGICTCTAATAAAATGAAGCAATGAACAGGGAAATAAAAATGTAATTAAAAATCCCACATATGAACATARAAGTTGAATATTGTAGG
U6364EG020-2.seq(1>2282) ™ ARATAATTACCTAACTATAGCTCTGTGTCTCTAATAAAATGAAGCAATGAACAGGGAAATAAAAATGTAATTAAAAATCCCACATATGAACATARAAGTTGAATATIGTAGG
230 240 250 260 270 280 290 300 310 320 330
L 1 L I L 1 L ! L I L 1 L 1 L I L i L 1 L 1 L
GGGAGAGAGAGGACATTATCTTTGGGCAAAACTTTGATTCACATCCCARATATT TAGACTCTCCTGACACTACCAACTTCTTCCATTTCCCTACTTGATCTAGTACTGTGCT
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D07-T67766-U6364EG020-2-T~SEQF.abl (1>838) ~—  ATAAGAAACTTAAGTGIGAGCCAATGAGGACAATATTTGGGGACCCCTAAGTATAGTGCTGCCAAGTGTACAGCCTCAGIGATTCTTGAATCTCTGCATGGATGCCTCCTGE
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D07-T67766-U6364EG020-2-T~SEQF.abl (1>838) —  CCACCTACTCAGCCCTAAAAGTGAAGCCAGAAGGTAAAAGICAGTGCTAACGGCCCATCTTTGACCAACTTCTAGAATCTTTCTTGTCCTCAGGGACCTACCATCCACACCT
U6364EG020-2.seq (1>2282) —  CCACCTACTCAGCCCTAAAAGTGAAGCCAGAAGGTAAAAGTCAGTGCTAACGGCCCATCTTTGACCAACTTCTAGAATCTTTCTTGTCCTCAGGGACCTACCATCCACACCT
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—
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U6364EG020-2.seq(1>2282) hnd GTAAGCTTGTCGACCTCTTGAGTGCCAGCGAGTAGAGTTTTCTCCTCCGAGCCGCTCCGACACCGGGACTGAAAATGAGACATAT TATCTGCCACGGAGGTGTTATTACCGA
D09-T67766-U6364EG020-2-1-SEQ1.abl (1>839) - GTAAGCTTGTCGACCTCTTGAGTGCCAGCGAGTAGAGTTTTCTCCTCCGAGCCGCTCCGACACCGGGACTGAAAATGAGACATAT TATCTGCCACGGAGGTGTTATTACCGA
D10-T67766-U6364EG020-2-1-SEQ2.abl (1>815) nd TTATCTGCCACGGAGGTGTTATTACCGA
1240 1250 1260 1270 1280 1290 1300 1310 1320 1330 1340
T T T T T AP T T T o ST I P T ST T oPIE T o SV T AP TR
AGAAATGGCCGCCAGTCTTTTGGACCAGCTGATCGAAGAGGTACTGGCTGATAATCTTCCACCTCCTAGCCATT TTGAACCACCTACCCTTCACGAACTGTATGATTTAGAC
U6364EG020-2.seq(1>2282) hnd AGAAATGGCCGCCAGTCTTTTGGACCAGCTGATCGAAGAGGTACTGGCTGATAATCTTCCACCTCCTAGCCATT TTGAACCACCTACCCTTCACGAACTGTATGATTTAGAC
D09-T67766-U6364EG020-2-1-SEQ1.abl (1>839) - AGAAATGGCCGCCAGTCTTTTGGACCAGCTGATCGAAGAGGTACTGGCTGATAATCTTCCACCTCCTAGCCATT TTGAACCACCTACCCTTCACGAACTGTATGATTTAGAC
D10-T67766-U6364EG020-2-1-SEQ2.abl (1>815) nd AGAAATGGCCGCCAGTCTTTTGGACCAGCTGATCGAAGAGGTACTGGCTGATAATCTTCCACCTCCTAGCCATT TTGAACCACCTACCCTTCaCGAACTGTATGATTTAGAC
1350 1360 1370 1380 1390 1400 1410 1420 1430 1440 1450
T T T A T o UV T PO T T T PP T sV TS P TR T T o BT TP I
GTGACGGCCCCCGAAGATCCCAACGAGGAGGCGGTTTCGCAGATTT TTCCCGAGTCTGTAATGT TGGCGGTGCAGGAAGGGAT TGACT TATTCACTTTTCCGCCGGCGCCCG
U6364EG020-2.seq(1>2282) hnd GTGACGGCCCCCGAAGATCCCAACGAGGAGGCGGTTTCGCAGATTTTTCCCGAGTCTGTAATGT TGGCGGTGCAGGAAGGGAT TGACT TATTCACTTTTCCGCCGGCGCCCG
D09-T67766-U6364EG020-2-1-SEQ1.abl (1>839) - GTGACGGCCCCCGAAGATCCCAACGAGGAGGCGGTTTCGCAGATTTTTCCCGAGTCTGTAATGT TGGCGGTGCAGGAAGGGATTGACT TATTCACTTTTCCGC
D10-T67766-U6364EG020-2-1-SEQ2.abl (1>815) nd GTGACGGCCCCCGAAGATCCCAACGAGGAGGCGGTTTCGCAGATTTTTCCCGAGTCTGTAATGT TGGCGGTGCAGGAAGGGAT TGACT TATTCACTTTTCCGCCGGCGCCCG
1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
T T T i A T T T o ST T P T o S T PO T SV T AP T I
GTTCTCCGGAGCCGCCTCACCT TTCCCGGCAGCCCGAGCAGCCGGAGCAGAGAGCCTTGGGTCCGGTTTCTATGCCAAACCTTGTGCCGGAGGTGATCGATCTTACCTGCCA
U6364EG020-2.seq(1>2282) hnd GTTCTCCGGAGCCGCCTCACCT TTCCCGGCAGCCCGAGCAGCCGGAGCAGAGAGCCTTGGGTCCGGTTTCTATGCCAAACCTTGTGCCGGAGGTGATCGATCTTACCTGCCA
D10-T67766-U6364EG020-2-1-SEQ2.abl (1>815) d GTTCTCCGGAGCCGCCTCACCT TTCCCGGCAGCCCGAGCAGCCGGAGCAGAGAGCCTTGGGTCCGGTTTCTATGCCAAACCTTGTGCCGGAGGTGATCGATCTTACCTGCCA
D08-T67766-U6364EG020-2-T-SEQR.abl (1>845) — CAGCCCGAGCAGCCGGAGCAGAGAGCCTTGGGTCCGGTTTCTATGCCAAACCTTGTGCCGGAGGTGATCGATCTTACCTGCCA
1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
T T AT TR (T T T T ST T P T T T o ST T S T UV T
CGAGGCTGGCTTTCCACCCAGTGACGACGAGGATGAAGAGGGTGAGGAGTTTGTGT TAGAT TATGTGGAGCACCCCGGGCACGGT TGCAGGTCTTGTCAT TATCACCGGAGG
U6364EG020-2.seq(1>2282) hnd CGAGGCTGGCTTTCCACCCAGTGACGACGAGGATGAAGAGGGTGAGGAGTTTGTGT TAGATTAT GTGGAGCACCCCGGGCACGGT TGCAGGTCTTGTCAT TATCACCGGAGG
D10-T67766-U6364EG020-2-1-SEQ2.abl (1>815) hd CGAGGCTGGCTTTCCACCCAGTGACGACGAGGATGAAGAGGGTGAGGAGTTTGTGT TAGATTAT GTGGAGCACCCCGGGCACGGT TGCAGGTCTTGTCAT TATCACCGGAGG
D08-T67766-U6364EG020-2-T-SEQR.abl (1>845) — CGAGGCTGGCTTTCCACCCAGTGACGACGAGGATGAAGAGGGTGAGGAGTTTGTGT TAGATTAT GTGGAGCACCCCGGGCACGGT TGCAGGTCTTGTCAT TATCACCGGAGG
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790
T T T T sV T P T T T P TR T T PP DU TSt oI
AATACGGGGGACCCAGATATTATGTGTTCGCTTTGCTATATGAGGACCTGTGGCATGTT TGTCTACAGTAAGTGAAAAT TATGGGCAGTCGGTGATAGAGTGGTGGGTTTGG
U6364EG020-2.seq(1>2282) hnd AATACGGGGGACCCAGATATTATGTGTTCGCTTTGCTATATGAGGACCTGTGGCATGTT TGTCTACAGTAAGTGAAAAT TATGGGCAGTCGGTGATAGAGTGGTGGGTTTGG
D10-T67766-U6364EG020-2-1-SEQ2.abl (1>815) d AATACGGGGGACCCAGATATTATGTGTTCGCTTTGCTATATGAGGACCTGTGGCATGTT TGTCTACAGTAAGTGAAAAT TATGGGCAGTCGGTGATAGAGTGGTGGGTTTGG
D08-T67766-U6364EG020-2-T-SEQR.abl (1>845) — AATACGGGGGACCCAGATATTATGTGTTCGCTTTGCTATATGAGGACCTGTGGCATGTT TGTCTACAGTAAGTGAAAAT TATGGGCAGTCGGTGATAGAGTGGTGGGTTTGG
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1800 1810 1820 1830 1840 1850 1860 1870 1880 1890 1900

TGIGGTAATTTTTTTTTAATTTTTACAGT TTTGTGGTT TAAAGAAT TTTGTATTGIGATTTTTTAAAAGGTCCTGTGTCTGAACCTGAGCCTGAGCCCGAGCCAGAACCGGA

U6364EG020-2.seq (1>2282) —  TGIGGTAATTTTTTTTTAATTTTTACAGITTTGIGGTTTAAAGAATTTTGTATTGTGATTTT TTAAAAGGTCCTGTGTCTGAACCTGAGCCTGAGCCCGAGCCAGAACCGGA
D10-T67766-U6364EG020-2-1-SEQ2.abl (1>815) ~ —*  TGTGGTAATTTTTTTTTAATTTTTACAGITTTGIGGTTTAAAGAATTTTGTATTGTGATTTTTTAAAAGGTCCTGTGTCTGAACCTGAGCCTGAGCCCGAGCCAGAACCGGA
D08-T67766-U6364EG020-2-T-SEQR. abl (1>845)  *—  TGTGGTAATTTTTTTTTAATTTTTACAGITTTGIGGTTTAAAGAATTTTGTATTGTGATTTTTTAAAAGGTCCTGTGTCTGAACCTGAGCCTGAGCCCGAGCCAGAACCGGA
1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
L
GCCTGCAAGACCTACCCGGCGTCCTARATTGGTGCCTGCTATCCTGAGACGCCCGACATCACCTGTGTCTAGAGAATGCAATAGTAGTACGGATAGCTGTGACTCCGGTCCT
U6364EG020-2.seq (1>2282) —  GCCTGCAAGACCTACCCGGCGTCCTAAATTGGTGCCTGCTATCCTGAGACGCCCGACATCACCTGTGTCTAGAGAATGCAATAGTAGTACGGATAGCTGTIGACTCCGGTCCT
D10-T67766-U6364EG020-2-1-SEQ2.abl (1>815) ~ —*  GCCTGCAAGACCTACCCGGCGTCCTAAATTGGTGCCTGCTATCCTGAGACGCCCGACATCACCTGTGTCTAGAGAATGCAATAGTAGTACGGATAGCTGTGACTCCGGTCCT
D08-T67766-U6364EG020-2-T-SEQR.abl (1>845)  *—  GCCTGCAAGACCTACCCGGCGTCCTAAATTGGTGCCTGCTATCCTGAGACGCCCGACATCACCTGTGTCTAGAGAATGCAATAGTAGTACGGATAGCTGTGACTCCGGTCCT
2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120
TCTAACACACCTCCTGAGATACACCCGGTGGTCCCGCTGTGCCCCATTARACCAGT TGCCGTGAGAGT TGGTGGGCGTCGCCAGGCTGTGGAATGTATCGAGGACTTGCTTA
U6364EG020-2.seq (1>2282) —  TCTAACACACCTCCTGAGATACACCCGGIGGTCCCGCTGTGCCCCATTAAACCAGTTGCCGTGAGAGTTGGTGGGCGTCGCCAGGCTGTGGAATGTATCGAGGACTTGCTTA
D10-T67766-U6364EG020-2-1-SEQ2.abl (1>815) —  TCT
D08-T67766-U6364EG020-2-T-SEQR.abl (1>845)  *—  TCTAACACACCTCCTGAGATACACCCGGTGGTCCCGCTGTGCCCCATTARACCAGTTGCCGTGAGAGTTGGTGGGCGTCGCCAGGCTGTGGAATGTATCGAGGACTTGCTTA
2130 2140 2150 2160 21170 2180 2190 2200 2210 2220 2230 2240
h
ACGAGTCTGGGCAACCTTTGGACTTGAGCTGTAAACGCCCCAGGCCATAAGGTGTAAACCTGTGAT TGCGTGTGTGGT TAACGCCTTTGT TTGCTGAATGAGT TGATGTAAG
U6364EG020-2.seq (1>2282) —  ACGAGTCTGGGCAACCTTTGGACTTGAGCTGTAAACGCCCCAGGCCATAAGGTGTAAACCTGTGATTGCGTGTGTGGTTAACGCCTTTGT TTGCTGAATGAGT TGATGTAAG
D08-T67766-U6364EG020-2-T-SEQR.abl (1>845)  *—  ACGAGTCTGGGCAACCTTTGGACTTGAGCTGTAAACGCCCCAGGCCATAAGGTGTAAACCTGTGATTGCGTGTGTGGI TAACGCCTTTGTTTGCTGAATGAGI TGATGTAAG
2250 2260 2270 2280 2290 2300 2310 2320 2330
1 h ! h L ! L 1 L ! 1 N 1 i 1 h 1 h
TTTAATAAAGGGTGAGATAATGTTTAACT TGCATGGCGTGT TAAATGGGTCGACTCGAAGATCTGGGCGTGGTTAAGGGTGGGARAGAAT
U6364EG020-2.seq (1>2282) —  TTTAATAAAGGGTGAGATAATGITTAACTTGCATGGCGIGTTAAATGGGTCGACTCGAAGATCT

D08-T67766-U6364EG020-2-T-SEQR.

abl(1>845)

TTTAATAAAGGGTGAGATAATGTTTAACT TGCATGGCGTGT TAAATGGGTCGACTCGAAGATCTGGGCGTGGTTAAGGGTGGGARAGAAT
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IV.  CalPhos Mammalian Transfection Protocol
‘The following protocol is designed for use with adherent cultures growing in a well of a 6-well plate. If you are
using plates, wells, or flasks of a different size, adjust the volume of the transfection solution in accordance with
your culture volume. See Appendix B for culture plate conversions.
Al steps of the following protocol should be performed in a sterile tissue culture hood.
1. Plate the cells the day before the transfection experiment. The cells should be 50-80% confluent the day
of transfection. Generally, we plate 2-4 x 10° cells/well of a 6-well plate.
2. For each transfection, prepare Solution A and Solution B in separate sterile tubes.
Solution A: add components in the following order: I

___ul (13 pg) Plasmid DNA
___ul Sterile H:0
1241 2 M Calcium Solution
100 1l Total Volume.

Solution B: 100 ul 2X HBS

NOTE: To reduce variability when transfecting multiple plates with the same plasmid DNA, prepare
‘master solutions of Solutions A and B sufficient for al plates.

3. Carefully and slowly vortex Solution A while adding Solution B dropwise.
Incubate the transfection solution at room temperature for 5-15 min. i

5. Gently vortex transfection solution and then add solution dropwise to culture plate medium. (Add 200 ul

of transfection solution per well of a 6-well plate.)

6. Gently move plates back and forth to distribute transfection solution evenly. (Do not rotate plates as this
will concentrate transfection precipitate in the center of the well or plate.)

7. Incubate plates at 37°C for 8 hr-overight in a CO, incubator.

8. Remove calcium phosphate-containing medium and wash cells with medium or 1X PBS.

9. Feed plate with 2 ml fresh complete growth medium and incubate at 37°C until needed for assay.

10. Assay for transient gene expression or start selection for stable transformants 2472 hr post-transfection.
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