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ABSTRACT

Glioblastoma multiforme is the most frequently occurring primary brain tumour and it carries a
dismal prognosis. Despite surgical intervention and aggressive chafimtherapy the median
survival of patients is just under 15amths. Very little progress has been made with regards to

improving patient survival therefore novel therapeutic interventions are required.

Vaccination offers an attractive option for the therapeutic treatment of GBM, with activatesl|§
previously being shown to access tumours located within the brain resulting in improved survival
in pre-clinical murine models of GBM. Several vaccinefguiats have been developed and tested

in GBM patients, however many of these therapies fail during clinical trials and as of 2019 no
immunotherapeutic treatments have been approved for use in the GBM setting. One major
obstacle to overcome when using the rmne system to treat GBMs is the highly
immunosuppressive phenotype these cancers have. GBMs frequently express immunosuppressive
checkpoints that prevent antumour T-cell activity. Immune checkpoint blockade has recently
gained approval for the treatmerof malignant melanoma, lung cancer, head and neck cancer,
lymphoma, bladder cancer and kidney cancer. The utilisation of immune checkpoint blockade as a
monotherapy improves survival in small subsets of patients however it is not a completely curative
treatment modality. Therefore it is of great interest to see if combining immune checkpoint
blockade with vaccine therapy can boost awtinour immunity by stimulating -€ells and

preventing the inhibitory signafsom tumour cellghat prevent Fcell killirg.

Examination of GBM tumour tissues and cell lines revealed that a large proportion of GBMs express
the immunogenic antigens Tyrosinasdated protein2 (TRAH 0 | YR 2 A f Y &IQ It viadzY 2 dz
also revealed that these tumouexpressed several immunagpressive proteingvith PDL1, HLA

E and HLA expression beingbserved intissues and cell lines studiel.was also revealed that
6KSY D.a OSftff tAySa 6SNB GNBI GSR ¢Aidrégulaied S A
the immunosuppressive protas PBL1 and IDO.

The ImmunoBdy® DNA plasmid vaccinatiencodes an IgG antibody molecule that acts as a carrier
protein for the peptide targets of interest, these peptides are engrafted into the complementarity
determining regions of the antibody. Thisethod of vaccination generates a streilgmune
response via direct and crogsesentation. Preclinical testing using the humanised HHDII/DR1
C57BL/6 mouse model revealed that a FAAspecific TRP and a HLA2 specific W-L directed
ImmunoBody® vaccingenerated a strong peptide specific immune response. When both

vaccinations were given simultaneously this strong-ZRRd WTL directed immune response was



equivalent to when each vaccine waseaj alone meaning thagpitope dominancas not a factor

when targeting these two antigens

Using the HHDII/DR1 humanised mouse the effects of this dual ImmunoBody® vatcgitive

was tested both prophylactically and therapeutically. In these proof of concept experiments the
B16 HHDII/DR1 Luc2 cell line wakisgd. This cell line expresses both TR#hd WTL antigens

and it has the chimeric HEA2 HHDII/DR1 MHC molecule meaning it presents-Afl_Apecific
peptides. When the dual ImmunoBody® vaccination regime was used prophylactically it
significantly improed the survival of mice intracranially implanted with B16 HHDII/DR1 Luc?2 cells
compared to sham vaccinated mide.the therapeutic setting the addition of an aitD 1 blocking
antibody to the dual vaccination regime improved survivaB®6 HHDII/DR1 Lutumour bearing

mice when compared to dual vaccinated mice receivingl Rédtype control antibodgnd control

sham vaccinated mice that received -BDisotype antibody Analysis of tumourniiltrating
lymphaocyte populations revealed that dual vaccinatimereases CD8I-cell infiltrate into these
intracranial tumours with these cells showing increased cell surface expression of the activation
markers CD25 and CD69.

The dipeptide carnosine was also used to treat GBM iceliigro, this molecule hapreviously been
shown to have artfumour activity. When carnosine was used to treat GBM cells it led to reduced
mitochondrial metabolism and migration of these cells. These properties make carnosine an

attractive adjunct to immunotherapy.

Overall these rsults provide promise for the use of ImmunoBody® vaccination with immune
checkpoint blockade for the treatment of GBM. Whilst immune cells can actively access tumours
systemically administered checkpoint antibodies don't cross the bhraih-barrier freel,
therefore in order for these therapies to be further developed methods for improving brain

penetrance of checkpoint inhibitors needs to be explored.
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Figure 34. Flow cytometric analysis of @@3 8+ splenocytes from SCIB1 ImmunoBody®

vaccinated mice that were either unstimulated (no peptide) or stimulated withZ BBss |
(SVYDFFVWL) peptidg.% CD10TD8 T cells. B) % TNEDS8 T cells. C) % Ki€D8 T cells. D) %

IFN *CD8 T cell€) %Granzyme BCD8 T cells. F) % TN&nd IFN*CD8 T celld\ = 4, *= y 0.05

as deemey a PAIred TEST.......uuuuiiiiiiiiiieeeeeee e —————————— 144

Figure 35. Flow cytometric analysis of CD3+ CD8+aptes from W1 ImmunoBody®
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peptides.A) % CD10TD8 T cells. B) % TNED8 T cells. C) % Ki€D8 T cells. D) % IFRD8 T

cells.E) % Granzyme BD8 T cells. F) % TN&nd IFN*CD8 T cellsN = 7, all results were

deemed nonsignificantbyaong | @ | bh+! F2f f 2 é¢hBcRestd.&....¢.dz].3& Q& |
Figure 36. Flow cytometric analysis of CD3+ CD8+ splenocytes from dual SCIBiland WT
ImmunoBody® vaccinated mice that were either unstimulated (no peptide), stimulated witB TRP
and WT1 class | peptides or stimulated with both class | (2R¥Ad WTL) and WTL class Il

peptides.A) % CD10TD8 T cells. B) % TNEDS8 T cells. C) % Ki6D8 T cells. D) % IF8D8 T
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Figure 39. A schematic representation of tryptophan catabolism and the enzymes involved. IDO=
indoleamine 2,3dioxygenase, TDO= tryptophan 2ii®xygenase, KMO= kynurenine 3
monooxygenase, KYNU= kynureninase, QPRT= Quinolinate phosphoribosyltransferasd.59
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Figure 59The MTT dose response curve for the murine GBM cell line GL261 treated with
carnosine. The EC50 value is shown below the dose response curve, with the number being showr
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CHAPTER 1: INTRODOGIT

1.1. Cancer

Cancer is characterised by several hallmarks; these are the sustaining of proliferative signalling,
evasion of growth suppression, resistance of cell death which enables replicative immortality,
induction of angiogenesis and activation of invasion and stats. There are also several other
hallmarks that have been identified as being indicative of cancer these are: genome instability and
mutation, tumour promoting inflammation, reprogramming of energy metabolism and evasion of
immune destruction (Hanahan, Weinberg 2011)This uncontrolled cellular growth can be

problematic, especially if these cells are expanding in a major organ such as the brain.

1.2.Glioblastoma multiforme

Glioblastoma multiforme (GBM, WHO grade 4) is the most commonly occurring malignant central
nervous system tumour accounting for 47.1 % of all malignant CNS tumours. It is more common in
older adults, with incidence increasing with age. Glioblastoma wasdfdo be 1.58 times more
common in men than women. Only around 5 % of patients survive five years post did@sdsien,
Gittleman et al. 2017)Glioblastoma multiforme are mainly primary and ocder novohowever
secondary glioblastoma multiforme can also arise from lower grade gligRiesker, Molenaar et

al. 2012) Glioblastoma histopathology reveals GBM tumours are highly cellular comprised of poorly
differentiated and peomorphic astrocytic cells with nuclear atypia and high mitotic activity.
Vascular proliferation is also evident, and necrosis is also observed in some sections of the tumour

(Young, Jamshidi et al. 2015)

Glioblasbma multiforme has been divided into four main subtypes, the classical, mesenchymal,
proneural and neural subtypes. These subtypes are divided by their gene expression profiles and
occur at slightly differing rates with roughly 32 % of cases being pronelyrt4 % neural, 22 %
classical and 32 % mesenchyn{&lerhaak, Hoadley et al. 2010The classical subtype is
characterised by chromosome 7 loss dfpidermal growth factoreceptor(EGFRamplification.
Homozygous9p21.3 deletion is also associated with the classical subclass. The mesenchymal
subtype is characterised by focal hemizygous deletion of a region at 17g11.2 containing the
neurofibromatosis INFJ gene. This subtype also expresses the mesenchymal maCkéinase

3-like protein (YKL4PandHepatocyte growth factor receptoMET). Several genes in the tumour
necrosis factor super family amdicelar factor kappdight-chainrenhancer of activated B cell S

¢ ) pathways are also highly expressed in tkisbtype. The proneural class is defined by

amplification of Platelet derived growth factor receptor #AQGFRAand point mutations in
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isocitrate dehydrogenase(IDHJ). Tumour protein 53TP53 mutations and loss of heterozygosity
are frequently observed in this subtype. High expressidroaieobox protein Nk&.2 (NKX22) and
oligodendrocyte transcription factor ®LIG2are also typical of this subtype. The neural subtype
is characterised byhe expression of neuron markers such Nsurofilament light polypeptide
(NEF), Gammaaminobutyric acid receptor subunit alpigGABRAJ synaptotagmin 1(SYT}land
potassiumchloride transporter member SLC12A%Verhaak, Hoadley et al. 2010)

WSTFSNNAY3I G2 | FylFK | yR @H&ahdn \SdihiBefyR01HBM tdmourN &
have a wide array of alterations in gene expression that contribute to their malignant pjnot
Activating mutations have been observed in around 70 % of the receptor tyrosine kinases (RTKs),
inactivating mutations of thehosphate and tensin homoloBTENgene are also observed in 36 %

of cases preventing the inhibition of proliferation. Mutations in the p53 and RB pathways also
contribute to the sustained proliferative signalling observed in GBM tumours. With regards to
evading growth suppression; loss fohction mutations are seen in several tumour suppressor
genes such aslF2 LKB1RBand TP53 Metastasis is rarely seen in GBM; however, invasion is a
hallmark of this type of cancefhe protein connexin 43 (cnx43/GJA1) is a key componeihieof

gap juntions formed between cells GBM cells have been shown to downregulate this protein
reducing their adherence and as a result increasing their invasivéviedsaak, Hoadley et al. 2010)
Proinflammatory proteins haw also been shown to contribute to the invasiveness of GBM. cells
These tumours are often hypoxic, and this hypoxia also contributes to thenfieonmatory
environment. Epitheliato-Y S&a Sy OK& Yl f (GNIyaAirdiazy o69ac¢uv Ol y
invasveness with down regulation of the junction proteirc&lherin, enabling cell invasiofhese

cells can then subsequently undergo epigenetic changes enabling them to develop a mesenchymal
(stemecell like) phenotypeThetelomerase reverse transcriptaSEER ] genehas been found to be
mutated in 51 % of GBMs, this gene encodes the telomerase protein which lengthens the telomeres,
immortalising cellsThe gene alpha thalassaemia mental retardati@amRXis responsible for the
deposition of histones at theelomeres mutations in this gene have also been seen in GBM and
this is linked to telomere lengthening. Due to the hypoxic nature of GBM tumours vascular
endothelial growth factor (VEGF) is often upregulated, inducing increased angiogenesis. Mutation
in several of the intracellular signalling proteins such as PI3K, AKT and mTOR prevent apoptosis an
autophagy. GBM tumours employ many mechanisms to avoid immune destruction such as
expression of immune inhibitory checkpoint proteins and recruitmentinemunosuppressive
myeloid derived suppressor cells (MDSCSs). The isocitrate dehydrogéDBsgdne codes for three

IDH enzymes, these enzymes are responsible for the production of nicotinamide adenine
dinucleotide phosphate (NADPH) via oxidative carbdixyleof isocitrate.IDH1and IDH2are the

only twolDHgenes found to be mutated in GBM, these mutations decrease IDH activity leading to
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increased production of-Bydroxyglutarate (HG) from NADPH, decreasing NADPH levetis 2
A Y K A &etoglitaratedependent dioxygenases, resulting in further epigenetic chaliyesoxe,
Poulsen et al. 2017)

1.3.Glioblastoma multiforme therapy

The current course of treatment involves surgical reduction of the tumour (whersilde}
followed by concomitant radiotherapy and temozolomide chemotherapy. Despite aggressive
multimodal therapy the median survival for patients on this treatment regime is 14.6 m¢{atapp,
Mason et al. 2005)

Thecorticosteroid dexamethasone is given preoperatively to help reduce peritumoural swelling.
Surgery can be performed in a variety of ways; craniotomy is the preferred surgical metbsel

can be performed as aslegwake craniotomies where the patient &ill conscious This is
particularly useful for tumours located within areas of the brain associated with certain functions
0SP3Id ALISSOK 2N KSIENAYy3ILI GKAa fft2ga F2N Y2
place (Holland 200Q)The asleefawake craniotomy is associated with increased extent of resection
and reduced neurologic deficits. An asleep craniotomy may also be performed with the patient
being completely unconscious. Intraoperative elaztt stimulation can also be used to map brain
function during awake surgery. Another method for resecting GBM tumours is stereotactic aplation
this involves the use of a stereotactic frame to insert an optic cable into the turfeumpowered

laser lightcan then be used to destroy tumour tissue (laswtuced thermal therapyjBigner,
Friedman et al. 2016)Glioblastoma multiforme is highly resistant to therapy and due to the
0dzy 2 dzZNB Q KA 3K fffése ayire veduriieNde is kegusntly ojfserveR. X he diffuse nature

of these tumours makes complete surgical resection difficult to acHide#and 200Q)

Temozolomide (TMZ) is a pdoug that can be administeredrally. The drug is stable at acidic pH

but breaks down at a pH of 7 and abdi#ang, J., Stevens, and Bradshaw 20IR}Z is absorbed

and rapidly broken down to monomethyl triazen&-(3-methyltriazenl-yl)-imidazole4-
carboxamide (MTIC)This MTIC then reacts with water to produceaBinoimidazoles-
carboxamide (AIC) and the active component methyldiazonium. This methyldiazonium cation
methylates DNA at 3 positions; tiN/ position d guanine, theN3 position of adenine and th©6
position of guanine. The methylation at tl6 position of guanine is responsible for the cytotoxic
effects of TMZ on cancer cells. The temozolomide-gitg is preferentially processed in brain
tumours dueto their higherpH. When left unchecke@6methyl guanine mismatches with thymine
during replication, this triggers DNA mismatch repair (MMR). This results in excision of the thymine
base. After several rounds of futile MMBNA double strand breaks ocawsulting in cell cycle

arrest and eventual apoptosis. Unfortunately, the letd guanine adducts induced by TMZ may
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be repaired by an enzyme known as methylguasfiidA methyltransferase (MGMT). The methyl
group on the guanine is transferred to a cystenesidue within the active site of MGMT in a single
step suicide reactioizhang, J., Stevens, and Bradshaw 204@) only is the protein MGMT also
involved in resistance to TMZ but several micro RNAs are implicatettjuired resistance to TMZ
chemotherapy(Ujifuku, Mitsutake et al. 2010)

Bevacizumab and tumour treating fields are the only otRederal Drug Administration EDA
approved treatments available for GBM patients 2009 the humanised antiascular endothelial
growth factor YEGIFIgG antibody bevacizumab was approved for GBM the{@pyen, Shen et al.
2009) Unfortunately, it was found that bevacizumab had little benefit patient survival when

used in newly diagnosed patients with standard of care ther@ybert, Dignam et al. 2014)
However, bevacizumab may provide an alternative to corticosteroids for reduction of cerebral
oedema This is of particular interest for immunotherapeutic approaches since the corticosteroids
commonly used in GBM; such as dexamethasone are highly immunosuppressive. Tumour treating
fields are administered via a device known as Optune and these were apdsgube FDA in 2011.

This involves users wearing scalp electrodes that apply alternating electric fields that affect mitosis
of tumour cells and this method of treatment has been shown to improve progression free survival
and overall survival of patienthjowever this method of treatment is still far from curative

(Hottinger, Pacheco et al. 2016, Mittal, Klinger et al. 2018)

1.4.Immunotherapy

In the early 19 century William B. Coley unwittingly utilised the immune systems of patients to
cause cancer remission by treating them with erysipelas (an infection caus&trdptococcus
bacteria) this treatment involved the injection of these bacteria into patietusours locally

activating the immune systerfColey 1891)

LYYdzy2 G KSNI LB A& GKS dziAftAalidAazy 2F (GKS 02Re
iKS 02Re&X ONBF1AYy3I (KS WwWi2t SThis yhdBe’ engdgihgithe i dz)
immune system and alerting it to the presence of tumours within the body. Immunotherapy can
take many forms, there are two main branches of immunotherapy; passive immunotherapy and

active immunotherapy.

Immunotherapy as a modaf cancer therapy has become very popular due to its tumour specificity
and reduced side effects (when compared to chemotherapy and radiotherapy).

Immunotherapeutic treatments for cancer have gained traction with several therapies being
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approved for use rad well over 2,000 clinical trials currently ongoing involve immunotherapeutic

treatments.

Sipuleucell was the first FDA approved therapeutic cancer vaccine, an active form of
immunotherapy. Sipuleucdl is used to treat metastatic castratioasistant postate cancer, it

works by targeting the prostate acid phosphatase (PAP) antigen expressed by prostate cancer cells
To generate the vaccine autologopsripheral blood mononuclear cellBBMQ from the patient

are stimulated with a PABM-CSF fusion prote comprised of the prostate cancer specific antigen
prostatic acid phosphatase (PAP) and the immune stimulating granulocyte macrepilagyg
stimulating factor (GMCSF). feseex vivaostimulated cells are then infused into the patiemhere

activated imnune cells target the PAP expressing prostate cancer(Gisever, Higano 2011)

A plethora of therapeutic antibodies have also been approved in the cancer s¢Rosjow,
Calahan et al. 2015)The most relevant antibodies in the immunotherapy setting are the
checkpoint blockade antibodies that target cytotoxitymphocyteassociated protein 4 (CT44),
programmed death receptor 1 (PD and programmed death ligand 1 {RD).
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Figurel. A diagram of how the immune checkpointsEBDL1 and CTLA dampen the immune
responsePDL1 expressed on tumour cells binds telRih Fcells resulting in the death of the PD

1 expressing-€ells. CTLA on TFcells outcompetes CD28 when binding to B7 molecules preventing
the activation of the Tell, the CTL-A binding to the B7 moleculesinalso trarsendogtose theB7

molecules and lead to their degradatiokdapted from(Reardon, Freeman et al. 2014)
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PD1 is a member of the CD28 family and it shares over 20 % homology witkACTIA4 is
expressed exclusively oncélls however P is expressed on B cells and myeloid cells as well as
T-cells. PEL is expressed on activateec€lls and binds to its ligands D (B7H1) and PRL2 (B7

DC). PRL1 is classically expressed on immuné ted YR &LISOAFTFAO (A &adz
pancreas and the placenta, however cancers have been shownrdptt¢be PBL1 antigen to evade

the antitumour immune response. RL2 is expressed on activated macrophages and dendritic
cells tumours also tilise PDL2 to evade immune detectiofOkazaki, Honjo 2006)PDL2
expression is far less common in tumours compared t&.P@@hen, D. S., Irving et al. 2012PL1
expressiorhas been well documented in the GBM setting with expression df PBeing found in
25-88 % of GBM casg¥lahovic, Fecci et al. 2015, Berghoff, Kiesel et al. 20PEd)1 expression

in GBM las been examined as a prognostic factor; Nduom et al. (2016) revealed that expression of
PD1 and PEL1 were found to be predictors of negative patient outcofNeuom, Wei et al. 2016)
Interestingly it was also fourtthiat PBL1 expression by neurons close to tumours conveyed a better
prognosis in GBM patientk was found that when PD1 wasn't expressed in surrounding neurons
the tumour expressed high levels of D. This research highlights an active interactietween

the tumour and its surrounding tissues however the mechanisms by which thd RRpression in
surrounding neurons induces/increases glioma cell death is still not fully undergtoodY .,
Carlsson et al. 2013 urrently there ardive FDA approved antibodies that target the RIPD L1

axis; Nivolumab and Pembrolizumab inhibit -PDwhereas Atezolizumab, Avelumab and
Durvalumab target PID1. Whilst there are several approved-PIBPD-L1 inhibitors many more are
being clinically trialledUnfortunately these antibodies have not been approved for use in the GBM
setting, however these antibodies are being tested in over 40 clinical trials for GBM (either alone

or in combination with other therapieg) clinicaltrials.gov PubMed- NCBI)

To generate activation of-gells the TCell Receptor (TCR) needs to engage antigenic peptide
presented on a major histocompatibility complex (MHC) molecAteer this TCR eraggement a
secondary signal also occurs froredll CD28 binding to the ligands-B{CD80) and BZ (CD86)

on the surface of antigen presenting cells. Cytotoxigniphocyteassociated protein 4 (CTLA
4/CD152) binds to both BY and B72 with much higher fiinity than CD28, outcompeting it. The
binding of CTLA to the B7 ligands results in the inhibition otdll proliferation(Leach, Krummel

et al. 1996) CTLA4 not only outcompetes CD28 for ligation with CD80/CiD&&n also occupy
CD80/86 preventing CD28 on neighbouring cells from interacting with CD80/&lker, Sansom
2015) The binding of CTEAto CD80/86 has also been shown to lead to the transfer of CD80 and
CD86 to TLA4 expressing cells, these CI4.Axpressing cells then degrade these CD80 and CD86
molecules. This results in decreased immune cell activity and stunts the immune cell activation

capabilities of dendriticells(Qureshi, Zheng et al. 2011pilimumab is the only FDA approved anti
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CTLA4 antibody and much like the PDand PEL1 checkpoint inhibitors CTH4Ause has not
received approval for GBM therapy. Whilst Ipilimumab has not been approved for GBM therapy
there are currently 10 ongoing clinical trials examining its efficacy in this setting (either alone or in
combination with other therapies). Early stage clinical trials using combinafatiadumab and the
anti-VEGF antibodBevacizumab have shown that thisgime is well tolerated in patients. 31 % of

the 20 patients studied had a partial response to this combined therapy and 31 % had stable disease
with the remaining 38 % showing disease progression. Some adverse immune effects such as
pulmonary embolism ah arthritis were observed however these were controlled with the use of

corticosteroidg(Carter, Shaw et al. 2016)

Trastuzumab (Herceptin) is an antibody that targets the epidermal growth fa&& BEind its use

has een approved for Her2 positive breast cancer. Trastuzumab is a humanised monoclonal
antibody that binds the extracellular domain oER. This results in a reduction ofEHR signalling
resulting in apoptosis of Her2 expressing cells. Trastuzumab may also induce -tumauii
immune response, this is thought to be due to NK immune cells binding to the Fc region of the
Trastuzumab via their Fc receptors stimulating NK cel lgf Her2 expressing tumoufislahta,
Esteva 2006)The Her2 antigen is found to be expressed in GBM tissues anttabiizumab
antibody is found to induce death of GBM cells, however this antibody is yet to be &ddiawse

in the treatment of GBMMineo, Bordron et al. 2004)Vhilstin vitro activity was demonstrated

Trastuzumalmever underwent clinical trials for GBM as a monotherapy.

Kymriah (Tisagenlecleucel) and Yescéftaicabtagene Ciloleucel) are chimeric antigen receptor
(CARJT-cell therapies that have been approved for use in leukaemia. Both therapies are CD19
specific meaning that they targetdll lymphomas and leukaemi@ahery, Kros et al. 2018CAR
T-cells are genetically engineereecélls that are engineered so that they have an antigen specific
domain fused with an intracellular signalling domain, this enables these cells to specifically target
cells and activate the-Gell. Some interesting prelinical data is being amassed for the use of CAR
T-cells in the GBM setting however the use of CARIE in the clinic is still in its relative infancy
with primarily phase I/11 clinical trials ongoifi§agley, Desai et al. 2018) the GBM setting CAR

cells have been engineered to target the truncated EGFRVviii recéptBiourke, Nasrallah et al.
2017) the stem cell marker CD132hu, X., Prasad et al. 20k5)d the GBM associated antigen

L [ mo(Brown, C. E., Alizadeh et al. 20fcGhame a few.

1.5.The immune system in glioblastoma multiforme
The brain has been traditionally thought of as being an immunoprivileged organ, however there is
mounting evidence of an interaction between the brain and the immune system. An early indicator
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of the effects of the peripherally activated immune systemaafyeting antigens within the brain

was evidenced in skin graft experiments performed on rabMEDAWAR 1948)When
heterotypic skin grafts are implanted directly into the brain, they do not elicit an immune response,
however when these skin grafts are engrafted on a raw area of the skin the cerebral grafts were
rejected due to an immune responfdEDAWAR 1948Regression of brain tumours has also been
linked to perisurgical bacterial infection, it was hypothesised that bacteria acted as an immune
adjuvant that boosted the antumour response as evidenced by increasednglacyte and
lymphocyte infiltration(Bowles, Perkins 1999Prins et al. (2008) revealed that antigen specific
CD8+ Tcells penetrated the brain parenchyma and penetrated tumours within the brains of-a pre
clinical mouse model of GBKPrins, Shu et al. 2008mmunohistochemical analysis of glioblastoma
multiforme tumours taken from patients has also revealed evidence of immune cell infiltration and
this immune cell infiltrag can be a predictor of clinical outcome, with high CD4+ and low CD8+
tumour infiltration being correlated with poorer prognogidan, Zhang et al. 2014%lioblastoma
patients have also been shown to have circulatingB&lls specific for GBM cells indicating that
there is an active interaction between the immune system and GBM tumours located within the
brain(Tang, Flomenberg et al. 2009he recent discovery of a brain spedifibphatic system has

also helped to highlight the fact that there is an active interaction between the brain and the
immune system(Louveau, Smirnov et al. 2015, Aspelund, Antila et al. 2@tijies have found

that implantation of allografts near the ventricles or within the subarachnoid space were rejected
without prior peripheral exposure, indicating that these meningeal spaces containing cerebrospinal
fluid have increased immune cell infiltian (Louveau, Plog et al. 201Tynder normal conditions
immune cells are present within the meningeal compartment, the endothelial cells surrounding the
cerebrospinal fluid filled areas is more permissive to immaek crossing than the blood brain
barrier. Tracers injected into the brain parenchyma and the subarachnoid spaces were both seen
to drain to the cervical lymph nodes within the nettkmune cells injected into the subarachnoid
spaces were also seen to drao these cervical lymph nodethe data for immune cells injected

into the parenchyma is far more varied with some studies witnessing drainage to the cervical lymph
nodes and others failing to observe this phenomenon. These findings indicate thatraritgated
within the brain can be drained into the cervical lymph nodes and these can in turn educate
extracranial immune celldt may also be possible that intracranial immune cells drain to these
lymph nodes and lead to further immune cell educationifeation (Louveau, Plog et al. 2017)

Whilst the brain is not immunoprivileged it is however a unique immune environment.
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1.6.Vaccination and the immune response

Numerous approaches have been used to generate an immune response, one of the most frequent
methods is to inject an antigenic peptide specific for the bacteria/virus/cancer, and this antigen is
then uptaken and processed by the immune system generatiriggan specific immune cells and

a peptidespecific immune response. There are several classes of antigens utilised for targeting
cancers: Cancdestis antigens, these are expressed in germ cells but are also aberrantly expressed
in tumour cells, differeriition antigens of melanocyte lineage, mutational antigens, overexpressed
selfantigens and viral antigens (such as human cytomegalovirus antigiaggr, Gnjatic et al.
2000)

To develop a peptide vaccine specific immodominant epitopes need to be selected that provide
protection against the disease of interest. The epitopes chosen should induce both effector T
and/or Bcell responses as well ashé&lper cell responsedhis ensures efficient protection against

the chosen epitopes and helps develop memory cell resporisgsW., Joshi et al. 20143D8
cytotoxic Fcell epitopes are very specific and a single amino acid change within the epitope can
render it nonrimmunogenic. Traditioal vaccines are usually used in a protective manner,
preventing future infectionln the cancer settings peptide vaccines are usually therapeutic, acting
upon established disease. In the cancer settpeptides longer than the standard9l amino acid
epitope size are usedhese large peptides usually contain both MHC class 1 (CD8) and MHC class
2 (CD4) epitopes. These larger peptides are usually processed by the immunoproteasome and
presented via MHC | and MHC Il molecules by antigen presenting ce&. [6hger peptides have

been shown to induce a stronger immune response than shoret @mino acid long peptides

This was thought to be due to CD4:@&ll help. This theory was proven using MHCII knockout mice,
where these mice failed to elicit a stroagti-peptide CD8 -Eell response when vaccinated with a

long peptide(Li, W., Joshi et al. 2014 key factor to consider is the method of delivery and use of
potential adjuvant, in some cases these two things can bebioed. Adjuvants are used to boost

the immunogenicity of peptide vaccinations and increase the efficacy of the vaccine, this can be
achieved in a variety of ways. Some adjuvants may work to modify the cytokine network enhancing
immune cell activation. Somadjuvants work by increasing the uptake of peptide by antigen
presenting cells, allowing the peptide to remain in its native state and be processed as (€sixed

Coulter 1997, Khong, Overwijk 2016)

Bcells can also contribute to the vaccine induced immune response by present antigens to CD8 and
CD4 Tcells enhancing the artumour immune respons€Yuen, Demissie et al. 201®epending

upon the signals B dslreceive they can become effector B cells or antibody secreting plasma cells.
Tumour infiltrating B cells can secrete antibodies that induce antifstEhendent celimediated

toxicity or activation of the complement system resulting in the death of tunoalis. Activated B
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cells can present antigen tocklls and they secrete costimulatory cytokines that help maintain T
cell activation. Regulatory B cells may also be present within the tumour infiltrating B cell
population, these cells magromote tumour growth by secreting immunosuppressive cytokines
such as H10 and TG¥F (Guo, F. F., Cui 2019 a preclinical brain tumour model the recruitment

of B cells to brain tumours was found to be necessary foratitetumour immune effects of Ad
TK+AdFLT3I gene therapy. WheoelBs were blocked with an ar@D20 antibody, or B cell deficient
mice were treated with this AAK+AdFLT3I gene therapy it was less efficacious than mice with
functioning B cell¢Candolfi, Curtin et al. 20L1nterestingly a DNA vaccine targeting the cancer
associated antigen HEERneu was found to be efficacious in mice lacking B cells. B cell deficient
mice were shown to reject HERexpressing tumurs just as well as mice who still had an intact B
cell compartment indicating that in the case of HEBxpressing tumours, thedell compartment

is necessary for antumour immunity and the subsequent tumour rejecti¢hindencrona, Preiss

et al. 2004) As mentioned previouslB cells can also contribute to tumour immune escaqudi-
tumour CD8 Tell cytotoxicity was shown to be improved in B cell knockout iihicrie, Leitier et

al. 2006) Murine studies have revealed that the presence of B cells limits the repertoire of CD4 T
cells, resulting in a lesser attimour immune response. Immunoglobulins secreted by plasma cells
have been shown to act as a carrier for immurgsessive TGF KAIKEAIKGA
immunosuppressive potential of B cellsc@ls have been shown to act as antigen presenting cells
when they are activated by CD40, these CD40 activated B cells can lead to the expansion of antiger
specific CD4 and CD8 Tie@-remd, Schuetz et al. 2013®)creased B cell infiltrate in GBM tumours

has been shown to predictsagnificant survival advantagki, B., Severson et al. 201B)cells much

like many of the other immune cell types can act in both in a-tpmourigenic and anti
tumourigenic mannerAntibodies secreted by plasma cells can induce antitehendent ceH
mediated cytotoxicity (ADCC) resulting in antibody mediateddur cell death. Antigen specific
antibodies bind to antigens expressed on tumour cells, and the Fc regions on these antibodies are
recognised by Fc receptors on effector cells. This crosslinking results in activation of immune
effector cells resulting intumour cell death (lannello, Ahmad 2005)Whilst antibodies can
contribute to immune cell killing of cancer cells, these immunoglobulins can form immune
complexes, these complexes can support tumour growth and threisence is associated with
increased tumour burden. These immune complexes have also been shown to interact with
immune suppressive TGFX NB R dzO A ytdmourli ke§ponseé yiithHin the tumour

microenvironment(Tan, Cousse 2007)
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1.7.Human leukocyte antigen (HLA) haplotypes
MHC antigen presentation is dependent upon the HLA haplotypes expressed by the petient.

HLA complexes are grouped into three main classes: MHC class 1, 2 and 3. MHC class | is compris
of HIA-A, HLAB, HLAC, HLAE, HLA- and HLAS. MHC class Il is comprised of HiEA HLAR,
HLADQ, HLAO and HLM®M (Maenaka, Jones 1999 ess is known about the MHC class llI
complexes and they will not be detailed here since the interest is focussed on the MHC class | and
Il genes. Structurally MHC class | and Il genes differ. MHC class | consists of two heterodimeric
polypeptide chainsitked nonO2 @I £ Sy (if 8 ® ¢ KS &M3 is lalso morcyValEhtNER T £ 2
linked to the alpha 3 chain which contains a transmembrane domain. The alpha 1 and 2 domains
form a peptide binding groove that can hold peptides@amino acids long for presetian to T-

cells. MHC class Il is also a heterodimer formed with one alpha and one beta polypeptide chains.
The alpha 1 and beta 1 domains form a peptide binding groove that can present pepti@ds 15
amino acids long to-Tells. The alpha 3 region on theH@ class | receptor binds to CD8 on cytotoxic
T-cells leading to presentation of the bound peptides to the TCR of these types qiMadisaka,

Jones 1999)CD4 on helper-gells binds to the beta 2 domain on MHCssldl molecules, this
domain is structurally analogous to the CD8 binding domain on the alpha 3 domain on MHC class I.
This binding of CD4 to the MHC class Il allows bound peptides to be presented to the TCRs on thes
CD4 positive cell@onig, Huang et al. 1992)
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yellow.Adapted from(laneway Gapra et al 2001)
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Each MHC molecule binds a different range of peptides, therefore possessing several genes for eact
MHC class is advantageous; enabling an individual to present a broad range of peptides. Most
humans are heterozygous at MHC loci, the combination of genttssaMHC loci is known as the
MHC/HLA haplotype. MHC alleles are codominant so both haplotypes are expressed within cells,
this makes the antigen presenting capabilities of cells highly diverse. Each MHC variant is unique,
and these differences lead toff#iring peptidebinding grooves on the MHC molecules making the
peptide binding properties of MHC molecules unique. Antigen recognition of antigensdiis Ts
dependent upon the presence of specific MHC molecules present on the surface of antigen
presening cells. The MHC molecule is also necessary for specific TCR engagement; when the sam
peptide is presented by different MHC moleculesells will distinguish between the two MHC
receptors, despite the same peptide being presented. This reveals thertamge of the MHC
molecule in not only dictating peptide binding but alseéll recognition of the peptidéhneway

Capra et al2001)

1.8.GBM tumour immune escape

GBM tumours are known to be poorly immunogenic, this is mainly due to their highly
immunosuppressive nature; with tumours employing a wide array of immune inhibitory escape
mechanisms. Programmed death ligand 1-{HApis an immune inhibitory check point ligathat

binds to its cognate receptor programmed death 1-{BDthe binding of P2 on activated Tcells

to PDL1 leads to apoptosis ofCElls, preventing immune response directed towards thelLRD
expressing cellReardon, Freeman et al. 20143BM tumours have been shown to expressLRD

with as many as 88 % of patients expressing this immunosuppressive riBekghoff, Kiesel et al.
2015b) As expected, patients exprésg high levels of RD1 have also been shown to have a worse
overall surviva(Xue, S., Song et al. 201Due to the high levels of Al expression within these
tumours the use of antibodies that block the RIPD-L1 nteraction have been tested to try and
treat GBM, unfortunately GBM patients take the immunosuppressive-iafiimmatory drug
dexamethasone. Dexamethasone is taken to control cerebral oedema in these patients however at
the dosages taken it can dampen thesponse to immune checkpoint blockaddcGranahan,
Therkelsen et al. 2019Regulatory Tells(T-regs)are a subset of immune cell that act to dampen
the immune response and prevent adtmmunity. These regulaty T-cells are immunoinhibitory

and as a result their recruitment to the tumour microenvironment is undesirable for an efficient
anti-tumour immune response. Unfortunately, in the case of GBM these tumours secrete soluble
factors which increase the presenand expansion of regulatorycElls. Increased levels ofrégs

are found within GBM tumours when compared with circulating peripheral blood mononuclear cells.

This increased recruitment of-régs to the tumours was shown to be due to secretion of the
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chemokine CCL22 by the tumoufSrane, Ahn et al. 201Xplioblastoma multiforme tumours have

also been shown to secrete numerous other immunosuppressive cytokines, one such example
being transforming growth factor betlfGF 0 ®-4 ¢ XKC & 0SSy &aK2gy (2 o
tumours and its secretion has been shown to reduazelT infiltration in high grade gliomdtohr,

Ratliff et al. 2011, Bodmer, Strommer etal. 19883F Ay G SNJ OGa oA GK | LI ¢
factors in the GBM setting, such as basal fibroblast growth factor (bFGF), epidermal growth factor
(EGF), platelet derived growth factor (PDGF) and plasmin activator inHib{feAll). TGBI ™

leads toincreased collagen synthesis by GBM cells:1Pé&pression by GBM cell lines can be
reversedusinganantiT6F 6f 201 Ay3 I yiAo2Red D.a OSftfa dzy
i AY AlGa oPlateh Witket@B20FLEINSTGF Kl a 0SSy aK2gy (2
matrix metalloproteinase 2 and 9 (MMP2 and MMP9) activity on the surface of GBMThadlin

turn results in increased cell motility and invasion of surrounding HiRliatten, Wick et al. 2001)
MMP9 interacts withintracellular adhesion molecug (ICAM1) resulting in its cleavage resulting

in a tumour cell resistance to natural killer cell mediated cytotoxiéitgre, Fusco et al. 2002)

Interleukinl0 (L-10) is an immunoinhibitory cytokine that inhibits synthesis of other cytokines,
reducing the immune response.-10 mMRNA was found to be highly expressed in recurrent and
high-grade gliomagHuettner, Paulus et al. 1993 urther research revealed that1D not only has
immunosuppressive effects but it also increases proliferation and migration of glioblastoma
multiforme cell lines in culture. This -0 was shown to be produced by cells of
microglia/macrophage originWagner, Czub et al. 1999Not only do tumour associated
macrophages produce -I10 they have also been shown to have immunoinhibitory effects by
becoming M-type macrophages. There are two main types of macrophage, the classically
activated M1 preinflammatory macrophage and the alternatively activated-tyge macrophages
which exert antimmune effects. Glioblastoma multiforme tumour mass is largely congpage
these M2 macrophages which promote growth of tumour c&lennedy, Showers et al. 2013)
Human cytomegalovirus (hCMV) is a herpes virus that persistently infeed® %0 of the adult
human population. Immunobktochemical analysis of GBM tumours revealed that 100 % of GBM
tumours expressed the hCMV encoded protein-T2lthese results were further corroborated by
polymerase chain reactioCRof GBM tissuefCobbs, Harkinst al. 2002) Another study by Lucas

et al.(2011) found that 51 % of GBM tumours studied express the pp65 CMV protein and only 16 %
expressed the IE1 proteifLucas, Bao et al. 2011 luman cytomegalovirus has beshown to
secrete 110, enabling persistent viral infection, seeing that GBM tissue appears to be commonly
infected with CMV, and this attenuation of the immune response prevents eradication of the
tumour along with the virus. CMWL-10 was shown to leado the differentiation of CD14+

monocytes to macrophages, which was shown to support hCMV infection. Dendritic cell maturation
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and life span is also affected by CMMO, within vitro studies revealing that the dendritic cells
have delayed maturation @hless longevity. Monocytic dendritic cells exposed to GIMM can
reach maturation, however their cytokine production is impaired in a-rewersible manner. CMV
IL-10 was shown to result in a decrease in antiviral 1gG, this results in less effiginal ob virus

spreading and as a result more aggressive tumour gr¢@ttang, Barry 2010)

Immune cell populations have been shown to contribute to glioma pathology as well as regression.
The presence of tumour intiiating lymphocytes(TILs)correlates with glioma grade but this
increase in TILs is also correlated to preferential prognetas, Zhang et al. 2014)ymphocytes
entering the central nervous system/tumour compartmerdave been shown to down regulate
costimulatory CD28 and CD62L ligands. Elevated regulatoell fresence in tumours has been
correlated with shorter recurrence free survival. CD8+ T cell infiltration into GBM tumours has been
correlated with survival. Réatherapy has been shown to increase cytotoxicell infiltrate and
deplete regulatory Tells providing a good adjunct to immunotherapy. Microglia and macrophages
that transport to glioma tumours are altered into the protumorigenic M2 phenotype, prongotin
immune suppression and tumour cell suppression. Thedemour associated
microglia/macrophages have been shown to comprise up to 30 % of GBM tumour bulk. These
microglia/macrophages express high levels oflRxontributing to the local immunosuppressive
phenotype. M1 macrophages induce antimorigenic immune responses by leading to a decrease

in regulatory T cells and an increase in CD8+ T cells. Soluble factors produced by GBM cells induc
CCL22 secretion by M2 macrophages/microglia resulting in TriReg@SC cell recruitment to the
tumour (D. Caponegro, Tetsuo Miyauchi et al. 2018)

VEGF secretion can inhibit the maturation and function of dendritic cells. Extracellular matrix
components are found at higlevels in the glioma tumour micrenvironment. The presence of
these extracellular matrix components leads to a retention of growth factors such as FGF and VEGF
which promotes tumour progressior(Brown, N. F., Cartest al. 2018) These factors increase
angiogenesis increasing the tumour vasculature resulting in upregulation of the macromolecules
periostin and tenascin C (TNC). TNC blocks the migration of T cells across blood vessels preventir
them penetrating theparenchyma. Periostin has also been shown to recruit circulating M2
macrophages into the tumour. GBM cells have been shown to down regulate MHC expression,
proteins essential for antigen presentation. The presence of the immunosuppressive cytokines IL
10and TGF | NB (K2dZAK{G G2 OFdzaS (GKS R2gy NBIdA |
environment(Brown, N. F., Carter et al. 2019NF* A a4 NBALRYAaAAO0ES 2F RS
within the brain, it can alsatisnulate the growth of Tcells. TN O v K| dinowigetick LIN

and antitumourigenic effects in the GBM setting. Exposure of GBM cellstd TNE S| Ra (G2 A
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neovascularisation via the upregulation of pro angiogenic cytokines suck8antl VEF(Zhu, V.

F., Yang et al. 2012)

[L-m i A a-inflammbBty2 cytokine that has been shown to be upregulated in the U373
glioblastoma multiforme cell line and radiation has been shown to lead to upregulatioavof L A
GBM tumours(Kore, Abraham 2014)L-mi f S Ra G2 Ay ONBFASR AydN
mitogen-activated protein kinase MAPHK and c-Jun Nterminal kinase 2(JNK2 resulting in
increased GBM cell proliferationnd invasion. Hwm i SELR&dINB | faz2 S R
secretion which as mentioned previously contributes to the immune evasion of (Y8Mnhg,
McDonald et al. 2013)

Intracellular adhesion molecule 1 (ICAMCD54) is key for regulating the cellular
microenvironment and mediating ceadkll interactions. ICAM is commonly upregulated in the
GBM setting with GBM tumours being shown to express higher levels of-1G#ihn compared
to normal brain when studied immunoh@&hemically(Gingras, Roussel et al. 1998JAML1 is a
ligand for lymphocyte functioassociated antigen 1 (LAACD11a/CD18) this results in increased
myeloid cell migration into the tumours and increased numbefsmacrophages enhancing

immune suppression within the tumou(Riao, Henry et al. 2017)

Expression of galectih (Gall) by glioblastoma cells has been shown to promote proliferation and
migration of these cells, nainly does this Gé&l expression promote migration and proliferation it
also leads to the death of-@ells when they are coultured with Gall expressing cells, further
highlighting the ability of GBM to evade immune attagovacsSolyom, Blasko et al. 2010)
Macrophage migration inhibitory factor (MIF) expression in GBM has been shown to be linked to
immune escap. This antigen was found to be expressed in GBM tumours, and when MIF is knocked
down in GBM tumoucells they become more susceptiblertatural killer(NK) cell mediated killing

(Mittelbronn, Platten et al. 2011)

HLAG is a norclassical MHC class | molecule that plays a role in tolerénseften expresed on
trophoblasts to prevent immune reactions to the developing foetus.-BLA also expressed in

adult thymic epithelial cells, nail matrix and cornétais rarely expressed elsewhere in the body;
however, GBM cells have been shown to express thitejpr (Wastowski, Simoes et al. 2018)LA

G also has a soluble form that has been found in plasma, cerebrospinal fluid and sperm. High levels
of HLAG have also been correlated with cytomegalovirus, a virus camynfound present in GBM
tumour tissues. HL-& has several receptors, these are the inhibitory receptor? JILTF4 and the
non-inhibitory receptors CD8, CD160 and KIR2DL4 Hnld IL# are expressed on immune cells,

they recognise MHC class | mol&d @Al GKSANJ ho I|YyR i HY R2
preferentially to HLAG. Binding of soluble Ht@ to CD8 on T cells results in FasL mediated
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CDS8 T cell apoptosis. HE@ binding to IL'R inhibits NK cell cytolysis by inhibiting polarisation of
lytic granules and the microtubwerganising centre at the contact zo{@arosella, Roudsreiss et

al. 2015) HLAE is another nomtlassical MHC class | molegutds a ligand for both NKG2A and
bYDH/ SELINBaaSR 2y b Y E-cdngither lead tolimfmine cell activationdy f &
binding withGtype lectin-like receptorNKG2C and it can also lead to immune cell inhibition by
binding to Gtype lectin -like receptor NKG2A. HL-E has been shown to be expressed in
glioblastoma tumour tissues and cell lines. HEMuch like HL& is thought to play a role in
maternal tolerance of a foetu@Vischhusen, Friese et al. Z0GBM has been shown to express
FasL (CD95L), this ligand binds to Fas (CD95IA&®DFcells leading to their apoptosis. GBM tissue
staining revealed that this expression of FasL by GBM cells induced cell death ofc€i33 T

expressing Fa®idenko, Ngo et al. 2002)

Stat3 is a cytoplasmic transcription factor that is activated by upstream events such as growth factor
and cytokine signalling. When Stat3 is activated it is phosphorylated and persistent Stat3
phosphorylation is seen in numerous cancers including GBM. Stat3 phosphorylation has been found
to varying degrees in GBM and the amount of Stat3 phosphorylation has been directly correlated
to brain tumour grade with GBM (grade 1V) showing the highesl lef/ Stat3 phosphorylation
(Birner, Toumangelovblzeir et al. 2010)Stat3 regulatory proteins have also been shown to be
downregulated in GBM patient©ne such example is protein inhibitor of Stat3 (PIAS3), and this
protein was only detected in 11 % of GBM samples compared to 100 % contmoéoplastic brain
samples from epileptic patients.-B.is a key activator of Stat3,-6Land its receptor are often
upregulated in GBM tumours further highlighting the importarof Stat3 activation in GBM tumour
malignancy. Knockdown of Stat3 in GBM cell lines results in siowgroandin vivogrowth (Luwor,

Stylli et al. 2013)

Indoleamine 2, dlioxygenase (IDO) is an enzyme involuedhe catabolism of the amino acid
tryptophan into immuneregulatory kynurenines. IDO much like many other immune inhibitory
proteins is involved in prevention of maternal foetal rejection. Activation of several receptors leads
to downstream signallingwents that induce IDO expression. Toll like receptors (TLRs), tumour
necrosis factor receptor superfamily members (TNFRs), interferon gamma receptors (IFNGR),
interferon beta receptors (IFNBR), transforming growth factor beta receptors (TGFBRS) and aryl
hydrocarbon receptors (AhRs) have all been shown to induce IDO expression upon activation. The
depletion of tryptophan by IDO has been shown to inhibit immune cells and prevent dendritic cell
maturation (Mbongue, Nichola et al. 2015) IDO has been identified as a significant
immunosuppressive factor in glioblastoma multiforme. IDO is upregulated in recurrent GBMs, with
Mitsuka et al. (2013) finding that 100 % of patients studied expressed IDO upon second surgery
(Mitsuka, Kawataki et al. 2013)
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Research has also shown that GBM promote®Il death via CD70 and ganglioside expression
(Chahlavi, Rayman et al. 2008)tivated Tcells were sbhwn to be more susceptible to GB&ll

induced death. CD70 expressed by GBM binds to CD27 a TNFR family member that modulate:
apoptosis upon binding of CD70. Blockade of CD70 on GBM cell lines partially protected T cells from
apoptosis. The contribution @fangliosides to T cell death was also studied usintpi2tphenyl2-
hexadecanoylamin@-pyrrolidino-1-propanol (PPPP) an inhibitor of glucosylceramide synthesis.
PPPP was proven to induce a reduction in ganglioside expression when PPPP cells wetklgssesse
HPLC. This reduction in gangliosides resulted in reducetl apoptosis by GBM cell linghahlavi,
Rayman et al. 2005)

Unfortunately, standard therapies have also been shown to increase glioblastoma nnugtifo
immunosuppressionn vitrostudies have revealed that GBM cell lines exposed to doxorubicin and
radiation therapy release the immunosuppressive cytokine prostaglandin E2 (FeIE2gxposed

to TMZ were also shown to suppress the proliferation -gklls via the release of PGEuthier,
Farrand et al. 2015)Furthermore, the current treatment strategies have also been shown to
hamper immunoherapeutic approaches. Steroids are often given to patients to counteract
cerebral oedema, dexamethasone is frequently used in this context. Dexamethasone has been
shown to result in upregulation of the immunosuppressive checkpoint @TarATFcells, reduing

their antirtumour activity. Dexamethasone was also shown to reduce the proliferationcefl§
(Giles, Hutchinson et al. 2018)o alleviate the potential deleterious effects of dexamethasone
alternative treatmeits need to be considered. One such alternative for the relief of oedema is the

previously mentioned FDA approved axtEGF antibody Bevacizumab.

Tumours establish a somewhat immunopriveleged environment via their altered physiology and
co-opting of stromé cells. The brain is a unique organ with extracellular matrix composed of
proteoglycans, glycosaminoglycans and glycoproteins. In the brain tumour microenvironment
significant increases in heparan sulphate proteoglycans (HSPG) have been observeH SH@&se

can trap growth factors such as FGF and VEGF in the tumour microenvironment. As mentioned
previously this VEGF secretion leads to upregulation of TNC and periostin promoting cancer cell
survival and increased trapping océ&lls within blood vesselsreventing their penetration of the
tumour bulk (Quail, Joyce 2017Hypoxia is one of the hallmarks of GBM tumours, this hypoxia
potentiates the immune suppression exerted by these tumours. Hypoxia can lead tagadre
secretion of angiogenic factors such as VB@Rumour cells which as mentioned previously
generates an immunosuppressive microenvironment. Another factor that enables GBMs to
suppress the immune system and evade immune surveillance is their higinobeneity as
AYRAOFGSR Ay GKSANI yIYS WiKeezhniek migatily GBEMbcells KaS  LJ
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been shown to contribute to the immunosuppressive nature of GB#i, Barr et al. 2010, Wu,

Wei etal. 2010)

1.9.Immune checkpoint blockade for GBM

As mentioned previously tumours upregulate immune inhibitory checkpoints such dsl.PD
Research has found a plethora of immune inhibitory proteins that can be targeted to boost the
resident antitumour immune response. Many of these immune checkpoints are being targeted in
the cancer setting with several checkpoint blockade antibodies being approved for therapy and
many more being tested in clinical trials. Ipilimumab @iiLA4) anBembrolizumab (ati-PD1)

have been approved for the treatment of melanoma and renal cell carcinoma. Pembrolizumab has
also been approved for nesmall cell lung cancer and Hodgkin lymphoma. These checkpoint
blockade modalities are gaining traction in the field of cartberapy. Checkpoint blockade has
been tested in the GBM setting and researchers have tried to identify molecular patterns linked
with immune checkpoint blockade responsiveness. In recurrent GBMegponse to antPD1
therapy was linked to PTEN mutationghereas mutations in the MAPK pathway were linked with

a response to antPD1 therapy These PTEN mutations were linked with immunosuppressive gene
signatures meaning that despite PDblockade the immune system is still being suppressed via
other mechaismswithin the tumour microenvironmen(Zhao, Chen et al. 2019/hen used in a
neoadjuvant manner (prior to surgical resection)-PEherapy was not linked to an increase
infiltration of immune cells and no significanhanges in “Eell function were observed when
compared to the immune microenvironment prior to treatment. When comparing neoadjuvant
Pembrolizumab with adjuvanPembrolizumab therapy in the GBM setting it was found that
neoadjuvant therapy was linked am increase in IFN NBXf I 6§ SR 3ISySa FyR |
gene expression in tumour cells. These findings seem to suggest that pembrolizumab checkpoint
blockade is more efficacious in the neoadjuvant setting as opposed to the adjuvant gétiing
Nakashima et al. 2019What is even more exciting about these immune checkpoint blockade
therapies is that they can also be combined with other treatment modalities, most interestingly is
the potential of combining chépoint blockade with active immunotherapy with the purpose of

boosting the anttumour immune response generated by vaccination.

1.10.ImmunoBody® vaccination

As previously mentioned immunotherapy has been tested in the GBM setting however there

appear tobe several challenges involved in treating these types of tumours with immunotherapy
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and several clinical trials have fallen at the last hurdle, as a result of these failures there is a great

need to find novel ways of generating an active immune respon&BM patients.

ImmunoBody®&Scancellls a DNA plasmid vaccine that encodes a human IgG1 antibody with CD8+
and CD4+ -Eell epitopes engrafted into the complementarity determining regions (CDRs) of the
antibody. This method of vaccinations generatesimamune response via direct presentation
(transfection of the antigen presenting cells (APCs)) and by cross presentation (transfection of non
APCs resulting in secretion of the 1gG1 protein and its uptake by (RBAsey Metheringham et

al. 2010) The ImmunoBody® vector generates a-id)@ higher avidity response than an identical

peptide vaccinatior{Brentville, Metheringham et al. 2012)

SCIB1 is an ImmunoBody® vaccihat tencodesthree immunogenic epitopes, two for the
melanoma antigen gp100 (glycoprotein 100/PMEL/melanocyte protein) and one for the antigen
TRP2 (tyrosinerelated protein 2/dopachrome tautomerase (DCT)/dopachrome disltsnerase)
(Xue, W., Brentville, Symonds, Cook, Yagita, Metheringham, and Durrant 28&6¢ two antigens

are abundant in the melanoma settin§CIB1 encodes a CD8gell 3mer epitope for TR and a
16-mer and 18mer gpl100 sequences containingtbdCD4+ and CD8+cEll epitopes (SeEigure

3). Preclinical results with a TRP directed ImmunoBody® have shown that this mode of
vaccination generates a high aviditgdll response that resulted in a significant decrease in B16F10
murine melanoma tumaor size(Metheringham, Pudney et al. 2009, Pudney, Metheringham et al.
2010) These promising prelinical results have led to the initiation of ImmunoBody® clinical trials
in the melanomeasetting. Phase | results showed that SCIB1 ImmunoBody® vaccination was well
tolerated with no adverse events seen in patieriigéen more impressive wahat 23/25 patients
aK2gSR I RSGSOGI0fS AYYdzyS NBaLRyaS dcegdRei yS
size(Patel, Poulam M., Durrant et al. 2014, Patel, P. M., Ottensmeier et al..Z0i8)promising
early results for SCIB1 have led to some-gneical work looking at combining BT vaccination

with anti-PD1 checkpoint blockade. SCIB1 and-#&1iiil were used in combination to treat B16F1
DR4 melanoma tumours in transgenic HDR4 miceThis combination was shown to increase
survival and reduce tumour volume. Even when mice wéralenged with a high number of
tumour cells the combined SCIB1 aRi1 therapy still led to improved survival in these animals
when compared to SCIB1 or aRiD1 monotherapy(Xue, W., Brentville, Symonds, Cook, Yagita,
Metheringham, and Durrant 2016)he ImmunoBody® plasmid candmgineeredo target cancer
related antigens other than TRPand gp100; SCIB2 is an ImmunoBody® plasmid that has epitopes
for New York oesophageal squamous cell carcinoma 1-E@®™) engrdted into its
complementarity determining region®CDR} as opposed to TRP and gpl100 Combining P2
blockade with SCIB2 ImmunoBody® vaccination was shown to result in 100 % long term survival ir

mice harbouring NNESGL expressing B16 tumourfXue, W., Metheringham et al. 2016)he
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advantage of ImmunoBody® vaccination is that it generates high aviday responses which have
been shown to be enough for eradication of antigen expressing tumours. Another advantage of
ImmunoBody® plasmid is that it can easily be engineered to target other tumour specific epitopes
and this method of vaccination does not require administration of an adjuvant to generate a strong

anti-tumour response.
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Epitope inserted into H1 & L3 site - gp100 173-150 (GTGRAMLGTHTMEVTVYH)
H2 site - TRP2 1g0-135 (SVYDFFVWL)
H3 & L1 site - gp100 4455 (WNRQLYPEWTEAQRLD)

BGH Poly A
human kappa constant region "\ CMV IE promoter
BsiWI _ \
gp100DR4/L1 gp100D7/L3 ‘\, \  Hindl
Light variable ~— r U
BamHIL,_ ——gp100DR7/H1 TRP2/H2 gp100DR4/H3
“~ __Afel  Heavy variable
CMV IE promoter
DCIB68 ) )
(SCIB1) _human heavy igG1 constant region

BGH Poly A

/ L
/ ? N SV40 early promoter
A \ EM7

SV40 poly
Zeocin

Figure3. A schematic representation of the SCIB1 ImmundBgldgmidwith the gp100 and TRP
2 peptide sequencesletailed, and their insertion sites outlinedDiagram provided in a

correspondence from Scancell Ltd.
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1.11.Carnosine as a first line ntwxic therapeutic

In order to treat GBM a multitude of treatment modalities will most likely need to be combined
Previous research has found that single therapies are not as effective as combinatorial therapies
(Stupp, Mason et al. 2005Whilst combining therapeutic modalities can help improve patient
survival one keyactor to consider is the increased potential for deleterious side effects, for
example the combination of anBD1 and ami-CTLA4 immune checkpoint blockade has been
linked to increased incidences of adverse immune events in the melanoma séttaggel,
Heinzerling et al. 2017As a result conihing standard therapy with treatmenthat have little to

no side effects represents an exciting avenue for GBM therapy. In GBM the use of a ketogenic diet
(low carbohydrate high fat) has been explored in combination with the current standard therapy
(TMZ andradiotherapy(RT). Early studies using a ketogenic diet in combination with standard
therapy have revealed that this method of treating GBM holds promise and indicate that altering
metabolism may hold the key to tackling GB&hamp, Palmer et al. 2014, Zuccoli, Marcello et al.
2010)

Carnosine is a dipeptide composed of the amino acids beta alanine-histidine. Carnosine is
abundant within the brain and skeletal muscle. Carnosine is a relatively enigmatouochwhich

has been shown to have many functions in numerous settings. It has been suggested that carnosine
can act as a free radical scavenger, metal ion chelator, neurotransmitter, immunomodulatory, anti
oxidant and pH buffer to name a fefMipkiss, Preston et al. 199&}arnosine has been shown to
have antitumour effects in numerous cancers, however the mechanism by which carnosine affects
tumour cells has not been fully elucidated, and carnosine has been gieanafuce various changes
within tumour cells. Previous research has shown that carnosine can inhibit human GBM cell growth
(Oppermann, Dietterle et al. 2018The activity of carnosine has been examined in numerous

cancers and the proposed mechanism of action seems to be varied depending on the cancer studied

In the cancer setting carnosine has been shown to reduce the acidification of growth media when
HelLa cervical cancer cells were grown under hypaxigitro. This reduced acidification was
attributed to a reduction in the amount of carbonic anhydrase 1X (CAIX) enzyme activity within
these cells, and carnosine was shown to directly interact with @iurs(Ditte, Ditte et al2014)
Carnosine was also shown to lead to increasedMiF SELINB&aA 2y Ay | S[ |
hypoxic conditionsin vivocarnosine treatment led to a lower rate of tumour growth in a HeLa
xenograft model with a reduction in the size of carnestreated tumours even observed. The
carnosine treated tumours were also shown to express higher levelsoi MIF 02 Y LI NBR (i 2
tumours(Ditte, Ditte et al. 2014)The reduction of extracellular acidification Haeen explored as
potential treatment strategy for cancer and as a result the pH buffering effects of carnosine

represent an attractive therapeutic modality. Combination of carnosine with the chemotherapeutic
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agent 5fluorouracil (5FU) has also shown theyautic potential against HT29 colon cancer dells

vitro. Carnosine did not directly induce apoptosis €3 resistant HT29 cells, but it did however
reduce the proliferation of these cells. Carnosine was shown to increase the sensitivity of these cells
by reducing Hmh SELINB&&A2Y | YR (loink GRazdia ¥tiali RIEETHEse (0 | N.
results contradict those findings found using HelLa cervical cancer cells highlighting the enigmatic
nature of the carnosinalipeptide. Carnosine also seemed to be cytotoxic for the human renal
carcinoma cell line CaRi leading to increased activity of the apoptotic protein caspase
Computer modelling revealed that carnosine binds to a specific drug binding pocket on edspase
(Pandurangan, Mistry et al. 201&}arnosine appeared not to induce apoptosis or necrosis of the
gastric cancer cell line SG801 however it did appear to have an aptbliferative effect. Further
analyses reealed that carnosine treatment reduced the basal oxygen consumption rate and extra
cellular acidification rate of SG®O01 cells indicating that carnosine has the potential to inhibit
glycolysis by these cellShen, Yangt al. 2014) Carnosine is broken down by the enzyme
carnosinase, interestingly it has been found by proteomic analysis that that the carnosinase 1
precursor (CNDP1) protein is dowegulated in GBM patient plasma compared to healthy control
plasma(Gautam, Nair et al. 2012y hese findings point to an ardancer effect of carnosine, if not

by inducing cell death it affects the proliferation of cancer cells. Either effect would be greatly
beneficial for the treatmenof GBM, due to the relatively rapid growth of GBM tumours and their
highly invasive nature. This holds promise for the use of carnosine as a therapeutic agent in the
GBM setting.

1.12.Aims

The aim of this thesis is to examine the antigen expressiofil@rof human GBM tumours and
human and murinecell lines with the aim of identifying targetable immunogenic antigens and
potential antigens that can be targeted immunotherapeutically. Once targetable antigens have
been identified ImmunoBody® vaccinatigill be utilised to target the identified tumour associated
FyidA3aSyad ¢KS STFFSOG 2F LCbhbs 2y GKS AYYdzyS 1
AYYdzy2 GKSNI LIB 3ISYSNI GSa LCb: NBfSIrasS FNRBY A
vaccinaion has been demonstrated, PDPDL1 blockade will be incorporated into the vaccination
strategy to boost the artiumour immune response in@roof of conceppre-clinicalin vivomodel

of GBMusing antigen expressing tumour cells implanted in the brains of humanised Ascan
adjunct to these immunotherapeutic studies the effects of carnosine on GBM cell lines will be

studied.
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CHAPTER 2: MATERIANB METHODS

2.1. Materials used

2.1.1. C# lines
Name Description | Age (Years) Sex | Culture medium Supplier
SEBTA22 GBM left 67 Male DMEM + A generous gift
parietal lobe GlutaMAX from the
(Gibco) + 10% | Portsmouth neure
FCS oncology group
SEBTA25 GBM right 24 Male DMEM + A generous gift
frontal lobe GlutaMAX from the
(Gibco) + 10% | Portsmouth neure
FCS oncology group
SEBTA27 Recurrent 59 Female DMEM + A generous gift
GBM right GlutaMAX from the
parieto- (Gibco) + 10% | Portsmouth neure
occipital FCS oncology group
region
UR007 GBM 71 Male DMEM + A generous gift
GlutaMAX from the
(Gibco) + 10% | Portsmouth neure
FCS oncology group
UP-019 GBM 68 Female DMEM + A generous gift
GlutaMAX from the
(Gibco) + 10% | Portsmouth neure
FCS oncology group
UPR029 GBM 66 Male DMEM + A generous gift
GlutaMAX from the
(Gibco) + 10% | Portsmouth neure
FCS oncology group
SF188 GBM 8 Male DMEM + A generous gift
GlutaMAX from the
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(Gibco) + 10% | Portsmouth neure
FCS oncology group
IN-699 GBM 15 Male DMEM + A generous gift
GlutaMAX from the
(Gibco) + 10% | Portsmouth neure
FCS oncology group

Tablel. Details of the human cell lines used for this study.

Name Description Origin Modifications | Culture Supplier
medium
B16 Murine Naturally occurring| Transfected | RPMI 1640 A generous
HHDII/DR1 melanoma | tumour taken from with the +1% L gift from
Luc2 the C57BL/6 mousq luciferase | glutamine +| Scancell Ltd
gene and the| 10% FCS +
chimericHLA| ppn >
A2/DR1 Zeocin +
receptors | onn >
HHDII/DR1 | Hygromycin
+500
>3KY
G418
GL261 Murine Induced via Transfected DMEM A generous
Luc2 glioblastoma intracranial with the (Lonza) + | gift from the
injection of luciferase 10% FCS 4 Barrow
methylcholanthrene gene M n n > | Neurological
into a C57BL/6 G418 Institute
mouse

Table2. Details of the murine cell lines used for this study.

2.1.2. Reagents
Reagent Supplier
0.22 pm syringe filter Sartorius
1.0 pum gold microcarriers BioRad




1M TrisHCI Invitrogen
2-mercaptoethanol Sigma
4% Paraformaldehyde in PBS Santa Cruz

40 ymnylon strainer

Greiner bieone

Agar Bioline
Agarose Bioline
Ammonium persulphate (APS) Geneflow
Ampicillin Sigma
Anhydrous ethanol Sigma

Anti PD1 for in vivo BioXCell
Avidin D solution Vector labs
Bicinchoninic acid Sigma
Biotin solution Vectorlabs

Bovine serum albumin (BSA)

Merck Millipore

Brefeldin A

BioLegend

Bromophenol blue

Arcos Organics

Calcium chloride

Sigma

Carnosine

Sigma

Cell culture flasks for GBM cells

Greiner bieone

Cell culture flasks for murine tissy

Sarstedt

culture
Clarity western ECL substrate BioRad
Collagenase type 1 from clostridiu|

_ _ Sigma
histolyticum
Conical flasks Pyrex
Copper (Il) sulphate Sigma
DAPI Vectashield mounting media Vector labs

Dimethyl sulfoxide (DMSO)

Insight biotechnology

DMEM

Lonza

DMEM+GLUTAMAX

Gibco
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DNA ladder 1 Kb plus

Promega

DNAse

Sigma

Double distilled water

Barnstead, Nanopure Diamond

DPX mounting media Sigma

5dzf 6 SO02 Q& LI 2 & LIK| Lonza

EDTA 0.5M Ambion
Eppendorf tubes Starsedt
Ethanol Fisher scientific
Ethyl alcohol absolute VWR
Ethyldiamine tetraacetic acid (EDTA) | Sigma

FACS tubes

Tyco healthcare group

Falcon tubes

Sarstedt

FCS

Fisher Scientific

Filter paper

SchleicheiSchuell

Flow check beads

Beckman Coulter

Flow set beads

Beckman Coulter

Fungizone (amphotericin B)

Promega

Genetecin (G418)

Sigma

Glacial acetic acid

Fisher scientific

Glass coverslips SLS
Glass microscope slides SLS
Glycerol Sigma
Glycine Sigma
Goat serum Sigma

HALT protease and phosphata

inhibitor cocktail

ThermoFisher

HEPES

Lonza

Hydrochloric acid

Fisher scientific

Hydrogen peroxide

Sigma

Hygromycin

Merck Millipore
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Isopropanol

Sigma

Isoton sheath fluid

Beckman Coulter

LB broth Sigma

LB broth low salt (Luria) Sigma

LB broth with agar Sigma
L-Carnosine Sigma
L-glutamine Lonza
L-shaped spreader Sigma
Marvel skimmed milk powder Marvel
al@SNna | I SYIl (2Ee|Sigma
Methanol Fisher scientific
Mitomycin C Sigma
Monensin Biolegend
MTT reagent Sigma
adzZNAyYyS LCb:! St AaLJ]Mabtech

OneCompeBeads compensation bead

Thermo Fisher

PD1 isotype control BioXCell
P-dimethylaminobenzaldehyde Sigma
Penicillin/Streptomycin Lonza

Peptides GenScript
PerFixnc kit Beckman Coulter
Petri dishes Sarstedt
Phosphate buffered saline (PBS) tabld Oxoid

Pipette tips Greiner bieone/Sarstedt
Polyvinyl pyrrolidone (PVP) Sigma
Protogel (30% acylamide) GeneFlow

PVDF blotting membrane

GE healthcare

QIAGEN QUAter plasmid midi kit

QIAGEN

wSO2YoAY Il Yyl KdzYly

Peprotech
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RPMI 1640 Lonza
Scalpels SLS
SCIB1 ImmunoBody® plasmid Scancell Ltd.
Serological pipettes Sarstedt
Sodium chloride Calbiochem
Sodium citrate trisodium salt dihydrate Sigma
Sodium dodecyl sulphate (SDS) Sigma
Sodium pyruvate Lonza
Solution 18 ChemoMetec
Spermidine Sigma
Staphylococcal enterotoxin B (SEB) | Sigma
Streptavidin alkaline phosphat

_ ) BioRad
conjugate substrate kit
Sucrose Sigma
SYBR® safe DNA gel stain Invitrogen

Syringes Becton Dickenson
Tefzel tubing BioRad
TEMED GeneFlow
Tetraethylammonium bromide (TEA|

Sigma
25 mM
Tissue culture plates Sarstedt
Trichloreacetic acid (TCA) Sigma
Triton X100 Sigma
Trizma base Sigma
Trypan blue solution 0.4% Sigma
TrypLE Express Gibco
Trypsin/versine Lonza
TWEEN20 Sigma
Vectastain Elite ABC HRP kit Vector labs
WT-1 ImmunoBody® plasmid Scancell Ltd.
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Xylene

Fisher scientific

Zeocin

Invitrogen

Table3. Details of the reagents used and the supplier of each reagent

2.1.3. Buffer recipes

0.025 mg/mL PVP

yodtp >[ HAn Y3IkKY]

t £t

7 mL anhydrousthanol

0.19% triton X100 in PBS

10> GNRG2Y

- MAan

10mL dHO

0.5% BSA in PBS

0.5 g BSA

100mLPBS

0.5 M spermidine

14.525g calcium chloride

100 ml dHO

0.05 M spermidine

pn > ndp a

ALISNYARAYS

npn >[ ydzOf SFA&S FNBS 4 (SNJ

1 M Calcium chloride

11.098 g calcium chloride

100 ml dHO

1M Sodium chloride

0.5844 g sodium chloride

10 mL dHO
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1M Tris pH 6.8

12.114 g trizma base

90 mL dHO

Adjust pH to 6.8 using hydrochloric acid then top up to 100 mL witddH

1.5 M Tris pH 8.8

18.171g trizma base

90 mL dHO

Adjust pH to 8 using hydrochloric acid then top up to 100 mL with@H

1x PBS

10 PBS tablets

1000 mL dkD

1x Running buffer

100 mL 10x Running buffer

900 mL dr:O

1x Transfer buffer

100 mL 10x Transfewuffer

900 mL dr:O

3% hydrogen peroxide in methanol

10 mL 30 % hydrogen peroxide

90 mL ethanol

5 % Stacking gel (x1 gel)

4.1 mL dkO

1 mL 30 % acylamide mix

Tpn > Ma C¢CNARAA LI c oy
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5x SDSPAGE loading buffer

1 mL glycerol

1g SDS

3.125 1M TridHCl pH 8.0

2.5 mL beta mercaptoethanol

1 mL 0.5% bromophenol blue

1.375 dHO

10 % APS

10 mL dHO

1gAPS

10% Resolving gel (x1 gel)

4mL dHO

3.3mL 30 % acylamide mix

2.5mL 15M Tris pHB.8

on >[ ma 22 !t

ion >[ ShSn 2z

4>[ ¢9a95

10 % sodium deoxycholate

0.3 g sodium deoxycholate

3 mL dHO

10 % SDS
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10 mL dHO

1gSDS

10 % Triton X100

cnn >[ ¢NRG2Y - mMAan

5.4 mL d:O

10x Running buffer

30.3 g trizma base

144 g glycine

10 g SDS

1000 mL dkD

10 x TBS

24.2g trizma base

80 g sodium chloride

800 mL dr:O

Adjust pH to 7.6 using hydrochloric acid then top up to 1000 mL wit®dH

10x Transfer buffer

30.3 g trizma base

144 g glycine

1000 mL deD

20 mg/mL PVP

10 mg PVP powder

pnn >[ FYK@RNRdzA SOGKIy2¢

100 mM EDTA

0.2922 g EDTA
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10 mLdH.O

Complete Tcell media

50 mL FCS (10 %)

5 mL penicillin and streptomycin (1 %)

5 mL Eglutamine (200 mM)

10 mL HEPES (200 mM)

0.5 mL fungizone (0.1 %)

1 mL 1 M beta mercaptoethanol (2 mM)

428.5 mL RPMI 1640

9KNI AOKQ&a NXBIF3ASyi

200 mg Rdimethylaminobenzaldehyde

10 mL glacial acetic acid

LB broth Luria low salt

30.5 g LB broth low salt powder

1000 mLdH,O

Ldzi20t 1 @S G mpm x/ F2NJ mp YAydziSa
LB broth with agar

40 g LB broth with agar powder

1000 mLdH,O

ldzi20t 1 @S 4 mpm x/ F2NJ mp YAydziSa

5 mg/mL MTT reagent

250 mg MTT

50 mL DPBS

PBST
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0.5 mL TWEEN 20

1000mLPBS

RIPA buffer

2.5 mL 1M Tri$iCl pH 8.0

7.5 mL 1 M sodium chloride

0.5 mL 10 % SDS

2.5 mL sodium deoxycholate

5 mL 10 % Triton X100

0.5 mL 100 mM EDTA

31.5 mL duD

Sodium citrate pH 6.0

2.94 g sodium citrate trisodium salt dihydrae

800 mL dkD adjust pH to 6.0 using hydrochloric acid then top up to 1000 mL wi® dH

0.5 mL TWEEN 20

TBST

100 mL 10 x TBS

900 mL dr:O

1 mL TWEERO

TE buffer

1 mL 1M tris pH 8.0

Hnn > ndp a 95¢! LIy ®n

99.8 mL dkD

TrisEDTA pH 9.0

1.21 g Trizma base
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0.37 g EDTA

900 mL dkO adjust pH to 9.0 using hydrochloric acid or sodium hydroxide then top
1000 mL with deD

0.5 mL TWEEN 20

Table4. Recipes for the buffers used. The buffer name is emboldened and the ingredients are listed

below.

2.1.4. Antibodies for Western blotting

Antibody Dilution Manufacturer
Mouse antk 1:1000 Abcam
human HLAA, B,
C
Mouse anti- 1:1000 Abcam
human HLAE
Mouse antk 1:1000 Abcam
human HLAG
Rabbit antt 1:1000 Cell Signalling
human PBL1
Rabbit anti 1:1000 Abcam
human MGMT
Rabbit anti 1:1000 Abcam
mouse/human
TRP2
Rabbit antt 1:500 Abcam
human/mouse
WT-1
Rabbitanti- 1:500 Abcam
human/mouse
gpl00
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horse antimouse

Rabbit anti 1:250 Sigma
human HAGE
Rabbit anti 1:10000 Abcam
human/mouse
Vinculin
Mouse anti 1:250 Abcam
human IDO
HRP conjugated 1:1000 Cell Signalling
goat antirabbit
HRP conjugated 1:1000 CellSignalling

Table5. Antibodies used for Western blotting

2.1.5. Antibodies for immunohistochemistry

Antibody Dilution Manufacturer Antigen
retrieval
buffer used

Mouse antk 1:500 Abcam Sodium citrate

human HLAA, B, pH 6.0
C

Mouse antk 1:500 Abcam Sodium citrate
human HLAE pH 6.0

Mouse antk 1:25 Abcam TRISEDTA pH

human HLAG 9.0

Rabbit anti 1:50 Cell Signalling | Sodium citrate
human PBL1 pH 6.0

Rabbit anti 1:500 Abcam Sodium citrate
human MGMT pH 6.0
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Rabbitanti- 1:500 Abcam TRIEDTA pH
mouse/human 9.0
TRP2
Mouse anti 1:50 Dako Sodium citrate
human WTF1 pH 6.0
Rabbit anti 1:50 Abcam Sodium citrate
human/mouse pH 6.0
gpl00
Rabbit antt 1:100 Sigma Sodium citrate
human HAGE pH 6.0

Table6. Antibodies used for immunostaining

2.1.6 Antibodies for immunofluorescence/immunocytochemistry

Antibody

Dilution

Manufacturer

Rabbit anti
mouse/human
TRP2

1:150

Abcam

Rabbit anti
human/mouse

WT-1

1:50

Abcam

Donkeyanti-
rabbit Alexa
Fluor® 488

1:500

Abcam

Table7. Antibodies used for Immunocytochemistry and Immunofluorescence

2.1.7. Antibodies for flow cytometry

2.1.7.1Antibodies for cell surface staining of human cells

Antibody Clone Fluorophore Supplier
Anti-human W6/32 APC/Cy7 BioLegend
HLAA, B, C
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Anti-human 3D12 PerCP/Cy5.5 BioLegend
HLAE

Anti-human 87G PE/Cy7 BioLegend
HLAG

Anti-human BB7.2 APC BioLegend
HLAA2

Anti-human 2D10 PE/Dazzhe 594 BioLegend
CD80

CD86 IT2.2 Pacific blug BioLegend
Anti-human NOK1 PE BioLegend
FasL

Anti-human 6D4 Alexa Fluo® | BioLegend
MICA/B 488

Anti-humanPD | 29E.2A3 APC BioLegend
L1

Anti-human 53C Alexa Fluo® | BioLegend
CD40 700

Anti-human GIR208 PE BioLegend
CD119

[ L£9k59! [NA N/A ThermoFisher
fixable violet

FcR blocking | N/A N/A Miltenyi Biotec
reagent

Table8. Details of the antibodies used for flow cytometry

2.1.7.2 Antibodies for intracellular murine splenocyte staining

Antibody Clone Fluorophore Supplier

Anti-mouse MEL:-14 FITC
CD107a

BioLegend




Anti-Y 2 dz& S ¢ | MP6XT22 PE BioLegend
Anti-mouse Ki67 SolA15 PEeFluor 610 eBioscience
Anti-mouse 12 JESG®H4 PerCP/Cy5.5 BioLegend
Anti-Y 2 dz4 S L ( XMG1.2 Pe/Cy7 BioLegend
Anti- QA16A02 APC BioLegend
mouse/human

Granzyme B

Anti-mouse CD4 GK1.5 Alexa Fluor®700 BioLegend
Anti-mouse CD8a 536.7 APC/Cy7 BioLegend
Anti-mouse CD3 17A2 Brilliant violet | BioLegend

nHMMX

[ L£9k59! 53 NA N/A ThermoFisher
fixable violet

Hamster anti- | N/A N/A Becton [xkinson
mouse CD28 (for

stimulation)

Rat anttmouse | N/A N/A Becton Dxkinson
CDh49d (for

stimulation)

Anti-CD16/32 (FcR | N/A N/A BioLegend
blocking reagent)
Table9. Details of the antibodies used for flawtometry
2.1.7.3.Antibodies for brain TIL staining

Antibody Clone Fluorophore Supplier
Anti-mouse CD69 H1.2F3 t 9k 511t Sy BioLegend
Anti-mouse FoxP3 | MF14 t I OANF¥AO 0 f{ BioLegend
Anti-mouse CD62L | MEL:14 Alexa fluor®488 BioLegend
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Anti-mouse CD25 3C7 PerCP/Cy5.5 BioLegend
Anti-mouse CD3 17A2 PE BioLegend
Anti-mouse PB1 29F.1A12 APC/Cy7 BioLegend
Anti- IM7 Alexa Fluor®700 BioLegend
mouse/human

CD44

Anti-mouse CD4 RM45 PE/Cy7 BioLegend
Anti-mouse CD8a 536.7 APC BioLegend
[ L£9k59! 531 NA N/A ThermoFisher
fixable violet

Anti-CD16/32 (FcR | N/A N/A BioLegend
blocking reagent)

TablelO. Details of the antibodies used for flow cytometry

2.2. Methods
2.2.1. Cell culture

2.2.1.1 Human cell culture
All glioblastomamultiforme cell lines were cultured in GBM cell me(tiatailed inTable }. Once

cells had reached 890% confluency they were washed once with DPBS. Once washed a thin
coating of TrypLE express was added to the cells. Cells were then left under TrygisE atkroom
temperature and checked at regular intervals using a light microscope. Once cells were visibly
detached and floating complete media containing FCS was added to neutralise the TrypLE express
The volume of media added depended upon the sizBask used, for a T25 flask 5 mL of media
was added for a T75 flask 10 mL of media was added and for a T175 flask 20 mL of media was adde:
The media was gently pipetted up and down the cell culture surface to rinse the cells off and then
the media was tnsferred to d&alcon tube. The cells were then pelleted by centrifugation at 12,000
RPM for 5 minutesOnce complete media was removed from the pellet and the pellet was re
suspended in fresh culture media. Fresh tissue culture flasks had the desiredtash@BM media

added to them and then the desired amount of cell suspension was added to each flask. Tissue
Odzf (dzNB FEl 214 6SNB (KSYy LX I OSR ,(Sghyo). KdzYA RA T
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2.2.1.2. Murine cell culture
The B16 HHDII/DR1 Luc caikliand the GL261 Luc2 cell lines were cultured in the appropriate

media detailed above. Once cells had reacheeD8% confluency they were washed once with
DPBS. Once washed a thin coating of trypsin/versine was added to the cells. Cells were then left
undSNJ GNBLIAAYKDBSNBAYS AY | ot x/ KdAzZYARAFTASR (i}
intervals using a light microscope. Once cells were visibly detached and floating complete media
containing FCS was added to neutralise the trypsin/versinevdlume of media added depended

upon the size of flask used, for a T25 flask 5 mL of media was added for a T75 flask 10 mL of medi
was added and for a T175 flask 20 mL of media was added. The media was gently pipetted up anc
down the cell culture surfac® rinse the cells off and then the media was transferred takon

tube. The cells were then pelleted by centrifugation at 12,000 RPM for 5 minutes, once complete
media was removed from the pellet and the pellet wassvspended in fresh culture mediacesh

tissue culture flasks had the desired amount of GBM media added to them and then the desired
amount of cell suspension was added to each flask. Tissue culture flasks were then placed in a
KdzZYARATASR Ay OdzoldSaMb) G o1 x/ SAGK p2 /[ h

2213LCb* (GNBIFUGYSyld 2F D.a OStft tAySa
Human GBM cells were cultured in a T75 flask, once cells had reached 80% confluency all of the

YSRAIF ¢ a NBY2@OSR YR NBLX I OSR gAGK GKS | LILIN
Cells were then left for either 248 or 72 hours, at which point they were detached using TrypLE

express and then either analysed using western blotting or flow cytometry.

2.2.1.4. Carnosine treatment of cell lines
GBM cells were cultured in a T75 flask, once cells had reached 80%enonfall of the media was

removed and replaced with carnosine containing meafizarying concentrationsThe carnosine
was prepared by dissolvingchrnosine in the appropriate culture media and then this solution
sterile filtered using a 0.22 uM syrindier. Carnosine was then added to cells for 24 hours and

once completed cells were detached and prepared for analysis.

2.2.2. Immunohistochemistry

2.2.2.1. Immunohistochemistry
Antibody staining conditions were optimised using the appropriate posiowéral tissues detailed

Ay GKS G1otS 06S8t260 ¢KS FyidAc2RE YFydFl O ds

concentrations were utilised, as well as slightly higher and lower concentrations of antibodies. In
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GdKS

is detailed in the table below.

|y (retriéval iathod wiak KuitahleSod Tneantibobigésiuse8, yhis

Antibody Positive control tissue Supplier Antigen retrieval
used for optimisation method
Mouse antithuman Tonsil and spleen US Biomax Sodium citrate pH
HLAA, B, C 6.0
Mouse antthuman Tonsil US Biomax Sodium citrate pH
HLAE 6.0
Mouse antthuman Spleen US Biomax TRISEDTA pH 9.0
HLAG
Rabbit antthuman Tonsil and placenta US Biomax Sodium citrate pH
PDL1 6.0
Rabbit antthuman Spleen US Biomax Sodiumcitrate pH
MGMT 6.0
Rabbit antt Melanoma US Biomax TRISEDTA pH 9.0
mouse/human TRP
2
Rabbit anti Embryonic kidney Cell Marque Sodium citrate pH
mouse/human WF 6.0
1
Rabbit anti Melanoma US Biomax Sodium citrate pH
human/mouse 6.0
gpl00
Rabbit antthuman Testis US Biomax Sodium citrate pH
HAGE 6.0

Tablell. Positive control tissues used for IHC optimisation

Once conditions were optimised FFPE GBM tissue microarrays (US Biomax) were stained using th
same antigen retrieval methods and antibody concentrations that were deemed as appropriate
during optimisation (detailed imable 1). Prior to commencing immundtochemical staining

GSNBE o6F1SR ¥2NJ on YAydziSa 4 cn x|/
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consecutive immersions in xylene and then the sections weteydeated by immersion in graded
ethanol (100%, 100%, 90% then 70%). Slides were Winefly immersed in dD for 2 minutes
before endogenous peroxidase activity was blocked using 3% hydrogen peroxide in methanol.
Slides were then rinsed in @@ for 3 minutes. After rinsing slides were immediately immersed in
Mman x/ Fy A BYTHisENBAPNA.GoPdodium @itlate pH 6.0) for 20 minutes. The slides
were then left to cool in the antigen retrieval buffer for 20 minutes on the bench top. Once slides
had cooled they were washed in TBST (0.1% TWEENZ20) for 5 minutes. Sectiohenvblecked

with 2.5% normal horse serurvéctastain Elite ABC HRR Wiector labs) for 10 minutes at room
temperature. Blocking buffer was then removed and avidin D solution (Vector labs) was applied to
sections for 15 minutes. Slides were then washetBST for 2 minutes. Biotin (Vector labs) solution
was then applied to sections for 15 minutes. After 15 minutes the biotin was removed, and primary
antibody was applied to the sections for 1 hour at room temperature. Slides were then washed
twice in TBSTor 10 minutes. Paspecific biotinylated secondary antibodyegctastain Elite ABC

HRP kitVector labsyvas then applied to sections for 10 minutes at room temperature, slides were
then washed twice in TBST for 10 minutes. Next ABC readeatastain Bé ABC HRP kiWector

labs) was applied to the sections for 5 minutes, slides were then washed twice in TBST for 10
minutes. DAB reagent was then added to sections for 3 minutes at room temperature, slides were
then washed in dbD for 2 minutesandcoundéB G F A Y SR gAGK al @ SNR& KSY
were then run through consecutive immersion in 70%, 90%, 100%, 1000% ethanol and then finally
twice in xylene. Coverslips were then mounted with DPX mountant. Slides were imaged using a

Leica Ariol (Leigaor Hamatsu NanoZoomer microscope (Hamatsu).

2.2.3. Western blotting

2.2.3.1. Preparation of cellular lysates
A confluent T75 flask of ells were tripsinised and pelleted, then 700 pL of

radioimmunoprecipitation assay (RIPA) buffer was added (A&hTprotease inhibitor), cells were
then vigorously vortexed then placed on ice every 10 minutes for-aiB0te period. Cells were

then centrifuged to separate cellular debris from lysate.

2.2.3.2. Bicinchoninic acid (BCA) assay
2 mg/mL of BSA was preparbg dissolving BSA in RIPA buffer, this 2 mg/mL BSA stock solution

was then used to prepare a BSA standard curve as below.

Final BSA +2fdzyS 27 Volume of
concentration RIPA buffer
0>3K Y[ 6>[ 0
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2000 300 of2 mg/mL BSA 0
1500 375 of2 mg/mL BSA 125
1000 325 of2 mg/mL BSA 325
750 175ofMmp nn >3K 175
500 325o0ftmnnn >3k 325
250 325o0fpnn >3KY] 325
125 3250fHp N >3KY] 325
25 100ofMH p >3KY] 400
0 0 400

Tablel2. Preparation of BSA standards fbe BSA protein assay

The cellular lysates of unknown protein concentration were diluted 1 in 4 in RIPA buffer and then
thoroughly vortexed. Once the samples and standards were prepared 25 pL of standards and
samples were added in triplicate to a flavttomed 96 well plate. Once all samples and standards
were plated working reagent was prepared by diluting copper Il sulphate solution 1 in 50 in
OAOAYOK2YAYAO I OAR &a2fdziaAzy® wnn >[ 2F 62N A
andsample® ¢ KS LI | 4S o6l a GKSy O2@SNBR gAGK FT2Af
incubation the plate was read with absorbance set to 570 nm in a plate reader (Tecan). When
FyrteaAay3a REGEF o6F Ol 3INRdzy R o6 > 3 kns[and thén pioteins | &

concentrations of the unknown samples were then calculated using the standard curve.

2.2.3.3. Western blotting
A 5% stacking gel with 10% resolving gel was made a3 2@ of protein was loaded into the

gel. The gel was run at 100 V and once complete proteins were transferred to a PVDF membrane
at 100 V for 90 minutes in cooled transfer buffer. Once transferamagpleted membranes were
blocked in 5% (w/v) milk solution TBSTMembranes were then washed 5 times for 5 minutes

in TBST. Once membranes were washed they were incubated in primary antibody diluted in 5%
(w/v) milk solution in TBST overnight atC} Afer incubation in primary antibody membranes
were washed 5 times for 5 minutes in TBST. After washing, the membranes were incubated in
HRP conjugated secondary antibody and-tadder secondary diluted in 5% (w/v) milk solution

in TBST. Membranes were phacin secondary antibodgiluted in 5% (w/v) milk in TBSar 1

hour at room temperature. After incubation in secondary antibody membranes were washed 5

times for 5 minutes in TBST. After washing membranes were coated with ECL developing solution
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and image using the Syngene G:Box station (Syngene)

2.2.3.4. Western blot quantification using ImageJ
Once blots had been imaged ImageJ software was used to analyse the intensity of the bands on

the blots. Each lane was determined and then the intensity peaks algtained for bands within

that lane (sed~igure 3.
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Figure4. ImageJ identification of protein lanes on Western blot membrane image followed by

intensity peaks for each band
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Once the areainder the intensity peak was discovered the protein expression was determined
using the following equation: Intensity of protein of interest / Intensity of loading control. This

generates a relative intensity compared to the loading control for each lane.

2.2.4. Immunocytochemistrijhmunofluorescence

2.2.4.1. Immunocytochemistry
Cells were grown on glass coverslips and once sufficiently confluent cells were stained. Cells were

first fixed in 4% paraformaldehyde in PBS (Santa Cruz) for 1 hour at room tgorpeCells were
then washed three times with PBS. Cells were then permeabilisedviith Triton XL00 in PBS fo

5 minutes at room temperatureCells werehen washed three times with PBEells were then
blocked using 2.5%dnse serumVYectastain ElitdABC HRP kiector lab% for 10 minutes at room
temperature. Serum was then removed, and cells were incubated with abdsolution (Vector
labg for 15 minutes at room temperaturéCells were then washed in PBS for 2 minuBistin
solution (Vectotabg was then added to cells for 15 minutes at room temperat@ells were then
incubated inthe appropriate primary antibodies (seé I 0 j @IXet in 2.5% horse serum
2 @S NY A 3 KCéllsweré washed thpee times in PB®Jls werethen incubated inpan-specific
biotinylated secondary antnouse/rabbit IgG antibodyMectastain Elite ABC HRR Wiector labj
for 10 minutes at room temperatureCells were then washed three times in PB®lls were
incubated in ABC kit streptavidin complex (Ved#n) for 5 minutes at room temperatureCells
were washed three times in PBSells were incubated in DAB solution (Vedadns for 3 minutes.
Cells were washed indB for2minutes, St f a 6SNBE GKSy O2dzy G SNRBRUGI A\
(Sigma)Cells werghen washe under tap water for 5 minutesthe cells on the coverslips were
then mounted to slides using DPX mounting media (Sigo®s were then imaged microscopically
(Zeiss).

2.2.4.2. Immunofluorescence
Cells were grown on glass coverslips and auféciently confluent cells were stained. Cells were

first fixed in 4% paraformaldehyde in PBS (Santa Cruz) for 1 hour at room temperature. Cells were
then washed three times with PBS. Cells were then permeabilisedviith Triton X100 in PBS fo

5 mirutes at room temperatureCells werethen washed three times with PBEells werehen
blocked with 0.5% BSA in PBS for 30 minutes at room temperaietis were then incubated in
primary antibody dilutedk Yy n ®pz . { ! Ay (deeTdble B).E8Idlere thénivashdadl n x
three times with PBSCells were then incubated in donkey ardbbit IgG Alexa Fluor® 488 diluted

in 0.5% BSA in PBS for 1 hour at room temperature in the Gatls. were then washed three times
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with PBSThe cells on theoverslips were then mounted to slides using vectashield hardset DAPI

mounting medium (Vector lalsCells were then imageasing a fluorescence microscope (Zeiss)

2.2.5. Flow cytometry

2.2.5.1. Cell surface flow cytometry
A confluent flask of cells wasypsinised and then 1 million cellseve placed in a polystyrene

flow cytometry tube, cells were washed with 2 mL of PBS (phosphate buffered saline), cells were
spun at 300g for 5 minutes and the supernatant was pouredG#fls were resuspended in &

pL of FCSand thenFCR block was adderhd tubes were mixed immediately and incubated for

Mp YAydziSa G n x/ ® ¢KS FLILINRPLNARFGS yiAozRA
the manufacturers recommended concentration. Tubes were then incubate8foninutes at 4

XC in the darkAfter antibody staining cells were washed with 2 mL of PBS, the cells were spun at
300g for 5 minutes and the supernatant poured off. The cells weza irsuspended ir850 > |

of isoton am analysed on &allios flow cytmeter (Beckman Coulter) andath analysis was

performed using Kaluza softwafBeckman Coulter)
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2.2.5.2. Gating strategy for cell surface staining

Data Set 1: Multi SEBTA027
00032979 061
[Ungated] FS INT / FS TOF

Data Set 1: Multi SEBTA027
00032979 061
[A] FS INT / SS INT

Data Set 1: Multi SEBTA027
00032979 061
[B] TIME / FS TOF

Data Set 1: Multi SEBTA027
00032979 061
[B] FS INT / FL10 INT
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Data Set 1: Multi SEBTA027
00032979 061
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Figure5. Gating strategy employed when examining tledl surface antigen expression of GBM cell

lines
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Firstly singlets were gated out, once the singlets were gated events with low side scatter and
forward scatter were excluded as these were deemed to be cellular debris. Nexbriliard

scatter time of flight and time were plotted to see if there were any breaks in the flow, if any
breaks were seen these were gated out (in the above example there is no break in the flow),
finally FL10 (LIVE/DEAD) was plotted against forward scatig any events positive on FL10
were gated out of the analysis as these are dead cells. These live cells were then analysed for

antigen staining and gates were set to exclude unstained populations.

2.2.5.3. Flow cytometry staiAniquof vagciAnaAtevd spl&eecx ) o

M YATfA2Y AL SOBOBUSSRAY PBENB[ LRBRFUER Ay | Tt
of FOStf YSRAI O2yidlAyAy3d SAGKSNI y23kIBLIGR2RSDC
LISLIGARS YR nn >3kY[ 27F Othe &dls containingSpldackyieS 6 |
(these concentrations are 4 times the final concentration, however further additions to the plate
result in the final concentrations beingbl3 k Y[ 2F Of - aa L LISLIWARS I yR
Next 50 > | 2céll media containing catimulatory antiCD28 and amCD49d (final

O2y OSYGNY A2y wm>3IkY[ F2NI o620Kod / Stta ¢gSNB
AyOdzol 62NJ o{ly&20d ! FGSNI AyOdzol GA2Yy paAcl>] 27
YSRALF OFAYIlIt RAfdziA2Y ™M AY wmnnnto 6Fa& FRRSR
ofant/ 5mnTtl gtFa FRRSR 2 SIOK ¢gSff IyR GKS LI I
culture incubator (Sanyo). After incubation cells wernsferred to a FACS tube and the tube

was centrifuged at 300 G for 5 minutes, the supernatant was removed and the cell pellet-was re
ddzaLISYRSR Ay pn >[ 2F C/ {2 m >[ 2F COw of 20]
immediately and incubated forfl YAy dziSa |4 n x/ ® ¢KS | LILINEL
(CD107a, CD4, CD8, CD3 and LIVE/DEAD) diluted in PBS were then added to each tube at the
YIydzZFlI OG§dzNENE NBO2YYSYRSR O2yOSYidNI A2y d ¢ dzo
Ay GKS RFfiXdtive agemt R1xBeckman CoulRerFixnc ki) was then added to each

tube and mixed then tubes were incubated for 15 minutesi n x/ Ay (GKS Rl
permebealising reagent R2 (Beckman Coutenixnc kif) containing the required concentiian

2F AYUNI OStfdA I NHEYLHEOD2RRYRCDRI YT ¥X8TX0LFlI A |
immediately, the tubes were then incubated for 30 minutésan x/ Ay (KS RI NJ @
R3 (Beckman Coult&erFixnc ki) was added per tube ahthe tubes were then centrifuged at

500 G for 5 minutes. The resulting cell pellets were theA dzd LISY RSR Ay Hpn >
and then run on a Gallios flow cytometer (Beckman Coulter), data was then analysed using Kaluza

software (Beckman Coulter).
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2.2.5.4. Gating strategy for intracellular staining of vaccinated splenocytes

[Ungated] FS INT / FS TOF [T]1FSINT / SSINT [A] CD3 / Live/dead

1000 1000 7 T 10*

800 800
L 600 = 600 3
S z —_
& 400 9 400 %

200+ 2004

0 T0 20 400 &0 800 1000

CcD8

Figure6. Gating strategy employed when examining the cell surface and intracellular antigen

expression profiles of vaccinated splenocytes
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Firstly singlets were gated out, once the singlets were gated events with low side scatter and
forward scatter were excluded as these were deemed to be cellular debris. Next Live CD3 cells
were isolated from the splenocyte population using gatd-igre ¢, the CD3 cells were then
separated into CD4 (Gate D) and CD8 (Gate C) positive cells and then these two populations were

further analysed.

2.2.5.5. Flow cytometry staining of brain TILs
A FACS tube containing 1 million cells was centrifuge®@tG3 for 5 minutes, the supernatant

was removed and the cell pellet wasdedza LISY RSR Ay pn >[ 2F C/ {Z 1
gla GKSYy FRRSR FyR (dzonSa 6SNB YAESR AYYSRAL
appropriate cell surface antibodie@€D62L, CD3, CD69, CD25, CD4, CD8a, CDh44areD
LIVE/DEAD) diluted in PBS were then added to each tube at the manufacturers recommended
O2yOSYy iGN GA2Yy®d ¢dzoSa oSNB (GKSy AyOdzml G§SR F21
agent R1 (Beckman Qtar PerFixnc ki) was then added to each tube and mixed then tubes

were incubated for 15minutds & n x/ Ay GKS RIFENJ® onn >[ 27F L
CoulterPerFixnc kif) containing the required concentration of intracellular antibody (P@Xvas

added to each tube an mixed immediately, the tubes were then incubated for 30 minlitesra x /

in the dark. 2mL of 1 x reagent R3 (Beckman CoBkeFixnc ki) was added per tube and the

tubes were then centrifuged at 500 G for 5 minutes. The Itegu cell pellets were then re

ddzaA LISYRSR Ay wpn >[ 2F NBF3ISyid wo FyR GKSy N

data was then analysed using Kaluza software (Beckman Coulter).
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2.2.5.6.Gating strategy for brain TILs

[Ungated] FS INT / FS TOF [B] FSINT / SS INT | [A] CD3 / Dead Alive
1000 T !
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800

FS TOF

2004

oy e T
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Figure7. Gating strategy employed when examining the cell surface and intracellular antigen

expression profiles of brain tumour infiltrating lymphocytes
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Firstly singlets were gated out, once the singlets were gatedtsweith low side scatter and
forward scatter were excluded as these were deemed to be cellular debris. Next Live CD3 cells
were isolated from the population using gate C, the CD3 cells were then separated into CD4 (Gate

H) and CD8 (Gate E) positive cafid then these two populations were further analysed.

2.2.6. DNA bullet preparation

2.2.6.1. Bulking up of ImmunoBody® plasrsidg XL-blue E. coli
Purified ImmunoBody® plasmid was transformed intel Xilue E. coli via heat shock.-Xlcells

wereslowly thawed on ice, once thawed 100 pL of bacteria were transferred to a 1.5 mL Eppendorf
tube, 1000 ng of plasmid was added to the bacteria and the mixture was left on ice for 30 minutes.
¢KS (dzo0S ¢l a GKSyYy LI I OSR Ay sanditnen placéd odicelfd BlJ 6
minutes. 400 pL of antibiotic free low salt Laurie broth was then added to the tube and the tube
gla AyOdomldiSR G o1 x/ 6AGK &aKF1Ay3 G wnn w
of zeocin were then preparedifter 1 hour of incubation 250 pL of the bacteria solution was then
placed on the zeocin containing agar plate and spread usingshaped spreader. The plate was
AyOdzo | SR FT2NJ mc K2dzNBE Ay | oT1 x/ 2@Sysihgle TGS
colony was then taken off the plate and transferred into a 50 mL universal tube containing 30 mL
2F f2¢ albtd [FdNARS ONRGK O2y il AyAy3d op x3IKY]
shaking at 200 RPM for 1 hour. This 30 mL was tteersterred to a conical flask containing 70 mL
t2g alrtd [FdzZNAS ONRGK O2y il AyAy3d op x3IAKY[ 27
with shaking at 200 RPM overnight. After incubation the plasmids were extracted from the bacterial

using a QAfilter plasmid midi kit.

2.2.6.2 ImmunoBod® plasmids utilised
Below inFigure 8and Figure Qare the plasmid maps for the ImmunoBody® DNA vaccines used in

this study. Above each map are the details of the peptide epitopes inserted into the CDRs of the

encoded antibodies.
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Epitope inserted into H1 & L3 site - gp100 173.190 (GTGRAMLGTHTMEVTVYH)

H2 site

- TRP2 1g0-138 (SVYDFFVWL)

H3 & L1 site - gp100 4455 (WNRQLYPEWTEAQRLD)

BGH Poly A
human kappa constant region
BsiWI
gp100DR4/L1 gp100D7/L3
Light variable

¢ BamHI ™

CMV IE promoter
DCIB68
(scie1)

Co|5x

SV40 poly A

[ -

CMV IE promoter

HindIIl

———gp100DR7/H1 TRP2/H2 gp100DR4/H3
\fel Heavy variable

human heavy igG1 constant region

BGH Poly A
SV40 early promoter
EM7

Zeocin

Figure8. Plasmid map of the SCIB1 ImmunoBodg&nptl

Epitope inserted into H2 site- Human WT1 5-19 (VRDLNALLPAVPSLG)

(Accession number: P19544)

BGH Poly A
human kappa constant region
BsiWI
IB light variable region
BamHI

CMV IE promoter

)

ColE1

SV40 poly A

-

CMV IE promoter

HindIIl

IB heavy variable WT1 Human (5-19)/H2
Afel

pDCORIG HIB WT1 5-19/H2
huigG1+ wt kappa

human heavy igG1 constant region

A

BGH Poly A
SV40 early promoter

EM7

Zeocin

Figure9. Plasmid map of the WT1 ImmunoBody® plasmid
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2.2.6.3 Plasmid extraction from transformed bacteria
The plasmid was extracted from the transformed bacteria using the QIAGEN QIAfilter plasmid midi

kitfollowingd KS Y I ydzFI OG dzZNBNRa LINRP(G202ftd ! FGSNJ IANR &
GdzoSasx GKS&S (dzoSa 6SNB GKSyYy &alLlzy +G cnnn D
was poured off the pellet and then the pellet wassespended in 4nL of buffer P1 from the
QIAfilter kit (QIAGEN). Once the pellet was resuspended 4 mL of buffer P2 (QIAGEN) was added ar
the mixture was incubated for 5 minutes at room temperature. 4 mL of chilled buffer P3 (QIAGEN)
was then added to the mixture and thehis mixture was then transferred to a QIlAfilter syringe
(QIAGEN) and the mixture was left to stand for 10 minutes at room temperature. Whilst this mixture
was incubating a QIAGEN tip was prepared by allowing 4 mL of buffer QBT (QIAGEN) to run throug|
the tip. Once the QIAfilter syringe had stood for 10 minutes a plunger was inserted and the mixture
was then syringed into the QIAGEN tip where it was allowed to through. Once the solution had
passed through the tip the tip was washed by allowing 10 mL 6ébQIC (QIAGEN) to flow through

the QIAGEN tip, this was then repeated once the solution had flowed through. The QIAGEN tip was
then suspended over a 50 mL tube where the DNA was eluted using 5 mL of buffer QF (QIAGEN
preKSF G§SR (2 cp x thedhadR.5mlTof réom tenpgendBreisbpropanol added to

it, this precipitates the DNA. The DNA containing tube was then spun at 6000 G for 15 minutes at 4
XC, the supernatant was then decanted and then the DNA pellet wasggended in 700 pL of

room temperature 70 % ethanol and transferred to a 1.5 mL Eppendorf tube. The tube was then
centrifuged at 15000 G for 10 minutes at room temperature. The ethanol was then removed and
the DNA pellet was allowed to air dry. Once dry the DNA pellet was dissols8qulnof TE buffer.

Once the DNA was dissolved the DNA concentration was measured using a NanoDrop

spectrophotometer (Thermo Fisher).

2.2.6.4 Preparation of DNA bullets
16.6¢ 20 mg of gold nanoparticles were weighed out and placed in a 1.5 mL Eppéauiomr500

>[ 2F FYyK@RNRdza SGKFy2f ¢l a | RRSR (2 GKS 32
RPM for 1 minute at room temperature. The ethanol was removed via pipette and then 200 pL of
0.05M spermidine was added to the gold pellet. The mixtwas then sonicated and vortexed and
GKSYy oc >3 2F LYYdzy2.2Reét LIXIFA&AYAR 41 & | RRSF
sonication and gentle vortexing. Whilst the mixture was vortexing 1M calcium chloride was added
in a drop wise manner, the resulgmmixture was then left to stand on the bench top for 10 minutes.
Tefzel tubing (BioRad) was then inserted into a DNA bullet preparation station (BioRad) and
nitrogen was blown through the tube to remove any dust that there may be within the tube. After

the tube containing the gold and the plasmid had finished incubating it was centrifuged at 13000
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RPM for 1 minute at room temperature. The supernatant was then discarded anelieépas re
suspended in 1 mbf anhydrous ethanol by gentle sonication andteaing, the tube was then
centrifuged at 13000 RPM for 1 minute at room temperature and the supernatant removed, this
process was then repeated once more. The pellet was thesuspended in 2 mL of 0.025 mg/mL
PVP and transferred into a 15 mL falcon tuBesyringe was then attached to the Tefzel tubing and

it was placed in the gold solution containing falcon tube, the syringe was then used to draw the
solution up into the plastic tubing whilst the tube was simultaneously being gently sonicated. The
tube containing the solution was then placed back into the tubing station (with the air turned off)
with the syringe still attached. The tubing was allowed to stand for 5 minutes and then the attached
syringe was used to draw the liquid out of the tubing, tgarge was then removed and nitrogen
gas was slowly flown through the tubing for 15 minutes to dry out. Once dry the tubing was cut

using a bullet cutter (BioRad) and bullets were test fired.

2.2.7. Immunisation and ELISpot analysis

2.2.7.1. Immunisatioschedule
When studying the splenocytes from vaccinated mice they were vaccinated as shbigaria 10

at the start of the study the mice were given a priming dose of InmunoBody® followed by a boost
a week later then a further boost a week after that. $yoleytes were then removed and analysed
21 days after the initial priming boost. In the prophylactic treatment regime, mice were given the

same prime, boost, boost regime followed by tumour implantation on day 21.
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Prime Analysis
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I I | 1
0 7 14 21
. | ,
Day

FigurelO. Vaccination schedule used for testing the immune response to ImmunoBody® vaccination

and for prophylactic experiments
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When analysing the use of ImmunoBody® to treat established tumours the vaccination schedule
from Figure 11was utilised Due to the rapid growth of the tumours the vaccination schedule was
shortened so mice received vaccination with @1 antibody of PEL isotype control (both given

AY | Hpn >3 R2aS AYGNr LISNARG2ySIfteo 2y RI&a
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B16 vaccination + anti-
HHDII/DR1 PD-1
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\ )

Study day

Figurell. Vaccination schedule used for the therapeutic treatment of inctracranial BL6HHDII/DR1

Luc2 tumours
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Once tumour bearing mice experienced bodyweight loss or displayed symptoms of malaise they

were humanelyculled.

2.2.7.2. Processing of murine splenocytes
Mice were culled via cervical dislocation and their spleens removed and placed into compéte T

media. The spleen was then placed into a petri dish containing 10 mteif media, 10 mL of-T

cell meda was then drawn up into a 20 mL syringe with a 21 G needle attached. Forceps were used
to gently hold the spleen and the needle was used to puncture the capsule at each end of the spleen,
the needle was then inserted into the spleen and the syringe wgad to gently flush the 10 mL of
T-cell media through the spleen, once all of the media was passed through the spleen the needle
was removed and the capsule was agitated with forceps to remove any remaining splenocytes. The
resulting solution was then traferred to a 30 mL universal tube and the debris was allowed to
settle for 5 minutes, at which point the cell suspension was decanted into a fresh universal tube.
The cells were then centrifuged at 1000 RPM for 10 minutes and the supernatant removedll The c
pellet was then resuspended in 10 mL ofcell media. Once reuspended 5 pL of this solution was
taken and diluted in 45 pL ofcell media, 2.5 pL of Solution 18 was added to this cell suspension
and then 10 pL was transferred to a NucleoCountdesiind counted using a NucelCounter NC250

(Chemometec).

2.2.7.3. ELISpot analysis
ELISpot plates (Merck Millipore) were coated the day before spleens were processed, this was done

08 IRRAY3 pn >[keStt 2F T1m: SiKlIy2f G2 GKS
gFraKSR p GAYSa gAGK wnn > [rxaslidgani22FdzaaSi SINRES &
FYyGAo62Re oalotdSOKO ¢61Fa&a RAfdziSR m AY wmnn AYy &
YR STl 20SNYAIKG Fd n x/ ® hyOS AyOdzl GAzy
the plate and then plates SNBX 61 aKSR n (GAYSa GAGK Hnn >[ KogS
>[ kg Sttt 2 FeelrrialdiaSadded 1 plates and then plates were incubated for a
minimum of 30 minutes at room temperature, after incubation the media was flicked off theglat
Once the splenocytes were ready they were diluted to a concentration of 5 million cells per mL and
GKSy wmnn >[ opnnnnn OSftavkegStt 61 a | RRSR G2
(seeTablel13. Fordetails) were then added to the pkes at the required concentration @ 3 k Y [
TAYLE O2yOSydN}GAzy F2NJ Oflaa L LSLIARS | yR
were used to stimulate splencoytes 180[ k ¢ S fcéll medi cohtaining 50000 cells (500000
cellsimLywas RRSR (2 GKS aLX Syzo0edasSaod tflkidiSa ¢SNS
humidified 5 % Cgissue culture incubator. After incubation the cells were flicked off the plates
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YR GKSy LIXIGdSa 6SNBE 61 aKSR p shasYsra complete 0 H 11 |
>[kgStt 2F oA2GAyefl 0SR RSGSOGA2Y FyUuAO2RE 0
and left to incubate at room temperature for£2 hours. After incubation plates were then washed

p UAYSAa GAGK HAKSY kpanS t>f[ k26FS ftf. {2¢NJI I &URNBILIG | G A R 7
diluted 1 in 1000 PBS was added to the plates and left to incubate at room temperatureéfor 1
K2dzZNE® ! FGSNI AyOdzol GA2y LXIFGSa 6SNBE 41 KSR
solution wasthen prepared using the BioRatieptavidin alkaline phosphate conjugate substrate

kit, thiswasdon®@ & O2YoAyAy3d nody Y[ 2F RA&aGATESR g1l i
pn >[ 2F NBIFI3ISyd ' 6. A2wl R0O I ysRlevelopment[bufféer WasNES |
YAESR Sttt FyR GKSy pn >[kesStf 61 & I RRSR I a
spots began to develop (seen in the SEB positive control wells), once spots started to develop the

reaction was stopped by running theaps under tap water. Once plates werdljudeveloped and

dry they wereread using the ELISpot plate reader (ImmunoSpot).

Peptide Sequence Human HLA| SYFPEITHI score
specificity
WT-1 ALLPAVPSL A2 33
WT-1 DLNALLPAYV A2 27
WT-1 VRDLNALLPAVPSLG DR1 31
TRP2 SVYDFFVWL A2 21
gp100 AMLGTHTMEV A2 26
gpl00 GTGRAMLGTHTMEV DR1 24
gp100 QLYPEWTEA A2 19
gp100 NRQLYPEWTEAQRL DR1 14

Tablel3. Peptides used for in vitro stimulation of splenocytes and their respective SYFPEITHI score
(SYFPEITHI)

2.2.7.4. ELISpot peptide titration
For ELISpot peptide titration the protocol is exactly the same as above however when peptides

were added the WL class | (ALLPAVPSL) and theZI & YDFFVWL) class | peptides were added
at9 differentco® SY G N>F 6 A2y aT MX ndmMI ndamI ndnamI ndnn
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2.2.8. Brain tumour modelling

2.2.8.1. Intracranial tumour implantation
All animal work was carried out under a Home Office approved project licence. Intracranial

implantationof B16HHDII/DR1 Luc?2 cells was performed by injecting 5@ 806 t & Ay o >|
anaesthetized C57BL/6 HHDII/DR1 mice. Cells were injected using a Hamilton syringe, the needle
was positioned 2 mm to the left of the bregma, the needle was then insea@ddepth of 3.5 mm

and then left in place for 60 seconds. After 60 seconds the needle was withdrawn to depth of 3mm
YR GKSy 0OStta oSNBE Aye2SOGSR Id I NrasS 2F wmd
left in place for 60 seconds and thenthdrawn at a rate of 0.1mm every 2 seconds until clear of

the brain. Once craniotomy was completed the wound was closed and mice were monitored at
regular intervals. Mice that developed symptoms indicative of brain tumours or had severe body

weight lossvere humanely euthanized by cervical dislocation.

2.2.8.2. Imaging of intracranial brain tumours
When mice required imaging they were given a 150mg/kg intraperitoneal dose of XenolightRediJect

D-luciferin (Perkin Elmer), mice were then left for fifteen minutes and then they were anaesthetised
ready for imaging. Once mice were unconscious they wereedlinside an VIS (Perkin Elmar)
vivo imager where bioluminescence measurements were taken and analysed using the IVIS

software (Perkin Elmer)

2.2.8.3. Brain tumour processing for flow cytometric analysis
Once mice were euthanized their brains wer¢ragted and placed into-€ell media, the brain was

transferred into a petri dish and the tumour containing areas were excised from the rest of the
brain. The excised tumours were then put into a new petri dish containing 10 nmcedf Media

and minced sing a scalpel. The resulting cell suspension was transferred into a 50 mL Falcon tube
YR 5b! &S FyR O2ftftl3SylrasS L 6SNB I RRSR G2 3IA
kY[ 2F O2ftF3aASylrasS Lo ¢KS Tl f Oicybatirde®@® RBM &
for 30 minutes, after 30 minutes the tube was removed and the suspension was passed through a
nn >a OSff AGNIYAYSNE Fyeé NBYFAYAy3I fdzyLla oS|I
strainer was then washed with 10mL ot@&ll media. The resulting cell suspension was then spun

at 300 G for 5 minutes, the supernatant removed and the pellet wasispended in 5 mL ofcdell

media. Cells were then counted using the NucleoCounter NC250 (Chemometec). 1 million cells was

then transkrred to a polystyrene FACS tube for staining.
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2.2.9. Kynurenine assay

2.2.9.1. Colorimetric kynurenine assay
/] Stfta 6SNB GNBFGSR 6AGK mnn y3IkY[ LCb:! F2N H

untreated control cells that were left undelormal media for 24, 48 and 72 hours. After treatment
media was collected from the cells. Kynurenine standards were made ugiygultenine ranging

from 0-200 uM kynurenine in GBM culture media. Once prepared 300 uL of media and 300 pL of
kynurenine standat was mixed with 150 pL 30 % trichloroacetic acid to precipitate protein out of
the mixture. Tubes were then vortexed and then centrifuged at 8000 g for 5 minute&CatAfter
centrifugation 75 pL of the standards and media from cells were added toree®@at-bottomed

LX TGS Ay GNRLXAOFGS® ¢KS YSRAIF 61F& YAESR |
dimethylaminobenzaldehyde in glacial acetic acid). The plate was incubated for 15 minutes at room
temperature and then it was read at 492 nm in a plegader (Tecan). Background readings from
media alone were subtracted from all wells and then the concentration of the unknown samples

was calculated using the standard curve. This process was repeated across 3 different passages.

2.2.10. Carnosine relatexkperiments

2.2.10.1. MTT assay of carnosine treated cells
Cells were seeded onto a 96 well tissue culture plate alongside wells containing cells there were

GKNBES O2yiNRf ¢Stfta O2ydlAyAy3a OdzZ G§dzZNBE ¥ISRA d:
5% C@tissue culture incubator (Sanyo) to attach. Once cells were attached all of the culture media
was removed and replaced with 200 uL/well carnosine containing media ranging from a
concentration of @.30 mM going up in 10 mM increments. After 24 heoof carnosine treatment

20 pL/well of 5 mg/mL MTT reagent assay was added to each well and then the plate was left at 37
xC for 24 hours. Once incubation was complete all media was removed from the cells and 100
puL/well of DMSO was added to dissolvenfiezan crystals, the plate was then left on a plate shaker

for 10 minutes. Absorbance was then measured at 570 nm using a Tecan plate reader (Tecan). The

values for the blank wells containing no cells was subtracted from all readings.

2.2.10.2. IncuCyte stch assay of carnosine treated cells
Cells were seeded on a 96 well plate and once they reached 100 % confluency a scratch was mad

through the monolayer of cells using the IncuCyte wound maker (Essen bioscience). Once scratche:s
has been made all mediaas removed and the cells were given a gentle wash with stefid@®9,

after washing carnosine containing media was then placed on the cells and the cells were placed in
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an IncuCyte live cell analysis incubator. The analyser then took images every twai$iogrthe

10 x objective for a period of 110 hours.

2.2.10.3. Subcutaneous implantation of GL261 LUC2 cells {8 GIODnice and subsequent
carnosine treatment
2500000 GL261 Luc?2 cells in 100 pL PBS were implanted subcutaneously in the flaniS&INOD

mice. Once palpable tumoursétmn? had developed a single dose of 1 M carnosine in PBS (20 uL)
was injected directly into the tumours. Tumours were then monitored twice weekly using callipers,

and mice were imaged once a week using an IVIS in vivo irtRedinElmer).
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CHAPTER3: ANTIGES EXPRESSION PROFILE GLIOBLASTOMA
MULTIFORME TISSURS £ELL LINES

3.1. Introduction
¢ KS OdzZNNByid WwW3I2tR aidl yRFNRQ GNBFGYSYyd F2N D.

temozolomide(TMZ)chemotherapy. This therapeutic regime has been the standard for over 10
years and very little progress has been made in terms of therapeutic developments for GBM. The
median survival for patients after undergoing standard therapy is still just utislemronths(Stupp,
Mason et al. 2005)n some cases, GBM patients may express an enzyme ©a&ladethylguanine

DNA methyltransferas@MGMT), this enzyme conveys a resistance to TMZ chemotherapy
MGMT promoter metylation has been shown to be a prognostic factor for patients receiving
standard therapy(Dunn, J., Baborie et al. 2009)he dismally poor survival of GBM patients
highlights the need for novel therapeutic approaches for treating this disease. Immunotherapy
represents an attractive treatment, specifically active immunotherapy induced by vaccination. This
method of immunotlerapy is highly attractive due to its tumour specificity and the ability of
immune cells to target tumours located within the brdrins, Shu et al. 2008previous studies
have utilised vaccination as a method toeating GBM,; early clinical trials have been promising
however no treatments thus far have progressed past phase Il clinica{Sxiadrtz, Shen et al.
2018) Whilst GBM is poorly immunogenic it has been shownxioress several tumour antigens
that enable immune recognition of these tumours. As previously mentignetiapter 1 the cells

of the skin and the brain are derived from the same neuroectodermal tisssea result GBM
shares many of the same antigensmaslanoma skin tumours. Previous research has found that
GBMs express the melanoma associated antigens gp1062, TRRGEAL, MAGEA3 and MAGE
All(Saikali, Avril et al. 2007, Guo, L., Sang et al. 2@BM tumours have also been shown to
express several other immunogenic antigens such as EGFRvItvaadii(Saikali, Avril et al. 2007)
Assessment of patient derived glioblastoma cell lines has also revealesssion of a plethora of
other immunogenic cancer test@ntigens(Akiyama, Komiyama et al. 201Zhese studies reveal
varying levels of expression of these antigens and differing methods have been used to study th

expression of these cancer related antigens.

As well as expressing immunogenic antigens these tumours also express numerous antigens that
interact with immune cells and dampen the atimour immune response. The immune evasive
profile of glioblastoma mltiforme is well documentedJackson, Ruzevick et al. 2011, Reardon,
Freeman et al. 2014)GBM tumours have been shown to express the immunosuppressive
checkpoint ligand PID1, and the expressihn of PBL1 has been linked to loss of phosphatase and

tensin homolog (PTENParsa, Waldron et al. 2007)he expression of PIOL is not ubiquitous
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across all glioblastoma multiforme cases, howevesLRDs an intedron gamma inducible gene,
YSEYAY3 GKEG Gdzy2daNI NBF OGAPS AYYdyS OStfa acé
of PBDL1 expression. HER is a ligand for the NKG2A immune inhibitory receptor expressed by NK
and Tcells, previous research has falithat GBM (grade 1V) tumours express the Lantigen to

a significantly higher level than lower grade brain tumaigtelbronn, Simon et al. 2007HLAG

is another norclassical MHC molecule that interacisth CD8+ and CD4+céElls to prevent
immune activation and enable GBM cells to avoid immune dete¢iidiend|, Mitsdoerffer et al.
2002) HLAG also has a soluble form that has been detected in the cancer settingcavitter
patients being found to have higher levels ofuble HLAG in their plasma. HE@ interacts with

NK and Tcells via LILRB1, LILRB2 and KIR2DL4 rec€ptwrg, Shih 2010)Tumours are also
believed to down reguaite MHCGI and MH@AI molecules on their surface to evade immune
recognition, this phenomenon has been shown in the glioblastoma setting, with invasive GBM cells

downregulating these antiger{&agzag, Salnikow et al. 2005)

Temozolomide is an oral alkylating agent used as a chemotherapeutic in the GBM setting. TMZ is &
pro-drug that is hydrolysed at physiological pH, generating the active metabolite MTIC, this is then
hydrolysed to AIC and a methyldiazonium ion. The wyldiazonium ion then methylates DNA at
several residues. The? Nosition of adenine, the Nposition of guanine, the N\position of guanine
andtheGLI2 aAGA 2y 2F 3Jdz2 yAYS | NB YSiKEeFRgurd BfKarmag ¢ a
Christmann et al. 2007, Lee 2016)
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Adenine Guanine

Figure1l2. Diagrams of adenine and guanibaseswith the atomsmethylatedby temozolomide
highlighted
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Whilst TMZ therapy generates numerous methyl adducts on adenine and guanine, the adduct on
the O position of guanine is essential for its ahtimour activity. The Radducts on guanine and
adenine are short lived and readily hydrolysed, tHem¢thylguanine adduct is longer lasting, but

still relatively transient and the @nethylguanine adduct is much longer lasting. The methylation

of guanine by the methyldiazonium ion (deigure 13 leads to a series of downstream events that

triggers apoposis(Kaina, Christmann et al. 2007, Lee 2016)
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Figurel3. Methylation of guaine by the methyldiazonium iomhe methyl group is represented by

the pink CH3 highlighted on the figure.
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The O° methylguanine adduct results in mispairing during DNA replication, it results in GC to AT
point mutations after two rounds of DNA replication® @ethylguanine rguires mismatch repair

to induce apoptosis. During DNA synthesfsn@thylguanine migairs with thymine, activating
YAAYlFGOK NBLI AN OFdzaAy3a adzi{h o6& KSGSNRRAYS
adzi[ P o0 KSUGSNRBRAYSNI T 2tédviBdruited @long wvaith exonlickédde 1a [ |
leading to excision of the thymine base, however this is futile as thyminegaired with the ©
methylguanine present in the DNA. After multiple DNA replications, this futile reinsertion of
thymine creates longtsands of single stranded DNA resulting in double strand breaks of the DNA

and subsequent cell deaffiRoos, Kaina 2013)

The responsiveness of GBM to temozolomide chemotherapy is dependent upon expression of a key
protein: CP-methylguanineDNA methyltransferase, this protein conveys a resistance to alkylating
temozolomide chemotherapy by removing lethal adducts from the DNA, preventing apoptosis of
tumour cells. MGMT repairs®@nethylguanine adducts by transferring theethyl group from the
guanine to a cysteine residue within the MGMT active, sitactivating the MGMT enzyme
resulting in the degradation of MGMT. The level of MGMT within cells is the rate limiting factor
regarding DNA repa{Zhang, J., Stevens, and Bradshaw 2MM&MT functions to protect normal

cells from DNA damage, however in the cancer setting some tumours may express this protein

making them difficult to treat with chemotherapy.

The expression of MGMT hheen shown to be a key prognostic indicator in GBM temozolomide
therapy responsiveness. Methylation of the MGMT promoter has been linked to improved overall
survival in GBM patients treated with alkylating ageftss promoter methylation was shown to

be advantageous even in cases where alkylating agents watretilised for therapy(Zhang, K.,
Wang et al. 2013)The presence of MGMT within these GBM tumours makes them resistant to

standard therapy making immunotherapy attractive alternative.

3.2. Aims and hypothesis

The aim of this chapter was to examine the expression of various proteins in GBM tissues and cell
lines. The emphasis will be on discovering immunogenic targets for targeting with vacciiaéon
immune profile of these tumours will be assessed with the aim of incorporating combinatorial
checkpoint blockade therapy with the vaccibased therapy. These analyses will enatble
development of an immunotherapeutic strategy to target these tumours, takimgmune evasion
strategies into account. Once target antigens have been identified in human GBMs their expression
will also be examined in murine cell lines that could potentially be useid favomodelling of the

disease.
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3.3. Results

3.3.1. IHC analsis of GBM tissues reveals that the immunogenic-ZTRRd WTL
antigens are viable targets for immunotherapeutic targeting of GBM

In order to target GBMs immunotherapeutically suitable GBM specific immunogenic antigens need
to be discovered. These antigs need to be present in a large portion of tissues studied and they
need to be known to be immunogenic. Immunohistochemistry was used to study tissue expression
of several immunogenic tumour antigens in GBM tissuasmunohistochemical staining of
commecially available tissue microarrays revealed that GBM tumours express the immunogenic
antigens TRR and WTL. The expression levels of these antigens vary, and their expression is not
ubiquitous across all tumours. Despite expression not being ubiquitarsy tumours express at

least one of these antigendmongst the antigens tested WITwas the most expressed with 82%

of the cores staining positively followed by TRP2 (66%) and HAGE (21%). The antigen gp100 we

only expressed by one cadmages oftaining can be seen in Appendix 1.
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TRP-2 WT-1 gp100 HAGE MGMT
Antigen
B) Antigen
TRP-2 WT-1 gpl00 HAGE MGMT
Positive staining 22 (66 %) 27 (82 %) 1(3 %) 7 (21%) 0 (0%)
No staining 11 (33 %) 6 (18 %) 32 (99 %) 26 (79 %) 33 (100%)

Figure14. TRP2, WTF1, gpl00, HAGE and MGMT expression as observed in tissue microarray
staining. A) A graphical representation of target antigen expression as observed imtisssray
staining. B) Numerical representaii of positive staining resultBercentages show the number of

cases that stained positively, irrespective of the strength of the staining.
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Stained sections were then given a staining score pgthologist with a score between 0 and 3
given to the tissue. O represents no staining, 1 represents mild staining, 2 represents moderate
staining and 3 represents strong staining, these results are represented beldabla 14with
examples of the path@l 3 A & 1 Q& a O2 NARfHFes d5nd ¥63d Whilsh |GbKing atithye
intensity of the staining WI represents the antigen that is most strongly expressed in the 33 GBM
cases studied, with TRPbeing the second most intensely expresdegen more impdantly it was

found that20 (619 of the GBM cases stained express both the-ZRRd WTL antigens.
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Figurel5. Exampleof LJI (i K 2 fW&-l IH@E st@idg A)@eemed as strong staining) 2(deemed

as moderate staining})1 (deemed as weak staininB) 0 (no staining)Scale bar 200 pum.

Figure 16. Example of LJ (i K 2 f 2 AHC{isoiing\} 3Wtleemed as strong stainind) 2
(deemed as moderate stainin@)1 (deemed as weak stainin®) 0 (no staining)Scale bar = 100

pm.
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IHC staining Antigen
score TRP-2 WT-1 gp100 HAGE MGMT
3 1(3%) 10 (30 %) 0 (0 %) 0(0%) 0(0%)
2 4 (12 %) 11 (34 %) 0 (0 %) 0(0%) 0(0%)
1 17 (52 %) 6 (18 %) 1(3 %) 7(21%) 0(0%)
0 11 (33 %) 6 (18 %) 32 (99 %) 26 (79 %) 33 (100 %)

Tablel4d t I GK2f23Aa0GQa LI/ &O02 Ny Exatdles @ staning an (-

be seen in figures 15 and 16.

3.3.2. TRP2 and WT1 expression are also commonly expressed in GBM cell lines as well
asin tissues

As well as studying GBM tumour tissues it was also decided to analyse the antigen expression profile
of patient derived GBM cell linethis helps to identify cell lines thaao be used foin vitroanalyses

of the immune response generated by vaccination. These analyses also helped to reveal how much
the cell lines utilised are representative of the tissue phenotype. Western blotting was used to study
the antigen expression pfile of these cell lines as it was a quick and easy method to analyse
multiple cell lines side by sid&Vestern botting analyses revealed that all the cell lines studied
expressed high level of TRPbut onlytwo out of eight expressed WAL and most hadrery low

level of HAGE protejithese results differ from the GBM tissue phenotype (see previous section).
The SEBTA027 and SF188 cell lines were found to both exprelsaMiTTRR with very low levels

of the gp100 protein. MGMT is a prognostic indicatoGBM associated with a poorer response to
temozolomide chemotherapy and as a result poorer survival. Five of the eight cell lines probed
expresed the MGMT protein. The benefit of utilising immunotherapy is that this natural

chemotherapy resistance pvaded by MGMT expression can be overcoiFigijre T).
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2 Sa0SNYy ot20G4Ay3S wn
as detected by a TRPspecific antibody B) HAGE expression as detected by a HAGE specific,antibody
PCI13 is a head and neck cancer cell line that is known to be positive for HAGE expression and as
result was used as a positive cont(this lysate was obtained ready prepared for u€¢ WT1
expression as detected by a WEpecific antibody D) MGMT expression as detected by a MGMT
specific antibody E) gp100 expression as detected by a gp100 specific antibody. All membranes wer

also probed with an antvinculin antibody that acted as a loading contrchle to its abundant

expression.
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3.3.3. Analysis of GBM tumour tissues reveal that these tissues have an
immunosuppressive phenotype, but these tissues appear to maintain anéigen
presentation capabilities

Whilstdiscovering antigens for targeting immunotherapeutically was of high importance it was also
necessary to study the immune landscape of GBM tumours. These tumours are renowned for being
immunosuppressive and therafe this needs to be considered when targeting these cancers with
immunotherapy. It was decided to stain TMAs all from the same tissue block with antibodies against
several immune suppressive ligands and the-patC class | antibody Hi&4A B, C. The resalare

shown below irFigurel8andTable 15.
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PD-L1 HLAG HLAEHLAAB,C

Percentage of cases positive
o
L

Antigen
B
) Antigen
PD-L1 HLA-G HLA-E HLA-A, B, C
Positive staining 5 (15 %) 2 (6 %) 9 (27%) 33 (100 %)
No staining 28 (85 %) 31 (94 %) 24 (73 %) 0 (0 %)

Figurel8. PDL1, HLAG, HLAE and HLA, B, C expression as observed in tissue microarray staining.
A) A graphical representation of the percentage of cases the stained pdsitigach antigen B)
Numerical representation of the staining resuRgrcentages show the number of cases that stained

positively, irrespective of the strength of the staining.
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All the brain tumour tissues apart from one studied expreddedA, B, C indicating that almost all

the tumours studied express MHfasd molecules and can present immunogenic antigens, making
this type of cancer targetable with immunotherapeutic approaches. In accordance with the
literature these tumours also exgss the immunosuppressive ligandsPD HLA and HLAS. Only

a small proportion of tumours express these antigens (15%.FB% HL& and 27% HLE) so
immunotherapy is a viable therapeutic avenue. Images of staining can be seen in Appendix 1. It is
however important to note thatthe genes encodinghese proteins are interferon gamma
responsive, as a result it is of importance to take this into account. The expression of these proteins

after interferon gamma exposure will be explored in a later chapter.

Stained sections were then given a staining score by a pathologist with a score between 0 and 3
given to the tissue. O represents no staining, 1 represents mild staining, 2 represents moderate
staining and 3 represents strong staining, these resultsrepeesented below ifTable 15with
SEFYLX S&a 2F LI (K2 f 23 FiguieQEand2@WHiIg IgoRing @tdhk iitansiy K 2
of the staining it can be seen that the HAAB, C staining was intense in most of the cases stained,
the immunosuppredse ligands PIL1, HLA and HLAS are much less intensely stained, this may
0SS RdzS (2 GKS SELINBaarzy 2F (KSaSt xp8QOak $6S
a phenomenon previously shown to occMyolpert, Roth et al. 2012, Silver, Sinyuk et al. 2016)

IHC staining Antigen
score PD-L1 HLA-G HLA-E HLA-A, B, C
3 0(0%) 0 (0 %) 1(3 %) 29 (88 %)
5 0(0%) 0 (0 %) 4 (12 %) 3(9 %)
1 5 (15 %) 2 (6 %) 4 (12 %) 1(3%)
0 28 (85 %) 31 (94 %) 24 (73 %) 0(0%)
Tablel5® t I (K2t 23Aa0Qa LI/ &O02 Ny Exathdes @f staning can

be seen below.
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Figure 19. Example ofLJ- (i K 2 f HLARKQIsQdxingA) 3 (deemed as strong stainindd) 2

(deemed as moderate stainin@)1 (deemed as weak stainin@) 0 (no staining)Scale bar = 100
pm.

Figure20. Example of.J- (i K 2 f HLAABZCIHO &coringA) 3(deemed as strong staining) 2

(deemed as moderate stainin@)1 (deemed as weak stainin®) 0 (no staining)Scale bar = 100
pm.
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3.3.4. GBM cell lines also have an immunosuppressive phenotype much like the tissues
they arederived from

Western blotting was used to study the antigen expression profile of GBM patient derived cell lines
this was performed to see if these cell lines were representative of the tumour tissues. Western
blotting analyses of cell lines reveals eegsion of PEL1, HLAE and HLAS. These proteins enable
these tumours to escape immune surveillance and as a result their targeting needs to be considered
when utilising immunotherapy to treat GBM. Much like tumour tissues tumour cell lines appear to
express high levels of HEA, B, C, indicating that they express MHC class | and are capable of
presenting class | peptides to CDBcells. The location of these proteins within the cellular
architecture is key for their immune dampening effects. ExpressiétDdfl, HLAE and HLA on

the cell surface hampers the activity of immune cells that make direct contact with the tumour cells.
In order to fully elucidate the cellular location of these proteins flow cytometric surface staining

was performed.
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vinculin antibody that acted as a loading contduole to its abundant expression
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3.4.5. Flow cytometric analyses GBM cell linmgeals expression of both immune
inhibitory and immune activating proteins on the surface of these cells

Western thotting revealed that all the cell lines studied expressed MHC class-KH.,AC) however

the specific HLA haplotype was unknown. H#{2Ais the most common haplotype in the Caucasian
population and many vaccines target HR2 specific peptides in thé&/estern world due to its
prevalence, making vaccination applicable to a large proportion of patients. Flow cytometry was
used to study the cell surface expression of the AR%rotein on GBM cell lines. Flow cytometric
surface staining reveals th&dur out of five of the cell lines studied express the HAZ antigen on

their surface (se€&igure22). This is of importance because the ImmunoBody® vaccination utilised

in this study encodes peptides specific for the H28haplotype.

107



SEBTA-025

A) 60

40
€
>
<]
]

20

0-

10° 10’ 102 10°
HLA-A2 APC
UP-007
D)

100
=
3
S

50_

o

10° 10 107 10°
HLA-A2 APC

Figure 22. Flow cytometric surface stainingstogramsof HLAA2 the green peaks represent

SEBTA-027
B)
100
€
=
o
]
50
0 v T T
10° 10! 10% 10*
HLA-A2 APC
uUP-019
E)
400
300
€
3
S 2004
100
o
10° 10' 10 10
HLA-A2 APC

Q)

Count

SF-188

300+

200

10° 10' 10?
HLA-AZ APC

unstained cells whereas the red peaks represent cells stained witAHARC. A) SEBU25 B)
SEBTA27 C) SF188 D) 0B7 E) UR19.

108



Cell surface staining was also performed for the immune stimulating ligands CD40, CD80, CD86
MICA/B and HL-A, B, C. The immunosuppressive ligands-BHUALAG and FasL were also stained

for. These analyses help further characterise the immune phenotyg&BM cell lines and since
surface staining was used it revealed the location of many of these immune system interacting
proteins. A representative set of histograms for the SE@I%\cell line are shown below Hgure

23. The histograms for each cell dirstudied are in appendix 2. The data for all the cell lines is

tabulated inTable 16.
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Figure23. SEBTA25 flow cytometry surface staining, the green peaks represent unstained cells

whereas the red peaks represent s&incells. Each antigen is labelled on the X axis of each

histogram.The table in the righhand corner details the percentage of cells positive for each antigen.

Further detailed histograms for each cell line can be seen in appendix 1.
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Antigen
CD40 CD86 PD-L1 MICA/B CD80 FasL HLA-A, B, C HLA-E HLA-G
0, L) 0, L. 0, L) L)
é. MFI A MFI A MFI A MFI A MFI A MFI % MFI A MFI % MFI
positive positive positive positive positive positive positive positive positive
SEBTA-

025 99.83 7.21 0.01 1.06 99.99 14.75 0.01 1.09 0.04 1.27 0.09 1.19 100 193.58 0.03 1.12 61.82 1.41
SEBTA-

027 99.7 5.76 0 0 100 11.53 80.51 1.66 0.04 1.49 0 0 100 150.61 0.01 1.20 54.08 1.38
SF-188 98.87 4.70 0 0 99.96 11.01 8.89 1.15 0 0 0 0 99.98 126.38 0.03 1.18 29.2 1.29
UP-007 68.4 1.72 0 0 99.96 10.45 0.01 1.05 0 0 0 0 99.98 31.05 0.03 5.22 1.69 1.18
uUP-019 78.02 1.87 0 0 99.78 4.94 1.54 1.10 0.01 1.12 0 0 100 37.32 0 0 4.86 1.12

Tablel6. Flow cytometric surface staining results for the SHEZBASEBTA27, SA88, UP0O07 and UR19 cell lines. The percentagdivé cells stained as well as

the median fluorescence intensity is detailed for each antigen. The gating strategy utilised is outlined in chapter 2.
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These analyses reveal that GBM cell lines express several immune activating and immune inhibitory
molecules on their surface, in order to target these cell lines immunotherapeutically the balance
must be shifted towards the immune activating pathways as opposed to the immune inhibitory
pathways, this can be done via checkpoint blockade, a concept that wilirther explored later

within this thesisPDL1 expression appears to be a common feature of GBM cell lines with all of
the cell lines studiéexhibiting expression of RDL. All the cell lines also appear to express immune
stimulating CD40 on their giace as well as MHC class I, these are highly desirable features for

immunotherapeutic targeting of GBM.

Table 17below provides a brief summary of the antigens interestexpressed ¥ the cell lines
studied. Due to the prevalence of the WIland TR antigens in GBM tumour tissues and cell lines
these antigens will be targeted immunotherapeutically. In order to vaccinate against these antigens,
the ImmunoBody® DNA vaccine will be utilised. The ImmunoBody® encodes peptides specific fol
the HLA class | igen HLAA2, therefore the expression of HAR was probed. The 988 and
SEBTA27 cell lines are of great interest for further study due to both cell lines expressiaty WT
and TRR2. The key difference between these two cell lines is thei-N2&xprasion, with SA88
expressing this antigen and SEBIRX displaying no HEA2 expression. This differing HBR

expression will allow for HEA2 specificity of the ImmunoBody® generated immune response.

TRP-2 | gpl00 | WT-1 | HAGE | HLA-A, B, C | HLA-A2 | PD-L1
SEBTA-025 v « % v v v v
SEBTA-027 v v v v v x v
SF-188 vl v | v | v v d v
UP-007 v x x v v Y v
UP-013 v x x v v Y v
UP-029 v x x x v x x

Tablel7. A brief summary foantigens of interest expressed in the GBM cell lines stutitezse
results are the collated western blot and flow cytometry data obtained for each cell line, revealing

the overall antigerexpressn for each cell line.
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3.3.6. The TRR and WT1 antigens are expressed by the murine GL261 Luc2 and B16
HHDII/DR1 Luc?2 cell lines

In order to try and model GBM pwinically it would be beneficial to utilise murine cell lines that
express the antigens of interest that are present in human GBMs. Due to the previous tissue and
cell line analysis the TRPand WT¥L antigens were choselms GBM specific targets for
ImmunoBody® vaccine therapy. It was decided to examine the expression-2faidRVTL in the

GL261 Luc2 murine GBM cell line and the B16 HHDII/DR1 Luc2 humanised murine melanoma ce
line using immunofluorescence and immuntaghemistry. The results of these analyses are

detailed inFigures 2 and25.
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Figure24. Representative images of immunofluorescence staining of the GL261Luc2 cd) line
Positive TRR staining as detected by amti-mouse/human TRR antibody 100% of cells stained
were positive for TRP B) Positive WL staining as detected by an amtiouse/human WAL
antibody, 100% of cells stained were positive for-WT) No primary antibody control. Nuclei are
counterstainel blue with DAPI and positive antigen staining is represented by green fluorescence.

Scale bar = 50 pm
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Figure25. Representative images of Immunocytochemical staining of the BL6HHDII/DRI/Luc2 cell
line. A) Positive TRPstaining as detected by an anathouse/human TR antibody, staining is
apparent on the surface of cells B) Positive MéTaining as detected by an amtiouse/human WT

1 antibody, staining can be seen localised in small cytoplasmic tiisais due to WL beirg a
transcription factor Black arrows highlight some areas of positive stai@héNo primary antibody
control. Nuclei are stained blue/light purple and positive antigen staining is represented by brown

colouration. Scale bar = 150 pm
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The B1I6HHDD/DR1 Luc cell line expresses th BR® WTL antigens as reported in the literature.
The GL261 Luc? cell line also expressedlfRE2 and WTL antigens. As a result, these cell lines

will be used irnn vitromodels to assess poteatiTRF2 and WTL1 directed immunotherapy.

3.4. Discussion
Glioblastoma multiforme has a dismal prognosis and as a result novel therapies are required with

the hope of improving patient survival whether at first instance of GBM or after recurrence.
Immunaherapy provides an exciting novel avenue for treating many types of cancer, including
GBM due to its tumour specificity, and reduced bystander effects as compared to chemotherapy
and radiotherapy. In order to target GBM tumours with immunotherapy immunagéargets
needed to be identified. The original goal of this project was to target the HAGE (DDX43) antigen in
the GBM setting. Whilst HAGE expression was detected at low levels in many of the cell lines studied
it was not detected in GBM tissue stainiridne HAGE expression observed in the cell lines may be
due to changes induced by the culture of the cells, a phenomenon known to ioceimno (Pallini,
Casalbore et aR000.

The analyses revealed that TR®as expressed in GBM tissues and cells lines2TR{@osinase
related protein 2) is a protein frequently expressed in the melanin producing cells within the skin,
as a result it is a protein commonly found in melanomaduns. Cells within the brain and the skin

are derived from the same progenitors during embryogenesis; the neuroectoderm. Because of this
shared lineage tumours of the skin and brain often express similar antigens. In the melanoma
setting TRR has been adund to be a viable immunogenic target. In the B16 murine melanoma
model an 8 amino acid long sequence within PRFas found to be essential for the rejection of
B16 tumours in C57BL/6 mi¢Bloom, PernLalley et al. 997X Ly KdzYly o0SAy3a
melanoma infiltrating lymphocytes has revealed that these lymphocytes react to th@ pRigein
Adoptive transfer of these tumour infiltrating lymphocytes with the cytokin€ Hesulted in clinical
responses withirpatients. Immunogenic peptide sequences within the -PRihtigen have been
discovered and are being utilised in immunotherapeutic approaches. For this study a peptide
specific for the HLA2 MHGI haplotype will be studied, HEA2 being the most prevaleiyt
expressed family of MHC class | molecule within the Caucasian population, with 46% of American
melanoma patients expressing HAR. The sequence corresponding to amino acids I8 of

TRP2 is specific for HI-A2 and has previously been shown to inddé@P2 reactive lymphocytes
(Parkhurst, Fitzgerald et al. 1998)lore importantly this peptide sequence is ubiquitous to all
isoforms of the TR protein and HLMA2 positive GBM cell lines have been shown to gméeshis
peptide, resulting in the recognition of the MR7 cell line (a-ZRB0G188 specific -Eell) (Liu, G.,

Khong et al. 2003)n the GBM setting TRPwas shown to be expressbg most of these tumours
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and 100 % ofpatient derived cell lines studiednaking this antigen a viable target for
immunotherapy. Moreover, cytotoxic-dell targeting of TRP expressing GBM cells rendered them
more sensitive to chemotherapy suggesting a possible synergy betweenination and
chemotherapy(Liu, G., Akasaki et al. 2005nportantly, however, after TRP specific targeting
patients whose tumour recurred expresssgidnificanty lower levels of TRR due to the eradication

of TRP2 high expressing cells, emphasising the need to target multiple antigens. Interestingly
however, was the fact that the cells derived from the recurrent tumours were more sensitive to
TMZ chemotherapy than cells derived from the primary tumour. In ordeotdirm these findings,
researchers transfected GBM cells with TR&nd treated them with TMZ. Thege vitro studies
showed that the TRR-transfected cells were indeed more resistant to TMZ chemotherapy than
their unttransfected counterparts. The in@esed TRP2 levels after transfection did not, however,
alter the levels of chemotherapy resistance proteins such as MGMDradt cancer resistance
protein-1 BCRRA) (Liu, G., Akasaki et al. 200&Jlicating that the navly acquired chemo sensitivity

was not due to a reduced level in these proteins. In search of an additional GBM target gp100,
another melanoma associated antigen commonly expressed in melanin producing cells was
assessed and low levels was detected withBM cell lines and tissues. Analysis of cytotoxiells
GAGKAY YStEFy2YlF LI GASYGaQ LISNALKSNIE of22R O
presence of gp100 reactive ce{Bisenberg, Machlenkin et &010) Previous studies have found
much like TR, gp100 is also expressed in GBM due to the shared neuroectodermal |{iS=akgi,

Avril et al. 2007, Liu, G., Ying et al. 200hat is even mre important is that cytotoxic -Cells
recognise the gp100 protein when it is expressed by GBM(tdllsG., Ying et al. 2004 owever,
gp100 was only detected in two GBM cell lines at a low level and thereforedqrutpose of this

study it was deemed necessary to identify an additional target with a more widespread and

pronounced expression within the cell lines studied.

WT-1 is a zinc finger transcription factor involved in development of the mammalian kidmigdu
embryogenesisThis WTL expression is lost upon bir(Ranni, Fanos et al. 201 Brevious research

has revealed high levels of W Texpression in GBM tumours and cell lifldakahara, Okamoto et

al. 2004, Menssen, Bertelmann et al. 200Due to the observed expression of WTwithin
glioblastoma multiforme tumours its use as an immunotherapeutic target has previously been
studied in clinical trials. W1 peptide pulsed dendritic cells have been administered to patients
with recurrent GBM, these patients notoriously have a very poor prognosis and as a result novel
therapeutics are desperately required. This early trial revealed thatlVWtilsed dendrit cells
generated WL reactive T cells in patients, 5/7 of the patients treated with-Wdulsed dendritic

cell vaccination exhibited stable diseg&akai, Shimodaira et al. 2018)T-1 peptide vaccination

has also been explored as a therapeutic avenue in the GBM setting. Not only ddesepfEsent
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an immunogenic target it also appears to have a functional role in the tumorigenicity of GBM cells.
Indeed, WT1 knockdown using WAL shRNA has been shown to reduce the proliferation of the
U251MG cell linem vitro, as well ag vivowhen injected into micéClark, Ware et al. 201Gimilar

in vitroandin vivofindings have been found with 1U87MG GBM cell line, where V¥'’knockdown
showed a reduced cell proliferation and tumour formati@Kijima, Hosen et al. 2014These
characteristics make WIT an even more attractive therapeutic target due to itkerm GBM tumour

growth.

Murine B16 and GL261 cell lines both express theZI&Rrl WT1 antigens, sharing the same trend

seen in human brain tumours (GL261) expressing many of the same antigens as melanoma tumours
(B16) due to their shared developmentaldage. This is of great use for futunevivomodelling of

GBM.

Unfortunately, whilst immunogenic targets were discovered the immune inhibitory nature of GBM
was also revealed. PDL expression was prevalent in patient derived GBM cell.lifires antige

has previously been shown to be expressed in GBM tumours and the tissue and cell line analysed
in this chapter confirmed these findings. The expression e PBy GBM tumour cell lines has been
shown to be dependent upon AKT activation. Mutation or lafsthe tumour suppressor PTEN has
been shown to result in an increased expression oL RPDy GBM cell lind®arsa, Waldron et al.
2007) Knockdown of PD1 in the U87MG cell line prevented formation of GBM tumadaora
xenograft model using immunocompromised Balb/c nude mice whereas normal U87MG cells
successfully formed tumours. Overexpression oflRDwas also shown to increase GBM cell
migrationin vitro (Qiu, Hu et al. 2018)he flow cytometry analyses revealed that this-IPDis
expressed on the surface of the cell lines studied, meaning that it can exert its immune inhibitory
effects when these cells encounter activated-P@xpressing -€ells. However, this ceflurface
expression also allows for the A1 to be targeted via therapeutic blocking antibodies, allowing

the immune inhibitory effect to be nullified.

HLAE was evident iWestern blotting however this was not detected on the surface of the GBM
cell lines studiedHLAG just like HLA has a secreted soluble form (sHEAwhich is stored in
intracellular vesiclesThis would explain the presence of this protein within the cellular lysates
obtained from cells that are negative for cell surface staining of-GLALAE and HLA are
immune inhibitory proteins that bind to inhibitory receptors on the surface of NK cells. It is
therefore possible that the HL-B expressed by GBM cells is the soluble form as opposed to the cell
surface form as was found for melanoma, celdal, lung, kidney, ovary, breast, prostate and
thyroid cancer cell linei vitro (Allard, Oger et al. 2011Melanoma patients have been shown to
have higher levels of sHiEAIn their sera compared to healthy coois(Allard, Oger et al. 2011n

future it would be of great interest to measure levels of sHLithin the sera or CSF of GBM
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patients in order to confirm this hypothesi&lioblastoma multiforme sterike cells hae been
shown to express HER on their surface to escape immune surveillance by NK cells, this was
confirmed by knockdown of HERA GBM stentike cells with HLA gene silencing were more
susceptible to NK cell mediated lyg\&/olpert, Roth et al. 2012)HLAG expression is limited
throughout normal tissues and it acts to protect cells from NK cell mediated lysis, however tumour
cells have been shown to @pt this HLAG expression as an immune evasion strategy. GEBM c
lines have also been previously shown to express@lafd expression of Hi@& has been shown

to reduce tumour cell lysis by PBMCs, even more interestingly is the small number -& HLA
expressing cells to inhibit the immune cell lysis of an entire faifmn of cells i.e. even when only
10% of cells express HGA lysis of HLL& negative cells was inhibité@/iendl, Mitsdoerffer et al.
2002)

The expression of Fas L was also probed, because previous researchwrashsti@sBM tumours

can express the Fas ligand (Fashis ligand binds to the Fas receptor ocrdills which then results

in caspase activation and apoptosis ctélls enabling GBM tumour cells to escape immune
surveillancgDidenko, Ngo et al. 2002Fortunately, the cell lireestudiedhere did not appear to
express the Fas ligand meaning that they are incapable of inducing apoptosis of Fas expressing

cells.

HLAA, B, C represents the classical MHC class | molecules, those molecules responsible fol
presentation of class | peptides to cytotoxic CB&lls. Many tumours downregulate MHC class |
molecules in order to avoid immune surveillance by cytotox@elB, this phenomenon has been
witnessed in the GBM setting. Invasive GBM cells have been shown in baothuitre andin vivo
settings to down regulate MHC class | expression allowing them to spread the tumour whilst
evading immune regulation, GBM cellasion is well documented and is the major cause of tumour
recurrence(Zagzag, Salnikow et al. 2005he mice used in this study express the chimericALA
molecule and therefore potential target cells for the assesstof vaccine induced-gell response

will need to be HLA2 positive. In addition to this HLX is the most common HLA haplotype in
the Western world. As a result, the HIAR expression was studied in all of the cell lines available,
this revealed thathe majority of these cells lines expressed H2A with only SEBT@27 and UP

029 being negative for HLA2 expression.

CD40 expression was also discovered on the surface of all the cell lines studied, this is a
phenomenon observed in many cancging, Stone 2003ajCD40 binds to its ligand CD40L
activated CD#T-helper cells have been shown to express the CD40L ligand on their sUiiace
interaction between CD40 on antigen presenting cells and CD40L on the$d-CG&li4 has been
shown to improve antigen presentation by APCs thus improving CD8 cytotaelt driming

(Schoenberger, Toes et al. 1998nterestingly the activation of-Bells by CD40 enables them to
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present cancer associated peptides via MHC class HctllS enabling the generation of antigen
specific Tcells(Lapointe, Bellemar®elletier et al. 2003)It would be of great interest to see if
exposing the CD4gitive GBM cells to-Bells would alter their antigen presentation and result in
improved Tcell recognition of GBM cell lines. Ligation of CD40 on tumour cells has been shown to
have anticancer effects and the use of CD40L therapy has been studieglethera of cancer
types and numerous clinical trials using CD40L are ongbomgy, Stone 2003binterestingly CD40L
therapy has not been studied in the GBM setting and there are currently no active clinicalttrials.

may be of interest to examine the potential of this type of therapy in the GBM setting.

MICA and MICB (MHC class | chalated protein A and B) are ligands of NKG2D, a receptor
expressed on NK and CDBcells. The NKG2D ligands are not widely exge#s normal tissues,
however their expression has been evidenced in cancer marking a potential cancer target. GBMs
have previously been shown to express M[Spear, Wu et al. 2013Jhe binding of NKG2D to its
ligandshas been shown to be involved in tumour immunosurveillance, the expression on MHC class
| prevents Nkcell mediated cytolytic activity, in the GBM setting MICA and MICB are expressed
however these tumours also appear to have MHC class | expression whidlo dampen NK cell

mediated lysigFriese, Platten et al. 20Q3)

Preliminary analyses of GBM tissues reveal that these tumours express immunogenic antigens that
are targetable, however these tumours seem to algpress several immunosuppressive antigens

in their native environment a result that will need to be taken into consideration when assessing
the vaccinein viva These results provide promising targets; however the second set of findings
make it difficult b target these tumours with activated immune cells. As a result, checkpoint

blockade will have to be incorporated into future immunotherapeutic approaches.

3.5. Conclusion
TRP2 and WTL proteins are viable targets for GBM immunotherapy due to their preseawithin

the majority of the GBM tumours studied in this thesis and their absence from normal brain tissues.
Unfortunately, flow cytometric andVestern blotting analyses revealed that despite expressing
targetable antigens these tumours are highly immsuappressive. Because of the expression of
several immunosuppressive proteins future immunotherapeutic targeting of these tumours will
need to take immunosuppression into account, this may be done by blocking some of these
immunosuppressive checkpoints wdtitargeting the antigens expressed via active immunotherapy
0 O2yOSLIi GKEFEG oAttt 6S SELX2NBR fFGSNI Ay
resistant to temozolomide chemotherapy/estern blotting analyses of the GBM cell lines revealed
that five out of the eight cell lines studied express the MGMT protein. This indicates a high
proportion of temozolomide resistance, as a result it is of great interest to discover novel methods

for targeting these tumours, and this is where immunotherapynes into play.
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CHAPTER: PRECLINICAL EVALUATION THE IMMUNOBGDY)NA
VACCINE

4.1. Introduction

4.1.1.Vaccination

Vaccination has been a key discovery in the history of medicine, traditionally vaccination was used
to protect against infection howeer it has also been explored in a therapeutic context. The earliest
documented case of therapeutic vaccination for cancer is the work published by William B. Coley in
the late 19" century. Coley used injection of bacteria into patient tumours to indudecalised
immune respons€Coley 1891)Whilst Coley utilised bacteria to induce an immune response to
tumours there are numerous other arttimour vaccination methods. Cancer immunotherapy was

{ OASyYy OS Y akthrdughyd® té yedr Ni52018CouzinFrankel 2013)and numerous
immunotherapeutic approaches are being approved and currently being trialled in the cancer
setting. Currently there are no approved immunotherafie treatments for glioblastoma
multiforme available however there are numerous immunotherapeutic treatments currently being
trialled (, clinicaltrials.gov PubMed- NCBI)

The purposeofavaccifa? y A& (2 StEAYAYyFGS LI GK23ISyakOlFyoO
aeaisSyeo ¢KAa Ay@2f @dSa aSRdAzOFGAy3Ie OStta oAl
these pathogens/deleterious cells. In the context of cancer cahlsigens recognisedby the
immune system are not necessarily foreign in nature, the immune system also appears to recognise
cells overexpressing certain antigens, which is often the case in cancer. Tumour antigens can
broadly be grouped into tumouassociated antigens (TAAm)d tumour specific antigens (TSAS).
Tumour specific antigens are antigens that are exclusive to tumour cells, quite often these may be
mutated, or truncated forms of native antigens normally expressed within the body, one such
example is the EGFRVIII igein, which is a truncated version of the epidermal growth factor
receptor with deletion of exons-2 of the correspondinggerie ! y2 G KSNJ G&8 LIS 27
antigens are the cancer testis antigefisese are antigens which are expressed by tumous egld

the testes the reason why these antigens are considered tumour specific is that the testes are an
immune privileged site, essentially making antigens they express invisible to the immune system
and therefore to the immune system these antigens agp® be exclusive to cancer cells due to
GKSANI WF2NBAIYQ yI GdzZNBEd ¢dzY2dzNJ  3a20AF0SR |y
however they are usually more abundant in tumour cells, this elicits an immune reaction due to the
abnormal expresion levels. The presence of these antigens provides us with a means to target

these tumours and turn the immune system onto théReardon, Freeman et al. 2014)
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Tumours can be targeted by identifying the antigdmsy express and targeting these antigens. The
most straightforward way to hme the immune system onto tumour cells is to vaccinate patients
with their own tumour cells. The preparation methods of the tumour cells can be varied, and the
reasoning behindusy 3 | dzi2f 232dza Gdzy2dzNJ OStfta Aa GKI G
antigens. With regards to preparation prior to vaccination the tumour cells may be irradiated, lysed
or even genetically modifiedhis prevents the tumorigenicity of thesellsewhilst allowing their
antigens to stimulate the immune syste(de Gruijl, van den Eertwegh et al. 2008)adiated
tumour cells given in conjunction with an immune adjuvant have been shown in animal models to
protect from subsequent tumour challenge, the administration of this vaccination in colorectal
cancer resulted in improved diseafiee survival, howver further analysis of this vaccination
method highlighted the importance of standardising the vaccination preparation procedure. This
was highlighted by the variability of the quality of the vaccinations produced at different

experimental sitegde Gruijl, van den Eertwegh et al. 2008)

Dendritic cells like macrophages are professional antigen presenting cells, whose function is to clear
GKS 62Reé 2F RSIFIR OSftfakRS0NR Ak fdghéns thaf ardthed RA 3
presented via MHC molecules to other immune cells, thereby kick starting the immune response
(Guermonprez, Valladeau et al. 200@ilising dendritic cells as a method of vaccinatiomistiaer

I @Sy dzS F2NJ GKSNILR® 5SYRNARGAO OSfthisiis doheypy 6 S
extracting PBMCs from the patient via leukaphereBBBMCs are then treated with cytokines
resulting in their differentiation into dendritic cells and th#rese cells are expandéwl vitro. These

patient derived dendritic cells can then either be pulsed with autologous tumour cell lysate or a
peptide/multiple peptides These dendritic cells can then be matured andmeoduced into the

patient with the goalof priming the immune cells within the body to recognise tumour antigens
and generate an antumour immune response. DCVax®L is one such example of this type of
therapy utilised in the glioblastoma multiforme settifgolyzoidis, Ashkan 2014}his vaccine is
generated by using patiemionocytederived DCs and pulsing them with autologous tumour lysate.
This method of vaccine therapy has undergone numerous clinical trials and early Phase /Il trials
were promisingwith 33% of patients surviving for over 4 years, and 27% surviving more than 6
years. As a result of these promising early results DCVax®L progressed into Phasgiteiial
Sloan 2015)Preliminary results fromhe phase Il study of DCVax®L for GBM have revealed that
the median overall survival of the intetd-treat population was 23.1 months from surgery vs the

15 months achieved via standard therapy. Upon recurrence all patients could receive DCVax®L ant
as aresult 90% of patients enrolled received DCVax®L vaccinations. Only 7% of patients within the
study experienced serious adverse side effects. It would be of great interest to see how DCVax®L

affects survival once the data has been unblinded, but thesey @adults are promisinglLiau,
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Ashkan et al. 2018)CT107 is another example of a dendritic cell vaccine being tested in GBM
(Wen, Reardon etal. 2019CTm n T dza S&  Ldbyie-deBvwdiDCpulsed yitixsynthetic

GBM associated peptides (MAGEHER2, AIM2, TRF2, gp100 and IL}&h H 0 0 STF2-NB 0
administered into patients. In a Phase Il study comparingl@@Twith unpulsed dendritic cells it

was found that overaBurvival of ICTLO7 treated patientswo months longer than control patients

given unpulsed dendritic celfgv/en, Reardon et al. 2019)nfortunately, due to funding constraints
Phase Il study of IEID7 has been halte These methods of generating vaccinations are extremely
expensive and the methods for generating these vaccines highly invasive with patients needing to
undergo leukapheresis sessions. These vaccines also require time to develop so there may be ¢
latencyperiod between surgery and receipt of dendritic cell vaccinafidastelicGavillet, Balint

et al. 2019)

The immune system can also be simply educated via injection of immunogenic -sarcédic
peptide sequences that home immune cells onto tumours. This method of vaccination is less
invasive and far more rapid than dendritic cell vaccination making it an attractive method for
generating an immune response. Often these peptides will need to be givemjmnction with
immune boosting adjuvants. One such example of a peptide vaccination for the treatment of GBM
is RindopepimutSwartz, Li et al. 2014Rindopeptimut is a 14 amino acid long peptide sequence
specific br the previously mentioned GBM antigen EGFRuyviii conjugated to keyhole limpet
hemocyanin; an immunogenic carrier protein. Keyhole limpet hemocyanin is a highly immunogenic
protein that can activate dendritic cells via its interaction with the mannose rtecepsulting in
increased cytokine release and upregulation of costimulatory moledfessicce, Taddeo et al.
2008) Due to preclinical successes Rindopepimut was moved into the clinic for early trials, in a
Phae Il trial combining Rindopepimut vaccination with the immune adjuvant@3#, low toxicity

was observed. EGFRuviii positive patients were treated with Rindopepineudverall survival for
treated patients was 26 months compared to 15.2 months for matawedrols. In patients whose
tumours recurred 82% had complete loss of EGFRuviii expression and of those still expressing
EGFRuviii less than 1% of cells within the tumour expressed the protein. Rindopepimut was advanced
to Phase Il in newly diagnosed patig whose tumours expressed EGFRuviii. Patients were given
Rindopepimut with GMCSF along with standard therapy (TMZ+RT), in this phase Il trial the overall
survival of patients was 24.6 months compared to the 15.2 months of matched cof8wedstz, Li

et al. 2014) In a further Phase Il trial utilising Rindopepimut in combination with TMZ for the
treatment of EGFRuviii positivie novoGBM postsurgical resection and completion of standard
radiation. The control grqureceived just keyhole limpet hemocyanin along with TMZ. Comparison

of the control and treatment groups revealed that there was no increase in overall survival, as a
NBadzZ § wAyR2LISLIAYdzi Qa dzal 3S (Welldr, Byt@wski ed & 8047) I LIL.
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4.1.2. Antigen presentation and the immunoproteasome

lff AYGSNYFtf LINPGSAYEd YR YA&aTFT2f RSR LINRUGSAYS
This natural degradation process is performed by amemof enzymes called proteasomes at the

end of which process peptides are produced and presented via MHC class | molecules (expresset
by all nucleated cells in the body) to CD&ells. The 26S proteasome is responsible for degrading
polyubiquitylated poteins. The 26S complex is made up of the 20S proteasome and two 19S
regulator complexes. The 20S protease unit is composed of alpha and beta subunits that form a
barrel shaped complex is the catalytic core comprisedevenbeta subunits, three of whichre
responsible for its hydrolytic activifBasler, Kirk et al. 2013)jhe 19S regulator units are composed

of 6 ATPase subunits anell® nonATPase subunits; these attach to the outer alpha rings of the
20S core. Diective proteins known as defective ribosomal products are synthesised by cells, due
to their defects they are ubiquitylated and degraded by the proteasome, resulting in the production
of antigenic peptides. Protein synthesis is key for the generationkCMlass | peptides however
many proteins need to be hydrolysed to yield MHC class | epitopes. Interferon gamma has been
shown to enhance antigen presentation via MHC upregulation. Interferon gamma also leads to
NBLX I OSYSy (G 2F {KS subuniB ofithe 205 goFe with . MAR & RINGEafdMEGLO
M fSFERAY3I (2 F2NXYIGA2Y 2F (GKS WAYYdzy2LINR G S|
ASYSNYGAYy3 AYYdzy23aSyA0 LISWIWARSE GKIy GKS adl
the proteasome activ& NJ O2 YLIX SE t! Hy 0602 YLINAR & SThis épled K S
OAYyRaE (2 GKS h Nay3a 2y GKS wn{ O02YLX SE SyKl
protein break down and as a result a generation of more potentially immunogenicdeepti
sequences due to the increased rate of proteolysis and production of immunoproteasome specific
peptides(Kloetzel, Ossendorp 2004)nce immunogenic peptides are generated, they are shuttled

to the endoplasmiceticulum by TAP (Transporter associated with antigen presentatidese
peptides are then trimmed by aminopeptidases enabling their binding to MHC cEmesé MHC

class | peptide (now-81 amineacids long) complexes are then shuttled to the cellaefwhere

they are presented to CD8+cCElls(Wearsch, Cresswell 2008)

MHC class Il is only expressed by antigen presenting cells, thymic epithelial cells, some endothelia
cells and B cellgRoche, Furuta 2015The majority of peptides bound to MHC class Il are derived
from the processing of proteins that have been internalised from within the microenvironment.
These MHC class Il molecules present peptides-@0ldmineacidlong to CD#AT-helper cells. The
presentation of peptides to CDZ%-cells results in their differentiation into the differinghBlper

cell subsets, the type of cell presenting these class Il peptides, along with differing costimulatory
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signals result ithe generation of differing cell subsets. Once MHC class Il molecules are produced
within cells, they bind to a protein known as the invariant chain, this invariant chain is involved in
the shuttling of the MHC class Il molecules to the endosdysaisomalantigen processing
compartments. MK class Il bound to the invariant chain is shuttled to the endosdygsaisomal
processing compartment where it is exposed to antigenic peptides. The invariant chain prevents
the binding of peptides to the MHC class Il lewnle, so the invariant chain is proteolytically
degraded freeing up the MHC molecule for peptide bind@gesswell 1996 After peptide binding

to the MHC class Il molecule the MHC peptide complex is transpuartde plasma membrane for
recognition by CD4T-cells. Antigens are obtained from various sources; antigen presenting cells
can take up extracellular proteins via a process knowmisopinocytosigLim, Gleeson 2011)
Dendritic cells are the most potent antigen presenting cells within the immune system being at the
centre of innate and adaptive immune responses. Immature dendritic cells have a high level of basal
macropinocytosis, and this is believed to be the magute of antigen acquisition used by these.

B cells on the other hand have little to no macropinocytic activity and they uptake antigenic material
via receptor mediated endocytos{®oche, Furuta 2015As dendritic ells mature their rate of
macropinocytic activity decreases. APCs and B cells have several cell surface receptors that enabl
binding and uptake of antigenic materialhese are receptors such as the B cell receptors,
O2YLX SYSyid NBOSLII#ZWMBEI yROGKE EOSONBOSLIFT2NI L
immature and mature dendritic cells enabling these cells to uptake immune complexes and process
them for antigen presentation. Once antigenic material is bound to these receptors they are
internalised and shuttled to the antigemprocessing compartments by clathiinediated
endocytosigRoche, Furuta 2015) his receptor mediated method of antigen processing is far more
efficient at priming CD4T-cells than micropinocytosis, rougtiye thousandimes more efficient

(Rock, Benacerraf et al. 198Antigens can also be taken up via phagocytosis, uptake of apoptotic
cells via this method enables antigen preseg cells to present seffeptides resulting in the
generation of peripheral tolerance. Mature dendritic cells are still capable of performing
phagocytosis. Antigenic cargo is internalised by phagosomes, these are relativglyotewiytic

so these phagsomes fuse with lysosomes generating phagolysosomes. The phagolysosome breaks
down the antigenic cargo contained, and it contains the complete MHC class Il plegtitieg
machinery allowing for peptide loading and presentation. The phagolysosome iy tightllated

in order to prevent the breakdown of potentially antigenic peptide sequences. MHC class Il peptides
can also be obtained by autophagy. Autophagosomes engulf cytosolic macromolecules and
organelles which fuse with lysosomes to form autophagagsees resulting in breakdown of
peptides and presentation via MHC class Il. In immature dendritic cells large amounts of MHC class
Il are present, upon activation of dendritic cells there is a change in MCH class Il expression and

cellular localisation. limmature dendritic cells MHC class Il is present on the plasma membrane
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and within intracellular endosomes and lysosomes, MHC class Il is primarily on the plasma

membrane of mature dendritic cel{Roche, Furuta 2015)

¢KS CcO 3IAFYYlI NBOSLII2NI CcO'w Aa Fy AYLRNIFYQG I
bind to IgG antibodies. The immune response is a fine balance between immune activation and
inhibition, modulated by cytokine action, cell signalling andl-ogl contact. When pro
inflammatory signals dominate pathogens are eliminat®dhen there is a lack of positive
stimulaton antiA Y ¥ | YYI G2NBE YSOKI yAaYa R2gy NBIdA I 4GS
regulators of a balanced immune system settinge#iirolds for immune cell activation by
simultaneousstimulaton 2 ¥ | OGA G GAYy3 YR AYKAOAG2NE LI G
presentation and immun® 2 YLIX SE YSRAIFGSR YI GdzNI A2y 2F RS
regulate dendritic cell activitgnd control whether an immunogenic or tolerogenic response is
AYAGALFGSR FFASNI LISLIWGARS NBO23ayAiGA2yd CO! wa
dendritic cells are essential for endocytosis and/or phagocytosis of antibotigen immune
complexes and the resultant processing and presentation of antigenic peptides on MHC molecules,
regulating the activity of dendritic cells. Inmune complexes are strong activators of dendritic cells
and they have been shown to prime a stronger immune respdhaa antigen alone. Immune
O2YLX SE AYOUSNyrLtAaalidAzy @Al GKS CO'"adCBAT-2a 05

cell responsegNimmerjahn, Ravetch 2008)

Cross priming is key for the generation abhust immune responsédhis is the process by which
dendritic cells present tumour antigens tecélls providing the necessary-stimulatory signals
required for immune cell activation that are lacking when the tumours present antigens on their
surface.As previously mentioned, dendritic cells are the most potent antigen presenting cells of
the immune system. Dendritic cells process and present antigens via both MHC class | and class |
molecules enabling them to activate both CR&d CD4 T-cells usinghe methods mentioned
above. Dendritic cells can endocytose cellular debris enabling uptake and presentation of tumour
antigens These dendritic cells can then travel to lymph nodes where they present the antigens they
have taken up to -Eells. Intratumoual dendritic cells can also present antigens {cells located
within tumours along with catimulatory signals that result in-@ell activation(Sanche®aulete,
Teijeira et al. 2017)For dendritic cellto induce Fcell maturation they need to present peptides

on MHC molecules to naivectlls these peptides bind to th&-cell receptor (TCR) on the surface

of the Tcell forming an immunological synapsée strength of this synapse contributes to the
level of Fcell activation. Costimulatory molecules also function to enhance #te| Tesponse, with
engagement of CD28 oncElls to B7 molecules expressed on dendritic cells resulting in-#oid0

increase in TCR signallintpis occurs via the increasegkcruitment of downstream kinases.
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Cytokines released by activateet@lls into the microenvironment contribute tocell proliferation

expanding these antigen specificélls(Lanzavecchia, Sallusto 2001)

4.1.3. Immune escape and the three Es

It is now well known that there are active interactions between tumours and the immune system,
SOSy Ay (GKS D.a aStlAy3a RSALAGS AGa LISNOSA D!
late stage cancers such gsade IV glioblastoma multiforme these tumours have developed
methods for escaping basal immune surveillance resulting in their increased growth and
aggressivenesfMittelbronn, Platten et al. 2011)In the cancessetting there are several stages
leading to the immune escape of tumours, these are known as the three Es: elimination, equilibrium
and escape. During the elimination phase tumour cells are actively targeted by the immune system
and as a result there iga&dication of tumour cellsThis hypothesis is supported by data showing
that the presence of tumour infiltrating lymphocytes within tumowage a positive prognostic
factor. Despite the presence of a healthy immune system people still develop cancsygpissts

that there is an active response by cancer cells that enables some cells to evade the immune
response and this eventually leads to the development of a tumour. After elimination of tumour
cells by the immune system any cells that have surviveaiine surveillance are held in equilibrium

by the immune system where the tumour cells can survive but they do not expand to produce an
aggressive tumour mass. Many of these tumour cells may be eradicated, but new immune escape
variants develop due to theighly adaptive nature of tumour cells. After continuous immune
pressure populations of immuneesistant tumour cells that have develeg mechanisms to
escape the immune system eventually start to grteading to the development of cancébunn,

G. P., Old et al. 2004In the active immunotherapy setting tumours can also adapt to overcome
the immune pressures put upon them, this has been seen in the GBM setting with patients
immunised with Rindopepimut (a vaccine tatipg the EGFRuviii peptide expressed by GBM
tumours). Patients vaccinated with Rindopepimut developed EGFRuviii immune responses and
slightly improved survival, however tumours eventually recurred, and the tumours that recurred
no longer expressed the EGHRantigen. This is an indication that an immune escape variant has
developed, with all EGFRuviii expressing tumour cells being eradicated improving patient survival,
equilibrium phase followedUnfortunately by the emergence of a cell which managed towiser
without the need of EGFRVviii protein this immune escape variant was then free to expand resulting
in the tumour recurrencéSampson, Heimberger et al. 2010) order to prevent such an immune
escape multiple mtigens need to be targeted. Not only can antigestape variants develop, cancer

cells displaying an immune suppressive phenotype can expand and prevent immune responses
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within the tumour mass. As a result, combinatorial therapies may be utilised to @werc

development of a potentially more aggressive cancer.

4.1.4. Epitope dominance

The risk of targeting multiple antigens is the phenomenon of epitope domin@fed!, Kappler et

al. 2003) Immunodominance can resutt a selective immune response towards one antigen over
the other one. The immunodominance of one epitope may prevent the development of responses
to other antigenic antigens expressed by tumour cells. The ability of an antigen to become
immunodominant apears to be due to its capability of generating a rapid response when
compared to other antigens, therefore dominance is given to the antigen that seems to induce the
first response. Research has shown that when a combination of five immunodominant eétiape
presented as a mixed antigen only two of the epitopes generate a dominant immune response,
revealing that a hierarchy emerges when numerous dominant epitopes are encouliaedberg,
Grufman et al. 1998)New hierarchies can also develop when an immunodominant antigen is lost
by immune selection. As tumours progress, they acquire more mutations which can lead to the
expression of an increased repertoire of immunogenic antigens. It has been found that agespo

to an antigen already present on a tumour will prevent responses to newly developed immunogenic
antigens even if the new antigens that have developed generate a stronger resphissiadicates

that there is an innate priority to the first responéechreiber, Wu et al. 200ZJumours have been
shown to evade immune regulation via loss of a single HLA mol@bigeallows tumours to escape
cytolysis by immunodominant CD8-cells due to the immunodominant epipe not being
presented. Uptake of antigenic material from these Hieficient immuneescape variants by
dendritic cells still allows for presentation of antigenic material by the dendritic cells to theETED8
cells maintaining this immunodominant phenotype, preventingells from responding to new
antigens the cancer has developed. One way to overcome immunodominance is to administer
subdominant epitopes prior to immunodominant epitopes this will allowtf& induction of new
immunodominant CD8T-cell subtypes specific for previously weakly antigenic epit¢@ésn, W.,
McCluskey 2006)

4.1.5. ImmunoBody® vaccination

The ImmunoBody® vaccinatig8cancell Ltd.ls a DNAplasmid vaccination that codes an IgG1l

antibody that contains peptide targets of interest engrafted into the complementarity determining
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regions (CDR¢Metheringham, Pudney et al. 2009, ibant, Parsons et al. 2001The plasmid is
administered and then the DNA is transcribed into mMRNA and the resultant mMRNA is then translated
into the IgG1 protein. The 1gG1 acts as a carrier for the immunogenic peptides of ing@&kts

ideal due toits long halflife and the ability of antigen presenting cells to interact with the 1gG via
the Fc region of the antibody. ImmunoBody® can work by two distinct methods: direct presentation
and cross presentation. Direct presentation is when antigen prsgmells are transfected with

the ImmunoBody® plasmidhese cells then process the DNA resulting in production of the
encoded IgGThe immunoproteasome then breaks down the resultant IgG resulting in loading of
the immunogenic peptides onto MHC classtl classlimolecules where they are then presented
toTFOStftad / NPaa LINBaSyidl G§dA2y Aeseddls fienprocess the y R
DNA leading to production of the encoded I§Bis IgG is then secreted by these cells where it is
then taken up by antigen presenting cells via the Fc region of the IgG. Removal of the Fc region from
the IgG results in @ne thousanefold reduction of Fcell activation, revealing that this cross
presentation is vital for boosting the immune respoiistetheringham, Pudney et al. 2009, Durrant,
Parsons et al. 2001)The ImmunoBody® vaccine can be administered using intramuscular
electroporation in humans, and pinical experiments havadministered the plasmid biolistically
using a gene gun that utilises helium gas to shoot plasmid coated gold nanoparticles into the skin
of test animals. Due to its preclinical efficacy a-PRjp100 directed ImmunoBody® vaccination
known as SCIB1 is hgitrialled in melanoma patients. In Phase I/1l trial SCIB1 vaccination induced
T-cell responses in 88% of patients treateven out of fifteentumour bearing patients were
shown to have stable disease at@0%patients with resected tumours remained \adi at the
conclusion of the study (median observation time of 37 mon{Rstel, P. M., Ottensmeier et al.

2018)

4.1.6. The humanised HHDII/DR1 C57BL/6 mouse model

The HHDII/DR1 mouse is a transgenic mouse tlawsalfor the study of human HEA2.1 and HLA

DR1 restricted peptide immune responses. This mouse strain was generated from a parental
C57BL/6 mouse, the parental mice hagi’5 6 I Y R i H a (Pasgad(Ber@aR et 21a97)

The transgenic HHDII consists of a murine MHC class | alpha 3 chain and transmembrane domait
connected to a human alpha 1 and alpha 2 chain. The human alpha 1 chain is covalently linked to &
human beta 2V subunit(seeFigure 26) (Pascolo, Bervas et al. 199This transgenic HHDII mouse

was then bred with a transgenic HDR1 mouse to generate the HHDII/DR1 mouse. ThelHRIA
transgenic mouse was generated via krmat® ¥ Y dzZNR y' S  a P%in G5TBL/Grticelarid 6 L

knock in of a chimeric mouse/human HDR1.
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This mouse model allows for the screening of candidate vaccines for use in humans without any
interference from murine MHC meaning that translation from mouse to man shbeldnore

efficient.

4.2. Aims and hypothesis

After identifying suitable target antigens for therapy (as discussed in chapter 3), the next step was
to target these with a therapeutic vaccine. For the reasons explained above ImmunoBody® was
selected as thevaccination method for this study. To study the effects of the ImmunoBody® the
humanised HHDII/DR1 mouse were used, in order for the study to indirectly assess what the human
response would be like for HiA#2 and HLMR1 positive individuals, providing @re translatable

model for the study of immune responses. The response of immunised mice to the ImmunoBody®

vaccination was measured using ELISpot and flow cytometry.

4.3. Results

4.3.1. ImmunoBod® vaccinationgenerates a strong anfiRP2 and WTL immure
response in th&€5BL/6HHDII/DR1 mouse

Mice were vaccinated as summarisedHigure Z, where day 0 mice were immunised with geld
coated ImmunoBody® plasmids (see methods in chapter 2.2.) using a helium air gun on the flank of
the mice, followed by twdooster doses administered seven days apart (on day 7 and 14 post
prime). This vaccination schedule was chosen because it had previously been shown to be the mosit
efficient at inducing a persistent peptide specific immune respdivetheringham, Pudney et al.

2009) On daytwenty-oneimmunised (or naive) HHDII/DR1 mice were humanely culled and their
spleen harvested. The splenocytes extracted from these mice were then used incaBELIEdot

assay where TRP2dlor WT1 peptides were used (see methods in chapter 2.2.). Wells containing
cells only were used as controls while wells with cells recethieguper antigen staphylococcal
enterotoxin B §EBwere used as positive controls, all conditions were perforimetiplicate and

each experiment containetthree mice per groupSEB is a bacterial antigen known to generate IFN

release from immune cells without prior exposure.
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Figure27. The vaccination schedule utilised to study the immunogenicity of the ImmunoBody®
vaccine.The top &ft area of the figure details the days that mice were dosed, with vaccines
administered at weekly interval8lice were split into three groups; one receiving SCIB1-ZYRP
ImmunoBod®,one receiving WAL ImmunoBod® andone receiving both SCIB1 (TARud WT1

ImmunoBod®.
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Peptide Sequence Human HLA- SYFPEITHI score
specificity

WT-1 ALLPAVPSL A2 33

WT-1 DLNALLPAV A2 27

WT-1 VRDLNALLPAVPSLG DR1 31

TRP-2 SVYDFFVWL A2 21
gp100 AMLGTHTMEV A2 26
gpl00 GTGRAMLGTHTMEVT DR1 24
gp100 QLYPEWTEA A2 19
gpl00 NRQLYPEWTEAQRLD DR1 14

Table 18. A list of the peptides used to stimulate splenocytes vivo. In silicanalysis was
performed using SYFPEITHI, a data base that provides predicted MHC bindingT$etegher
the score thestronger the binding of the peptide with the HLA molecule, and therefore the more

likely this peptide is to be presented via MHC molecules.

Mice immunised with either SCIB1 or WidmunoBody® generated vaccine and peptide specific
responses with the exception of gp100 where no significant gp100 specific immune response could
be detected after the caulture of splenocytes derived from SCIBtainated with gp100 peptides
(seeFigure B). However, since tumour tissues analysed previously appeared not to express the

gp100 protein this will not impact on the efficacy of the proposed vaccine combination.

The WT1 ImmunoBody® generated a stromgponse to the full 15mer class Il sequence encoded
within the ImmunoBody® construct. Two of the HAZ specific sequences within the 15mer
peptide were also used to stimulate the splenocytes from-IMimmunoBody® vaccinated mice.

The two sequences used vee ALLPAVPSL and DLNALLPAYV, of the two sequences ALLPAVPS
ASYySN} GSR | &AGNRY3 LCb: NBEIMRAYGBSlyeFvERiNatediHic® &
(seeFigure®0 @ ¢ KS 5[ b![[t!+ LISLWARS &aSldzSy0S RAR
splenocyteshowever this was at a much lower level than the ALLPAVPASL sequence and the
response was deemed nesignificant (seéigure ®). When looking to thén silicoSYFPEITHI HLA

A2 binding scores thdLLPAVP3equence has a higher binding score than ieNALRAV

sequence which can explain the dominance of Aid PAVPSEquence observed.
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annotations after the peptide correspond to the first three amino acids of the peptide used to

stimulate the splenocytes, the full sequences of these peptides are detailed in the nfekiamdsr
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The three letter annotations after the peptidereespond to the first three amino acids of the

peptide used to stimulate the splenocytes, the full sequences of these peptides are detailed in the

methods(chapter 2)
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The aim of this study is to use both vaccines together, the next sets of experinoempaied the

IFN responses after mice were immunised with either SCIB1 -WWiiiunoBody® or both.

This is particularly important because it allows for a broader range of patients to be treated and it
acts to eradicate as much of the heterogeneous tumourysation as possible whilst overcoming

the possibility of antigen escape variants developing. When the two vaccines are administered
together there is a significant response to both the-Xvdnd TRR peptides as was the case when

the two vaccines were giwendividually. What is even more important is that there is no significant

difference in the response between the dual and both single vaccines.
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mice compared with mice vaccinated with both SCIB1 and WimunoBody® simultaneously. N=

9, ns= not significant as deemed by atiwd @ ! bh+! F2ff 24SR Thethreaz] S&
letter annotations after the peptideorrespond to the first three amino acids of the peptide used

to stimulate the splenocytes, the full sequences of these peptides are detailed in the methods

(chapter 2)
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5dzS G2 GKS FTNBIldSSyoe 2F (KS LCb: NBalLkRyaS oS
mice, it is also important to see if tlavidity of these responsas equivalent. In order to do this a
peptide titration of the WTL and TRR HLAA2 specific peptides was performed to measure the

avidity of the immune response of splenocytes from singly and dually vaccinated mice.

Peptide titration revealed that when both ImmunoBody® vaczimere given together the avidity

of the response to the TH2 HLAA2 specific peptide was equivalent with no significant difference
being found between the two peptide dose response curimilinear regression analysisund

no significant difference between the EC50 of the -PR#eptide for both the dually andirsgly
vaccinated splenocytes. The W peptide titration also reveals the same results with no significant

difference being found between the EC50 for both the singly and dually vaccinated splenocytes.
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Figure 319 L Syt resdt§ from splenocytes from SCIB1 ImmunoBody® vaccinated mice
compared with mice vaccinated with both SCIB1 andlWimhmunoBody® simultaneously. A)
Splenocytes were treated with the SVYDFVWE2TRPBtide sequence diluted in-1dld increments

from 1 pg/mL- 0.0000001 pg/mL. B) Data was normalised and transformed, andimeer fit
comparisons were made, these analyses revealed that there was no significant difference between

the EC50 of SCIB1 and dual vaccinated mice.
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Figure320 L Cb:' 9[ L{LR{ NBa&dz B ImmuNIBy® dvadtirtigd? rhigel S :
compared with mice vaccinated with both SCIB1 andlWimhmunoBody® simultaneously. A)
Splenocytes were treated with the ALLPAVPSL péptide sequence diluted in-1@ld increments

from 1 pg/mk 0.0000001 pg/mL. B) Data was normalised and transformed, andimeer fit
comparisons were made, these analyses revealed that there was no significant difference between

the EC50 of WT and dual vaccinated mice.

139



4.3.2.Flow cytometric analysis of the ImmunoBody® activated immune cells revels that
ImmunoBody® vaccination generates a strong*To8ll response

Flow gtometry was utilised to study the lymphocytes from vaccinated animals. The splenocytes
from these animalsvere stimulatedin vitro and then surface staining was used to differentiate
between CD3, CD4nd CD3, CD8-cell populations. Once these two populations were identified
their expression of immune activating ligands and cytokines was stained for ajldaiinthe
immune response of vaccinated and unvaccinated splenocytes to immunologic peptides to be

measured.
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Figure33. Arepresentativesetof flow cytometry plotsof splenocytes isolated from vaccinated mice

after peptide stimulationThese plots are from a mouse that received dual vaccinafiom gating

strategy can be seen in the methods sections (Chaptédi2hese plots are from CD3 positive live
cells.A)Higogram of theCD8 CD107 cells.B)Histogram of the CD4£ D107 cells.C)Histogram of
the CD8TNR * cells.D) Histogram of the CDA'NE * cells.E)Histogram of the CD&i67 cells.F)
Histogram of the CDKi67 cells.G)Histogram of the CD8L-2* cells.H) Histogram of the CD4L-
2" cells.l) Histogram of the CD8FN  cells.J)Histogram of the CD4FN * cells. K)Histogram of

the CD8 Granzyme Bcells. L) Histogram of the C Granzyme Bcells.Plots MO show scatter

plots of the CD8cellsstained with TN

62y

i K $FNHon th&yasis). DoulleRpositive cells

are in the top right quadrantM) Splenocytes receiving no peptide stimulatidl).Splenocytes

receiving class | peptide stimulatigd)Splenocytes receiving class | aragslll peptide stimulation.

Plots PR show scatter plstof the CD4cells stained with TNF 0 2 Y

i K SIFNE(onlthe ¥ & 0
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axis). Double positive cells are in the top right quadr&é)tSplenocytes receiving no peptide
stimulation.Q) Splenocytes reegng class | peptide stimulatioR)Splenocytes receiving class | and
class Il peptide stimulatioRor plots AL the blue peak represents splenocytes stimulated with both
class | and Il peptides, the green peak represents splenocytes stimulated ssth mégtides only

and the red peak represents splenocytes that received no peptide stimulBtiergate used to
determine the percentage of positive cells is shown on each histogram and the percentage of

positive cells gated is shown next to the histagra
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Figure34. Flow cytometric analysis of CD3+ CD8+ splenocytes from SCIB1 ImmunoBody® vaccinate
mice that were either unstimulated (no peptide) or stimulated with-ZRRass | (SVYBPBRNL)
peptide.A) % CD10TD8 T cells. B) % TNED8 T cells. C) % Ki6D8 T cell®) % IFNCD8 T
cells.E) % Granzyme BDS8 T cells. F) % TN#&nd IFN*CD8 T cell$N = 4, *= @/ 0.05 as deemed

by a paired fest.
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When studying the CD8-cells from SCIB1 ImmunoBody® vaccinated mice there was a significant
increase in the percentage of cells that stained positive for CD107a when these cells were
stimulated with class | peptide. There is also a slight increase in the percentage of gralBzym
positive cells. This increase of CD107a and granzyme B indicates an increase of the cytolytic activit
of these CD8T-cells. These cells also increase their expression of the immune stimulating cytokines
¢bCh YR LCb* I LINE Y 2tinioyr Ficrbeyivirdnyiehtt RinXlly, théiigchedse ih y
marker of proliferatiorKi67 expressing cells also indicates that there is an ansigenific increase

in proliferation of CD8T-cells when vaccinated splenocytes are stimulated with peptide. Taken
together these changes indicate that the SCIB1 ImmunoBody® vaccination generates a SCIB!
specific immune response from HHDII/DR1 mice and there appears to be an immunological memory

directed towards the TRP antigen encoded within the ImmunoBody® plasmid.
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Figure35. Flow cytometric analysis of CD3+ CD8+ splenocytes frenlfffiunoBody® vaccinated

mice that were either unstimulated (no peptide), stimulated with-WATass | (ALLPAVPSL) peptide
or stimulated with both clasg§ALLPAVPSL) and clag¢ RDLNALLPAVPShéptides A) % CD107
CD8 T cells. B) % TNEDS8 T cells. C) % Ki6D8 T cellD) % IFNCD8 T cell€) % Granzyme B

CD8 T cells. F) % TN&nd IFN*CD8 T cellsN = 7, all results were deemed rsignifcant by a
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When stimulated with class | peptides there is a slight increase in the percentage of CD107a, TNFa
YAcT |yR LCb! -teis&dmiWIGrEmuoBad@ivacenktéd mice whatimulated
invitrodb ¢ KSasS OStta AyONBlIasS G(KSANI SELINBaaiazy 2
promoting an inflammatory antiumour microenvironment. Finally, the increase in Ki67 expressing
cells also indicates that there is an antiggpecific increase in proliferation of CD8-cells. This

trend is also the same for splenocytes exposed to both class | and Il peptides. Unfortunately, these
results are norsignificant, but they do indicate there is some antigen specific immune cell

responss.
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Figure 36. Flow cytometric analysis of CD3+ CD8+ splenocytes from dual SCIB1 -4nd WT
ImmunoBody® vaccinated mice that were either unstimulated (no peptide), stimulated with TRP
and WL class | peptides or stimulated with both class | {2 Bfd WT1) and W1 dass Il peptides.
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Granzyme BCD8 T cells. F) % TN&nd IFN'CD8 Tcellh I 173X F I t XX n-dnp
gl & 1 bhzx! F2ff2da&Rstod ¢dz] S Qa LI2Aad
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Dual vaccination with both the WTI and SCIB ImmunoBodies® appears to generate a stronger
cytokine response to antigenic peptide stimulation than when the vaccines were administered
alone. Peptide stimulation of dually vaccinateplenocytes leads to a significant increase in the
LISNOSy Gl 3S 2F ¢bCHTAOS/AR aL dbl'a LE2SAHAG AFBS R25dgo £ S |
These responses are indicative of immune recognition of the target antigens and generation of
immunologi@l memory. The stimulation of these COells also leads to increased proliferation

of these cells (indicated by Ki67) further highlighting the presence of immune memory and an active
anti-antigen immune response. There is also evidence of an incnedise percentage of granzyme

B positive cells aftdn vitrostimulation This would translate to increased lytic activity of these cells

in vivq indicating that these cells are capable of killing antigen expressing target cells.
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Figure37. Flow cytometric analysis of CD3+ CD8+ splenocytes from naive mice that were either

unstimulated (no peptide), stimulated with TRRnd WT1 class | peptides or stimulated with both

class | and WA class |l peptide#\) % CD10TDST cells. B) % TNFCD8 T cells. C) % Ki6D8 T
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In order to see if the CD8&-cell responses observed were due to immunological memory generated
by vaccination, naive splenocytes were extracted and stimulatedtro and stained in the same
manner as the splenocytes from vaccinated mice. Flaonogtric analysis revealed that there were

no significant changes in the expression of any immune activating cytokines. These data confirm

that the changes observed in vaccinated mice are due to immunological memory.

The CD4T-cell population was also stiied in these mice and their response to claaadclass Il
peptide stimulation was measured. Threvitro stimulation of these CD3CDA4 cells revealed that
there were no changes observed in antigen expression profile of thé =&l population (dad

not shown).

4.3.3. Splenocytes from ImmunoBody® vaccinated mice recognise GBM cell lines
expressing TRPand WTL in an HLAA2 restricted manner

Data from chapter 3 revealed that the human GBM cell line$88Fand SEBT@R7 express the
TRP2 and WT1 antigens. What is of even more importance is that thel8% cell line is HI-:A2
positive and the SEBTR7 cell line is H-A2 negative. As a result, splenocytes from vaccinated
mice were incubated with either SFB8 or SEBF®27 in a 10:1 effector: ta®ii NJ G4 A2 | YR
response was measured using ELISpot ESgere38).
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mice compared with mice vaccinated with both SCIB1\&fidl ImmunoBody® simultaneously
when exposed to the human GBM cell lined&Fand SEBT@27. When splenocytes were €o
cultured with the SEBT#27 cell line they produced a number of spots above the maximum
detectable limit, as a result these results weoeinted as 600 (the maximum number the machine
cancount).bT X FFFFT t X nonnnmI VY aivay ANOVA fallbvieg A T A
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When splenocytes from SCIB1, Wand dual ImmunoBody® mice areinoubated with SFL88
OSftta GdKSNB Aa .lAl thrde M&ghationL.c@ntitions MBugel dangxintal response
6KSYy FaaSaaSR OAl LCb! 9[L{LRI® 2KIG A& Sg@Sy
greater than the response to the SEBIZ cell line. No significant difference in response to SEBTA
027 cells is observed in any of these conditions (when compared to unstimulated no peptide
splenocytes). This strong response to thel88 cell line when compared to the SERIX cell line
helpshighlight that the ImmunoBody® vaccination generates an-AR 8pecific response. Due to

the SF188 cell line being HEA2 positive it should present the same peptide sequences as those
encoded by the ImmunoBody® vaccines utilised, therefore it shoulergena strong antSF188
response due to the immunised CDB8cells recognising the same peptides as those presented on
the surface of SE88. Since the SEBDA7 cell line is not HEA2 positive it does not present the
same peptide sequences as thoseceded within the ImmunoBody® vaccines utilisélis is
apparentwiththe SEBTAH T OSftf €t AyS FFLAfAYy3a (2 3ASYSNI (S

vaccinated splenocytes than when these splenocytes are incubated with no peptide.

4.4. Discussio
The ImmunoBody® plasmid vaccination is an effective method for generating antigen specific

responses without the need for immune adjuvantBhese analyses reveal that the SCIB1
ImmunoBody® generates a strong TRMrected response, unfortunately the 8ClimmunoBody®
failed to generate a strong response to the gp100 peptides encoded within the construct. There is
a lack of response to the gpl00 peptide sequences reveals that the2 HpRope encoded
generates an immunodominant response that appears verdde the gpl100 directed immune
responses. The WT ImmunoBody® also appeared to generate a stronglWifected immune
response. The future aim is to utilise both the SCIB1 and \WMimunoBody® vaccines in tandem

to try and treat GBM; as a result, it waf great interest to see if there was immunodominance
between these two antigens when the two vaccines are given at the same time. Fortunately, there
appeared to be no immunodominance to either WWTor TRFR2 when both vaccines were given
together, splenaytes stimulated with WL and TRR class | peptides generated an equivalent
immune response as the singly vaccinated mice. Both the frequency and the avidity of the immune
response was equivalent between both singly and dually vaccinated mice. Whao isfajreat
importance is that the splenocytes from HHDII/DRI ImmunoBody® vaccinated mice showed a clear
anti-GBM cell line response, specific for the FA2Apositive GBM cell line 8B8. These results
provide great promise for the use of the SCIB1 andIWifimunoBody® vaccinations for HAZ
positive patients and this highlights the importance of the HHDII/DR1 mouse model for the research

of human vaccines. Both singly and dually vaccinated mice generated a strb88 &Sponse that
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was equivalent betwen both the single and dual vaccinated groups. These preliminary results
reveal that this dual vaccination combination is enough to generate GBM argjggific immune

cell responses as a result this dual method of vaccination will be taken forwardstad te animal
models of GBM.

Flow cytometric analysis reveals that ImmunoBody® vaccination results in an increase in the
number of cytotoxic CD8-cells compared to unvaccinated mice. There is also an increase in CD8
T-cell proliferation when these del are exposed to their peptide targets, indicating an antigen
specific CD8T-cell expansiorand providing proof of an antigespecific CD8T-cell response and

the presence of CD8nemory TFcells. There also appears to be a clear ‘Ciigenspecific
response with an increase in the percentage of CI8Sf f & L2 aA GA GBS FT2NJ G6KS
AY LYYdzy2.2Reé&t @IFIOOAYlIGSR YAOS 6KSy adAyYdzZ
inflammatory cytokine with potential antD I Yy OS NJ S ¥ F S O iata eancérloel deatiDviayd Y S
variety of mechanismshis can either be by direct binding to cslirface receptors, blocking of
regulatory Fcell activity, attracting neutrophils and monocytes to tumour sites and switching of
tumour associated macrophages to the immune stimulating M1 phenofgpsephs, Ichim et al.
20180 LCb+' YR ¢bCh KIF@ZS LINBGJA2dzaf stumoud &iitya K2 &
When CD8+ tumour infiltrating lymphocytes are adoptively transferred into tumour bearing mice
they induce tumarr regressionThis even occurs when ndytic clones are transferred into tumour
0SFNAY3I YAOS® ¢KAA NBIAINBaaraAz2y ¢l a akKz2gy G2 o
to the presence of tumourBf 2 O1 I RS 2F L Cb* 2 NJ ¢ bhéantiténiolr K |y
effects of these CD&'ILsn vivo(Barth, Mule et al. 1991)These results highlight the importance

2F GKSasS LCb:! | yIRellgithmountinglariekfdrtvee&timous sesponse. It is
AYLERNILFyG G2 y230S GKIFIG LCb! Ftaz2z KFLa | &AYAC
itself have aniOF Y OSNJ STFSOGa FyR & I NB&dzty® SINC i '3 Sh/ii

has an antproliferative effect on GBM cells and indgcapoptosis via activation of SFATRNd

Ol AaLJ aSad® LCb! GegyatibnfofdVBHC mdecufes dn ghe sufaée ofzimour cells
increasing their immune recognition, however immdndibitory markers such as AL are also
upregulated(Kane, Yang 2010} his expression of both-i. I YR LCb+* AYRAOI (iSa
response to the antigenic targets encoded within the ImmunoBody® vaccine. These flow cytometric
results indicate that there is a memory responsétwan increase in cytokine secretinegcé@lls in

response to antigen exposure after ImmunoBody® vaccination.

What is of great importance is the ability of the ImmunoBody® vaccination to generate both a CD8+
cytotoxic and a CD4+ helpercé&ll response. Thiactivation of both Tcell subsets is pivotal for a
durable antitumour response. Immune responskave previously beegenerated in mice using

GM-CSF transfected irradiated B16 melanoma cells injected into the flank, mice were then
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challenged with normal B cells and their responses monitor@dung, Hayashi et al. 1998D4
knockout mice didhot appear to mount an antiumour response and died after a similar amount

of time as mice that didot receive vaccination witB16GM-CSFinterestingly CD8 knockout mice
managed to mount an antumour response with around 40% of mice surviving long term, in
comparison 70% of wittype mice displayed long term survival following tumour challefitieng,
Hayashi et al. 1998)These results overturn the previously held dogma that CD8ell are
responsible for tumour rejection. Thl and Th2 CD4elper cells appear to be required for tumour
NE2SOGA2y | a SOARSYOSR ddlat (Tha & the thddur hgllénge skefin L C
CD4 competentmicdK SaS OeiG21AySa 6SNB o6aSyid Ay GKS /
ILl-4 impaired the tumour protection granted to mice provided by the E&M-CSF vaccination
(Hung, Hayashi et al. 1998)h1 and Th2 cells can both initiate CTL immune responses, via cell
surface molecules or secretion of cytokines. Th cells themselves can also induce tumour cell death
via the binding of Fas ligand on their surfacghe Fas receptor on tumour cells. Interferon gamma
release by Th1l cells has been shown to activate tumour macrophages resulting in increased super
and nitricoxide production necessary for tumour cell killiggnuton, Disis 2005)Ih2 cells can also
activate eosinophils that help to eradicate tumour cellsese findings suggest that Célls do

not just function within the adaptive immune system, they also exert their effects on the innate
immune system to bost anti(i dzY 2 dzNJ A YYdzyAdeéd ¢Km OStfa aSON
the immunoproteasome improving antigen presentation by antigen presenting €eitsimproved
antigen presentation can result in the promotion of subdominant antigens improving tumou

recognition and preventing the development on antigen escape var{#mstson, Disis 2005)

Previous immunotherapeutic approaches for GBM have provided lacklustre results with many
vaccine therapies failing at pie Il clinical trial As a result combinatorial immunotherapy is being
heralded as the future of GBM immunotherapy. In order to fully gain the benefits from the anti
tumour immune response generated by immunotherapy several other types of therapy can be
combined with active immunotherapy to boost the response. Traditionally chemotherapy has been
considered immunosuppressive with leukopenia being a common side effect of temozolomide
chemotherapy. It is believed however that chemotherapy induces immunogeii death with
increased dendritic cell recruitment and expression ofstimulatory molecules. Chemotherapy
also leads to an increase in prdlammatory cytokine and a reduction in the number of regulatory
T-cells within the tumour microenvironmentaiotherapy can also synergise with immunotherapy

by leading to ugregulation of immune catimulatory molecules and MHC class | molecules.
However, it is important to note that there are also some negative side effects of these chemo and
radiotherapeuticapproaches such as increasedPm SELINB&&A2Yy YR ¢ DCI
(Derer, Spiljar et al. 2016, Zhang, M., Kleber et al. 20A%)a result of these potential down sides
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it may be necessary to investigate alternative chemotherapeutic regimes such as low dose
metronomic chemotherapy when combining these therapies with immunotherapy-akgfiogenic
therapy is one of the few appred therapies approved in GBM with the aWiEGF antibody
bevacizumab receiving FDA approval for the treatmei@BM(Cohen, Shen et al. 2008JEGF has
previously been shown to have an immunosuppressive effect Wittenhancement of regulatory
T-cell activity and induction of the apoptosis of cytotoxicells. Since VEGF has immune inhibitory
activity it would make sense to combine bevacizumab with immunotherapy, vwhatore
bevacizumab is already approved in thBNG setting to annexing it with novel therapies makes
sense when translating into the clinic. In the GBM setfmgdopepimut (EGFRvKLH peptide)
vaccination has been combined with bevacizumab, this combination was shown to generate a
longer overall surival when compared to bevacizumab alo(Reardon, Gilbert et al. 2015)
Another approach is to combine numerous immunotherapeutic modalities together such as active

vaccination combined with immune checkpoint blodka

4.5. Conclusion
Dual SCIB1 and \WITimmunoBody® vaccination generates an equivalentBRE2 and antWT-

1 response to when the vaccines are administered singly. The targeting of numerous tumour
antigens enables a large variety of cells withinteéerogeneous tumour population to be targeted
preventing potential tumour immune escape. Unfortunately, due to the highly immunosuppressive
nature of GBM immunotherapy alone is not enough to treat and potentially cure the disease; as a
result, combinatol immunotherapy needs to be explored. Combining the dual ImmunoBody®
vaccination with checkpoint blockade would make the most sense, this idea will be explored later
within this thesis. These analyses reveal that the ImmunoBody® vaccination results in N8 S |
FNRY FOGAQGIGSR &aL) Sy20ei(iSax LCb: KlFa Ylyeé &
AYGiSNBad G2 SEFYAYS 6KIFIG AYYdzyS | daAYSyiGAy3

=< Q)

N>

multiforme.

156



CHAPTER IMMUNE ESCARECHANISMS EMPLOYBYDGLIOBLASTOMA
MULTIFORME IN RESBENO IMMUNOTHERAPY

5.1. Introduction
Upon activation by immune therapy such as antigen specific vaccine, immune cells, specifically T

cells and NKells release pleiotropic cytokines such as intll®y I YY I exért€many) © L
effects that alter the immune system, some of these can be immune stimulatory and some can be
AYYdzyS AYyKAOAG2NE® LCb: SESNI& Ada STFFSOGa
LCb' wm | YR L Cbwnstraan pathayd sich@as tfeIBKRT, PIBKKFMTOR and
MEKERK pathway. These pathways affect numerous processes within cells contributing to the
LI SA 2 (0 NP LIA (Boghm|iKéjBet &2 FO9M) @ bC'bnot juik ex8rtits effects on immune

cells it can also act upon native tissues within the bdthjs is due to the abundant expression of
GKS LCb! NBOSLIi2NI gAGKAY G(KS KdzYty o62Reé® ¢ dzy
that they willalsobe®BF SOGSR 6@ Fy LCb! NAOK SYy@ANRYYSy
of the immune response, originally thought of as an-aithl agent; further research revealed that
LCb!: SESNISR I K2aid 2F Ylyeée 2iKIMNuSesEEDAS | 1
LINBGA2dzat e YSydAz2ySKRAT pathway, & gathwad oinBanly activated Wy Y
Oe (21 Ay Bnilidg td i6 lreceptor leads to its dimerization, which in turn, induces its
phosphorylation and subsequently the activation of M8 Y& > g KA OK GKSy LIK2:
f SFRAY3 G2 GKS -Hpddivérdi Thes¢ hotddimérsithem shiittle to the nucleus
where they bind to specific DNgequences known as gamma activated sites, initiating transcription

of specific genesknown asgamma responsive geneBoehm, Klamp et al. 1997Many
immumoregulatory genes such as those encoding cell signalling chemaokines and inhibitory proteins
such as macrophage inhibitory protein as well as immune stinmgjatiolecules such as the MHC

moleculegMcLaren, Ramiji 2009)

LCbh' KIF& 0SSy dzaSR Ay GKS OftAyAOrt aSddaiay3a i
anti-GBM effectdn vitro reducing adhesion and ingen of malignant glioma cells. The induction

2F LCbs AYy (GKS GdzyY2dzNJ YAONRSYQBANRYYSyYyld OGAlL |
TOStt AYFAELGNIGAZ2Y AY | Ydz2NAYS Y2RStf 2F D. a
expression on tumour dis (Ehtesham, Samoto et al. 200All these changes point towards a
LRGSYGAlFt GKSNILSdZiAO NRtS FT2NJ LCb: K28SOSN.
provided lacklustre result®kura, Smith et al. 2019) wSO2 Yo A Yyl yid LCb+ 41l &
surgical cavity of newly diagnosed high grade glioma patients. No noticeable toxicities were
204SNISR K28gSOSNI 0KS YSRALIY & dzNIDAwedks I@sFthan K S
patients treated via conventional methods (41 weeks vs. 52 we@leskkila, Jaaskelainen et al.
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19940 LCb! Kla 688y akKz2s¢y (2 068 dzZLNB3IdzA F SR A
expret A2y YR GKSNBT2NB AYLNROSR FydiAadasSy LINBas
PDL1 potentially counteracting the increased antigen presentatiomu, V. F., Yang et al. 2012)

This upregulation of immune\ y KA AGAY 3 FI OG2N& O2dzZ R SELX | A\
the GBM setting.

Indoleamine 2, 3lioxygenase (IDO) is an immunoregulatory enzyme that catabolises tryptophan
into numerous bioactive catabolites. It is important to note that IDO exgioesisalsoinducible by
LCb!: SELR&dINB® L5h KlFIa 0SSy &aKz2eéy G2 oS SEL
contribute to tumour immune tolerancdt is also important to note that antigen presenting cells
themselves can also express IDO and th&y also be a mechanism by which tumours induce
immune tolerance. Macrophages and dendritic cells expressing IDO have been shown to reduce the
proliferation of Fcells and tumour cells transfected with the IDO gene have also been shown to
have the same ééct (Munn, Mellor 2004)IDO expression in patient tumours was shown to result

in decreased survival when compared to patients whose tumours had lower IDO(\&'aédsvright,
Balyasnikova et al. 2012)DO expression levels seem to correlate with tumour grade, with grade 4
GBM tumours expressing much higher levels of IDO compared to lower grade gM/aiaw/right,
Balyasnikova et a2012) Murine models helped to reveal that tumour derived IDO as opposed to
peripheral IDO results in a reduced survival and increased regulatogyl Tecruitment to the
tumour sites in murine models of GBM. Not only did tumour derived IDO incregstatery T cell
recruitment but it also led to fewer CD8-cells within the tumour infiltrating lymphocyte

population(Wainwright, Balyasnikova et al. 2012)

One important immune modulating catabolite producdyy IDO which, induces tryptophan
degradation, is kynurenine (sdggure 3). This kynurenine induces naivecdlls to differentiate
into regulatory Tcells and increase their activitié®landi, Vecsei 2012)n addition the depletion

of tryptophan by IDO prevents the clonal expansion of antigen speeaigdd.
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Figure39. A schematic representation of tryptophan catabolism and the enzymes inviidé@d.
indoleamine 2,3lioxygenase TDO= tryfwphan 2,3dioxygenase, KMO= kynurenine- 3

monooxygenase, KYNU= kynureninase, QPRT= Quinolinate phosphoribosyltransferase.
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This is why many researchers have come up with ways to inhibit IDO, one of the most commonly
used IDO inhibitors is-thethyktryptophan (1MT). The use of 1IMT has been examimeditro
(Miyazaki, Moritake et al. 200@)nd in preclinical murine GBM mode(&i, M., Bolduc et al. 2014,
Hanihara, Kawataki et al. 2016)hese analyses reveal that blockade of IDO wiMT1with
standard therapy conveys a survival b&ha mice harbouring GBM tumoucki, M., Bolduc et al.

2014, Hanihara, Kawataki et al. 201Bjomising prelinical results have resulted in clinical trialling

of IDO inhibitors in GBM patients twifive clinical trials involving IDO blockade being listed on

clinicaltrials.gov at the time of writing.

Not only does IFNinduce the expression of IDO it also increased the expression of MHC class |
moleculesAs well as increasing classical MHC cl8sSs LINS & &8 A2y LCb: Ol y | f 2
non-classical MHCI molecules such as-Hlad HLA. These nowlassical MHC clasgroteins

have immunosuppressive activities that enable tumour immune escape by inducing resistance to
NK and CTL mediatddA f ft Ay3d LYRSSRX LCb:' KIa Liegugivre dza f
of HLAE on acute myeloid leukaemia blasts which prevented their lysis by NKNmgilgen, Beziat

etal. 2009 L Cb: KI & [ofingreasedtt® SxpresiidhdidHEAYIGBM sterells and

this helped protecting them from NK cell ly§i&olpert, Roth et al. 2012HLAG has previously

been shown to be expressed by some GBM cell lines and expdstre L Cb ! Sy Kl yOSF
expression which then protected GBM cells from cytolyielT activity(Maier, Geraghty et al. 1999,
Wiendl, Mitsdoerffer et al. 2002)

LCb! AYRdzO$5& 3obddth& geads klyasrdcFophagihBibitory proteitMcLaren,
Ramiji 2009)PDL1 and PRL2(GarciaDiaz, Shin et al. 2019)

that can affect tumour cells and stromeglls in the microenvironment promoting a potentially
immunosuppressive microenvironment. In the immunotherapy setting interferon gamma can be a

YR2 BRAS RQ & ¢ 2 NRimdund dad soraevasimniwiheReffects observed.

5.2. Aims and hypothesis
The wo vaccines used in this study generatedells thatg SNBE aK2gy (2 LINRRd

responses upon exivo incubation with the vaccinderived peptides(See chapter 4). It was
GKSNBEF2NE AYLRNIFIyG G2 FadaaSaa (&K usedas Sa@ets 2 F

against vaccinenduced Tcells.

5.3. Results
5.3.1. Analysis of CD119 expressiarGBM cell lines
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¢KS FAY 2F GKA& OKI LI SNI 6| selectedGBM targe celis (SEBTA S -
027 and SR88, due to their expresen of both TRR2 and WT1) and therefore it was necessary to
O2yFANY (KIG GKS& SELINBaaSR (GKS NBOSLIIi2N F2N
stained with the antCD119PEconjugated antibodglearly shows that both the cell linetudied
SELINB&& G(KS /5mMmMd &dzodzyAd 2F GKS LCb: NBOSLI
i2 LCb' ®
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Figure40. Representative flow cytometry histograms@D119 stainingf A) SEBT827 B) SE88

cells, the red peak represents stained cells and the green peak represents unstained cells.
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5320 ¢KS SFTFFSOGAa 2F L Cb: the2SF188id0é SEBM™7dzy S
glioblastomamultiforme cell lines asdetermined by flow cytometry

/] Stfta 6SNB GNBFGSR 6 A0 KHLAE HLAG, pagMTHI[iF&sE NRBLIafddi S NJ
the costimulatory molecule€£D80, CD86, MICA/B and CD40. Flow cytometric analysis revealed an
increase in the number of SkB8cells that stained positive for HIA HLAG and CD40. CD40 and
HLAG which increased significantly in tileS LISY RSy i YI YYSNE 6AGK Ay
resulting in an increase in the percentage of cells positive for these antiGens€41and42). It

is important to note that no change was seen in the percentage of cells that stained positive for
HLAA, B,CandRDM 0SSOl dzaS (KSasS OStfa INB IfNBIFERe ™
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" |SF188 stained IFN 48h 00043437 185 HLA-G
[ |SF188 stained IFN 24h 00043436 184 HLA-G
[ ]SF188 stained ctrl 72h 00043435 183 HLA-G
" |SF188 stained ctrl 48h 00043434 182 HLA-G
[ ]SF188 stained ctrl 24h 00043433 181 HLA-G

Marker %Gated X-Med

[ ]#1 95.36  2.49
[ 1#1 87.17 1.79
(] #1 86.07 1.88
[]#1 58.47 1.34
[ ]# 47.43  1.32
[]# 57.90 1.37

" |SF188 stained IFN 72h 00043438 186 PD-L1
| |SF188 stained IFN 48h 00043437 185 PD-L1
[ |SF188 stained IFN 24h 00043436 184 PD-L1
[_]SF188 stained ctrl 72h 00043435 183 PD-L1
_|SF188 stained ctrl 48h 00043434 182 PD-L1
[ ]SF188 stained ctrl 24h 00043433 181 PD-L1

Marker %Gated X-Med

[T#1 99.63 20.10
K 99.77 22.68
[ #1 99.12 20.14
[ #1 98.18 2.72
[ # 98.12  2.96
[ #1 97.49 3.63

| |SF188 stained IFN 72h 00043438 186 CD40
| |SF188 stained IFN 48h 00043437 185 CD40
[ ISF188 stained IFN 24h 00043436 184 CD40
[_]SF188 stained ctrl 72h 00043435 183 CD40
| |SF188 stained ctrl 48h 00043434 182 CD40
[_]SF188 stained ctrl 24h 00043433 181 CD40

250

200

150

100+

504

10'

10%

 Marker %Gated X-Med
(] #1 76.05 1.58
[ ]# 56.00 1.37
(] # 52.76  1.39
HE3 10.96 1.16
[]#1 7.43  1.16
A W E ) 10.72  1.18

| |SF188 stained IFN 72h 00043438 186 HLA-A,B,C
_|SF188 stained IFN 48h 00043437 185 HLA-A,B,C
[ ]SF188 stained IFN 24h 00043436 184 HLA-A,B,C
[_1SF188 stained ctrl 72h 00043435 183 HLA-A,B,C
| |SF188 stained ctrl 48h 00043434 182 HLA-A,B,C
[ ]SF188 stained ctrl 24h 00043433 181 HLA-A,B,C

Marker %Gated X-Med
C]# 99.97 190.97
E:; 99.99 120.32
[]# 99.99 118.45
O# 100.00 62.99
[ 100.00 57.81
O# 99.98 61.82

165



| |SF188 stained IFN 72h 00043438 186 CD86
SF188 stained IFN 48h 00043437 185 CD86
[ |SF188 stained IFN 24h 00043436 184 CD86
[ ]JSF188 stained ctrl 72h 00043435 183 CD86
SF188 stained ctrl 48h 00043434 182 CD86
[_|SF188 stained ctrl 24h 00043433 181 CD86

Marker %Gated X-Med

— L] #1 0.01 1.07
#1) #1 0.00 N/A
(] #1 0.00 N/A
(] #1 0.00 N/A
E 0.00 N/A
e o o w L# 0.00 N/A

Figure41. Representative flow cytometry histograms ofIFNI y R O 2 y (i IM&SF188iesllsi NS |
The red peak represents 24hr control cells, the green peak represents 48hr control cells, the blue
peak represents 72hr control cells, the purple peak represents cells treatdffMith ¥ 2 NJ Hn K
the orange peak represents cells treated wiN  #&hhUrs and the light blue peak represents
cellstreatedwitHFN  F2NJ TH K2dz2NAE® ¢KS AL 4GS Aa aKz2gy 2\
median fluorescence intensity-(xed) are shown alongside each pl).MICA/B B) FasL C) CD80 D)
HLAE E) HA-G F) PR.1 G) CD40 H) H¥B,C 1) CD86 staining
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A) % HLA-E B) % HLA-G c) % CDA40

10 —_— 150 — 150
x - ® SF188 Cul
g 8 L) @ 2 sk v SF18824H IFNg
£ g 100 e 100 sk X * SF188 48H IFNg
I3 0 w — —r
2, 2 . & 2 . S * - SF188 72H IFNg
) 2 »
s 3 £° 3
8 2 -+ 8 50 8 s0
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2. T 1] 1] T
% i<
& & &
o o ale

Figure42. Percentage of cells positive for cell surface expression of AR B)LANLA C) CD40 after
HnZny YR TH K2dzNB SELR adz2NBn diRn MSC bp i’ ftp FIOKA D
relative to control as deemed by aesidt @ ! bh+! F2f { 2-koStBst. B=2B. Thaz] S &
control group is composed of control cells that had norcaahosine free GBhedia on them for

24, 48 and 72 hourshese controlsvere grouped as the time difference was not deemed to have a

significant effect on antigen expression
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| 26 SGSNI 6KSy t221Ay3 G GKS YSRAL-Y88 deliscdreleat a O
increase in the surface expressiohPDL1, HLAE, HLAG, HLAA, B, C and CD40 was dectected.
Similar to HLA/-G/and CDA40 this increase was time dependant with increased exposure time to
LCbhb: NBadzZ Ay 3 AY -shifacF eighdssos bithasy anhgdmsgurs43)ALYC bO S §
treatment did not alter the celsurface levels of the FasL, MICA/MICB, CD86 and CD80 (data not
shown). In order to verify that the changes observed afteE b @ S ELJR & dzNB | NB Rd
just an effect that naturally occurs over time the cell surfagpression was observed for cells that

6 SNB 3 NP 6 y-mddia fol2€, 48 andF7REbErs, the results are shown below.
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A) PD-L1 MFI B) HLA-E MFI C) HLA-G MFI
30 — — 15 : 8
————————— - * *
S % : i : Npr Ay - 1
a0 il g 1.0 . 6
E £ o5 L 4
10-
& " o T } 4
0 T 0.5 T 0 T
" © o
& o o
@3\ Q\Q~ «\Q*
L «
D) HLA-A,B,C MFI E) CD40 MFI
- 5 *
600 N * - e SF188Ctrl
4 v SF18824H IFNg

SF188 48H IFNg

400 3 .
E E , SF188 72H IFNg
200 I
== } ! 1 =
- -+
0 0 ,
& 5
¥ &
& ~
Q\
Y

Figure43.a SRAI Y Ff dz2NBaOSy O0S Ay 9488xdldin) PDNB)HEAE Q)a
HLAG D) HLA, B, C E) CD40. ****=#0.0001,*= P {J0.05relative to control as deemed by a
lbhx! T2 2hbSdést. N=&3. Thelzbrfrd @déup is dmgped of control

cells that had normal media on them for 24, 48 and 72 holing increase in MFI indicates an

oneg | &

increase in the number of molecules present on the cell surface.
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Analysis of cells cultured in normal media reveals that the changes HEHHBAG, CD40, RD1
and HLA > . ~ / SELJNBééAZV 203SNIISR AYy LCbhb! 0 NB |

temporal changes that may occur in cultured cells Seeres44 and45).
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A) Ctrls HLA-E % cells positive B) Ctrls HLA-G % cells positive Q) Ctrls CD40 % cells positive

0.03 100 80
e SF188 24h Ctrl
£ 002 . g & 2 g = SF188 48h Cil
z 7 = A SF188 72h Cl
2 g g -
o oot 2 2w
5 T 4 3
(& [5] 0
s 0.00 . —ana— Ala = 20 s 20
201 . 0 i 0 .
& o »
o
%"? é\}" °\_c;

o o

Figure44. Percentage of cells positive for cell surface expression of A B ALA C) CD40 after
HnX ny YR TH K2dzZNE 3 NERthmmiildcked IFN Therdl halignifieadt2 y G N
difference between any of the conditions as deemed by asohe2 ! bh+! F2ff 24SR

hoc test. N= 3.
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Ctrls PD-L1 MFI Ctrls HLA-E MFI Ctrls HLA-G MFI

A) B) )
6 1.57 2.0
1.0 . A 1.84 .
_ “ * _ 1.5
= L o054 g
2 1.44 35 AN
0.0 ——— 124
0 0.5 1.0 .
o % ©
& & N
« & &
D) Ctris HLA-A,B,C MFI E) Ctrls CD40 MFI
: 1.2-
100 ® SF188 24h Chrl
804 114 m SF188 48h Ctrl
= A SF188 72h Ctrl
604 _ 1.04
i [
% | =
= 0] 0.9 E
Al
20 0.8
0 0.7 .
o° &
5 &
R «

&

Figure45. Median fluorescence intensity results forlBB cells grown in normal media for 24 4

and 72 hours A) RDL B) HLA C) HL& D) HLA\, B, C E) CD40. There is no significant difference
between any of the conditions as deemed by agrie@ ! bh +! T2 f 2h0Qdt. NF@ ¢ «
3.
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Due to the changes observed in the T8 cell lines it was decided to also analyse the SEBTA
OStt tAYS | FGSNI LCb: SELRAadINB® {SSAy3a | a GKS
LCb: SELIRadNB Al ¢ &02R&IHBXoRShAursiitie cliahgBslobisenie& e { ¢

detailed inFigure 4 andFigure & below.
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A) B) C)
SEBTA-027 % HLA-AB,C SEBTA-027 % PD-L1 SEBTA-027 % CD86
105 105 x 30 x
® SEBTA-027 72h Cirl
£ 100 ¢ m  SEBTA-027 72H IFNg
100 = — £ 20
e § g
2 2
95 B j—o_r 810
= 90 =
90 . g5 . 0 - ‘
< N ©
" o
_V‘? QQ"" «®
& N o

Figured6. Percentage of SEBDA7 cells positive for cell surface expression of AARWDL1C)
CD86after 72 hours exposure to IBN *= P{J0.05 relative to control as deemed by a paireest.

N= 3.
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The percentage of RDL and CD86 positve SEBTAT OStfa AYyONBlFasSa |-
exposure. As mentioned previously{Dis immunosuppressivieoweverCD86 is a estimulatory

molecule that is required for-Gell activation.
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A) SEBTA-027 HLA-A,B,C MFI B) SEBTA-027 PD-L1 MFI

20 —_— 25+ —_—
e SEBTA-027 72h Ctrl
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Figure 47. Median fluorescence intensity results for SEGTA cells positive for cell surface
expression of A)HLAB,CB)PDLI F G0 SNJ T H K2 dzZNBE SloPrélalzed® canttol L Ct
as deemed by paired Fest. N= 3.
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In the SEBTR27 cell line much like the 8B8 cell line the cell surface expression of MHC class |
(HLAA,B,C)andPPm Ay ONBI aSa | FGSNJ LCb' -ESHEADAM @DB © ¢
did not change inlte SEBT-A27 cell line (data not shown).

¢tKSaS FAYRAYy3IaA akKz2¢g GKIG SELR&dZNB 2F D.a OSft
stimulating (CD40, MHC class | and CD86) and imimwargion markers (HE@, HLAE and PEL1)

on the surface of theseells. The two main markers that are upregulated are MHC class | and PD
[Mm Ay o02GK OSff ftAySas (GKAaa Aa G2 oS SELISOGS

5.3.3. Expression of IDOLNC kreated GBM cell lines and measurement of IDO activity

TheSF188 and SEBT#R7 cell lines were treated with interferon gamma for 24, 48 and 72 hours
and the change in expression levels of IDO was measured using Western blatirsgated
previously these cell lines are being further probed due to their anteygression profile (detailed

in chapter 3) and relevance to the immunotherapeutic approach. Both cell lines revealed that
treatment with L C Imédluces the expression of IDO which continues to increase with increased

exposure time (SeEigure 8).
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Figure48.¢ KS STFS0G & 2 F ekpiebsion ofIBQIBFA88zAB SEBTER7 el fnes

as measured byVSa i SNy of2GdAy3Id 1 0 wSLING-488 \ells. BRA O S
vdzy I GAFAOI (A 2 yl8®bbtsukir® bmaged o8viaré t detefmide the IDO expression
relative to the vinculin loading contdl / 0 wWSLINBaSy Gl (A @3S -057fcesi D)F 2 N,
vdzy F GAFAOF A2y 2627 hio®hbsing lindgBll sofvéte t§ Betegnine the IDO
expressia relative to the vinculin loading contrdll’ o FFFFI t XndnnnmI FFF
FP t XKnonp FasRESYER:+baT2t BBt 608 ¢d7l S2Qa |

353
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The increase in IDO protein expression does not always mean that the ¢amabbltryptophan
into kynurenine is also increased, therefore levels of kynurenine within the culture media of the

LCb' (BRIB8-aidSRBTR7 cell linesvas also measured, the results are showRigure 4.
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Figure49. Kynurenine concentration in A)-838 cell culture media and B) SEBPAX cell culture

YSRAIF FFGSNIHNZ ny FYR TH K2d2NE Ay yY2NXIf O2
60t O1 aldad NBaodrpflot fpKppAnmIXpphnnmXndnam |
F2f{f26SR 08 {ARIF{1Qa YdzZ GALX S O2YLI Nrhaz2ya GSa
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