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Abstract

Djevdet Sarper Ahmet

Targeting the formyl peptide receptor 1 for treatment of glioblastoma
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Background and Aims Gliomas account for over half of all primary brain 

tumours and have a very poor prognosis, with a median survival of less than 

two years. There is an urgent and unmet clinical need to develop new 

therapies against glioma. Recent reports have indicated the overexpression of 

FPR1 in gliomas particularly in high grade gliomas. The aim of this project was 

to identify and synthesise small molecule FPR1 antagonists, and to 

demonstrate a proof of principle in preclinical in vitro and in vivo models that 

small molecule FPR1 antagonism can retard expansion of glioma.

Methods A number of small molecule FPR1 antagonists were identified by 

in silico design, or from the literature and then were prepared using chemical 

synthesis. FPR1 antagonists were evaluated in vitro for their ability to abrogate 

FPR1-induced cellular responses in a range of models including calcium 

mobilisation, cell migration, and invasion. The efficacy of FPR1 antagonist 

ICT12035 in vivo was assessed in a U-87 MG subcutaneous xenograft model.

Results Virtual high throughput screening using a homology model of 

FPR1 led to the identification of two small molecule FPR1 antagonists. At the 

same time chemical synthesis of two other antagonists, ICT5100 and 

ICT12035 as well as their analogues were carried out. The FPR1 antagonists 

were assessed in calcium flux assay which gave an insight into their structure-
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activity relationship. Further investigation of both ICT5100 and ICT12035 

demonstrated that both small molecule FPR1 antagonists were effective at 

abrogating FPR1-induced calcium mobilisation, migration, and invasion in U-

87 MG in vitro models in a dose-dependent manner. ICT12035 is a particularly 

selective and potent inhibitor of FPR1 with an IC50 of 37.7 nM in calcium flux 

assay. Additionally, it was shown that the FPR1 antagonist ICT12035 was able 

to arrest the growth rate of U-87 MG xenografted tumours in mice.

Conclusion The results demonstrate that targeting FPR1 by a small 

molecule antagonist such as ICT12035, could provide a potential new therapy 

for the treatment of glioblastoma.
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1. CHAPTER 1: An introduction 

to glioblastoma and the formyl 

peptide receptor 1
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1.1.  Introduction

Malignant glioma, the most common sub-type of primary brain tumour, is one 

of the deadlier human cancers. High-grade malignant gliomas are fast 

growing, neurologically destructive, invasive and patients suffer from a very 

poor prognosis. Current treatments include cytotoxic chemotherapy, 

radiotherapy, and surgery either on their own or in combination. However, 

despite even the highest levels of treatment intervention (tumour resection, 

radiotherapy and concomitant chemotherapy), the patients diagnosed with the 

most aggressive manifestation, Glioblastoma Multiforme (GBM) have a 

median survival time of just under 14.6 months.5-8 The dismal prognosis of 

these tumours is due to their ability to diffusely infiltrate into surrounding brain 

tissue. Many individual tumour cells are able to infiltrate normal brain 

parenchyma escaping therapeutic interventions such as neurosurgery, 

radiation and chemotherapy and it has even been suggested that a single 

tumour cell remaining after treatment, would be able to initiate new tumour 

growth.5, 8-10 Therefore, new and more efficient therapies are urgently needed.

In this chapter, an overview of glioma and currently available treatment 

modalities will be covered, and the evidence from the literature that supports 

the hypothesis linking necrosis and the formylpeptide receptor axis to the 

malignancy of gliomas will be provided.
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1.2. Cancer

Cancer is one of the leading causes of death in developed countries. In 

2015-2017, in the UK alone, there were 367,167 new cases of cancer 

diagnosed and 164,901 deaths from cancer.11 Cancer is not just one disease, 

but a name given to a group of related diseases. In all types of cancer, the 

disease is characterised by uncontrolled cell division. Under normal 

circumstances, when cells become old or damaged, they would die and be 

replaced as needed. With cancer however, this process breaks down. Old or 

damaged cells end up surviving when they should die, and new cells form 

when they are not needed. The complex mechanisms underpinning the 

transition from normal cell to cancer cell to tumour/malignancy has been 

previously rationalised into a selection of traits recognised across all cancers. 

These “Hallmarks of Cancer” were first articulated by Weinberg and 

Hanahan.12 The six original hallmarks encompassed sustained proliferation, 

the evasion of growth suppressors, activation of invasion and metastasis, 

enabling replicative immortality, inducing angiogenesis, and resisting cell 

death.12 Since publication of these original hallmarks, our knowledge of cancer 

biology has been further expanded, and so have the hallmarks to include two 

new enabling characteristics; genome instability and mutation, and tumour-

promoting inflammation.13 Also, two emerging hallmarks have been 

recognised, deregulation of cellular energetics, and avoidance of immune 

recognition/surveillance.13 

Treatment of cancer involves a multidisciplinary approach with teams of 

surgeons, radiotherapists and oncologists working towards a single goal. 

Surgeons will remove the bulk of the tumour and where possible resect 
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enough tissue to give a clear border of cancer free cells, though sometimes, 

tumours may be inoperable due to location, or cancer cells might be missed 

due to invasion or micro metastasis. Radiotherapists use high energy radiation 

sources to cause DNA damage to the cancer cells and elicit cellular death as 

a result. Chemotherapeutic agents are cancer drug therapies used to treat 

broad ranges of cancer. In the First and Second World Wars, soldiers exposed 

to mustard gas experienced decreased levels of leukocytes, this observation 

led to the use of nitrogen mustard as the first chemotherapeutic agent to treat 

lymphomas in 1943.14 Following on from the development of alkylating agents, 

the dihydrofolate reductase inhibiter methotrexate was discovered, which in 

1948 successfully showed leukaemia remission in children.14 The drug 5-

fluorouracil (5-FU) was developed for the treatment of solid tumours in the 

1950s and still remains an important chemotherapeutic agent against 

colorectal, breast and head & neck cancers.14, 15

There have been significant advances made for treatment of cancers such 

as leukaemia, lymphoma, prostate carcinomas, low grade breast cancers. In 

these cases, earlier detection of cancer leads to even better survival rates.14 

The response to current therapies for lung, high grade breast, colorectal, 

pancreatic and high-grade neurological cancers remains poor and is often 

used to prolong life instead of curing the disease (palliative care).14 

Chemotherapeutics often give rise to toxicity in normal tissue, limiting the 

dose that can be used, and chemoresistance develops in the cancer causing 

the drugs to ultimately fail to reduce mortality rates. As our understanding of 

the underlying biology of these cancers and chemoresistance mechanisms 

broadens, so does the approach to treatment modalities. The need for new 
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therapies that selectively target cancer cells over healthy tissue and avoid drug 

resistance is widely recognised. Novel therapeutics that target the vital 

hallmarks for cancer survival and progression are being developed along with 

improved drug delivery methods, surgical techniques, and combination 

therapies. 

Necrosis is an important hallmark for some aggressive cancers, and 

associates with hypoxia, inflammation, and angiogenesis responses.16-18 

Hypoxia refers to a substantial and non-transient drop below physiological 

level of oxygen and is common in many malignant tumours. Hypoxia occurs 

due to inadequate blood supply. This is the result of the increased distance 

that oxygen must diffuse due to rapid tumour expansion and dysregulated or 

dysfunctional vascularisation.19 Hypoxia leads to a number of phenotypic 

changes in cells. For instance, it is suggested to lead to acquisition of epithelial 

to mesenchymal transition phenotype, increasing cell mobility and 

metastasis.19 Hypoxia can also affect cancer cell metabolism and contribute 

to therapy resistance by inducing cell quiescence. 19-21 Furthermore, hypoxia 

and necrosis have been increasingly associated with tumour stem cell 

populations and tumour invasion and are both poor prognostic markers of 

patient survival.16, 19, 22-24
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1.3. Glioblastoma

Gliomas were thought to be cancers of the glial cells. Glia surround and 

support neurons in the central nervous system (CNS) and outnumber them by 

3 to 1. The glial cells are subdivided, based on their function, into astrocytes, 

oligodendrocytes, and ependymocytes (Figure 1).

The cell of origin of gliomas remains a topic of controversy and debate 

in cancer research.25-28 The cell of origin refers to the “normal” cell that 

develops the initial cancer promoting genetic traits. In several cancers, the 

cells of origin are suggested to be immature, proliferating cells and this is 

demonstrated in animal models of colon, breast, lung, and other cancers.29 

Evidence supports the idea that neural stem cells (NSCs), oligodendrocyte 

precursor cells (OPCs), and NSC-derived astrocytes could be the cells of 

origin of glioma.25-28

Figure 1 A cartoon depicting the arrangement of glial cells around a neuron.30

Gliomas are the most frequent primary brain tumours and despite decades 

of research into the area, prognosis remains bleak. The World Health 

Organisation (WHO) classifies gliomas into four grades of malignancy, based 

primarily on the histology of excised tissue. Grade I apply to neoplasms of low 
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proliferative potential with a possible cure following surgical resection.9 Grade 

II neoplasms are generally of low proliferative levels with some infiltrative 

activity. They often recur after treatment and tend to progress to higher 

grades.9 WHO grade III denotes tumours with histological evidence of 

malignancy, including nuclear atypia, vigorous mitotic activity and high 

angiogenic activity.9 The designation WHO grade IV, also known as 

glioblastoma multiforme or GBM, refers to cytologically malignant, mitotically 

active, necrosis prone neoplasms demonstrating an aggressive proliferative 

and infiltrative capacity with high levels of vascularisation.9 At this stage the 

cancer shows high levels of heterogeneity, with regions of pseudopalisading 

necrosis and haemorrhage (Figure 2), pleomorphic nuclei and cells, and micro 

vascular proliferation.5 The cancer is genetically heterogenous with multiple 

gene deletions, amplifications and point mutations.5 Unfortunately, GBM, the 

most aggressive grade IV neoplasm, is also the most clinically observed 

glioma/astrocytoma with an incidence of 3-6 in 100,000. 6, 7, 9  

Figure 2 An example of pseudopalisading with necrosis of neoplastic cells in a GBM31 

Most patients diagnosed with GBM do not survive past a year and 

essentially none have long term survival prospects with a median survival at 

the time of writing of under 14.6 months. Only 25 % of patients diagnosed with 

GBM survive more than one year and 5 % of patients surviving more than 5 
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years.32 Due to this, more and more intricate and creative therapies for GBM 

have been proposed over the last half-century.

1.3.1. Clinical presentation of glioblastoma

The clinical history of patients diagnosed with GBM is generally quite short 

(<3 months in ~50 % of patients).33 The common symptoms that lead to a 

patient seeking further help, and henceforth diagnosis, can include general 

symptoms of intra cranial pressure such as headaches, nausea, vomiting and 

cognitive impairment.33-35 The patients could also present with slowly 

progressive neurological deficit, usually motor weakness.35 Neurological 

symptoms could also be more focal and reflect the location of the tumour 

including but not limited to visual impairment, sensory loss, hemiparesis and 

aphasia.35 Initial diagnostic tools can include a computed tomography (CT) or 

magnetic resonance imaging (MRI) scans.36 Imaging by magnetic resonance 

imaging (MRI), grade II and III astrocytoma demonstrate hyper intense T2-

weighted signal abnormalities indicating vasogenic-oedema as a response to 

the diffuse infiltration by individual tumour cells (Figure 3A).37 Lower grade 

tumours tend to expand the surrounding brain but show mild or no contrast 

enhancement, suggesting an intact BBB and a lack of necrotic foci.37-39 Growth 

rates of low grade glioma tend to be low with increases in diameter in the range 

of 2 to 4 mm/year.37, 40, 41 The histopathological features of low-grade 

astrocytoma reflect the imaging properties. Glioma cells show diffuse 

infiltration, leading to architectural distortion and oedema.42, 43 As the 

astrocytoma advances through from grade II to grade III, nuclear anaplasia 
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and proliferative capacity increases leading to a more densely cellular tumour 

with a higher level of malignant potential.37, 44

In the transition to GBM, the tumour dynamics drastically change. Radial 

growth rates can accelerate to values nearly 10 time that of grade II 

astrocytoma.37, 40, 41 MRI reveals a central contrast enhancing component 

emerging from within the infiltrative tumour with rapid expansion outwards 

causing a much larger T2-weighted signal abnormality in the periphery of the 

tumour (Figure 3B).37-39

Figure 3 Examples MRI images of GBM. Anaplastic astrocytoma (AA, WHO Grade III) and GBM 
(WHO grade IV) have distinct growth patterns as demonstrated on magnetic resonance imaging (MRI). 
(A) Axial MRI of AA shows expansion of the involved brain and increased signal intensity on FLAIR 
imaging, reflecting the vasogenic edema that arises in response to infiltrating tumor cells (white arrow). 
After the administration of contrast agents, most AAs demonstrate modest or no enhancement resulting 
from an intact blood-brain barrier and a lack of central necrosis. (B) Axial MRI of GBM also demonstrates 
hyperintense regions at the tumor periphery on T2-weighted imaging, indicative of diffusely infiltrating 
cells (white arrow). (C) A distinguishing feature is the emergence of a central contrast-enhancing 
component, which contains a necrotic center and a leading edge that rapidly expands outward (white 
arrow).37 J Neuropathol Exp Neurol | Copyright © 2006 by the American Association of 
Neuropathologists, Inc.

Most importantly for this study are the histopathologic features that 

distinguish GBM from its lower grade counterparts; the occurrence of foci of 

necrosis (Figure 3C) within the tumour mass with evidence of cellular 

pseudopalisades (“Pseudopalisading necrosis”) and the presence of 

microvascular hyperplasia, a form of angiogenesis, morphologically 

recognised as the proliferation of ECs with newly sprouted vessels.45, 46
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1.3.2. Current treatment modalities for glioblastoma

1.3.2.1. Surgery

Surgery is an important modality both for diagnosis (through 

histopathological analysis of excised tissue) and treatment through removal of 

the bulk of the tumour mass. Though effective at removing the bulk of the 

tumour mass and generally improving quality of life for the patient, surgery 

does not provide a definitive cure and is restricted to those tumours that can 

be accessed.8 The diffuse nature of GBM cell infiltration into surrounding 

tissue often makes it difficult to eliminate microscopic disease despite 

macroscopic gross-total resection.47 There is a chance after resection of the 

main tumour mass, for the cancer to recur. 47-50 Studies have shown that about 

80% of GBM recurrence after tumour resection occurs as a continuous growth 

within 2 cm from the border of the original tumour.49, 50 The extent to which the 

tumour is resected may play an important role in the chance of recurrence.49, 

51

Furthermore, complications may arise during the resection if there is 

damage to healthy tissue due to the brain’s limited capacity for self-repair. The 

surgeon must consider location of the tumour and quality of life of the patient 

as to how aggressive they can be when resecting the tumour. Therefore, in 

the case of GBM, a 90 % threshold for tumour resection without compromising 

the functional pathways of the patient is the realistic goal for the surgeon.48
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1.3.2.2. Radiotherapy

In addition to surgery, radiotherapy has been the cornerstone of treatment 

for GBM. For inoperable tumours, radiotherapy can be one of the only options. 

Radiotherapy “kills” cancer cells by focusing ionising radiation on to the cancer 

cells, causing DNA damage resulting in cell death. It is argued that highly 

proliferative cancer cells are more sensitive than the surrounding normal cells 

for DNA damage.52

Radioresistance has been observed in GBM with the theory that hypoxic 

but viable cells within the tumour are less likely to receive lethal damage from 

the radiation. In attempts to overcome the radioresistance in GBM, hypoxic 

cell sensitising agents such as metronidazole have been utilised. The studies 

failed to show any significant improvement in survival time over the 

conventional techniques.53 Higher doses of radiation have been investigated 

to overcome radioresistance. However, due to side effects of radiation toxicity, 

radiation therapy necrosis and oedema, the clinical benefit is insignificant.53, 54

Delivery and type of radiation has been a key area of focus for development 

with improvements in imaging of tumours. The standard of care of radiographic 

characterisation of GBM is magnetic resonance imaging (MRI), which is a 

widely utilised examination in the diagnosis and post-treatment management 

of patients with GBM. Advanced MRI methods are being developed and used 

to further characterise GBM. Methods such as dynamic susceptibility contrast 

(DSC), dynamic contrast enhancement (DCE).55-57The ability to clearly define 

the tumour/normal tissue border (the margin zone) has allowed for a more 

accurate delivery of radiotherapy.54 
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1.3.2.3. Chemotherapy

In attempts to improve the duration of survival, chemotherapy regimens are 

augmented with concomitant adjuvant radiotherapy.53, 58 The main 

chemotherapeutic agent in the clinic for treatment GBM is temozolomide 

(TMZ) a DNA-alkylating agent. TMZ is a prodrug in the sense that it is 

biologically inactive until metabolised in the body to produce the biologically 

active drug. The prodrug activation of TMZ can be seen in Figure 4.

Figure 4 Prodrug Activation of Temozolomide. Under neutral or alkaline conditions, TMZ (A) 
undergoes a hydrolytic ring opening. This gives the first significant intermediate, the open chain triazine 
MTIC (B). This activated intermediate (B) fragments to produce AIC (C) and methyl diazonium ions (D), 
the latter of which then reacts with nucleophilic sites on DNA, causing methylation (E).

 A study published in 2002 investigated the use of TMZ concurrently with 

adjuvant radiotherapy and were able to demonstrate a median survival of 16 

months with the combined treatment.58 However, at least 50 % of patients 

treated with TMZ show no response to the drug, this is primarily down to the 

expression of O6-methylguanine-DNA methyltransferase (MGMT) in GBM 

cells.36, 59 MGMT is a DNA repair enzyme. The cytotoxicity of TMZ is mediated 

by its ability to add methyl groups at the O6 and N7 sites on guanine and N3 

site on adenine in genomic DNA.59 Methylation of the O6 site of guanine leads 

to the insertion of thymine instead of cytosine during DNA replication which 

can lead to cell death; MGMT protein acts to reverse the methylation of the O6 

position of guanine (Figure 5).59
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Figure 5 Temozolomide function and activated DNA repair pathway. Temozolomide (TMZ) is converted 
to 5-3-(methyltriazen-1-yl) imidazole-4-carboximide at physiologic pH followed by degradation to a 
methyl diazonium cation (see Figure 4), which transfers a methyl group to adenine and guanine of DNA. 
The most common sites of methylation are N7-methylguanine (N7-MeG) followed by N3-methyladenine 
(N3-MeA) and O6-methylguanine (O6-MeG). When active MGMT is present, O6-MeG is repaired without 
cytotoxicity. If MGMT is inactive, not expressed or does not have the potential to completely repair the 
methylation of O6-MeG, unrepaired O6-MeG undergoes repair by a cycle of mismatch repair (MMR) 
inducing cell death by causing double-strand breaks (DSB). Incorrect function of MMR leads to amplified 
genomic instability. N7-MeG and N3-MeA are repaired by base excision repair (BER) pathway. If the 
repair is unsuccessful, the alkylated bases cause a replication stall, collapsing the replication fork and 
generating single-strand breaks (SSB) and ultimately, DSBs leading to cell death. There is a possibility 
that the SSB and DSB repair pathways are activated, further diminishing the cytotoxic effects of TMZ.60 
Figure adapted from Complex DNA repair pathways as possible therapeutic targets to overcome 
temozolomide resistance in GBM.60

Cancer stem cells have been implicated in the progression and recurrence 

of GBMs. Glioma Stem Cells (GSCs – discussed in section 1.3.4.2) may cause 

resistance to TMZ. GSCs, identified by stem cell markers were shown to 

express high levels of MGMT protein, and had strong tumour resistance to 



14

TMZ.61, 62 Additionally, TMZ preferentially killed GSCs in MGMT-negative cell 

lines.63, 64 

More recently, several new treatments, particularly tyrosine kinase 

inhibitors (TKI’s) bevacizumab (vascular endothelial growth factor [VEGF] 

inhibitor), nimotuzumab (Epidermal Growth Factor Receptor [EFGR] inhibitor), 

as well as non-selective TKI’s have been investigated, but their initial promise 

does not appear to have translated to the clinic where they fail due to both 

upfront and acquired resistance.65-70 Another chemotherapeutic strategy to 

tackle recurrence of GBM is the use of intraoperative delivery of carmustine 

(BCNU) intravenously or by the implantation of a carmustine wafer (Gliadel) 

directly to the site of tumour resection; this technique is demonstrated to 

prolong survival in a number of studies.48, 71, 72 However, BCNU is 

counteracted by the same resistance mechanism as TMZ and so maintains 

the same shortfalls.73 

Due to the limitations of current therapies for glioma, as discussed above, 

there is an urgent need for novel approaches to treatment of glioma.

1.3.2.4. Barriers to drug delivery

The standard treatment for GBM is surgery. This approach is limited by the 

aggressiveness of GBM, characterised by the infiltration into surrounding 

tissue and extensive vascularisation. Hence, tumour resection is coupled with 

radiation therapy and/or chemotherapy. Effective treatment of GBM with 

conventional chemotherapies is disrupted by developed drug resistance. 

Further to this, because of the variably disrupted tumour blood supply, 

effective drug delivery to the required sites of action is difficult. In addition to 
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the low efficacy of current drugs, drug delivery via the circulatory system in 

hindered by physical barriers, the blood brain barrier (BBB) and the blood-

tumour barrier (BTB).74, 75 The BBB (Figure 6) is an anatomical and 

biochemical interface in the CNS between the blood and neural tissue, a 

barrier to protect the brain from potentially harmful substances in the systemic 

circulation.

Figure 6 The blood-brain barrier (BBB). The BBB is formed by capillary endothelial cells surrounded 
by basal lamina and astrocytic feet, pericytes and microglial cells. Reprinted from Adv Drug Deliv Rev, 
64(7), Chen Y, Liu L. Modern methods for delivery of drugs across the blood–brain barrier. 640–665., 
Copyright (2006), adapted and reprinted with permission from Elsevier.76

This physical barrier significantly limits the accumulation of hydrophilic 

drugs due to the lipophilic nature of the barrier.74 The BBTB exists between 

the brain tumour tissue and the micro-vessels, and is formed of specialised 

endothelial cells (ECs), limiting the paracellular delivery of most hydrophilic 

drugs to the tumour tissue.74 Several studies focus primarily on overcoming 

the difficulties faced with drug delivery to GBM, with promising results 

encompassing nanoparticle delivery methods and BBB disruption via 

ultrasound techniques or use of pharmacological agents.74, 75, 77, 78 Ultimately, 



16

when it comes to designing new drugs to treat GBM, considerations must be 

made to overcome the deficits encountered with drug delivery.

 More recently, clinicians and researchers have begun to use more 

personalised therapies dictated by several factors including previous therapies 

the patient has received, their age and Karnofsky score.79, 80 Molecular 

diagnostics have been used to better predict which therapies will benefit a 

certain patient group.79, 80 Recent studies implicate cell surface chemotactic 

receptors and their corresponding ligands as key players orchestrating the 

aggressive nature of high grade gliomas. 81-86

1.3.3. Necrosis

1.3.3.1. Types of cell death

Cell death is the irreversible degeneration of vital cellular functions 

culminating in a loss of cellular integrity. The mechanisms whereby dead cells 

and their fragments are disposed of have been historically classified under 

three forms: 

 Type I cell death or apoptosis, exhibiting cytoplasmic shrinkage, chromatic 

shrinkage, nuclear fragmentation, and the formation of vesicles which are 

taken up by cells with phagocytic activity and degraded within lysosomes. 

 Type II cell death or autophagy, displaying extensive cytoplasmic 

vacuolisation and similarly to apoptosis, culminating in phagocyte uptake 

and lysosome degradation. 

 Type III cell death or necrosis, with no distinct features of the previous two 

types, the cells terminate with the disposal of cellular debris in the absence 

of phagocyte or lysosome activity.87 
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Apoptosis has traditionally been recognised as regulated cell death or 

programmed cell death which is a natural process resulting in the controlled 

disposal of cellular debris by phagocytic activity. Necrosis however is generally 

considered uncontrolled and is characterised by morphological changes such 

as disruption and breakdown of the plasma membrane resulting in the release 

of intracellular contents into the extracellular milieu.87 

Necrotic cell death stimulates a host inflammatory response.88 When cells 

die and undergo necrosis, the tissue site is rapidly infiltrated by leukocytes.88-

90 Microbial infection at a site of injury can stimulate a potent inflammatory 

response. However, inflammation can also be stimulated through sterile injury 

(without microbial presence) by release of proinflammatory factors by necrotic 

cells.90 The signals that drive the sterile inflammatory immune response are 

normally contained within the interior of the cell and released into the 

extracellular domain when the cell loses integrity of it’s plasma membrane. 

This indiscriminate inflammatory response helps to ensure adequate host 

defence.

The inflammatory responses to cell injury can be considered a “double-

edged sword”. Primarily, the response is to protect and help heal injured 

tissue. On the other hand, they can cause further tissue damage and 

disease.90 Molecules generated to kill microbes such as reactive oxygen 

species and proteases are released from live and dying leukocytes, damaging 

and killing surrounding healthy cells.

In some situations where there is sterile tissue damage, inflammation has 

a higher negative cost to the host, doing more harm than good.90 This has 

been demonstrated in experimental models of myocardial infarctions and toxic 
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damage to liver where tissue damage is reduced by the depletion of 

neutrophils or blocking of factors leading their accumulation.90-93 Another study 

has shown that wound healing is prolonged by neutrophilic inflammation.94 

Tissue damage from inflammation is not limited to acute responses and 

neutrophils. Macrophage chronic inflammatory infiltrates can also damage 

normal/healthy cells and is thought to underlie the pathogenesis of many 

chronic diseases e.g. autoimmune diseases, chronic obstructive pulmonary 

disease, and Alzheimer’s disease.90 Further to this, the links between cancer 

and chronic inflammation have been widely investigated.95, 96 The association 

between the development of cancer and inflammation has long been 

appreciated.95-97 There is evidence to suggest inflammation and immune 

responses may inhibit the development of cancer.97 On the other hand, some 

forms of chronic inflammation have been directly linked to tumorigenesis.97-99 

Pre-malignant tumours can be “wound-like” causing an inflammatory 

response, mediating angiogenesis, tissue invasion and metastasis.97, 100-102 

As understanding of cell death continues to progress, novel mechanistic 

pathways that orchestrate cell death are being characterised leading to a 

better understanding and reclassification of the underlying mechanics of cell 

death. Apoptosis and necrosis are common hallmarks of cancers with the latter 

being a particularly negative prognostic marker for several cancers.103
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1.3.3.2. Necrosis in glioblastoma

Necrosis has long been recognised as a hallmark GBM, a key prognostic 

marker when defining the progression from a grade III neoplasm to a grade 

IV; with previous research looking at the molecular pathways to necrosis and 

the development in diagnostic imaging techniques specifically focused on the 

non-invasive detection of necrosis.7, 9, 35, 37, 54, 104-106 Some clinical observations 

suggest that necrosis has a negative impact on survival.37, 104 

Necrotic foci within the tumour can be formed as result of vaso-occlusion 

and intravascular thrombosis during the rapid and uncontrolled growth of the 

tumour, leading to hypoxic and nutrient starved cells.104, 107-109 The model 

hypothesises a sequence that begins with the infiltration of astrocytoma of 

moderate to high cellularity, vascular occlusion associated with intravascular 

thrombosis leads to hypoxic regions forming around compromised 

vasculature. Outward migration of tumour cells away from hypoxic regions 

creates a peripherally moving wave (pseudopalisade) with central necrosis 

(Figure 2). The secretion of hypoxia-inducible, proangiogenic factors such as 

VEGF and interleukin 8 (IL-8) from the pseudopalisading cells causes an 

angiogenic response creating microvascular proliferation adjacent to the 

central hypoxia.110 The movement/ invasion of cells and remodelling of the 

extracellular matrix (ECM) is facilitated through the release of matrix 

metalloproteinase (MMP) enzymes MMP2, MMP9 and MMP13.111, 112 The 

tumour cells are accelerated outwards towards new vasculature. The growth 

properties of GBM reflect a union of these microscopic processes and the 

result, a peripherally expanding tumour with a large degree of central necrosis 

and microvascular hyperplasia.
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Another theory instigates disruption of the tumour necrosis factor apoptosis 

pathway, promoting necrosis over apoptosis as the final mode of cell death.104 

Tumour necrosis also results from certain treatment modalities, including 

radiation therapy necrosis.53, 104, 113, 114 Both therapy and tumour induced 

necrosis share many features with tissue necrosis observed during bacterial 

infection, including a key role for the formyl peptide receptor 1 (FPR1).

Necrosis can induce an inflammatory response in the tumour. Pro-

inflammatory activity of dead cells occurs from a variety of intracellular 

molecules that are released as cell permeability breaks down during necrotic 

cell death. These molecules have been termed damage associated molecular 

patterns (DAMPs) or alarmins. Alarmins are defined functionally by their ability 

to trigger innate immunity, promote chemotaxis and stimulate antigen specific 

responses.115 Excessive necrosis during tumour development may infer a 

more aggressive phenotype due to the stimulatory role of necrosis induced 

inflammation.103 A study by J. C. Lin et al. suggests that inflammation 

promotes tumour cell proliferation and increases GBM invasion through 

interaction between intercellular adhesion molecule-1 (ICAM1) and Musashi-

1 (MSI1).116 This study is supported by observations by M. Papale et al. that 

hypoxia is important for GSCs maintenance, but also for guiding GSCs 

response to external necrosis.24 Migration of GSCs was induced in vivo by 

necrotic extract. 24 Interestingly, surgical resection and biopsy of the tumour 

has potential to induce local recruitment of monocytes/macrophages, which 

can subsequently increase tumour progression of remaining tumour cells.24, 

117, 118 National Institute for Health and Care Excellence (NICE) guidelines 

recommend after surgery, the patient is treated with radiotherapy followed up 
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by adjuvant TMZ.119 Radiotherapy following tumour resection is to kill any 

remaining cancer cells and prevent recurrence. However, radiotherapy can 

cause radiation necrosis, stimulating inflammation at the resection site, and 

blood vessel related radiation damage leading to hypoxic stress.120-122 As 

previously mentioned, GSCs respond to necrosis and inflammation, and so 

the presence of radiation necrosis may drive disease progression/ recurrence.

1.3.3.3. Necrosis and tumour aggression

At the centre of cancer treatment is the induction of tumour cell death which is 

achieved by various methods such as radio- and chemotherapy. The necrosis 

present in GBM is indicative of cell death, however, this type of cell death is 

not desirable in tumours. Clinical observations suggest that the presence of 

necrosis in GBM has a negative impact on survival.104-106, 123 In one study 

looking at necrosis as a prognostic factor in GBM, 88 % of patients with GBM 

presented with tumour necrosis, furthermore the GBM patients absent of 

tumour necrosis predicted longer survival times.123 Patients without tumour 

necrosis had a median survival of 12.5 months, the patients presenting with 

tumour necrosis had a median survival of 10.9 months.123 However, the two 

year survival of patients with and without tumour necrosis did not present with 

a statistically significant result. Another study identified the degree of tumour 

necrosis measured by MRI to have an inverse correlation to patient survival 

(Figure 7).124 These findings were confirmed in a more comprehensive study 

of prognostic factors relating to survival in GBM.125 
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1.3.4. Tumour heterogeneity and the tumour microenvironment in GBM

1.3.4.1. The GBM microenvironment

The brain tumour microenvironment is emerging as a critical regulator of 

cancer progression and aggression with several approaches currently in 

preclinical and clinical studies to target the microenvironment in brain tumours 

as a potential therapeutic.126 Solid cancers like GBM appear to hijack resident 

and infiltrating non-tumour cells and exploit the existing ECM and interstitial 

fluids to progress and survive.127 The glioma microenvironment consists not 

only of glioma cells, but an intricate network of encompassing different cell 

types ECs, microglia, astrocytes), stromal components and soluble factors and 

the extracellular matrix.128 GBM cells infiltrating through the brain parenchyma 

(invasion) is a complex process driven by direct interaction with the ECM; the 

cells must interact and remodel the ECM through the release of MMP enzymes 

including MMP2, MMP9 and MMP13.111, 112, 128 The effects of MMPs on GBM 
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Figure 7 Graph of survival probabilities of GBM patients by degree of magnetic resonance imaging 
(MRI)-based tumour necrosis. Necrosis=0, no necrosis apparent on the MRI scan. Necrosis=I, necrosis 
amounts to less than 25 % of the tumour volume. Necrosis=II, necrosis amounts to 25 to 50 % of the tumour 
volume. Necrosis=III, necrosis amounts to over 50 % of the tumour volume.104 
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progression amplify through interactions with other features of the GBM 

microenvironment including cell receptors, ECM components and other 

soluble factors.129

One of the more important features of GBM relating to the presence of necrotic 

foci are the hypoxic environments that are recognised as a driving force for 

tumour progression, invasion, and tumour cell survival and resistance to 

chemotherapy and radiotherapy. Hypoxia in GBM is a result of increased cell 

proliferation linked to erratic tumour neovascularisation and vasculature 

occlusion leading to poor oxygen diffusion.20 Hypoxia in regions of the tumour 

stimulates the expression of transcription factors hypoxia inducible factor 

(HIF), hypoxia-inducible factor 1-alpha (HIF-1-α) and endothelial PAS domain-

containing protein 1 (EPAS-1 [formally known as HIF-2-α]); the master 

regulators of the hypoxia adaptive response.20 Hypoxia is also well known to 

regulate a many proangiogenic, pro-invasion and proinflammatory factors 

including carbonic anhydrase IX, VEGF, MMPs, integrin β3, IL-8/CXCL8, C-X-

C chemokine receptor type 4 (CXCR4), Stromal cell-derived factor 1 (SDF-1) 

and annexin A1 (ANXA1).20, 130-132 Targeting the hypoxic niche in GBM as a 

combinatorial therapy could bring light to new therapies for GBM while 

supporting the existing therapies that ultimately fail due to developed 

resistance relating to hypoxia.

1.3.4.2. Molecular GBM heterogeneity

A significant obstacle challenging the development of effective GBM 

therapeutics include tumour heterogeneity.133-135 The incomplete 

understanding of GSCs, which give rise to chemotherapy and radiotherapy 
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resistance, and cancer recurrence, only contribute further to these 

challenges.61, 136, 137 Heterogeneity between GBM patients was established 

through genomic and transcriptomic analyses by The Cancer Genome Atlas 

(TCGA) research network.133, 138 Analysis of whole-tumour transcriptomic 

data, primarily extracted from differentiated cells, showed that GBM could be 

originally grouped into four main subtypes: proneural; neural; classical; and 

mesenchymal.139 These four subtypes were characterised by an 840 gene 

signature (210 genes per type), with gene abnormalities in Platelet-Derived 

Growth Factor Receptor (PDGFRA), Isocitrate Dehydrogenase (NADP(+)) 1 

(IDH1), EGFR, and Neurofibromin 1 (NF1).139 The gene signatures of normal 

brain cell types were shown to have a strong relationship between GBM 

subtypes.139 More recently, the neural subtype has been dropped from the 

classification of subtypes.140 The neural subtype had been previously 

associated with the tumour margin where normal neural tissue is more likely 

to be detected.140, 141 Using a 500 gene signature, the proneural and neural 

subtypes defined by Verhaak’s 840 gene signature now form a single subtype 

(proneural/neural subtype).142

Another layer of complexity arises from the presence of a subpopulation of 

GBM cells that have stem cell properties.143, 144 The idea of cancer stem cells 

stems from our understanding of “normal” stem cells, the cells must exhibit the 

ability of self-renewal and to produce differentiated progeny.145 GSCs do 

exhibit these properties. GSCs can propagate tumours from one host to 

another, and they can develop to form brain cancers in orthotopic xenograft 

models that recapitulate the original tumour.143, 146 The GSC population, 

though relatively small in comparison to the bulk of the tumour mass, is 
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relevant clinically. Studies have shown GSCs to have a higher resistance to 

radiotherapy compared to non-GSCs due to a series of cellular factors 

including an increased DNA repair capacity.147-149 As previously mentioned, 

GSCs have a higher capacity to resist TMZ (and other DNA alkylating agents) 

chemotherapy through the MGMT DNA repair pathway. 61, 62, 150, 151Tumour 

heterogeneity poses a major challenge to cancer diagnosis and treatment. 

Cells within the same tumour may express different genetic signatures or 

phenotypic states. Single-cell RNA sequencing (scRNA-seq) has enabled 

gene expression to be studied at an unprecedented resolution.152 scRNA-seq 

is helping to better understand intratumoural heterogeneity by profiling cell-to-

cell variability on a genomic scale. This is of particular importance in GBM as 

tumour heterogeneity is increasingly appreciated as a determinant of 

treatment failure and disease recurrence.153 A recent study used scRNA-seq 

to show that GBM recapitulated normal neurodevelopmental hierarchy and 

suggested the use of this hierarchal map to identify therapeutic targets specific 

to GSCs.133 scRNA-seq is increasing being used as a tool to understand the 

link between poor prognosis or recurrence of GBM and tumour heterogeneity, 

and more precise classification of GBM in the clinic.154, 155

1.3.4.3. 3D-multicellular spheroids as an in vitro model of the tumour 

microenvironment

3D in vitro cell culture models can simulate in vivo tumour 

microenvironments better than 2D cultures and are being increasingly used to 

study tumour cell biology and to test potential new therapeutics. It has been 

shown that 2D cell culture models are not suitable models for recapitulating 
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the microenvironment of solid tumours.156-158 Cells in 2D culture are less likely 

to exhibit stem cell properties, and do not mimic the microenvironmental stress 

(hypoxia/necrosis) or ECM components, and cell-cell interactions.159 This has 

led to a large deviation in drug sensitivities between in vitro and in vivo clinical 

studies.159 

Indeed, glioma cells when grown in vitro as a 3D structure, either on a 

“scaffold” or as a multicellular spheroid have been shown to better mimic the 

tumour microenvironment.156, 158 The tumour cells in 3D culture demonstrated 

greater levels of differentiation, quiescence as well as enhanced 

chemotherapeutic resistance with larger populations of glioma stem cells and 

an upregulation of O6-methylguanine DNA methyltransferase (MGMT) over 

cells grown in 2D culture.156 Dependant on the needs of the researcher and 

the method used, 3D multicellular spheroids can be obtained in a multitude of 

dimensions; larger spheroids in particular (starting from 400-500 μm in 

diameter) are characterised by a ring of proliferation on the periphery of the 

spheroid, an internal quiescent zone caused by limited oxygen and nutrient 

diffusion and a necrotic central core resembling the heterogeneity observed 

in solid in vivo tumours.160
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1.4. Formyl Peptide Receptor 1 (FPR1)

There is a large body of research that suggests that malignancy in glioma 

is orchestrated by cell surface chemotactic receptors, with a particular 

emphasis on formyl peptide receptor 1 (FPR1).81-84, 161, 162 The human genome 

encodes for three formyl peptide receptors (FPRs), the most common being 

FPR1.162 This is followed by formyl peptide receptor 2 (FPR2) which is 

expressed by neutrophils, monocytes, eosinophils, macrophages, synovial 

fibroblasts, and airway and intestinal epithelium.162 Formyl peptide receptor 3 

(FPR3) which is detected on monocytes but not macrophages.162 The FPRs 

belong to the Class A of the G-protein coupled seven-transmembrane domain 

receptor (GPCR-7TM) super family.162 GPCR-7TMs comprise of an 

extracellular N-terminus followed by seven helical domains in a "serpentine" 

formation enclosed within the cell membrane, and an intracellular C-terminus 

which binds to a G-protein complex.162 G-protein coupled receptors (GPCRs) 

generally detect/interact with molecules in the extracellular region and activate 

intracellular signal transduction ultimately leading to a cellular response. In 

Class A GPCRs, the principal interactions between receptor and ligand occur 

within the extracellular region of the 7TM domain. 

Chemoattractant GPCRs participate in essential homeostasis as well as 

pathophysiological processes in humans, including inflammation, 

development, haematopoiesis, wound healing and host defence against 

pathogens.162 The human GPCR FPR1 was originally detected as a high 

affinity binding site on human neutrophils in 1976.162 FPR1 was found to bind 

to N-formyl-methionyl-leucyl-phenylalanine (fMLF), a formylated peptide 

product of gram-negative bacteria, mediating leukocyte chemotaxis and 
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activation.162 Activation of FPR1 regulates the infiltration of phagocytes, 

particularly neutrophils to sites of inflammation in response to tissue derived 

chemoattractant ligands.162 Though the exact causes of high grade glioma 

have not been identified, an accumulating body of evidence suggests the 

possibility that glial cells undergo genetic mutations that promote a malignant 

transformation giving the cells the ability to sense growth signals present in 

the microenvironment by over-expressed cell surface receptors.163, 164 The 

receptors that are over-expressed include receptors for EGFR and basic 

fibroblast growth factor (bFGR).84, 165 As well as growth factor receptors, the 

role of chemoattractant GPCRs has been recognised, these include the 

chemokine receptor CXCR4 and more importantly for this study, FPR1. FPR1, 

through interaction with the endogenous ligand ANXA1, is able to transactivate 

EGFR in GBM cells to mediate cell growth, migration and the production of 

angiogenic factors (Figure 8).81, 84, 166 The activation of EGFR results in an 

increase of transcription factors, including Nuclear Factor Kappa-Light-Chain-

Enhancer of Activated B Cells (NFκB), Signal Transducer and Activator of 

Transcription 3 (STAT3) and HIF-1-α.83 Both STAT3 and HIF-1-α have been 

implicated in the transcriptional gene coding for VEGF, and the activation of 

FPR1 has been shown to lead to an increase in VEGF, as well as other 

important promoters of cancer and metastasis such as the matrix 

metalloproteinases MMP2 and MMP9.82, 84, 166, 167 
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Figure 8 The signalling pathway of FPR1 in human GBM. FPR1 on GBM is activated by tumour and 
host derived agonists, of which include ANXA1 which is released by necrotic tumour cells. Agonist 
binding to the receptor activates the regulatory molecules ERK1/2, JNK, MAPK and p38, and 
transcription factors NFκB, STAT3 and HIF-1-α to enhance invasion, growth and angiogenic factors. 
FPR1 function in GBM is partially mediated by EGFR through a Src kinase dependent transactivation 
pathway. Intracellular signalling pathways between the two receptors help drive the malignant behaviour 
of the GBM tumour.84

1.4.1. FPR1 Structure and Binding Properties

FPR1 was the first neutrophil GPCR to be cloned and sequenced. It 

comprises of a “serpentine” structure consisting of a 350-residue protein with 

seven hydrophobic segments.168, 169 A subsequent study further elucidated the 

structure of FPR1 as a 7-helical transmembrane receptor with an extracellular 

N-terminus and three loops exposed for ligand interaction and an intracellular 

C-terminus and the remaining loops contained within the cytoplasm for 

intracellular signalling (Figure 9).168, 170 The binding site within the FPR1 
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molecule for the agonist ligand fMLF had been previously investigated by use 

of site directed mutagenesis and fMLF analogues (Figure 9).171 The formamide 

group of fMLF hydrogen bonds to both Asp-106 and Arg-201, while the COOH-

terminal of fMLF ion paired with Arg-205, an area that is favoured by small 

ligands in the Class A GPCR family.171, 172

Figure 9 The sequence and predicted structure of FPR1 with key fMLF binding residues labelled 
(green). (A) side view of the “serpentine” structure (ECL=extracellular, ICL=intracellular). (B) Top down 
view of the FPR1 structure showing the binding pocket for FPR1. (generated from, 
http://gpcrdb.org/protein/FPR11_human/).
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1.4.2. Expression of FPR1 in High Grade Glioma

FPR1 was detected in high grade human glioma primary specimens. 33 

surgically removed gliomas of various grades were examined, with a 78 % 

positive rate in grade III anaplastic astrocytoma and a 100 % occurrence in 

grade IV GBM.83, 84, 86 This was contrasted by a much lower incidence of just 

15 % positive for FPR1 in the lesser aggressive grade II astrocytoma.83, 84 

More importantly, FPR1 has been shown to be highly (and functionally) 

expressed by GSC subpopulations, identified by the expression of the stem-

cell marker CD133.82, 167, 173, 174 These GSCs expressing both CD133 and 

FPR1 were shown to be more invasive, tumorigenic and stronger promoters 

of angiogenic factors than those that do not express FPR1.82, 167, 173, 174 FPR1 

expression in CD133 positive cells has also been associated with the self-

renewal properties of the GSCs and is lost in differentiated cells.

One of the major problems with the efforts to understand the cancer biology 

of glioma is that commonly available cell line models for glioma are poor in 

recapitulating the features of the disease. This is in fact a problem for the study 

of FPR1. For example, although FPR1 expression is strong in clinical tissue, 

Walenkamp has shown that patient derived immortalised cell lines originating 

from these clinical tissues lose their expression of FPR1 in culture, although 

interestingly they regain the FPR1 expression if re-implanted into mice.175 In 

other words, expression of FPR1 is induced within the tumour 

microenvironment through mechanisms which are yet unknown.

There are many cell lines used in preclinical investigations of new glioma 

therapies including but not limited to the human glioma cell lines; U-87 MG, 

U251, LN229, T98G and the rat cell line C6. Some studies prefer or require 
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the use of primary cell lines established directly from patient material to 

maintain a closer profile to the source material.

U-87 MG cell line, derived from a female GBM patient, is widely used. The 

use of this cell line is not without controversy. U-87 MG was established in 

1966 at the Uppsala University in Sweden, using tissue derived from a 44-

year-old woman with aggressive GBM.176 However, a study released in 2016 

has noted that the current U-87 MG line in general circulation and available 

from the ATCC has a Y chromosome suggesting the source tissue for the 

current U-87 MG is from a male patient.176 The U-87 MG line from ATCC was 

compared to the archival U-87 MG stored at Uppsala University and found that 

it was not a match, suggesting that at some point between Uppsala and the 

ATCC, there was a mix-up with the samples.176 However, the gene expression 

showed that the current U-87 MG cell line still possibly originated from a brain 

tumour and so studies still reflect brain-cancer biology.176

1.4.3. FPR1 and Angiogenesis in GBM

A hallmark for the progression of malignant tumours is the increase in 

angiogenesis, which is attributed to the production of angiogenic factors by 

tumour and stromal cells. One of the pathologic features that distinguish GBM 

from lower-grade glioma is microvascular proliferation. Several studies have 

indicated that in the comparison of perfusion in normal cortical tissue and 

perfusion in glioma tissue, perfusion in the malignant glioma tissue is 

decreased and variable.104, 177, 178 This observation is somewhat contradictory 

as GBM are among the most angiogenic and vascularised human tumours.179 

However, where 95 % of normal cortical capillaries exhibit red blood cell 
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perfusion, on average, only 50-70 % of newly formed glioma vessels exhibit 

perfusion with decreased levels towards the centre of larger tumours triggering 

hypoxic conditions and necrosis. Interestingly, the hypoxic transcription factor 

HIF-1-α enhances the transcription of the most potent angiogenic factor 

produced in solid tumours;45, 180, 181 VEGF, which not only induces cell 

migration and tubule formation but also increases micro vascular permeability 

that facilitates dissemination of tumour cells.82, 180, 182 By blocking VEGF either 

with antibodies or with VEGF withdrawal in experimental models, apoptosis of 

ECs occurred and tumour growth was inhibited.84, 183, 184 Interestingly, a study 

has demonstrated that activation of FPR1 in GBM cells increases the 

production of VEGF along with other angiogenic factors including CXCL8, this 

indicates a correlation between FPR1 expression/activation and increased 

angiogenesis/ vascularisation in GBM.84

1.4.4. FPR1 promotes cell survival in GBM cells

The function of FPR1 in glioma has been studied and many of the 

subsequent pathways from FPR1 activation closely relate to GBM cell 

proliferation and survival.86 Studies have shown in vitro, the stimulation of 

FPR1 supports the survival and proliferation of GBM cells in culture medium 

supplemented with a low concentration of serum through increased cellular 

levels of Bcl-2, an anti-apoptotic protein.84, 86 Activation of FPR1 also 

increased the phosphorylation of nuclear factor-κB (NF-κB), STAT3 and HIF-

1-α.84 Phosphorylation controls transcription in a gene-specific matter 

regulating stability, nuclear localisation, transactivation and protein-protein 

interaction in these transcription factors.185-187 NF-κB is a transcription factor 
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that regulates several genes associated with cellular processes in GBM, 

including proliferation, differentiation, cell motility and survival.188 The role of 

STAT3 in GBM is critical in mediating tumorigenesis, tumour progression and 

suppression of anti-tumour immunity.189 HIF-1-α as previously mentioned is a 

recognised as a driving force of invasion and survival, and vital in tumour 

resistance to chemotherapy and radiotherapy.

1.4.5. FPR1 promotes invasion in GBM cells

A critical characteristic of high-grade glioma and in particular GBM is the 

high rate of growth and the aggressive and diffuse rate of invasion into 

surrounding normal tissue.82, 167 The invasion of GBM was studied in vivo by 

subcutaneous implantation into nude mice of both FPR1+ and FPR1- clones 

isolated from the U-87 MG cell line.82 The FPR1+ clone had a greater rate of 

invasion into surrounding tissue in comparison to the FPR1- cells.82 Also, 

transfection of the human FPR1 gene into the FPR1- G3 U-87 MG subclone 

resulted in a more invasive phenotype.82 The FPR1+ tumours were also 

observed to grow more rapidly and there was an increase in the release of 

MMPs, key mediators in ECM remodelling and are implicated in the assistance 

of the break-out of tumour cells from the primary site.82
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1.4.6. FPR1 and the endogenous ligand ANXA1

The activation of FPR1 in vivo suggests an endogenous agonist is present 

in the tumour microenvironment. To investigate the link between FPR1 and 

necrosis, a necrotic supernatant was generated from U-87 MG cells and 

primary glioma tissue.86 The cells were artificially necrotised by cycled freezing 

and thawing.86 The necrotic supernatant of U-87 MG cells and primary tumour 

tissue was shown to increase motility and trigger an influx of calcium in a 

calcium flux assay in U-87 MG cells.86 A desensitization assay with fMLF and 

the necrotic supernatant demonstrated that the agonist contained within the 

necrotic supernatant may interact with FPR1.86 Further studies on the necrotic 

supernatant identified ANXA1 as the critical protein for activation of FPR1.85 

For clinical relevance, ANXA1 expression had been investigated in human 

primary tumours and of 102 cases tested, 42 % of Grade II, 100 % Grade III 

and 88 % of Grade IV stained positive for ANXA1.85, 175

Removal of ANXA1 by immunoadsorption from the necrotic supernatant 

diminished the ability of the necrotic supernatant to promote GBM cell growth, 

invasion and colony formation in vitro.85 Knockdown of ANXA1 by small 

interfering RNA (siRNA) dramatically reduced the tumorigenicity of GBM cells 

in nude mice.85 Knockdown of both FPR1 and ANXA1 further reduced the 

tumorigenicity of GBM cells.85 Like FPR1, ANXA1 appears to be more highly 

expressed in higher grade gliomas.190, 191 However, ANXA1 is an intracellular 

protein while FPR1 is activated in the extracellular region. This suggests that 

ANXA1 must be released into the extracellular region to interact with FPR1. 

One suggestion is that ANXA1 is released during necrosis of tumour cells.85 

This is supported by the fact that one key characteristic of GBM tumours is the 
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presence of hypoxia induced multifocal necrosis.9, 131, 192 This would support 

the hypothesis that FPR1 activation promotes the survival and expansion of 

GBM via the tumour microenvironment.131, 164, 192 The occurrence of necrosis 

suggests a region where oxygen and nutrients are low, thus there is the 

requirement by the adjacent cells to migrate, source new supplies of nutrients 

and oxygen via the formation of new vasculature and to resist apoptosis.193 It 

is suggested that the pseudopalisading cells adjacent the necrotic foci in GBM 

represent an actively migrating cell population moving away from an area of 

central thrombosis. (Figure 2).107, 110, 193

1.4.7. FPR1 Transactivates EGFR

Epidermal growth factor (EGF) has been implicated as one of the more 

important growth stimulating protein in a variety of malignant tumours.166, 194-

198 Human GBM cells have been shown to also express the EGF receptor 

(EGFR) as well as FPR1.84, 199, 200 Around 40-60 % of clinical cases of GBM 

contain EGFR gene amplification.84, 165 The two receptors have intracellular 

pathways directly linking them (Figure 8). The pathway through which FPR1 

transactivates EGFR has been identified to be through intracellular signalling 

rather than FPR1 causing EGF production, and thus EGFR is activated devoid 

of its corresponding ligand.84, 165 Depletion of EGFR does not completely 

suppress the tumorigenicity of GBM cells, though an almost complete 

abrogation of GBM tumour growth was achieved when both FPR1 and EGFR 

were knocked down in xenograft models.84, 165 This suggests the activation of 

FPR1 is able to support tumour growth through non-EGFR pathways. This 
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highlights the requirement of concomitant therapies to tackle the disease from 

multiple angles.

1.4.8. FPR1 as a pharmacological target

FPR1 plays an important role in the progression of diseases including 

inflammation and malignancies. Based on the evidence presented above, in 

high grade glioma such as grade IV GBM, FPR1 has been implicated as a vital 

component in the driving force behind the aggressive nature of the disease, 

all by activation of the receptor through the endogenous ligand ANXA1 which 

is released in hypoxic/necrotic regions. While a multi-pronged approach may 

be the best mode of action targeting hypoxia, EGFR and FPR1; FPR1 takes 

focus in this study. There is a need for selective and potent small molecule 

antagonists of FPR1 that have a suitable PKPD profile for penetrating the 

blood brain barrier.

1.4.9. Known FPR1 Antagonists

Having previously been identified as a key player in inflammatory diseases 

and more recently a key player in glioma progression, it is not surprising that 

several FPR1 antagonists have already been identified. Small-molecule, 

selective antagonists of FPR1 are critical as probes to help with understanding 

the disease progression and for acting as a platform for potential future 

therapies. There is an increasing interest in the FPR1 signalling pathway in a 

multitude of biological mechanisms, from the innate immune response to 

disease progression and so the number of synthetic and natural FPR1 
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antagonists appearing in current literature is increasing.168, 201-207 A selection 

of FPR1 antagonists is shown in Figure 10.
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Cyclosporines

fMLF derivatives

Small molecule non-peptides

Figure 10 A selection of FPR1 antagonists from the literature. (1) Cyclosporin A. (2) Cyclosporin H. 
(3) t-Boc-MLF. (4) i-Boc-MLF. (5) 3570-0208. (6) A Diamide. (7) A Sulphinpyrazone. (8) Methionine 
Benzimidazole. FPR1 antagonist activity can be seen in Table 1.
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Some of the most potent, receptor specific FPR1 antagonists described 

are the naturally derived hydrophobic peptides, cyclosporine A (1) and H (2). 

208-210 Cyclosporine A and H were shown to displace [3H]-fMLF in FPR1 

transfected rat basophilic leukaemia (RBL) cells with half-maximal inhibitory 

concentration (IC50) values of 1.8 µM and 100 nM respectively, though did not 

exhibit inhibitory effects on FPR2 mediated cellular functions.211, 212 

Table 1 FPR1 antagonist activities of selected compounds fMLF-induced response inhibited in vitro.

Compound pIC₅₀ Reference

(1) Cyclosporin A 6.2a 212

(2) Cyclosporin H 7.0a 212

(3) t-Boc-MLF 5.9b 205

(4) i-Boc-MLF 6.6b 205

(5) Compound 5 (ICT5100) 5.0c 213

(6) Compound 6 6.4d 214

(7) Compound 7 5.0c 206

(8) Compound 8 6.3d 214

(9) ICT7005 (R = H) 6.4e 215

(10) ICT7009 (R = CH₃) 7.1e 215

(11) ICT12035 8.4e 216

a Antagonist was evaluated as inhibition of fMLF induced Ca2+ mobilization in RBL-hFPR1 cells.
b Antagonist was evaluated as inhibition of fMLF-induced superoxide anion release in human neutrophils.
c Antagonist was evaluated as inhibition of fMLF induced Ca2+ mobilization in U937-hFPR1 cells.
d Antagonist was evaluated as inhibition of fMLF induced Ca2+ mobilization in human neutrophils.
e Antagonist was evaluated as inhibition of fMLF induced Ca2+ mobilization in HEK-hFPR1 cells.
(-hFPR1 = transfected with human FPR1)

Chemotaxis inhibitory protein of Staphylococcus aureus (CHIPS), a 121-

residue (14.1 kDa) naturally derived protein excreted by several strains of S. 

aureus, was reported as an antagonist for FPR1 and the complement 

component 5a receptor (C5aR). Radiolabelled CHIPS bound to FPR1 had a 



41

reported binding affinity (Kd) of ~ 35 nM indicating direct binding of CHIPS to 

FPR1 but also inhibited the binding and receptor activation of N-formylated 

peptide agonists.211, 217

Another category of antagonist includes analogues of the formylated 

peptide fMLF. While fMLF is an agonist for FPR1, by replacement of the formyl 

group with t-Boc (3), i-Boc (4) or a carbobenzoxy (cbz) group, molecules which 

exhibit antagonist properties for FPR1 were obtained with i-Boc-MLF (4) being 

the most potent of the three.205, 210, 211

Small molecule non-peptide FPR1 antagonists, both natural and synthetic 

make up another class of compounds investigated, including but not 

exhausting flavonoids, isoflavones, coumarins, pyrazoles, and their synthetic 

derivatives. Chemical structures of selected FPR1 antagonists are shown in 

Figure 10. Of these, the 4H-chromen-4-one 3570-0208 (5) (ICT5100), 

identified by Young et al. in a high throughput screen for FPR1 antagonists, 

was able to abrogate the FPR1/fMLF response with an IC50 in the micromolar 

range and had promise for modification and optimisation.206, 207 

Another study looking at inflammatory disease and chronic obstructive 

pulmonary disorder identified a family of pyrazole analogues that 

demonstrated FPR1 antagonism. The most promising of these molecules 

identified in the study were ICT7005 (9) 215 and ICT7009 (10) 215, although 

following intravenous administration to Sprague-Dawley rats, ICT7009 (10) 

was shown to have a higher plasma clearance than what was previously 

predicted.215 Though these compounds would be useful tools for primary 

investigations, compounds with more robust PKPD profiles and higher efficacy 

would be required for in vivo proof of concept studies. Identified in an 
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optimisation study of ICT7009 (10), ICT12035 (11)216 was identified and 

reported to possess a more robust DMPK profile and higher levels of FPR1 

inhibition; a more suitable candidate for in vivo studies in the effect of 

antagonism of the FPR1 receptor in the progression on GBM. The structures 

of ICT7005 (9), ICT7009 (10) and ICT12035 (11) are shown in Figure 11.

Pyrazole analogues

Figure 11 FPR1 antagonists ICT7005 (9), ICT7009 (10) and ICT12035 (11) identified from a COPD 
study.215, 216 (9) R = H. (10) R = CH3.
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1.5. Previous work

1.5.1. Identification of FPR1 antagonists from in silico high-throughput 

screening

This section describes work originally carried out by Dr. V. Vinader which 

was then built upon and optimised as part of this PhD. FPR1 belongs to the 

GPCR super family. All GPCRs comprise of an extracellular N-terminus 

followed by seven helical domains in a "serpentine-like" formation enclosed 

within the cell membrane, and an intracellular C-terminus which binds to a G-

protein complex. GPCRs detect/interact with molecules in the extracellular 

region and activate intracellular signal transduction leading to a cellular 

response. In Class A GPCRs, to which FPR1 belongs, the principal 

interactions between receptor and ligand occur within the upper (extracellular) 

domain of the 7TM receptor. To identify potential antagonists for a protein 

using molecular modelling software, it is first required to model the desired 

protein either using X-ray crystallography data of the protein, or by creating a 

homology model if the crystal data are not available (as is currently the case 

with FPR1). A homology model takes the protein sequence of the desired 

protein and searches a database for template protein with a solved crystal 

structure and with the closest number of residue-matches (homology). The 

target protein sequence is then constructed onto the known protein structure 

and any unfavourable interactions between the side chains are minimised 

using the software. Using this homology model or data from site directed 

mutagenesis, a specific binding pocket can be located and virtual libraries of 

"drug-like" molecules docked in this target pocket. From this search a 

database of virtual "hits" listed in order of scoring functions such as predicted 
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binding affinity. The most promising of these virtual molecules can be either 

purchased or synthesised, and then tested in vitro to determine the nature of 

the compound’s pharmacological interaction with the receptor protein.

Figure 12 (A) The homology model of FPR1 based on the bovine bathorhodopsin receptor 2G87. 
(B) The Ramachandran plot for the homology model showing all favourable and unfavourable 
interactions.

An X-ray crystal structure was not available for FPR1 at the time of writing. 

Several homology models of the FPR1 receptor were constructed based 

around a dozen templates that Molecular Operating Environment 2009 

(MOE.09) software package identified as having close homology to the FPR1 

sequence. The model based on bovine bathorhodopsin (PDB code 2G87) was 

selected as the best model at the time of this analysis (Figure 12A). The model 

was checked (Ramachandran plot) (Figure 12B), the conformation modified 

and globally re-minimised. The process was repeated iteratively until all 

unfavourable interactions with the 7TM region were neutralised. The key 

residues within the 7TM of FPR1 responsible for binding to fMLF had been 

previously identified through site directed mutagenesis studies and the use of 
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analogues of known formyl peptide agonists. The binding region was defined 

based on a previous study using site directed mutagenesis to identify the key 

binding residues for the protein-ligand interaction between FPR1 and fMLF. 

The residues from the study include Asp-106 and Arg-201, and Arg-205.171 

Additionally, the residues Ile-107, Phe-110, Ala-153, Leu-156 and Thr-157 

were included to define the binding pocket for in silico screening, all of the 

additional residues sit adjacent to the mutagenesis study residues (Figure 13).

Figure 13 The defined binding pocket within the homology model of FPR1 for the pharmacophore 
search. (green) selected residues defining the binding site. (red spheres) The calculated binding space 
as predicted by Molecular Operating Environments Site Finder function.

ICT5100 (5) and a selection of other small molecule antagonists were 

docked within the homology model, the energies minimised, and the best fit 

identified. Key binding interactions of the antagonist to the receptors were 

elucidated allowing the identification of structural modifications that may result 

in an improvement in binding. The predicted in silico interactions of ICT5100 

(5) were shown to correlate with the measured inhibition within in vitro 

functional assays confirming the integrity of the homology model.
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A virtual high throughput screen (vHTS) was carried out on libraries of 

170,424 “drug-like” molecules, compliant with Lipinski’s rules (molecular 

weight ≤ 500, ≤ 5 hydrogen-bond donors, ≤ 10 hydrogen-bond acceptors, 

CLogP ≤ 5) including the Maybridge Screening Collection. The Maybridge 

Screening Collection library, a collection of over 56,000 highly diverse “hit-

like”, “lead-like” and “drug-like” compounds was used as a virtual source of 

potential antagonists. Several virtual “hits” were identified. A selection of “hits” 

with the highest predicted binding affinities were selected to be synthesised, 

to then be tested in vitro for their ability to abrogate the cellular response to 

FPR1 activation. Two molecules, ICT-5093 (15) and ICT-5106 (18) were 

selected. Under my supervision and guidance, compounds ICT-5093 (15) and 

ICT-5106 (18) were independently synthesised by Mr Faisal Bajwa and Mrs. 

Shohreh Jafarinejad respectively (Scheme 1, Scheme 2) for further biological 

evaluation (for data, see Figure 28F).

Scheme 1 Synthetic route for ICT-5093 (15). (i) chloroacetyl chloride, Et3N, DCM, stir 12h. (ii) 1-
napthol, KCO3, DMF, reflux 80°C 24h. (iii) KOH, THF, rt 24h.
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Scheme 2 Synthetic route for ICT-5106 (18). (i) 4-phenylphenol, NaHCO3, reflux, 15h. (ii) 
Piperazine (4 eq), EtOH, 50 °C, 2h. (iii) N(CH3)2SO2Cl, Et3N, DMF.

ICT-5093 (15) and ICT-5106 (18) both demonstrated an ability to abrogate the 

fMLF induced FPR1 activation in U-87 MG cells, however, the efficacy of these 

compounds was lower than compounds previously identified in the literature. 

These compound classes deserve further investigation through structure 

activity relationships and have potential for a vast array of structural 

modifications. However, time on the project was better focused on 

synthesising and characterising compounds with lower IC50 values for the 

abrogation of FPR1 activation cellular response.
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1.6. The Project Aims

The fundamental goal of this project was to demonstrate through preclinical 

proof of principle that the administration of the FPR1 antagonists identified 

through this project can retard expansion of glioma in vivo suggesting their 

potential as a new therapy for GBM.

1.6.1. FPR1 antagonist synthesis

In this study, the aim was to synthesise small molecule compounds with 

selectivity for the inhibition of FPR1 activation in glioma cells. Compounds 

were identified from the literature, and by in silico design. Compounds were 

synthesised, and then spectroscopically characterised to confirm their 

structure. The goal was to identify compounds that were able to abrogate 

FPR1 activation in glioma cells. The compounds were not to be cytotoxic as 

cells must remain viable for a true indication of FPR1 specific inhibition. 

1.6.2. FPR1 antagonist in vitro testing

Initially compounds were tested in vitro for cytotoxicity using a cell viability 

assay. If compounds were not cytotoxic, they were then tested in vitro for their 

ability to inhibit FPR1 activation by an FPR1 agonist. To achieve this aim, in 

vitro assays appropriate to GPCRs and adherent glioma cell lines were 

employed.

Small molecule FPR1 antagonists’ performance was based on no/low 

cytotoxicity, and low IC50 values (a lower IC50 indicates the compound can 

inhibit FPR1 at lower concentrations). Compounds with desired inhibition and 

cytotoxicity were carried forward into in vitro metabolism and in vivo 

biodistribution studies.
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1.6.3. FPR1 antagonist in vivo efficacy

FPR1 antagonists that did not show metabolism and demonstrated 

appropriate biodistribution were then assessed in an in vivo xenografted 

glioma mouse model. In vivo GBM models were administered FPR1 

antagonists and tumour growth rate measured.

1.6.4. Investigation a link between FPR1 and the hypoxic/necrotic niche 

in GBM 

Further to the study of FPR1 antagonism, we began to explore the 

relationship between FPR1 and the hypoxic/necrotic niche in GBM. In this area 

of the project, expression of FPR1 was explored under hypoxia. The 

relationship between FPR1 activation and necrotic glioma cells was also 

investigated in in vitro models.
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2. CHAPTER 2: Identification and 

synthesis of small molecule 

FPR1 antagonists
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2.1. Introduction to Chapter 2

In this chapter, the identification and synthesis of several small molecule 

FPR1 antagonists are described. To evaluate the role of FPR1 in high grade 

glioma, we required small molecule FPR1 antagonists as chemical tools to 

evaluate the role and significance of the protein in models of disease 

progression. The goal was to demonstrate that a small molecule antagonist 

that blocks the function of FPR1 in high grade glioma, can lead to a therapeutic 

option for the treatment of this aggressive cancer. At the onset of this 

investigation, there were only a few known FPR1 antagonists in the literature 

(Figure 10) with little information on selectivity and very little on FPR1 and its 

relationship to glioma. The idea of using small molecule antagonists of FPR1 

as a therapeutic treatment for high grade glioma was therefore novel. The 

reasoning behind using small molecules was that the molecule could be 

modified to be more drug-like with the ability to balance ability to antagonise 

FPR1, toxicity, and distribution (particularly important for crossing the blood 

brain barrier, BBB). I identified several series of compounds both known in the 

literature and identified through our own vHTS screening. Though some of the 

compounds identified from the literature stated FPR1 antagonism in a 

desirable range (micromolar to nanomolar IC50), some were not “drug-like” and 

thus not ideal as a starting point for drug discovery. The following chapter 

describes the identification and synthesis of the small molecule antagonists 

used in this project.
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2.2. The synthesis of ICT5100 (5)

In the previous section (1.5.1), we outlined de novo discovery of FPR1 

antagonists (Identified by Dr. V. Vinader, and synthesised F. Bajwa, S. 

Jafarinejad). Although this approach supported the discovery of novel FPR1 

antagonist chemotypes which could be drug-like and BBB penetrant (based 

on software informed predictions), we expected the potency optimisation to be 

a long process. To be able to develop and validate assays to confirm the 

potential of FPR1-antagonists as a glioma therapy, existing FPR1 antagonist 

molecules were investigated.

Young et al. in collaboration with the National Institutes of Health Molecular 

Library Screening Network, implemented a flow cytometry based high 

throughput screening approach to identify selective small molecule FPR1 and 

FPR2 ligands.206, 207 They measured the ability of a library of 24,304 small 

molecules (from NIH Small Molecule Repository) to displace a fluorescein 

labelled high affinity peptide ligand of FPR1, FPR2 or both.206, 207 In this assay, 

181 compounds showed >30 % inhibition, of which 34 had selective binding 

inhibition constants (Ki) ≤ 4 μM for FPR1. A second round of analysis and 

screening was performed to identify compounds with greater potency. The 

active compounds from the initial screen were evaluated to identify common 

structural motifs that correlated with activity. 1,276 compounds were selected 

through structure-activity-relationship analysis of the initial set of active 

compounds and the combined library was screened in a single concentration 

HTS assay; using flow cytometry to measure the compounds competitive 

binding properties against a high-affinity fluorescent ligand for binding to 

human FPR1.207 After several screening steps, the hypothesized chemotype 
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family structure had been confirmed with all but one of the selected 

compounds demonstrating selective activity for the FPR1 receptor, the most 

potent of the compounds identified was the novel small molecule FPR1 

antagonist 3570-0208 (ICT5100, (5)) (Scheme 3).

The small molecule FPR1 antagonist ICT5100 (5) was synthesised for this 

project and tested for its efficacy in functional FPR1 assays. The literature was 

sourced for a method to synthesise ICT5100 (5) and similar benzimidazole 

substituted chromone species. A route based on a method previously reported 

by Frasinyuk for the synthesis of benzimidazole analogue of isoflavones was 

adopted and modified.218 ICT5100 (5) was synthesised based on this method 

as outlined in Scheme 3.218 

Scheme 3 Synthetic route for ICT-5100 (5) (i) reflux 3h. (ii) BF3.OEt2, HCl gas, 60 °C, 16h. (iii) H2O, 
reflux. (iv) Ac2O, pyridine, rt, 24h.
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The first step in the synthetic pathway for the preparation of ICT5100 (5) 

was the synthesis of the benzimidazole (21). While the compound was 

commercially available, in order to obtain substantial quantities required for 

further steps in the synthesis of this and related analogues, I decided to 

synthesise the benzimidazole according to the literature method proposed by 

Mckinnon.219 The starting compounds N1-methylbenzene-1,2-diamine (19) 

and methyl cyanoacetate (20) were heated under reflux together without 

solvent. A condensation reaction between the two amino groups and the 

methyl ester forms the desired benzimidazole (21). Purification by column 

chromatography afforded the desired benzimidazole (21) as a light 

brown/green solid. NMR analysis shows two singlet peaks at 4.50 and 3.72 

ppm that integrate to 2H and 3H which correspond to -CH2- and -NCH3 

respectively. Two sets of multiplets at 7.55 and 7.20 ppm integrating to 4 

protons in total correspond to the aromatic protons of the benzene ring. The 

proton NMR integration correlated with the calculated number of protons in the 

desired product. The number of carbon signals detected in the carbon NMR 

also correlated to the calculated number of carbon environments giving 

evidence to the fact that (21) had been synthesised.
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Scheme 4 Synthesis of compounds (23)-keto/enol (i) BF3.OEt2, HCl gas, 60 °C, 16h. (ii) H2O, reflux.

The intermediate compounds (23)-keto/enol were made by reacting 

benzimidazole (21) with commercially available 4-ethylresorcinol (22) under 

modified Hoesch reaction conditions (Scheme 4).218 In a pressure tube, the 

Lewis acid trifluoroboron etherate was added to (21) and (22) and hydrogen 

chloride gas was bubbled through the reaction mixture for a minute before the 

pressure tube was sealed and heated at 60 °C for 18 hours. After allowing the 

reaction mixture to cool to room temperature, distilled water was added, and 

the reaction mixture was heated under reflux for 2 h to ensure complete 

hydrolysis of the imine intermediate (see mechanism, Scheme 5). Upon 

cooling, the solution was neutralized, and was filtered and dried to afford the 

desired product as an off-white solid. 
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Scheme 5 Modified Hoesch reaction mechanism. LA = Lewis acid, Het = heterocycle

NMR analysis suggests the presence of both -keto and -enol forms in 

compound (23). The evidence for this tautomerism included the doubling of 

peaks of the hydroxyl groups (Figure 13). Integral intensity of the aromatic 

protons of the phenol section of the molecule supports the presence of 

tautomerism. In deuterated dimethyl sulfoxide, the molecule is enolized by 

around 85 %, as shown by the ratios of the 4-OH peaks at 10.09 (1H) and 9.97 

(0.09H) ppm for the enol and ketone respectively (see Figure 14). This 

observation of tautomerism was confirmed in the original literature for the 

synthesis of similar species.218
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Figure 14 Expanded section of the proton NMR of (23) showing the enol and keto 4-OH peaks.

Scheme 6 The final synthetic step for ICT5100 (5). (i) Ac2O, pyridine, rt, 24h.

The final step in the synthesis of ICT5100 (5) was to perform a cyclisation 

of compound (23) to form the final chromone structure. To (23) in anhydrous 

pyridine was added acetic anhydride and the mixture was stirred at 40 °C 

overnight. It was found that it is important that the reagents are particularly dry 

or the reaction proceeds with only very low yield. After cooling to room 

temperature, the solution was poured over ice and the solid that had formed 

was filtered off, washed with water, and dried. Crystallisation from hexane 

gave compound (5) as an off-white solid. From the proton NMR spectrum of 

the product, we observe a loss of the hydroxyl group proton peaks observed 

in the proton NMR of compound (23) at 10.09 ppm. Further evidence for fact 

that the chromone (5) had been produced results from the proton NMR 
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spectrum measured in deuterated chloroform, multiplet peaks were found in 

the range of 7.21-8.05 ppm with an integration of 6 protons corresponding to 

the aromatic protons of the benzimidazole substituent and the chromone ring. 

Peaks were also found in the alkyl range a with triplet and a quartet (1.19 ppm, 

t, 3H; 2.59 ppm, q, 2H, J= 7.5 Hz for both) splitting pattern indicative of the R-

CH2CH3 group. A peak at 3.59 ppm (s, 3H) corresponds to the -NCH3 of the 

benzimidazole group, while the two singlets at 2.32 and 2.39 ppm (both 3H) 

indicate the protons of the aryl and acyl groups respectively. The carbon NMR 

spectrum indicates 22 carbon environments present which corresponds to the 

number of carbons present in the compound. All peaks in the proton and 

carbon NMR were assigned indicating the desired product was formed and so 

was carried through for biological assessment.

2.3.1. Analogues of ICT5100 (5)

Using the Chembridge Online Chemical Store (www.hit2lead.com) and the 

structure of ICT5100 (5) as a search parameter, several compounds were 

identified in the Chembridge screening compound library with similar structural 

properties to ICT5100 (5). These compounds were purchased in small 

quantities to screen for biological activity alongside ICT5100 (5) with the 

intention of understanding structure activity relationship for the chromone 

series.

The SAR of ICT5100 (5) was based around modifications to the groups on 

the 4H-chromene-2-one core as depicted in Figure 15. By modification of 

these sites, the aim was to identify what structural modifications would improve 

potency and biological stability.
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Figure 15 SAR modification sites of ICT5100 (5)

Figure 16 Chembridge ICT5100 analogues (24)-(32).

The Chembridge compounds were tested initially at two concentrations in 

the calcium flux assay (Table 2) on U-87 MG cells in response to fMLF. The 

compounds tested were selected according to meeting solubility criteria. The 

compounds should dissolve in dimethyl sulfoxide (DMSO) to achieve a 

maximum concentration of 10 µM and must remain dissolved when diluted in 

phosphate buffer solution. Of the compounds purchased, (24) – (32) (Figure 
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16) had the required solubility and were tested at the highest concentrations, 

between 10-100 µM and a 10-fold dilution for the second dilution between 1-

10 µM.

Table 2 Tabulated data for FPR1 antagonist IC50 values for calcium mobilisation assay data for 
compounds 5 and 24-32. 

Compound Antagonist pIC50 against fMLF

ICT5100 (5) 5.3

ICT12013a (24) <4

ICT12016a (25) NA

ICT12011a (26) <4

ICT12017a (27) 4-5

ICT12007a (28) <4

ICT12018a (29) <4

ICT12001a (30) <4

ICT12004a (31) <4

ICT12002a (32) <4

Compounds tested at two concentrations in HTS screen of focused library of ICT5100 analogues.
NA – no antagonism or antagonism below the highest soluble concentration.

Of the ICT5100 (5) analogues selected from the Chembridge database, 

only compound (27) demonstrated similar antagonism to compound (5). 

Interestingly, the only modification between (5) and (27) is the replacement of 

the methyl group in position 2 (Figure 15) with a hydrogen.

While the ICT5100 SAR investigation was active, a research article was 

released. The paper extensively investigated the SAR of the 4H-chromone 

scaffold for the antagonism of FPR1 in FPR1-HL60 cells and human neutrophil 
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cells.220 100 analogues of the 4H-chromone (5) were included in the study 

looking at antagonism, binding and selectivity for FPR1 over the other FPR 

receptors.220 The stand out compound from the study was “compound 10” (33) 

which demonstrated selectivity for FPR1 and had the highest FPR1 antagonist 

activity of the study.

Figure 17 The structures of ICT5100 (5) and "compound 10" (33)

From the research article, for the antagonism of FPR1 in HL60(FPR1) cells, 

(33) demonstrated an IC50 = 0.31 µM, whereas ICT5100 (5) in the same study 

had an IC50 = 1.4 µM.220 Interestingly, approaching a 10-fold increase in 

antagonism activity was observed from (5) to (33) by extending the alkyl side 

chain. The ability of this compound class to antagonise FPR1 activation has 

demonstrated potential for further optimisation. However, the focus of this 

study was shifted towards a class of molecules that have demonstrated 

greater FPR1 antagonist potential. A class of pyrazole compounds have 

previously demonstrated FPR1 antagonism with lower IC50 values and scope 

for further structural modification, and so were the next compounds to be 

investigated.
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2.3. The synthesis of pyrazoles ICT7005 (9) and ICT7009 (10)

Morley et al. of AstraZeneca released a paper identifying a pyrazole series 

they had been investigating as potential drug candidates for the treatment of 

Chronic Obstructive Pulmonary Disorder (COPD) by targeting the FPR1 

pathway.215 Previous compounds investigated by the group, including a 

benzimidazole and a diamine proved too lipophilic to possess the desired 

DMPK and physicochemical properties to be of value as a drug candidate for 

COPD, and so they further pursued the pyrazole series.214 Through high 

throughput screening, a series of pyrazoles had been identified and an SAR 

analysis performed on select compound scaffolds.214, 215 From the work of 

Morley et al., several key pyrazole candidates were identified to be used to 

further investigate the biology of FPR1 in GBM. It was decided to synthesise 

a selection of the compounds from the study which demonstrated the lowest 

IC50 values for the inhibition of FPR1 activation. 

Figure 18 The structures of ICT7005 (9) and ICT7009 (10).

The first compounds synthesised from the series were (9) (ICT7005) and 

(10) (ICT7009) (see Figure 18). Both ICT7005 (9) and ICT7009 (10) were 

found to have similar or slightly better FPR1 inhibition compared to ICT5100 

(5), but since their synthesis was relatively straight forward, we felt they will be 

a good starting point for this study. ICT7005 (9) is similar in structure to 

ICT7009 (10) but lacks the methyl substituent in the 3-position of the pyrazole 
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scaffold. Assessment of their relative potency would therefore establish the 

importance of a methyl substituent in this position. A general synthetic route 

was adopted for the synthesis of the pyrazole analogues as proposed in 

Scheme 7.215

Scheme 7 A synthetic route for the pyrazole compounds (9) and (10). (i) Ethanol, triethylamine, 
nitrogen atm, reflux 18 h. (ii) 0 °C, anhydrous THF, NaH (iii) tosyl chloride, rt 18 h. (iv) Ethanol, H2O, 
LiOH.H2O, reflux 16 h. (v) DMF, diisopropylamine, argon atm, rt, 10 mins. (vi) HATU/HBTU, 20 min. (vii) 
(s)-3,3-dimethyl-2-butylamine, rt, 16 h.
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Scheme 8 The first synthetic step in the synthesis of pyrazoles ICT7005 (9) and ICT7009 (10) (i) 
Ethanol, triethylamine, nitrogen atm, reflux 18 h.

The first step of the synthesis uses the reaction of mono-substituted 

hydrazines with ethyl-2-cyano-3-ethoxyacrylate (34) as observed in Scheme 

8, providing the pyrazole without the methyl substituent in the 3-position; or 

with ethyl-2-cyano-3-ethoxycrotonate (39), giving the pyrazole with a 3-methyl 

substituent. The condensation reaction was carried out in ethanol under reflux 

conditions. A proposed mechanism is outlined in Scheme 9.
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Scheme 9 A mechanism for formation of the pyrazole ring. Michael addition to ethyl-2-cyano-3-
ethoxyacrylate occurs with the lone pair of the -NH2 in the hydrazine as a nucleophile to form the 
intermediate (A). Ethanol is lost to form intermediate (B). The ethoxy ion extracts a proton from the 
ammonium ion to produce intermediate (C). At this point, intermolecular cyclisation occurs through the 
lone pair of the secondary amine -NH-Ph group attacking the carbon of the cyano group to produce 
intermediate (D). Migration of the ammonium proton to the imine occurs to form intermediate (E), 
followed by aromatic driven hydrogen migration to yield the final 5-aminopyrazole (F). 

The final product of the reaction was recrystallised from ethanol to form 

small white crystals. The structures of the products were confirmed by proton 

and carbon NMR. From the proton NMR spectrum, the multiplet at 7.50 ppm 

(4H) corresponds to the ortho and meta protons of the benzene ring, the 

multiplet at 7.37 ppm (1H) corresponds to the para positioned proton of the 

ring. A broadened peak at 5.31 ppm (2H) is indicative of the protons of the 

amine group. A quartet and triplet at 4.30 ppm (J=7.1Hz, 2H) and 1.37 ppm 

(J=7.1Hz, 3H) correspond to the ethyl ester group. Additionally, the key 

difference between compounds ICT7005 (9) and ICT7009 (10) is the presence 

of a methyl group on C-3 for compound (10). The peak for the methyl group of 

(10) is observed in the proton NMR as a singlet at 2.41 ppm (3H), while the 

signal for the heterocyclic proton of (9), because it is aromatic, appears in the 
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aromatic region as a singlet at 7.78 ppm (1H). The 13C NMR supported this 

assignment, with peaks corresponding to 10 and 11 magnetically non-

equivalent carbons for compounds (9) and (10) respectively. Due to the 

symmetry of the benzene ring, 2 less peaks than expected were observed for 

the ortho and meta carbons of the benzene ring, instead, the peaks at 129.9 

and 124.0 ppm integrate to 2 carbons each and thus increasing the tally for 

carbons to 12 and 13 for compounds (9) and (10) respectively. The 

assignments were confirmed by HMQC, and COSY NMR experiments and the 

calculated mass correlated with the high-resolution mass spectrometry results. 

The compounds were carried through to the next step of the synthesis without 

further purification.

Scheme 10 Tosylation of the amine of (36)/(40) to form compound (37)/(41). (i) 0 °C, anhydrous 
THF, NaH (ii) tosyl chloride, rt 18 h.

The next step in the synthesis was the tosylation of the 5-aminopyrazole to 

form the subsequent sulphonamide via a nucleophilic substitution with tosyl 

chloride (Scheme 10). In the initial attempts to synthesise the desired 

compounds, to a solution of (36)/(40) in anhydrous pyridine as the solvent and 

base, added tosyl chloride under nitrogen and the reaction was heated at 100 

°C for 24h. However, analysis of the reaction mixture showed that large 

amounts of starting material remained whilst the tosyl chloride had been 

depleted. Additional portions of tosyl chloride were added as well as 4-

dimethylaminopyridine (as a nucleophilic catalyst) in attempt to drive the 
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reaction forward. On work up and purification only low yields of the desired 

product were isolated. As this step was early in the synthetic pathway to the 

final desired compound, higher yields were required to take enough material 

through to subsequent steps. An alternate method was planned using sodium 

hydride as a stronger base with the hope for a higher yielding and cleaner 

reaction (Scheme 11).

Scheme 11 Mechanism for the amine tosylation using sodium hydride as the base. The 5-
aminopyrazole (36)/(40) from the previous step was added to a suspension of sodium hydride in 
anhydrous THF, an evolution of gas from the reaction mixture indicated that the hydride had 
deprotonated the amine group to produce the salt intermediate (A). On addition of the tosyl chloride to 
the reaction mixture, the sulphur of the tosyl undergoes nucleophilic attack from the nitrogen anion to 
form intermediate (B), and subsequently, elimination of sodium chloride, formed the desired product (C). 
However, the NH of the sulphonamide product is more acidic than the NH2 of the starting material. As a 
result, pyrazole (A) would accept a proton from (C) to reform the starting pyrazole (D) and the 
sulphonamide salt (E). An additional portion of sodium hydride regenerates product (A) from (D). An 
acidic/aqueous workup of product (E) produces the desired product (F).
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The amine tosylation step required two equivalents of sodium hydride. This 

is because the sulphonamide product has an -NH- group which is more acidic 

than the -NH2 of the starting material. As the reaction proceeds, any pyrazole-

NH- from the starting material would take a proton from the pyrazole-NHSO2Ar 

to regenerate the pyrazole-NH2 starting material and [Pyrazole-NSO2Ar]-Na+. 

To ensure the reaction goes to completion, the reaction would require 2 

equivalents of sodium hydride to allow the regeneration of the pyrazole-NH- 

intermediate. After an acidic-aqueous work up of the reaction, the [Pyrazole-

NSO2Ar]-Na+ is converted back to the desired Pyrazole-NHSO2Ar. The product 

of the reaction was purified by flash chromatography to afford an orange solid. 

Proton and carbon NMR were used to confirm the desired product had been 

obtained. 

As with the previous step of the experiment, similar peaks were observed 

in the proton and carbon NMR spectrum. A quartet (4.05 ppm, 2H) and triplet 

(1.23 ppm, 3H) indicate the alkyl group of the ester. For compound (37), the 

aromatic proton of the pyrazole can be located as a singlet at 7.89 ppm, while 

a singlet at 2.40 ppm integrating to 3 protons corresponds to the methyl 

attached to the pyrazole for compound (41). The introduction of the tosyl group 

to the molecule brings in new signals to the proton NMR spectrum in the 

aromatic region, and thus, to better assign the NMR data, 2D NMR 

experiments were used to identify 1H-1H and 1H-13C coupling signals.

A peak at 2.39/2.38 ppm for (37)/(41) respectively indicates the methyl- of the 

tosyl group. COSY NMR data for compound (37) indicates coupling signals 

between the tosyl methyl peak and the aromatic proton multiplet peaks at 7.17 

(2H) and 7.43 (5H) ppm indicating the remaining 4 protons of the tosyl 
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aromatic ring. Coupling signals can also be observed between the multiplet 

peaks at 7.65 (3H) and 7.43 (5H) indicating overlapping peak signals for the 

aromatic protons These peaks indicate the phenyl aromatic protons. The 

integration leaves one proton unaccounted for. For compound (37), the proton 

NMR spectrum reveals a singlet signal at 7.89 ppm (1H) which also 

demonstrates coupling to a carbon in the 1H-13C HMQC NMR, indicating the 

aromatic proton of the pyrazole. The remaining proton within the aromatic 

region would indicate the proton of the sulphonamide.

Figure 19 Proton NMR expansion of the aromatic region for compound (37) indicating peak signal 
coupling (derived from 2D COSY spectrum).

For compound (41) however, the proton signal at 7.79 ppm does not correlate 

to a carbon in the 1H-13C HMQC NMR indicating that this signal corresponds 

to the proton of the sulphonamide. From the previous step, the broadened 

peak around 5.31 ppm (2H) indicating the amine had disappeared from the 

spectrum of the new compound suggesting further evidence for the fact the 

desired product has been formed. Overall, the proton NMR spectrum 

integrates to 19H and 21H for (37) and (41) respectively. The carbon NMR 

spectra gave signals indicating 15 and 17 non-magnetically equivalent carbon 

atoms which corresponds to the predicted numbers for (37) and (41) 

respectively. The mass spectrometry data gave m/z [M+H]+ (37) = 386.1170 
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and (41) = 400.1322 which correlates to the calculated [M+H]+ of the desired 

compounds.

Scheme 12 The base catalysed hydrolysis of compounds (37) and (41) to produce (38) and (42) 
respectively. (i) Ethanol, H2O, LiOH.H2O, reflux 16 h.

The next step in the synthesis was the hydrolysis of the ester group to a 

carboxylic acid (Scheme 12). The reaction proceeded via a base catalysed 

ester hydrolysis employing aqueous lithium hydroxide. The product of the 

previous step (37)/(41) dissolved in ethanol was added to a solution of lithium 

hydroxide monohydrate (excess) in distilled water and heated under reflux for 

16 hours. The suggested mechanism for the base catalysed hydrolysis can be 

observed in Scheme 13.
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Scheme 13 Mechanism for the base catalysed ester hydrolysis of (37)/(41). The process is started 
by the attack of the nucleophile hydroxide ion on the electrophilic carbon of the ester, forming a new σ-
bond between the carbon and hydroxide and subsequently breaking the π-bond of the carbonyl to form 
the intermediate (A). The negative charge of the oxygen will then move back to reform the π-bond 
(energetically more favourable state) and the -OEthyl anion leaving group to form the desired compound 
intermediate (B). Each step of the reaction is reversible, however, the equilibrium is driven towards 
forming desired compound because under basic conditions, once the ester has been hydrolysed to the 
carboxylic acid any remaining anions either [OEthyl]- or [OH]- can deprotonate the acid to generate the 
carboxylate intermediates (C)/(D) which are no longer reactive. By neutralising the reaction mixture with 
aqueous acid, the carboxylic acid is regenerated to give the desired product (E). 

Analysis of the proton NMR spectrum run in deuterated methanol through 

comparison to the starting material shows a loss of the ethyl ester proton 

signals. The number of carbon signals correlated to the predicted number of 

non-magnetically equivalent carbon atoms for both compounds. The mass 

spectrometry data m/z [M+H]+ (38) = 358.0857 and (42) = 372.1013 correlates 

to the calculated [M+H]+ value supporting the evidence that the product had 

been synthesised.
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Scheme 14 Formation of the amides (9) and (10) under peptide coupling conditions. (i) DMF, 
diisopropylamine, argon atm, rt, 10 mins. (ii) HATU/HBTU, 20 min. (iii) (s)-3,3-dimethyl-2-butylamine, rt, 
16 h.

The final step in the synthesis of the pyrazole compounds was to convert 

the carboxylic acid group to the corresponding amide under peptide coupling 

conditions (Scheme 14). The reagents used for the coupling were HATU and 

Hunigs base (DIPEA) and the chiral amine (S)-3,3-dimethyl-2-butylamine. The 

(S) configuration of the final compound was noted to have greater antagonism 

of the FPR1 receptor over the (R) isomer.215 To a solution of the pyrazole was 

added Hunig’s base followed by HATU and then (S)-3,3-dimethyl-2-

butylamine and stirred at room temperature for 16h. HATU exists as two 

isomers, the uronium salt and the guanidinium salt, the suggested mechanism 

for the coupling using the uronium salt is displayed in Scheme 15.221, 222 
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Scheme 15 Formation of the amide under peptide coupling conditions using HATU and Hunig’s 
base. Initially, the carboxylic acid is deprotonated by attack of the lone pair of Hunig’s Base to form 
intermediate (A). The carboxylate anion proceeds to attack HATU to form the O-acyl(tetramethyl) 
isouronium salt (B) while eliminating an OAt anion. The OAt anion attacks the C=O group of the 
isouronium salt to form the OAt-active ester intermediate (C) followed by the elimination of 
tetramethylurea to form intermediate (D). On adding (S)-3,3-dimethyl-2-butylamine as the nucleophile, 
the lone pair of the nitrogen attacks the C=O of intermediate (D) and to form intermediate (E), the 
subsequent loss of the HOAt leaving group leads to the formation of the desired acylated product (F). 

The reaction mixture was quenched with water, and the pH adjusted to 1 

with aqueous hydrochloric acid, following solvent extraction, the compound 

was purified by flash chromatography with an ethyl acetate/petroleum solvent 

system. The reaction yielded a white compound with around 95 % yield, the 

assignment of final product was confirmed by NMR and mass spectrometry 

and sent for biological evaluation. 

The proton NMR confirmed the desired compounds had been synthesised, 

peaks were observed that are concurrent with the groups carried over from the 

intermediate starting material. The proton signal at 8.79 ppm (1H) corresponds 

to the -NH of the sulphonamide. The peaks at 7.30 and 6.98 ppm (2H each) 

correspond to the aromatic protons of the tosyl group while the remaining 
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peaks in the aromatic region 7.36 (2H) and 7.28-7.17 (3H) correspond to the 

aromatic protons of the N-Benzene group. The doublet at 5.99 ppm (1H) in the 

proton NMR does not correlate to a carbon atom in the HMQC spectrum, 

suggesting along with the chemical shift that the proton is bound to another 

heteroatom, in this case, the nitrogen of the amide. The signal at 3.79 ppm 

(1H, J = 9.5, 6.9 Hz) is a doublet of quartets, indicating that this proton signal 

originates from the proton adjacent the amide; the splitting pattern due to the 

proton’s vicinity to the single amide proton and the 3 protons of the adjacent 

methyl group of which gives an adjacent doublet peak at 0.95 ppm (3H, J = 

6.8 Hz). The remaining peaks, two singlets at 2.38 (3H) and 2.26 (3H) 

correspond to the methyl groups of the pyrazole and the tosyl group 

respectively, while the singlet at 0.80 ppm (9H) accounts for the remaining 9 

protons of the t-butyl group. From the carbon NMR, 17 and 18 carbon signals 

were detected correlating to the predicted number of non-magnetically 

equivalent carbon atoms for both (9) and (10) respectively. The mass 

spectrometry data m/z [M+H]+ (9) = 441.1946 and (10) = 455.2107 correlates 

to the calculated [M+H]+ value supporting the evidence that the products had 

been synthesised.



75

2.4. The synthesis of pyrazoles ICT12028 (60) and ICT12035 (11)

As the biological characterisation progressed with ICT7005/9, further work 

was released by Morley et al. focusing on FPR1 for inflammatory disease.216

Figure 20 The chemical structures of compounds (10) and (43).

Continuing from their previous work on compounds targeting the FPR1 

receptor with a focus on the innate immune response and COPD, Morley et 

al. explored further the lead discovery and optimisation of pyrazole 

analogues.215, 216 Morley et al. carried through the compounds (10) and (43) 

(Figure 20) as the most promising lead candidates and investigated the in vivo 

PK parameters in rat.216 From this base, a SAR investigation to the discovery 

of pyrazoles (11) and (44) (Figure 21).

Figure 21 The chemical structures of compounds (11) and (44).

Compound (11) (ICT12035) had a reported FPR1 IC50 of 4 nM (pIC50 = 8.4) 

whereas (44) had a reported IC50 of 158 nM (pIC50 = 6.8).216 ICT12035 (11) 
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had a lower IC50 value compared to compound (44) and so was selected to be 

synthesised as a tool compound to be used to further investigate the 

therapeutic benefits of antagonising the FPR1 receptor in high-grade glioma.
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Scheme 16 The full synthetic pathway for ICT12035 (11) and ICT12028 (60). (i) NaBH4, ethanol, 
nitrogen atm, rt, 24 h. (ii) NaH, THF, 0 °C - rt, 0.5 h. (iii) MeI, rt, 24 h. (iv) THF, HCl (5M), rt, 16 h. (v) 
MeOH, tert-butyl carbazate, rt, 2 h. (vi) Acetic acid, H2O, NaBH3CN, rt, 16 h. (vii) Dioxane, HCl (5M), rt, 
1 h. (viii) Ethanol, triethylamine, ethyl-2-cyano-3-ethoxycrotonate, nitrogen atm, reflux 18 h. (ix) 0 °C, 
anhydrous THF, NaH (x) tosyl chloride, rt 18 h. (xi) Ethanol, H2O, LiOH.H2O, reflux 16 h. (xii) DMF, 
diisopropylamine, argon atm, rt, 10 mins. (xiii) HATU/HBTU, 20 min. (xiv) (s)-3,3-dimethyl-2-butylamine, 
rt, 16 h.
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ICT12035 (11) was the cis-diastereoisomer, the decision was made to 

synthesise both diastereoisomers to allow investigation of the biological 

properties between the two compounds. Morley et al. included the trans-

diastereoisomer (60) in their study, however, under the conditions of their 

experiments the diastereoisomer was deemed inactive, this claim was to be 

investigated.216 The first step was to synthesise the mono-substituted 

hydrazine (51)/(56) as proposed in Scheme 16. Followed by the reaction of 

the hydrazine with ethyl (E)-2-cyano-3-ethoxycrotonate to form the pyrazole 

(52)/(57) and the subsequent steps towards the final compounds (11)/(60). 

The full synthetic pathway is proposed in Scheme 16. It was expected under 

the reaction conditions proposed, during step vi, both diastereoisomer 

hydrazines would be synthesised. From this point, the reactions would be 

carried out in parallel towards the final products.

According to the synthetic route proposed in Scheme 16, the first step was 

to reduce commercially available 1,4-dioxaspiro[4,5]decan-8-one (45) to the 

corresponding alcohol (46). The mild reducing agent sodium borohydride was 

used with ethanol as the protic solvent. On addition of sodium borohydride to 

(45), a hydride ion attacks the carbon of the carbonyl shifting the charge 

towards oxygen of the carbonyl. The lone pair of the oxygen proceeds to 

extract a hydrogen from ethanol forming the alcohol product. Sodium 

borohydride was used in a slight excess to accommodate for the degradation 

of the reducing agent, the reaction was stirred for 24 h under nitrogen to 

reduce atmospheric moisture and decrease degradation. The reaction solvent 

was removed under reduced pressure to afford a cloudy oil, the oil was 
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dissolved in dichloromethane and sodium hydroxide solution (2M) added to 

neutralise the reaction mixture. The organic phase was collected and dried 

over magnesium sulphate and the solvent removed to afford the product as a 

clear oil.

The proton NMR spectrum confirmed the desired compound had been 

synthesised, peaks were observed in the shift regions concurrent with the 

proton environments of the desired compound. Due to symmetry in the 

molecule, we observe less peaks to the number of proton groups on the 

molecule, where there are 8 groups of protons, we only observe 5 different 

proton environments, this is subsequently reflected in the integration of the 

peaks in the proton NMR spectrum with a total integration of 14H which 

equates to the desired number of protons. The multiplet at 3.91 ppm (4H) is 

indicative of the 1,3-dioxolane protecting group, the peak integrates to 4 

protons and the COSY NMR experiment indicates no coupling to another 

proton environment. Multiplet peaks in the ranges of 1.96 – 1.73 (4H) and 1.71 

– 1.51 (4H) correlate to the protons of the cyclohexane. Two peaks are 

observed with an integration of one proton each, a split peak at 3.78 ppm and 

a broad peak at 1.42 ppm, these would equate to the proton adjacent the 

alcohol group and the proton of the alcohol group. To decipher the assignment 

between the two, COSY and HMQC experiments were utilised, the split peak 

at 3.78 ppm (1H) demonstrates coupling to the protons of the cyclohexane in 

the COSY NMR spectrum while also demonstrating coupling in the HMQC 1H-

13C experiment. The broad peak at 1.42 ppm (1H) demonstrates no coupling 

in both COSY and HMQC experiments. This information confirms the 

assignment of the peak at 3.78 ppm to the proton of the cyclohexane adjacent 
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to the alcohol group while the peak at 1.42 ppm corresponds to the proton of 

the alcohol group. The carbon NMR further supports the confirmation the 

desired product had been synthesised, we observe the expected 5 carbon 

peaks indicative of the 5 carbon non-magnetically equivalent carbon atoms 

observed in the desired molecule. The compound was carried through to the 

next step of the synthesis without further purification.

The next step in the synthesis was the methylation of the alcohol group of 

(46) to form (47). Sodium hydride was used as a strong hydride donor. On 

addition of sodium hydride to the intermediate alcohol (46) dissolved in 

tetrahydrofuran (THF), the hydride ion attacks and deprotonates the alcohol 

group to form the sodium salt, and hydrogen gas which was vented from the 

reaction. Subsequent addition of methyl iodide to the reaction mixture leads to 

attack of the methyl of methyl iodide by the lone pair of the deprotonated 

alcohol. This forms the desired product and eliminates sodium iodide. The 

reaction was quenched with methanol and water and the subsequent mixture 

extracted with ethyl acetate. The organic phase was extracted from the 

reaction mixture, dried over magnesium sulphate and the solvent removed 

under reduced pressure to afford a yellow oil. TLC of the product indicated 

impurities and starting material were still present in the reaction product. The 

yellow oil was purified by flash chromatography. The final product (47) was 

isolated as a yellow oil with a relatively good yield of 70 %.

The proton NMR spectrum confirmed the desired compound had been 

synthesised though peaks were also observed for residual ethyl acetate 

indicating that the solvent had not been completely removed before the NMR 
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experiments were run. A multiplet peak at 3.91 ppm (4H) again corresponds 

to the acetal group while the multiplet peaks at 1.86 - 1.45 ppm (8H) 

correspond to the protons of the cyclohexane. There has been a loss of the 

broad singlet at 1.42 ppm of the starting material corresponding to the alcohol 

proton, while the peak for the proton of the cyclohexane adjacent the alcohol 

remains at 3.31 ppm (1H). Overlapping the peak at 3.31 ppm is a new singlet 

peak at 3.33 ppm (3H), with the integration to 3 protons and lack of coupling, 

this peak is indicative of the desired -OMethyl group. Along with the 

assignments of the proton NMR spectrum, the carbon NMR confirms a new 

carbon environment for the product in comparison to the starting material 

spectrum. The compound was carried through to the next step of the synthesis 

after excess solvent was removed by leaving the product under a high 

vacuum.

At this point in the synthesis, the -OMethyl group of the molecule was 

complete so focus moved towards forming the mono substituted hydrazine 

portion of the molecule, para to the -OMethyl. The first step of forming the 

hydrazine was to deprotect the carbonyl group which is currently protected 

with an acetal group. A standard acetal deprotection method was utilised, a 

strong aqueous hydrochloric acid solution (5M) was added to the intermediate 

product (47) dissolved in THF and stirred at room temperature for 16h. The 

acetal group is transformed to the desired ketone, the pH of the reaction 

mixture was adjusted to 10 with sodium hydroxide solution (2M) and organic 

products were extracted with ethyl acetate. The organic extract was dried over 
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magnesium sulphate and the solvent removed to afford a yellow oil with a yield 

of 91 %.

The proton and carbon NMR spectra confirmed the desired compound (48) 

had been synthesised. A multiplet peak at 3.63 ppm (1H) corresponds to the 

proton adjacent the -OMethyl group while the remaining protons of the 

cyclohexane are represented by 4 multiplet peaks at 2.58, 2.28, 2.11 and 1.97 

ppm (2H each). The -OMethyl peak resides at 3.43 ppm (3H). Further 

evidence for the fact the desired product had been synthesised was the loss 

of the acetal group peaks from the proton and carbon NMR spectra, multiplet 

peaks were no longer observed in the 3.91 ppm region where the peak was 

observed for the starting material. The proton NMR spectrum integrates to 12 

protons while the carbon NMR spectrum indicates 5 carbon non-magnetically 

equivalent carbon atoms which correlates to the desired product. A quaternary 

carbon signal at 211 ppm was also detected in the carbon NMR, HMQC 

indicated this carbon lacked proton carbon coupling and the chemical shift 

suggests that this carbon peak indicates a ketone. The compound was carried 

through to the next step of the synthesis without further purification.

With the ketone unprotected, the next step was to replace the ketone with 

a BOC protected hydrazone species which subsequently will be reduced to 

form the BOC-hydrazine analogue. On addition of tert-butyl carbazate to a 

solution of 4-methoxycyclohexan-1-one (48) dissolved in methanol, the tert-

butyl carbazate undergoes a condensation reaction with the ketone group of 

(48). The lone pair on the primary nitrogen of the hydrazine attacks the carbon 

of the ketone group followed by H-migration and subsequent loss of one water 
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molecule and formation of the hydrazone analogue. The reaction progress 

was monitored to completion with TLC. On complete conversion of the starting 

material, the organic solvent was removed under reduced pressure leaving the 

product and the water side product as an oil. The oil was dissolved in ethyl 

acetate, dried over magnesium sulphate and the solid residue removed by 

filtration. The organic solvent was then removed under reduced pressure to 

afford a white crystalline product with a yield of 99 %.

The proton NMR spectrum confirmed the desired compound (49) had been 

synthesised. Peaks were observed that are concurrent with the groups carried 

over from the intermediate starting material (48). Peaks were also observed 

that were indicative of residual solvent in the NMR product indicating that the 

product was not completely dried. Assignment of the proton NMR spectrum 

used COSY and HMQC NMR experiments. In the proton NMR spectrum, the 

peak at 3.48 ppm (1H) is consistent with the proton adjacent the -OMethyl 

group. A peak at 3.36 ppm (3H) corresponds to the protons of the -OMethyl 

group. The protons of the cyclohexane demonstrate a similar peak pattern to 

the intermediate starting material with multiplet peaks at 2.55, 2.35, 2.16 and 

1.84 ppm, however the integration for the peaks is 1H, 2H, 1H and 4H 

respectively as opposed to each multiplet integrating to 2H each as the starting 

material did, this observation suggests a conformation change in the 

cyclohexane ring and could be a result of steric hinderance caused by the 

bulky BOC-hydrazone group. A peak was observed at 7.51 ppm (1H), with no 

coupling effect observed in the HMQC NMR spectrum, this peak is indicative 

of the -NH- group of the BOC-hydrazone. A large peak was also observed at 

1.50 ppm (9H), the integration of 9 protons and the lack of coupling indicates 
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this peak belongs to the tert-butyl group of the BOC-hydrazone. The total 

proton NMR integration of 22 protons correlates to the number of protons of 

the desired product. The carbon NMR indicates 8 different carbon non-

magnetically equivalent carbon atoms within the product, with symmetry in the 

cyclohexane and tert-butyl sections of the molecule, this correlates to the 

expected peak numbers for the carbon NMR spectrum. The compound was 

carried through to the next step of the synthesis after excess solvent was 

removed by leaving the product under a high vacuum.

At this stage in the reaction scheme, the hydrazone (49) was reduced to 

the corresponding hydrazine prior to the removal of the BOC protecting group 

to reveal the desired mono-substituted hydrazine. The reduction product of 

this reaction resulted in both the cis (50) and trans (55) isomers. The reducing 

agent used for the reduction was sodium cyanoborohydride. To a solution of 

the hydrazone in acetic acid and water was added in small portions sodium 

cyanoborohydride. Sodium cyanoborohydride acted as a strong hydride 

donor, the hydride ion attacked the carbon of the imine to drive the reduction 

forward. The isomer formed is dependent on the direction of attack, whether 

the hydride attacks from above or below the molecule. Under basic conditions, 

the reaction would subsequently eliminate the hydrazine, and thus, the 

reaction is run under acidic conditions. After stirring at room temperature for 

16h, the reaction mixture was neutralised with sodium hydroxide solution (2M) 

and extracted with dichloromethane. The organic extract was dried over 

magnesium sulphate and the solvent removed under reduced pressure to 

afford the product as a yellow oil. The proton NMR of the crude oil indicated 
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that the cis and trans isomers had been produced in a near 50:50 ratio. TLC 

indicated that the two products, though chemically similar, resolved separately 

meaning it was possible to isolate the isomers at this stage. The two isomers 

were purified by column chromatography. The resolution between the two 

isomers was low and due to the nature of the chemical groups of the 

molecules, there were considerable levels of tailing within the column. This 

meant the products had to be purified over several columns to ensure both 

isomers were isolated pure. The cis isomer was less polar than the trans 

isomer and so eluted first. Both isomers were isolated, and the samples sent 

for characterisation to confirm the products.

The NMR spectrum for both isomers showed similarities. The 

conformational differences between the two isomers were indicated by 

significant chemical shift differences, particularly for the cyclohexane ring. 

Proton assignments were confirmed using a combination of 13C, COSY and 

HMQC NMR experiment data.

Table 3 Proton chemical shift assignments for (50) and (55)

 1H 
Chemical 
Shift (ppm)

(50)
cis

(55)
trans

1-CH 2.89 2.83
2/6-CH2 1.53, 1.86 1.13, 1.92
3/5-CH2 1.53, 1.86 1.26, 2.06
4-CH 3.33 3.15
4-OCH3 3.29 3.36
1-NH 3.86 3.97
7-NH 6.05 6.03
8-t-butyl 1.45 1.48
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Before the cyclisation step could occur to form the pyrazole analogue, the 

BOC-hydrazine had to be deprotected to produce the free hydrazine 

derivative.

Scheme 17 The mechanism for the deprotection of BOC-hydrazine to form the free hydrazine.

For the deprotection, strong hydrochloric acid solution (5M) was used as a 

proton donor. The mechanism for the deprotection of BOC-hydrazine is 

demonstrated in Scheme 17. On addition of the hydrochloric acid solution to 

the BOC-hydrazine intermediate dissolved in dioxane, the tert-butyl carbamate 

oxygen becomes protonated to form intermediate A. This is followed by the 

elimination of the tert-butyl cation to produce the carbamic acid intermediate 

B. Deprotonation of the alcohol of the carbamic acid results in the loss of 

carbon dioxide and the subsequent protonation to form the free amine 

intermediate C. Under acidic conditions however, the amine undergoes further 

protonation to provide the product as the chloride salt. TLC indicated that all 

starting material had been consumed, and the reaction solvent was removed 

under reduced pressure to afford the product as white flaky crystals. During 

the initial attempt to deprotect the hydrazine, after deprotection, the chloride 

salt product was then neutralised to produce the free hydrazine. However, 

while relatively stable under anhydrous conditions, the free hydrazine showed 
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signs of decomposition when exposed to air/moisture. Therefore, the 

compound was carried through to the next step in the synthesis as the chloride 

salt.

The reaction was carried out in parallel with the cis and trans isomers. As 

the compounds remained as the chloride salt, the products were carried 

forward to the next step without further purification. The NMR spectrum of the 

crude cis isomer product revealed peaks consistent with the desired product 

while the tert-butyl peak of the starting material no longer remained.

Table 4 Proton chemical shift assignments for (51)

 1H 
Chemical 
Shift (ppm)

(51)
cis

1-CH 3.00-3.16
2/6-CH2 1.69-1.57, 2.03
3/5-CH2 1.55-1.48, 1.87
4-CH 3.47
4-OCH3 3.31
1-NH N/A1

1-NHNH3 N/A1

1 no peak for NH observed when spectrum run using deuterated methanol.

Hereon, the synthetic route used to produce ICT7005/9 (9)/(10) was used. 

In the cyclisation step to form the pyrazole a modification to the procedure had 

to be made to account for the fact the hydrazine was being introduced as the 

chloride salt. The pyrazole was formed directly from the hydrazine chloride salt 

(51)/(56) as the free amine proved to be less stable if formed prior to the 

synthesis. The free amine was formed in situ with the addition of one 

equivalent of base to the reaction mixture. To a solution of the hydrazine salt 

(51)/(56) dissolved in ethanol was added triethylamine followed by ethyl-2-

cyano-3-ethoxycrotonate and set to reflux. TLC was used to determine the end 
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of the reaction. On complete consumption of the starting material, the reaction 

was cooled, the organic solvent removed under reduced pressure to afford an 

orange solid. As a side product to neutralising the hydrazine chloride salt, 

triethylamine hydrochloride was produced and remained in the reaction 

product. To remove the triethylamine hydrochloride the product was dissolved 

in THF. The organic components of the reaction dissolved while the 

triethylamine hydrochloride salt precipitated out and was removed by filtration. 

The supernatant was collected, the solvent removed under reduced pressure 

and the resulting oil dissolved in ethyl acetate. TLC indicated several impurities 

remained in the crude product. HCl solution (4M) was added to the organic 

mixture to generate the amine chloride salt of the product. The aqueous phase 

was isolated, the pH adjusted to 14 with sodium hydroxide solution (4M) and 

extracted with dichloromethane. The organic phase of the resultant mixture 

was isolated, dried over magnesium sulphate and filtered, the solvent removed 

to afford an orange oil. The resulting oil was purified by flash chromatography. 

The yellow oil product was then recrystallised from hot petroleum ether and 

diethyl ether to afford large white crystals. The products (52)/(57) were 

confirmed by proton and carbon NMR experiments and carried through to the 

next step of the synthesis without further purification. Proton assignments 

(Table 5) were confirmed using a combination of 13C, COSY and HMQC NMR 

experiment data.
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Table 5 Proton chemical shift assignments for (52) and (57)

 1H Chemical 
Shift (ppm)

(52)
cis

(57)
trans

1-CH 3.77 3.69
2/6-CH2 2.23, 1.68 1.99
3/5-CH2 2.12, 1.46 2.22, 1.38
4-CH 3.47 3.24
4-OCH3 3.31 3.37
7-CH3 2.32 2.33

9-NH2 5.04 5.02
10-OCH2CH3 1.33, 4.26 1.33, 4.27

The tosylation step of the reaction scheme was carried out under the same 

conditions as for ICT7005/9. The products (52)/(57) of the previous step in the 

synthesis were reacted with p-toluenesulfonylchloride dissolved in anhydrous 

THF with sodium hydride as the base. The reaction was quenched as 

previously described, and the reaction mixture was extracted with sodium 

hydroxide solution (2M). Under basic conditions, the product becomes a basic 

salt with the sodium cation, and thus dissolves in the aqueous phase. After an 

acidic-aqueous work up of the reaction, the [Pyrazole-NSO2Ar]- Na+ is 

converted back to the desired Pyrazole-NHSO2Ar. The product of the reaction 

was obtained as a yellow oil. The oil was purified by column chromatography. 

After removal of the solvent, the product was obtained as clear crystals. The 

products (53)/(58) were confirmed by proton and carbon NMR and carried 

through to the next step of the synthesis without further purification. Proton 

assignments (Table 6) were confirmed using a combination of 13C, COSY and 

HMQC NMR experiment data. 
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Table 6 Proton chemical shift assignments for (53) and (58)

1H Chemical 
Shift (ppm)

(53)
cis

(58)
trans

1-CH 4.68 4.65
2/6-CH2 2.25, 1.75 2.01
3/5-CH2 1.57, 2.12 1.41, 2.19
4-CH 3.50 3.27
4-OCH3 3.34 3.38
7-CH3 2.29 2.29
9-NH 7.41 7.40
10-OCH2CH3 1.14, 3.88 1.14, 3.89
12/16-CH 7.49 7.49
13/15-CH 7.20 7.21
14-CH3 2.39 2.40

The hydrolysis step of the reaction scheme was carried out under the same 

conditions as for ICT7005/9. The product (53)/(58) of the previous step was 

heated under reflux with an excess of lithium hydroxide monohydrate 

dissolved in ethanol and water for 16h. TLC was used to confirm the starting 

material had been consumed. The reaction was cooled, and the pH adjusted 

to 1 with hydrochloric acid solution (4M). The organic phase was collected, 

dried over magnesium sulphate and the solvent removed to afford the product 

as a white solid with good yield (99 %). Analysis of the proton NMR run in 

deuterated chloroform by comparison to the starting material shows a loss of 

the ethyl ester proton signals. The trans product (59) was confirmed by proton 

NMR (Table 7) and carried through to the next step of the synthesis without 

further purification.
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Table 7 Proton chemical shift assignments for (59).

1H Chemical 
Shift (ppm) (54) cis (59)

trans

1-CH 4.64 4.62
2/6-CH2 1.54, 1.71 2.04
3/5-CH2 2.07, 2.19 1.99, 2.20
4-CH 3.47 3.28
4-OCH3 3.31 3.38
7-CH3 2.35 2.34
9-NH 8.62 5.30
12/16-CH 7.51 7.51
13/15-CH 7.15 7.19
14-CH3 2.27 2.34

The final step in the synthesis of the pyrazole compounds (11) and (60) 

was to convert the carboxylic acid group to the corresponding amide under 

peptide coupling conditions used previously for ICT7005/9. The carboxylic 

acid group of the intermediate (54)/(59) was coupled to the chiral amine (S)-

3,3-dimethyl-2-butylamine using HATU and DIPEA as the coupling reagents. 

The product of the reaction was purified by flash chromatography to afford the 

compound as a white powder after solvent removal. The final products 

(11)/(60) were confirmed by NMR spectrometry. X-ray crystallography of the 

cis isomer (11) was obtained to confirm the absolute stereochemistry of the 

compound. The X-ray crystal structure (Figure 22) confirms that in the cis -

isomer (11), the cyclohexane exists in the chair conformation with -OMe in the 

axial position. Para to the -OMe, the pyrazole bond sits in the equatorial 

position demonstrating that (11) is in fact the cis isomer. Both cis (11) and 

trans (60) isomers were sent for biological evaluation. Proton assignments 

(Table 8) were confirmed using a combination of 1H, 13C, COSY and HMQC 
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NMR experiment data. The products were further confirmed by high resolution 

mass spectrometry. The calculated m/z of the [M+H] ion of (11) and (60) was 

491.2647. HRMS found peaks for the [M+H] ion at 491.2687 and 491.2685 for 

(11) and (60) respectively. Additionally, in the infrared spectrum for both 

compounds, peaks are observed at the range of 3320-2750 cm-1. These peaks 

are indicative of N-H, CONH and C-H groups. Peaks observed in the spectrum 

around 1600 cm-1 suggest the presence of C=O groups.

Figure 22 The X-ray crystal structure for ICT12035 (11). Generated by Prof. I. Scowen. University 
of Lincoln.
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Table 8 Proton chemical shift assignments for (11) and (60)

1H Chemical 
Shift (ppm)

(11)
cis

(60)
trans

1-CH 4.70 4.66
2/6-CH2 1.58,2.11 1.97
3/5-CH2 1.75, 2.22 1.41, 2.18
4-CH 3.50 3.26
4-OCH3 3.34 3.37
7-CH3 2.35 2.36
9-NH 8.66 8.61
10-NH 5.19 5.22
12/16-CH 7.54 7.54
13/15-CH 7.17 7.18
14-CH3 2.33 2.33
19-CH 3.69 3.70
19-CH3 0.88 0.89
21-t-butyl 0.82 0.83
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3. Chapter 3: Biological 

evaluation of small molecule 

FPR1 antagonists
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3.1. Introduction to Chapter 3

In this chapter, evidence is provided to demonstrate that FPR1 antagonism 

can retard the expansion of gliomas in preclinical models. As discussed in 

chapter 1, there is evidence to support a correlation between FPR1 expression 

and glioma tumour WHO grade.83, 84, 86 Tumour necrosis is a negative 

prognostic factor in glioma diagnosis, but also plays a complex role in glioma 

expansion.37, 104 Necrotic foci within the tumour can be formed as a result of 

vaso-occlusion and intravascular thrombosis due to the rapid and 

dysregulated growth of the tumour, leading to hypoxia and an insufficient 

nutrient supply. Necrotised cells release cytoplasmic molecules including 

ANXA1 protein into the extracellular milieu.85 These molecules are often 

proinflammatory and recruit leukocytes to the tumour microenvironment. The 

inflammatory response within the tumour is suggested to both help and hinder 

tumour expansion.223 In glioma, ANXA1 and FPR1 expression appears to 

have a distinct tumour promoting effect.85 The activation of FPR1 by ANXA1 

promotes angiogenesis, proliferation and invasion in a number of cancers 

including glioma.224-226 Inhibition of the activation of FPR1 by its endogenous 

ligands, may have a potential role as a therapy against glioma. To date, small 

molecule non-peptide FPR1 antagonists have not been investigated as a 

potential cancer therapy. In chapter 2, the synthesis of small molecule FPR1 

antagonists was shown. We set out to provide preclinical proof of principle that 

a small molecule FPR1 antagonist can have a potential as a therapy for 

glioma.
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3.2. Rationale for compound selection for biological evaluation

In chapter 2, the synthesis of potential FPR1 antagonists is discussed. 

Every compound went through a process of identification, synthesis, 

purification, and spectroscopic characterisation. This was a dynamic process 

with compound identification and synthesis occurring throughout this project. 

This meant that compounds were introduced at varying stages of the project. 

See Figure 23 for the order of compound identification and synthesis. Initially, 

all synthesised compounds were tested for cytotoxicity in U-87 MG cells using 

an MTT cell viability assay. Compounds were then assessed for their ability to 

inhibit FPR1 activation by fMLF in a calcium mobilisation assay in U-87 MG 

cells. The result from the calcium mobilisation assay demonstrated a dose-

dependent response from which an IC50 was determined. Compounds with 

lower IC50 were sought as these compounds were able to inhibit FPR1 

activation at lower concentrations. Compounds with the lowest IC50 for FPR1 

were carried forward to the advanced stages of the project as they were 

identified. 

Figure 23 Flowchart demonstrating the timeline of compound synthesis for the project.

Further to this, functional assays were introduced through the project and 

required optimisation. The requirement for live cell assays in this project were 

that they demonstrate a functional cellular response to FPR1 activation by an 

Identified by in 
silico design 
(synthesised 

under my 
supervision) ICT5093 (15) ICT5106 (18)

Identified from 
literature and 
synthesised by 

me for this 
project ICT5100 (5) ICT7005 (9) ICT7009 (10) ICT12028 (60) ICT12035 (11)
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agonist. It was then demonstrated that using an FPR1 small molecule 

antagonist, this functional response could be inhibited.
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3.3. Expression of FPR1 is elevated in U-87 MG cells in 2D culture 

under cellular stress (hypoxia/starvation), as well as in the 

periphery of the hypoxic/necrotic foci of 3D spheroid models and 

xenografted tissue

U-87 MG was used as a model glioma cell line. This set of experiments 

was purely qualitative at this stage of the project and was used initially to 

confirm FPR1 expression in U-87 MG cells. The information presented in this 

section would act as a basis for future work following this project.

FPR1 expression was confirmed in U-87 MG cells by immunofluorescent 

(IF) staining and flow cytometry (FC). Positive FPR1 IF staining was observed 

in 2D-culture slides with FPR1 localisation on the cell membrane (Figure 24A). 

Positive FPR1 expression was also observed by FC (Figure 24B). 

Furthermore, it was found that the levels of cell surface expression of FPR1 in 

U-87 MG cells was influenced by the conditions in which the cells were 

cultured and grown. FC was used to show that under cellular stress, 

expression is increased in U-87 MG 2D monolayer cell cultures. U-87 MG cells 

were cultured as monolayers under normal cell culture conditions (normoxia, 

10 % FCS), serum-starved conditions (normoxia, 0 % FCS), and hypoxic 

conditions (0.1 % O2, 10 % FCS) (Figure 24B). The expression of FPR1 in U-

87 MG cells by FC was quantified relative to the isotype control (Figure 24C). 

The data suggests FPR1 expression in U-87 MG cells cultured under serum-

starved and hypoxic conditions had 1.5-fold and 1.4-fold increase respectively 

compared to U-87 MG cells cultured under normal conditions. As this was only 

a single repeat, the experiment required future work to confirm the observation 

and statistical significance of this result.
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Figure 24 The expression of FPR1 in U-87 MG cells in monolayer cell culture. (A) IF staining of 
formalin-fixed U-87 MG cells FPR1 (red) with DAPI nuclear staining (blue). (B) Expression of FPR1 by 
FC, histogram data for U-87 MG cells cultured under normal cell culture conditions (normoxia) – 10 % 
FCS (cyan), normoxia and serum-starved – 0 % FCS (green), and hypoxia (red), purple represents the 
isotype (igG2a) control. (C) Graphical presentation of quantified FC data comparing expression of 
FPR1 under different culture conditions. Data is (n = 1) and so purely qualitative at this stage.
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The result of increased FPR1 expression under cellular stress in monolayer 

culture was reflected in U-87 MG cells grown both in a 3D spheroid model and 

in xenograft tissue.

U-87 MG spheroids were grown using a spinner flask. The spinner flask 

culture method creates spheroids by preventing cells in suspension from 

adhering to a surface and promoting cell-to-cell collisions by constant 

stirring.227 To form the spheroids, a well-mixed single cell suspension of U-87 

MG cells were added to the flask containing growth media. The media was 

stirred at a constant speed by a magnetic stirrer and stored in a cell incubator. 

Maintaining a constant rotation speed was important. Media agitation that was 

too slow would allow cells to settle and adhere to the flask surface, but too fast 

could cause cellular damage. Culturing cells as spheroids can create in vivo-

like microenvironments by formation of gradients of oxygen, nutrients, and 

growth factors. Gradients of soluble components in the cell culture medium 

(nutrients, oxygen, growth factors) are formed due to limitations of diffusion 

created by the spheroid.228 It was estimated (based on a previous study)160 

that the spheroids would have to be at least 400-500 µm in diameter to show 

heterogeneity/ hypoxia foci observed in high grade glioma.

FPR1 expression was observed by immunohistochemistry (IHC) in both 

formalin-fixed paraffin-embedded (FFPE) U-87 MG spheroids (Figure 25A-C) 

and xenografted U-87 MG tumour (Figure 25D-F). In both the 3D spheroid 

culture and xenografted tumour, higher levels of FPR1 expression were 

observed on the periphery of the hypoxic/necrotic foci, of my knowledge, this 

was a novel observation. The data presented in Figure 25 is qualitative and 

was to be used for future work investigating the relationship between FPR1 
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expression and the hypoxic/necrotic niche in GBM. The data indicates the U-

87 MG cell line expresses FPR1 in 2D/3D in vitro cultures and in vivo xenograft 

tissue and so is a suitable cell line for testing FPR1 antagonists in in vitro and 

in vivo models.

Figure 25 The expression of FPR1 in U-87 MG cells in multicellular spheroid models and 
xenografted tissue (IHC). (A-C) IHC staining of FFPE sections from a U-87 MG multicellular spheroid for 
FPR1 expression, (*= necrotic foci, arrow= necrotic periphery/hypoxic region). (D-E) IHC staining of 
FFPE sections from U-87 MG xenograft tumours for FPR1 expression, (*= necrotic foci, arrow= necrotic 
periphery/hypoxic region). (F) IHC staining of FFPE section from U-87 MG xenograft tumours for FPR1 
expression, (arrow= tumour border/leading edge). FPR1 was stained brown using DAB. Basophilic 
structure of the cells was stained in blue with haematoxylin solution.
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3.4. Small molecule FPR1 antagonists inhibit fMLF induced calcium 

mobilisation in U-87 MG cells

Calcium (Ca2+) is an essential mineral for life, widely known for its role in 

bone structure. Free intracellular Ca2+ ions also serve as secondary 

messengers and as a universal signalling molecule.229-231 Ca2+ has been 

implicated in the regulation of a wide variety of physiological processes, not 

limited to but including vascular contraction and dilation, hormone secretion, 

muscle function, cell division and differentiation and other aspects of cellular 

metabolism.229 Precise regulation of intracellular Ca2+ concentration is 

required to maintain the signal transduction functions of Ca2+.229-231 The Ca2+ 

concentration in resting cells is maintained at the range of 100 nM.229-231 Upon 

cellular activation, the Ca2+ concentration can be elevated as high as 100-fold 

within miliseconds.231 The intracellular Ca2+ concentration is mediated by one 

of two ways; by transfer of extracellular Ca2+ through calcium channels in the 

cell membrane, or by release of intracellular Ca2+ stores in the endoplasmic 

reticulum.231

Upon the stimulation by ligands, GPCRs including FPR1 transduce 

extracellular signals into intracellular responses. On activation and 

subsequent release of the G-proteins, a signal cascade leads to the generation 

of 1,4,5-inositol triphosphate (IP3). The IP3 binds to IP3-sensitive Ca2+ 

channels on the endoplasmic reticulum causing a release of Ca2+ ions from 

the endoplasmic reticulum into the cytoplasm.231

Ca2+-based assays have been used widely for GPCR-targeted drug screening 

and characterisation.232 The use of Ca2+ sensitive fluorescent probes allows 
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both qualitative and quantitative analysis of GPCR mediated Ca2+ increases in 

live-cell assays.232

Before compounds were assessed for their ability to abrogate Ca2+ 

mobilisation, compound cytotoxicity was measured. This project aims to 

demonstrate that inhibiting the FPR1 receptor with a small molecule antagonist 

has therapeutic potential but not through cytotoxic mechanisms. Desirable 

compounds would inhibit the effects of FPR1 activation but not induce cell 

death. Compounds were tested against U-87 MG cells in an MTT-based cell 

viability assay. 

Figure 26 Dose-response curves for the MTT-based cell viability assay to measure compound 
cytotoxicity in the U-87 MG cell line. Dose-response curves (normalized to untreated cells) are shown 
for U-87 MG cells treated with (A) ICT5100 (5), (B) ICT12028 (60), (C) ICT12035 (11) for a 24-hour 
treatment period. Data are means ± SD of three biological replicates.

Figure 26 shows the dose-response curves for ICT5100 (5), ICT12028 

(60), and ICT12035 (11). ICT5100 (5) showed some cytotoxicity at the highest 

concentration tested (185 µM). An IC50 could not be determined for ICT5100 
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(5) due to maximum solubility of the compound in DMSO having been reached. 

The concentration of DMSO required to dissolve higher concentrations of 

ICT5100 (5) were cytotoxic. ICT12028 (60) and ICT12035 (11) did not appear 

to be cytotoxic in against U-87 MG cells at the concentrations tested. 

Figure 27 Calcium Flux dose-response curve (normalised to the maximum fluorescent response) 
for a concentration range of fMLF. The corresponding EC50 (half maximal effective concentration) 
values (nanomolar; with 95% confidence intervals), and logEC50 with SD are shown for the U-87 MG 
cell model. Data are means ± SD of three biological replicates.

A known agonist for FPR1, fMLF was shown to induce calcium mobilisation 

in U-87 MG cells in a dose-dependent manner (Figure 27) showing that the 

FPR1 receptor was functionally active. From the calcium mobilisation assay, 

EC50 of fMLF (178.1 nM) in U-87 MG cells was determined. When testing 

antagonists against fMLF induced FPR1 activation, it was decided to use a 

concentration close to or above the EC50 range. fMLF was used at an assay 

concentration of 100 nM when calcium mobilisation was run in the antagonist 

mode.

-14 -12 -10 -8 -6 -4 -2 0
0

50

100

fMLF log[conc]

R
el

at
iv

e 
flu

or
es

ce
nt

 re
sp

on
se

  (
%

)
fMLF logEC50 = -6.7  0.15
fMLF EC50 = 178.1 nM (119.4; 266.0)



105

Figure 28 Calcium mobilisation assay and cytotoxicity data for FPR1 small molecule antagonists. 
U-87 MG cells were loaded with Fluo4-NW cell dye causing the cells to fluoresce in response to calcium 
mobilisation. The FPR1 agonist fMLF causes the release of intracellular calcium which can be measured 
with a fluorometer. (A-D) Dose-response curves (normalised to the maximum fluorescent response) in 
a calcium mobilisation assay to fMLF (100 nM) in the presence of varying concentrations of FPR1 
antagonists (A) ICT5100 (5), (B) ICT7009 (10), (C) ICT12028 (60), (D) and ICT12035 (11). The 
corresponding EC50 (half maximal effective concentration) values (micromolar unless otherwise stated; 
with 95% confidence intervals), and logEC50 with SD are shown for the U-87 MG cell model. Hashed line 
= 95 % confidence interval. (E) Tabulated data for cytotoxicity and FPR1 antagonist IC50 values for FPR1 
antagonists. a Compounds were not tested for cytotoxicity at this stage of the project. b The pIC50 for 
cytotoxicity was below 4, lower concentrations could not be tested due to solubility of the compound at 
these concentrations. c These pIC50 values were determined by a student supporting the project under 
my supervision. Data are means ± SD of three biological replicates.

Furthermore, it was demonstrated that the response to fMLF can be 

abrogated by selective small molecule FPR1 antagonists. ICT5100 (5) 

reduced fMLF induced calcium mobilisation back to baseline levels at 
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concentrations above 20 µM with an IC50 of 5.0 µM (Figure 28A). From the 

pyrazole series of FPR1 antagonists, ICT12028 (60) (trans isomer) had an 

improved IC50 of 1.5 µM over ICT5100 (5) (Figure 28C). As previously 

discussed, Morley et al. had described ICT12028 (60) as inactive (<30 % 

FPR1 inhibition at 30 µM) as an FPR1 antagonist.216 It is demonstrated here 

that ICT12028 (60) is weakly active as an FPR1 antagonist. .216 ICT12035 

(11), the cis isomer, recorded the highest efficacy with an IC50 37.7 nM (Figure 

28D). Importantly, ICT12028 (60) and ICT12035 (11) were not cytotoxic to U-

87 MG cells at the maximum soluble dose of 100 µM. This shows that the 

compounds are preventing a cellular response by antagonising FPR1 against 

fMLF rather than cytotoxic mechanisms. A full table of calcium mobilisation 

and cytotoxicity data is shown in Figure 28E.

Figure 29 A dose-response curve of ICT12035 (11) in a calcium mobilisation assay of U-87 MG 
cells responding to a U-87 MG necrotic supernatant. Hashed line = 95 % confidence interval.

It was also shown that calcium mobilisation could be induced by the 

necrotic supernatant of U-87 MG cells as discussed previously.86 The necrotic 

supernatant was generated by cycling a suspension of U-87 MG cells through 

a freeze and thaw process. The mixture was centrifuged, and the supernatant 
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collected by filtration to remove any cellular debris. Here, it was demonstrated 

that ICT12035 (11) was also able to abrogate the calcium mobilisation 

response induced by necrotic supernatant of U-87 MG cells in a dose 

dependent manner. (Figure 29). ICT12035 (11) was not able to completely 

abrogate calcium mobilisation back to baseline. This could be due to other 

factors in the necrotic supernatant that may be triggering calcium mobilisation 

through a non-FPR1 pathway. This experiment was important in the case of 

GBM as necrotic foci are a characteristic of this disease. It was important to 

demonstrate that an FPR1 antagonist could abrogate the response of U-87 

MG cells to factors that may exist as a result of necrosis in GBM.
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3.5. Small molecule FPR1 antagonists reduce fMLF-induced U-87 MG 

cell migration through a membrane in a two-chamber chemotaxis 

assay

Glioma cells migrate through the extracellular space in the brain. Cell 

migration is a complicated process that involves multiple biologic features. 

These features include adhesion to the ECM, with concurrent modifications to 

the ECM in the case of cancer cells and in particular, tumour astrocytes. 233 

The cells own motility which involves reorganisation of the actin cytoskeleton. 

234 Invasion, which involves the breakdown of matrix proteins by tumour-

secreted proteolytic enzymes.235, 236

As previously discussed, FPR1 has been associated with a more invasive 

GBM phenotype. Therefore, it was decided to investigate whether FPR1 

activation by an agonist (fMLF) induced an increase in cell migration and could 

this FPR1 induced migration be abrogated by an FPR1 small molecule 

antagonist. The antagonists used for this investigation were ICT5100 (5), 

ICT7009 (10), and ICT12028 (60). At the time when this investigation was 

carried out, ICT12035 (11) had not yet been synthesised. The three 

compounds used in this investigation had demonstrated FPR1 antagonism in 

the calcium mobilisation assay.
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Figure 30 U-87 MG single cell migration through a porous membrane in the Boyden Well chemotaxis 
assay. (A) fMLF induced migration of U-87 MG cells against varying concentrations of the FPR1 
antagonists ICT5100 (5) and ICT7009 (10). (B) fMLF induced migration of U-87 MG cells against varying 
concentrations of ICT12028 (60). (C – F) Representative images from the Boyden well assay showing 
fluorescent images of DAPI stained migrated U-87 MG cells. (C) control, no agonist/antagonist. (D) fMLF 
(9.14 µM). (E) fMLF (9.14 µM)/ ICT5100 (50 µM). (F) fMLF (9.14 µM)/ ICT7009 (50 µM). Data are means 
± SD of three biological replicates, **P < 0.005, and ***P < 0.001, Student’s t test (two-tailed). 

The fMLF induced migration of U-87 MG cells was investigated using the 

Boyden two-chamber chemotaxis assay (Figure 30). U-87 MG cells were 

placed in the upper chamber of the Boyden well. The lower chamber contained 

buffer or the FPR1 agonist fMLF as negative and positive controls. The well 

medium also contained either buffer alone or varying concentrations of FPR1 

small molecule antagonists. The chambers were separated by a porous 
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membrane coated in collagen-I. After incubation overnight, the medium was 

removed from the top chamber of the well insert. The well inserts were 

transferred to new wells containing ethanol (70 % v/v) to fix the cells. Cells 

remaining in the top compartment were scraped away using a cotton bud 

leaving only the cells that have migrated to the lower side of the membrane. 

The membranes were cut out and mounted (lower side up) onto microscope 

slides using mounting media (+DAPI). The number of migrated cells were 

counted using fluorescent microscopy. A minimum of 5 fields were counted 

and the averages calculated.

By including fMLF in the well, cell chemotaxis towards the lower chamber 

was increased significantly compared to the control well containing no FPR1 

agonist. The fMLF-induced migration was significantly reduced in a dose-

dependent manner by compounds ICT5100 (5), ICT7009 (10) and ICT12028 

(60). At the highest concentrations of FPR1 antagonist, ICT5100 (5), ICT7009 

(10), and ICT12028 (60) reduced migration through the membrane. However, 

ICT7009 (10) (50 µM) was more effective than ICT5100 (5) (50 µM) at reducing 

fMLF-induced migration. At the lower concentration (1 µM) both ICT5100 (5) 

and ICT7009 (10) were no longer effective at reducing fMLF induced 

migration. Interestingly, ICT7009 (10) at the lower concentration (1 µM) 

appears to increase migration above fMLF control levels. This could suggest 

a potential agonist effect at lower concentrations, an observation that requires 

future work. ICT12028 (60) was still effective at reducing fMLF induced 

migration significantly at concentrations of 0.1 – 1 µM. The migration reduction 

was no longer significant for ICT12028 (60) below concentrations of 10 nM.
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3.6. Small molecule FPR1 antagonists reduce fMLF-induced invasion 

of U-87 MG spheroids into a 3D collagen-I matrix

Developing on the 2-chamber assay results, it was decided to investigate 

whether FPR1 activation in U-87 MG cells would induce invasion and whether 

that invasion could be inhibited with a FPR1 antagonist. This parallels with the 

idea previously discussed that GBM cells invade into surrounding ECM of 

healthy tissue. If factors in the necrotic region activate the FPR1 receptor and 

drive invasion, antagonism of FPR1 could be used to reduce this effect. When 

this assay was run, ICT12035 (11) had been synthesised and the IC50 for 

FPR1 in U-87 MG cells determined. As ICT12035 had the lowest IC50 by this 

point, it was decided to use it as the tool compound for this assay.

Figure 31 U-87 MG 3D multicellular spheroid invasion into a collagen matrix. (A) Representative 
fluorescent imaging of U-87 MG spheroids embedded in collagen-I at timepoints 0h and 39h, with and 
without fMLF (9.14 µM) and/or the FPR1 antagonist ICT12035 (11) (20 µM). (B) fMLF induced invasion 
of U-87 MG cells against varying concentrations of ICT12035 (11). All values are expressed as mean ± 
SD of three biological replicates. **P < 0.01, and ***P < 0.001, student's t test (two tailed).

The invasion of U-87 MG cells was investigated in a 3D spheroid model in 

a collagen-I matrix (Figure 31). U-87 MG cells were pre-treated with 
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fluorescent dye Calcein-AM. This molecule is normally colourless but under 

the action of esterases inside the live cell, is hydrolysed to a fluorescent dye. 

U-87 MG multicellular spheroids were formed using the hanging drop method. 

The spheroids were embedded in a collagen-I matrix (with and without 

agonist/antagonist) and incubated for 39 h. Images of the spheroids 

embedded in collagen were taken at two timepoints (t = 0 h and 39 h) using 

the fluorescent option on the Lumascope 500 (Figure 31A). Images were 

analysed using the ImageJ software suite.237 Using ImageJ software, the area 

of the image covered with green fluorescence (live cells) was determined using 

the “Threshold Color” selection tool (Figure 32). The calculated area of 

fluorescence at t = 0 was subtracted from t = 39 h to give the area of invasion. 

The relative area of invasion (%) was calculated by comparison to the control 

containing no agonist/antagonist.

Figure 32 ImageJ processing for U-87 MG spheroid invasion into collagen. The original image (A) 
was uploaded into ImageJ software. Using the “Threshold Color” selection tool (D) the green 
fluorescence was filtered from the black background to produce image (B). (C) The filtered area was 
then selected (yellow line = border of the selected area). (E) The ImageJ “Measure” tool was then used 
to report the selected area.
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The FPR1 agonist fMLF (9.14 µM) increased the invasion of U-87 MG cells 

by a 1.8-fold increase relative to the untreated spheroids. Note that a higher 

concentration of fMLF was used in this assay compared to others in this report. 

A higher concentration of fMLF was to ensure cells were exposed to the 

agonist as the assay relied on passive diffusion of the molecule through 

collagen. The final concentration of agonist that cells are exposed to would be 

lower due to diffusion through the matrix and into media used to keep assay 

wells from drying out. The same applies to the antagonist used, again, the 

antagonist will diffuse through the collagen and into the media. The final 

antagonist concentration will be diluted. Spheroids exposed to fMLF (9.14 µM) 

and treated with ICT12035 (11) at 20 µM and 2 µM showed significant (P = 

<0.05) reductions in invasion, with 2.2-fold and 2.1-fold decreases in invasion 

respectively, relative to the spheroids treated with fMLF only (Figure 31B). The 

antagonist effect of ICT12035 (11) began to drop off at concentrations below 

2 µM. There was no statistically significant reduction in invasion by ICT12035 

(11) at 0.2 µM and below. This indicates that the FPR1 agonist fMLF increases 

the invasion of U-87 MG spheroids into a collagen-I matrix. Furthermore, there 

is a significant reduction in the fMLF-induced invasion of U-87 MG cells in the 

presence of the small molecule FPR1 antagonist ICT12035 (11).
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3.7. in vitro liver metabolism and in vivo Pharmacokinetics (PK) of 

ICT12028 (60).

It is important to understand how a drug behaves when interacting with a 

biological system. By investigating the metabolism and distribution of a 

compound in biological systems, a more informed efficacy study could be 

performed. A basic in vitro metabolism investigation of ICT12028 (60) was 

used to investigate the stability of the compound in mouse liver homogenate. 

At this stage in the project, when this experiment was carried out, ICT12035 

was still in the process of being synthesised. ICT12028 (60) was predicted to 

have a similar chemical and metabolic profile to its isomer ICT12035 (11). 

ICT12028 (60) was incubated in mouse liver homogenate (4:1) at 37 °C, over 

a 5 h period (Figure 33A). Samples of homogenate were taken at hourly 

timepoints, processed, and analysed by liquid chromatography-mass 

spectrometry (LCMS). The concentration of ICT12028 (60) at each timepoint 

remained stable throughout the assay incubation period suggesting stability of 

the compound in the homogenate. The metabolism data was from a single 

experiment and requires further investigation to confirm the result. 

Furthermore, a more in-depth metabolism study of ICT12035 (11), the more 

active isomer of ICT12028 (60), would be beneficial to this study.

An investigation into the tissue distribution of active compounds in vivo 

would determine whether compounds would reach the destination organ in an 

efficacy study. ICT12028 (60) was administered by intraperitoneal (IP) 

injection at 20 mg/kg to mice bearing xenografted U-87 MG tumours. The ex 

vivo tissue was processed, and then analysed by LCMS to determine the 

concentration of the parent ICT12028 (60). ICT12028 (60) was detected in all 
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tissues including the target organ (brain) and the U-87 MG xenograft tumour 

(Figure 33C). Furthermore, at the 4-hour timepoint, the tissue concentration of 

ICT12028 (60) in brain and tumour remained above the IC50 for the compound.

Figure 33 in vitro liver metabolism and pharmacokinetics (PK) of ICT12028 (60). (A) in vitro liver 
metabolism, ICT12028 (60) was incubated in mouse liver homogenate (1:4) for 5 h, timepoints were 
taken each hour. (n=1) (B) Comparison of mouse liver blank and mouse liver dosed with ICT12028 (60) 
to identify baseline peaks. (C) in vivo tissue distribution of ICT12028 (60) in mouse calculated from 
timepoints t= 0 h, 1 h, 4 h after administration of ICT12028 (60) (20 mg/kg) by IP injection. (n=2). All 
values are expressed as mean ± SD of two biological replicates.
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3.8. Antagonism of FPR1 modulates growth of U-87 MG xenoplanted 

tumour in mice

The following work was carried out by Patricia Cooper (Institute of Cancer 

Therapeutics, University of Bradford) in support of this project.

A subcutaneous U-87 MG mouse xenograft model was used to investigate 

the efficacy of the FPR1 small molecule antagonist ICT12035 (11). ICT12035 

(11) was selected for this investigation because it had demonstrated the lowest 

IC50 for FPR1 in U-87 MG cells in this project and showed no cytotoxicity to U-

87 MG cells. A maximum tolerated dose study was performed to determine 

the maximum dose. ICT12035 (11) reduces U-87 MG tumour growth in vivo 

(Figure 34). ICT12035 (11) did not show toxic effects in vivo up to 

concentrations of 100 mg/kg when administered via intraperitoneal (I.P.) 

injection (Figure 34A). Mice were dosed for 5 consecutive days then rested for 

2 days. The volume of the tumours were measured for a period of 16 days in 

total . The maximum tolerated dose (MTD) could not be determined as the limit 

of solubility of ICT12035 (11) in the vehicle (peanut oil) was 100 mg/kg (Figure 

34A). ICT12035 (11), however, did not show toxicity at 100 mg/kg/dose.

The in vivo efficacy of ICT12035 (11) was tested on U-87 MG established 

tumours grown subcutaneously as xenografts (Figure 34B). One group 

received ICT12035 (11) administered by IP injection at 100 mg/kg/dose on 

days 0-4. For comparison, the control group was left untreated. Tumour 

volume was measured by callipers through the experiment and normalised to 

the respective volume on the initial day of treatment (day 0). 6.1 days tumour 

growth delay was observed in the ICT12035 (11) treated group versus the 

untreated group. Median relative tumour volume doubling time (RTV2) in 



117

ICT12035 (11) treated group and untreated group were 15.5 and 9.4 days; the 

distributions in the two groups differed significantly (Mann–Whitney U = 8, n1 

= n2 = 8, P < 0.05 two-tailed).

Figure 34 In vivo efficacy study for ICT12035 (11) against xenografted U-87 MG tumours. (A) In 
vivo toxicity study of ICT12035 (11) at a fixed dose of 100 mg/kg administered by IP injection. (B) In vivo 
efficacy study of ICT12035 (11) administered by IP injection on days 0,1,2,3,4 (shown by the black 
arrows) at 100 mg/kg/dose. Tumour mass was measured by callipers. Mann-Whitney U tests were 
conducted to determine the statistical significance of differences in growth rate based on tumour doubling 
time (RTV2) between untreated control and treated groups (U = 8, p <0.05). All values are expressed as 
mean ± SD of eight biological replicates for each group.
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3.9. Discussion

The biological characteristics of GBM are very distinct in comparison to the 

lower grade astrocytoma (grade II and III) and indicate a greater step in 

malignancy. The unique pathologic and neuroimaging features that result from 

the transition from low grade astrocytoma to high grade GBM give an insight 

in to the potential mechanisms that drive the increased growth rate of GBM. A 

proposed model of tumour progression explains the development of 

“pseudopalisading necrosis”, the relationship between pseudopalisades and 

angiogenesis and the strong correlation between pseudopalisades and the 

aggressive clinical nature and poor prognosis of GBM.44, 238-240 

Necrotised glioma cells release cytoplasmic molecules into the 

extracellular milieu.85 These molecules are often proinflammatory and recruit 

leukocytes to the tumour microenvironment. The inflammatory response within 

tumours is suggested to both hinder and promote tumour progression.241 

FPR1 is highly expressed in human GBM with lower expression in grade III 

astrocytoma and low to no expression in grade II and I astrocytoma.175 The 

supernatant obtained from necrotic GBM cells contains an agonist that 

interacts with living GBM cells, this agonist has been identified as ANXA1, an 

endogenous agonist of FPR1.175 As, previously discussed, double knockdown 

studies of FPR1 and ANXA1 in U-87 MG cells showed a significant reduction 

in tumorigenicity in mice.85 The high level of expression of ANXA1 and FPR1 

in primary tissue, and the significant effect of double knockdown of these 

proteins suggests an important role for the ligand/receptor axis in intensifying 

the malignant behaviour of GBM. Indeed, the activation of FPR1 by ANXA1 

promotes angiogenesis, proliferation, and invasion in several other 
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cancers,204, 242, 243 including GBM. 82, 84, 86, 174, 184, 199 It follows that inhibiting the 

activation of FPR1 by endogenous agonists such as ANXA1 may have a 

potential role as a therapy against GBM. To date, no small molecule FPR1 

antagonists have been investigated as a potential GBM therapy. Several 

FPR1 antagonists were identified and synthesised, with ICT12035 (11) 

showing greatest FPR1 inhibition. I set out to provide preclinical proof of 

principle that a small molecule FPR1 antagonist can have potential as a 

therapy for GBM. 

As previously mentioned, the expression of FPR1 is elevated in glioma 

tissue and the expression correlates with the stage of the tumour. Walenkamp 

has shown that the expression of FPR1 is regulated under conditions within 

the tumour microenvironment.175 The observation (Figure 25) that FPR1 

expression is elevated in the periphery of the necrotic/hypoxic foci both in a U-

87 MG 3D spheroid model and in U-87 MG xenografted tissue, strengthens 

the correlation of FPR1 to tumour progression. The periphery of necrotic foci 

is known to be rich in the hypoxia markers HIF-1-α, carbonic anhydrase IX and 

a selection of MMPs.108, 109 Although investigations have not been carried out 

for the driver for the elevation of FPR1 expression in the periphery of necrotic 

foci, it can be speculated that it may in part be due to hypoxia. In previous 

studies, it has been shown that the hypoxic pseudopalisades surrounding 

necrotic foci and the neighbouring vessels in GBM exert increased levels of 

SDF-1 132 in glioma and ANXA1 130 in prostate cancer; FPR1 expression could 

be elevated via similar mechanisms. It is important to note that FPR1 is also 

expressed on macrophages. As previously discussed, FPR1 agonists trigger 

a chemotactic response in macrophages drawing them to sites of injury. 
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Patient derived GBM samples expressed high levels of macrophages, 

representing up to 50 % of the tumour bulk.244 These tumour-associated 

macrophages could account for FPR1 expression in GBM. A limitation of this 

study is the lack of specific macrophage and microglia markers. Evidence from 

a study released since the initial investigation was carried out supports the 

idea that macrophages and microglia do populate invading pseudopalisades 

surrounding necrotic foci in GBM.245 It cannot then be ruled out that the 

increase in FPR1 expression surrounding necrotic foci is a result of FPR1 

positive macrophage recruitment. 

Whilst the expression of FPR1 on U-87 MG cells was significant in showing 

a role for FPR1 in disease, to test small molecule FPR1 antagonists the 

receptor on the U-87 MG cells must be functionally active. I demonstrated in 

monolayer cultures that FPR1 could be activated by the FPR1 agonist fMLF 

(Figure 28), triggering an increase in the intracellular concentration of 

cytoplasmic calcium mobilisation (also known as calcium flux) and that this 

response could be abrogated with small molecule FPR1 antagonists. In this 

assay, cells are first treated with a cell permeable dye that selectively binds to 

calcium (Ca2+) cations and in doing so, produces fluorescence. This assay 

demonstrates the U-87 MG cells directly respond to the FPR1 ligand fMLF. 

Furthermore, it showed that the fMLF response could be abrogated in U-87 

MG cells pre-treated with small molecule FPR1 antagonists, with ICT12035 

(11) being the greatest inhibiter of FPR1 activation in our collection. The FPR1 

antagonists were not however cytotoxic at assay concentrations, so the 

antagonist effect was not due to cell death. Cells, when treated with an agonist 

may become “desensitized”. When the receptor has been activated by a ligand 
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it may become internalised or the agonist ligand may bind blocking further 

activation. To ensure the antagonists were not in fact acting as agonists, the 

antagonist small molecules were tested in the calcium flux assay under the 

agonist setup. None of the small molecule FPR1 antagonists elicited an 

agonist response in FPR1 cells. Furthermore, to show the relevance of 

necrosis to FPR1 mediated glioma expansion, ICT12035 (11) was used to 

abrogate the response induced by U-87 MG necrotic supernatant in U-87 MG 

cells. The calcium mobilisation assay is a common assay for testing the 

efficacy of GPCR agonists and antagonists. The results observed in this 

investigation align with the observations in the literature for FPR1 antagonists. 

The FPR1 agonist fMLF has been shown to elicit a Ca2+ response in both GBM 

cells and neutrophils.82, 85, 246 Additionally, FPR1 antagonists have been shown 

to abrogate the fMLF mediated Ca2+ response in neutrophils.215, 246

GBM cells are known to diffusely infiltrate surrounding brain tissue by 

active migration either along the white matter tracts, intra-parenchymal or 

along blood vessels.247 Interestingly, Ca2+ oscillations have been shown to 

enhance cell migration in a number of cell types including U-87 MG.248 I have 

previously shown that FPR1 activation causes Ca2+ mobilisation/ intracellular 

concentration increases. To investigate the hypothesis that FPR1 activation 

promotes glioma migration in vitro, a Transwell migration assay was used. The 

assay allows for the examination of cell migration across a membrane barrier 

with 10 µM pores towards higher concentrations of fMLF, an FPR1 peptide 

agonist. Furthermore, the assay can be used to quantitatively study the 

efficacy of FPR1 small molecule antagonists on reducing fMLF-mediated 

migration. Firstly, fMLF-mediated migration was tested. I demonstrate that the 
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FPR1 agonist fMLF significantly increases cell migration through the porous 

membrane compared to the assay with no agonist (Figure 30). Furthermore, I 

show that small molecule FPR1 antagonists ICT5100 (5), ICT7009 (10) and 

ICT12028 (60) can abrogate the fMLF-mediated migration in a dose-

dependent manner. This assay can show cell chemotaxis towards a higher 

concentration of a chemoattractant, in this case fMLF. While this assay 

captures vital cell mobility data, it does not capitulate the cells’ ability to migrate 

or invade through the ECM.

Aggressive glioma invades the surrounding brain tissue making it difficult 

to remove the entire tumour surgically without removing/ damaging the 

delicate healthy brain tissue. The invasion of glioma cells across white matter 

is believed to be one of the major factors responsible for the resistance of 

these tumours to treatment. Therefore, investigation into FPR1’s role in the 

invasion of glioma cells and the potential to antagonise this invasion with small 

molecule FPR1 antagonists is essential for the development of a potential 

therapy. Monolayer cell culture experiments work well for initially 

characterisation of potential antagonists; however, they do not fully represent 

the true nature of the cells. 3D-cultures can better simulate in vivo 

microenvironments within the tumour and have been increasingly investigated 

and used to study tumour cell biology.160 When applied to drug discovery, 3D-

culture in vitro studies could provide data that better capitulates clinical 

tumours over 2D methods.160 This is of importance for the discovery of new 

glioma therapies as many potential therapies that show efficacy in preclinical 

models have failed to perform in the clinic. Previous work has identified that 

glioma cells grown in 3D collagen scaffold cultures showed closer similarities 
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to the in vivo microenvironment, greater degrees of differentiation and 

quiescence than cells in 2D-cultures.156 Furthermore, Walenkamp’s work 

demonstrates the relevance of the microenvironment in regulating FPR1 

expression in glioma and so, at least for targeting FPR1, 3D-culture methods 

could prove more beneficial and relevant.175 I demonstrate that U-87 MG cells, 

grown as a 3D-multicellular spheroid (hanging drop method) and embedded 

into a collagen scaffold, have a significant invasion response when treated 

with fMLF (Figure 31); furthermore, this response can be abrogated 

significantly by treatment with the FPR1 antagonist ICT12035 (11). By 

performing the invasion assay in a 3D environment, the assay better 

capitulates the cell-cell interactions observed in the tumour environment. 

Additionally, the collagen matrix acts as a basic ECM to simulate the tissue 

surrounding the GBM. By introducing a more complex matrix to the assay, we 

could better mimic the brain/tumour environment. However, in doing so, would 

increase assay costs, time, and complexity while the collagen model produces 

enough data for the current investigation.

Knockdown of FPR1 in glioma cells has been shown to reduce the 

tumorigenicity in in vivo glioma models.85 Prior to an in vivo efficacy trial, in 

vivo tissue distribution was investigated to ensure the FPR1 antagonist would 

reach the target tissue (Figure 33). The FPR1 antagonist ICT12028 (60), the 

trans isomer of ICT12035 (11) was given as a single dose of 20 mg/kg to mice 

bearing U-87 MG xenograft tumours. The tissue was analysed by LCMS and 

ICT12028 (60) was detected in all tissues analysed. Importantly for this study, 

the compound was observed in brain and tumour tissue at concentrations 

exceeding the IC50 determined in the calcium mobilisation assay. Furthermore, 
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a basic in vitro metabolism study of ICT12028 (60) incubated in liver 

homogenate suggested the compound was stable in liver for 74 h. While the 

studies had not been concluded for ICT12035 (11), the data for isomer 

ICT12028 (60) indicated desirable distribution and minimal to no metabolism 

in liver. This data gives an idea of the potential pharmacokinetics for ICT12035 

(11).

An in vivo efficacy study to further investigate the therapeutic potential of 

small molecule FPR1 antagonist ICT12035 (11). The in vivo GBM model would 

better capitulate tumour heterogeneity/ tumour microenvironment over in vitro 

methods. Mice bearing xenografted U-87 MG tumours were treated with 

ICT12035 (11) (100 mg/kg/dose, I.P.) for 5 days. Over the course of the 

experiment the growth rate for the treated mice was delayed by 6.1 days 

relative to the untreated group (Figure 34). Positively, no toxic side effects 

were observed in the mice in a maximum tolerable dose study. The small 

molecule FPR1 antagonist ICT12035 (11) was able to significantly abrogate 

tumour growth in vivo without compromising the overall health of the mice. 

This observation is consistent with previous reports; mice bearing xenografted 

tumours were treated with nordy, which is not an antagonist of FPR1 receptor 

but inhibits the FPR1 protein expression along with the expression of several 

other proteins; also abrogated the growth of tumours without cytotoxic 

effects.249 

For the in vivo study, tumours were xenografted into the flank of mice, this 

gives a “better” representation of the tumour microenvironment over in vitro 

studies and demonstrates the efficacy of therapeutics in vivo. It does not 

however fully capitulate the microenvironment of the brain. An orthotopic 
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xenograft model, where the cancer cells are implanted or injected into the 

organ of origin would better simulate the original tumour microenvironment. In 

the case of glioma, the cancer cells would be implanted into the animal brain. 

3.10. Conclusions

A large volume of evidence has supported FPR1 as a critical player in 

inflammation and inflammatory disease. More recent work instigates FPR1 as 

also playing a critical role in cancers including but not limited to high-grade 

glioma.84, 202, 204, 224, 226, 242, 243 FPR1 is activated by N-formylated peptides, 

derived from either mitochondrial proteins or bacterial peptides.162 It was also 

shown that FPR1 was activated by the necrotic supernatant of GBM cells and 

that ANXA1 was the responsible protein contained within the necrotic 

supernatant.85 Both FPR1 and its endogenous ligand ANXA1 show increased 

expression with higher grades of glioma malignancy,83, 84, 86, 190 and the tumour 

microenvironment plays an important role in modulating FPR1 expression and 

activation.175

In this investigation, the relationship between necrosis, hypoxia and FPR1 

were explored. It was shown that U-87 MG expressed FPR1 in vitro and in 

vivo. This data meant U-87 MG was a suitable cell line to explore the functional 

relationship of FPR1 and GBM further. Moreover, the data suggests 

expression of FPR1 increased under hypoxia in vitro. Increased expression 

was also observed in the periphery of the necrotic foci in xenografted tumours, 

a region known to be hypoxic. The expression of FPR1 adjacent to the necrotic 

niche is of particular importance as the endogenous agonist for GBM in glioma 

is released by necrotic GBM cells. Interestingly, necrosis in glioma is a 
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prognostic marker inferring a more malignant/ aggressive tumour.37, 104, 123 

Furthermore, cellular necrosis can also result from certain treatment 

modalities for glioma.53, 104, 113, 114 This raises an interesting hypothesis that 

associates, in part, a poor clinical outcome of current therapies in glioma, to 

the activation of FPR1 as a result of those treatments.

During this project, a selection of small molecule FPR1 antagonists were 

synthesised and characterised. The results of this investigation demonstrate 

that small molecule FPR1 antagonists can inhibit FPR1 activation in GBM cells 

in vitro and in vivo. FPR1 antagonists were shown to reduce FPR1 mediated 

calcium mobilisation, cell migration and invasion in vitro. 

The main aim was to demonstrate through preclinical proof of principle that 

the administration of the FPR1 antagonists identified through this project can 

retard expansion of glioma in vivo suggesting their potential as a new therapy 

for GBM. The FPR1 antagonist ICT12035 (11) was able to cause significant 

growth delay in an in vivo U-87 MG xenograft efficacy experiment. The result 

of this efficacy study, when carried out, was a novel and significant observation 

of an FPR1 small molecule antagonist reducing growth rate of GBM xenograft 

tumours. Given the rising importance of FPR1 in GBM and other cancers, 

further investigation into small molecule FPR1 antagonists and the 

FPR1/necrosis relationship could provide opportunities for more efficient 

treatment modalities.

3.11. Limitations of this study
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This body of research showed the potential of small molecule FPR1 

antagonists as therapeutic agents for the treatment of GBM. FPR1 activation 

is shown to mediate several responses in vitro while expression of FPR1 

confers a more aggressive phenotype. 82, 173, 174 Using FPR1 small molecule 

antagonists, the responses elicited by FPR1 activation in U-87 MG cells can 

be abrogated in vitro and in vivo. This study focused primarily on the U-87 MG 

cell line for all live cell assays. This is a disadvantage to this study as 

immortalised cells cannot be considered “normal”. Immortalised cells divide 

indefinitely and may express unique gene signatures not found in patient 

derived GBM cultures. U-87 MG may not express relevant attributes or 

functions of “normal” GBM cells. It is therefore important to expand this study 

with future work focussing on identifying patient derived cell lines expressing 

FPR1 to better capitulate the original tumour and clinical presentation of GBM. 

Additionally, an expanded in vivo efficacy study of small molecule FPR1 

antagonists could provide vital information. The efficacy study used 

xenografted U-87 MG tumours in the flank of a mouse. While this model is able 

to capitulate some of the cell-cell interactions within the tumour, the model is 

unable to fully recapitulate the multicellular microenvironment in which patient 

tumour cells reside. Unmanipulated patient-derived tumour cell cultures in an 

orthotopic brain model would present a more reliable depiction of the tumour 

features over use of an established cell line in a xenograft flank model.
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3.12. Future Work

 The efficacy study of ICT12035 (11) showed a significant U-87 MG tumour 

growth delay for the ICT12035 (11) treated group relative to the untreated 

group. However, the mechanism of action had not been fully explored. From 

this study, it is understood that ICT12035 (11) inhibits FPR1 activation. It has 

also been shown that ICT12035 (11) does not induce cytotoxicity in U-87 MG 

cells. It is therefore important to investigate differences between tumours in 

the treated and untreated groups. Tumour histology and molecular markers 

should be investigated. Building on this result, efficacy of small molecule FPR1 

antagonists should be investigated in primary patient-derived orthotopic 

models to better validate FPR1 targeting in GBM. 

The PKPD investigation for ICT12035 (11) was limited to a prediction 

based on information from the isomer ICT12028 (60). Investigations need to 

be carried out to provide a detailed picture of ICT12035 (11). Selectivity of 

ICT12035 (11) should be determined. Before ICT12035 (11) is carried forward 

for further investigation, absorption, distribution, metabolism, and excretion 

should be determined. A BBB in vitro model could be used to investigate 

blood-brain penetration as the BBB is one barrier to therapy when treating 

glioma. The results of this work would determine if further structure-activity 

relationship should be carried out to build on the efficacy and PKPD of 

ICT12035 (11).
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4. Chapter 4: Chemistry 

Experimental
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4.1. General Methods and Instrumentation

Commercially available reagents were used as received without additional 

purification. All solvents were of reagent grade. Petroleum ether refers to the 

fraction of petroleum spirit with a boiling point in the range of 60 to 80 °C. 

Where stated, mixtures of solvents are referred to as percentage volume to 

volume (v/v) ratios.

Products were typically purified by column chromatography using Merck 

9385 silica gel 60 (40-63 μm). Analytical thin layer chromatography (TLC) was 

conducted on Merck silica gel 60 F254 glass backed plates. Visualisation of 

the reaction components was accomplished by illumination under short 

wavelength (254 nm) ultraviolet light or using basic potassium permanganate 

(KMnO4) stain unless otherwise stated.

Proton Nuclear Magnetic Resonance (1H NMR) spectra were recorded on 

a BRUKER Advance 400 FT NMR (400 Hz) Spectrometer. Carbon Nuclear 

Magnetic Resonance (13C NMR) were performed on the same instruments 

operating at 101 Hz. Chemical shifts are reported in parts per million (ppm/ δ) 

with internal reference to tetramethyl silane. Coupling constants (J) are 

expressed in Hertz (Hz) and spectra are reported with the following 

abbreviations: singlet (s), doublet (d), triplet (t), quartet (q), doublet of doublets, 

(dd), doublet of triplets (dt), multiplet (m) and broad (br). 

1H-1H coupling was determined using double quantum-filtered COSY; 1H-

13C 1JCH coupling by HMQC experiments.

Routine mass spectra were run on a Micromass Quattro Ultima 

spectrometer in the electrospray ionisation (ESI). High resolution mass 
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spectrometry was performed at the National Mass Spectrometry Centre 

Swansea using MAT95 or MAT900 in the electrospray ionisation (ESI) mode.

Single crystal X-ray diffraction was carried out by Professor Ian J. Scowen 

(University of Lincoln). All data and experimental method were provided by 

Professor Ian J. Scowen. Single crystals suitable for X-ray diffraction 

measurements were mounted on MiTeGen Dual-Thickness MicroMounts and 

analysed using a Bruker D8 Venture diffractometer with a Photon detection 

system. Unit cell measurements and data collections were performed at 173 

K using Cu Kα radiation (λ = 1.54056 Å). Structure solutions were carried out 

by direct methods and refinement with SHELXL250 was finished using the 

ShelXle software251. All non-hydrogen atoms were refined anisotropically, the 

C–H hydrogen atoms placed in idealized positions and the N–H and O–H 

hydrogen atoms found from the electron density map and refined with fixed 

bond distances and thermal parameters riding on the parent atom. Absolute 

configuration was confirmed.

All chemical structures, calculated mass and chemical names were 

generated using Perkin Elmer ChemDraw Professional.
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4.2. Synthetic Procedures

4.2.1. 2-(1-methyl-1H-benzo[d]imidazol-2-yl)acetonitrile 21

2-methylaminoaniline (19) (3.22 g, 26.4 mmol) and methylcyanoacetate 

(20) (2.61 g, 26.4 mmol) were gently heated under reflux (~180 °C) with no 

solvent. After 4 h, the reaction was left to cool, affording a black oil. The 

product was purified by flash chromatography, eluting with 20 % v/v ethyl 

acetate in petroleum ether to afford 1.20 g (18 %) of a light brown/green solid. 

NMR experimental data was used to confirm the desired product had been 

formed.

1H NMR (400 MHz, DMSO) δ 7.55 (m, 2H, Ar H), 7.20 (m, 2H, Ar H), 4.50 

(s, 2H CCH2C), 3.74 (s, 3H, NCH3). 

13C NMR (101 MHz, DMSO) δ 145.7, 141.7, 135.9, 122.4, 121.8, 118.8, 

116.3, 110.2, 29.8, 17.4.

N

N CN

(21)
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4.2.2. 1-(5-ethyl-2,4-dihydroxyphenyl)-2-(1-methyl-1H-benzo[d]imidazol-

2-yl)ethenone 23-keto/enol

In a pressure tube, to 2-(1-methyl-1H-benzo[d]imidazol-2-yl)acetonitrile 

(21) (500 mg, 2.92 mmol) and 4-ethylresorcinol (22) (404 mg, 2.92 mmol) was 

added boron trifluoride diethyl etherate (6 ml). The reaction mixture was 

immediately saturated with hydrogen chloride gas via bubbling for 1 min and 

then the pressure tube was sealed. The reaction was stirred at 60 °C for 24 h. 

The reaction mixture was transferred to a round bottomed flask and was 

quenched with distilled water (120 ml). The resultant mixture was heated under 

reflux for 4 h. After cooling, the pH was adjusted to 7 with aqueous ammonia 

solution (33 % w/v) and the precipitate collected by filtration and dried in a 

vacuum desiccator to afford 753 mg (79 %) of a green solid. NMR indicated 

that the desired product was acquired as a 91:9 mix of the enol to keto 

respectively. This product was carried through without further purification.

(23)-enol

1H NMR (400 MHz, DMSO) δ 12.33 (s, 1H, OH), 10.09 (s, 1H, OH), 7.78 

(s, J = 7.4 Hz, 1H, CH=C-OH), 7.66 (m, 2H, Ar H), 7.37 (d, J = 5.4 Hz, 2H Ar 

H), 6.22 (s, 1H Ar H), 6.01 (s, 1H Ar H), 3.87 (s, 3H, NCH3), 2.48 (q, 2H, 

CCH2CH3), 1.12 (t, J = 7.4 Hz, 3H, CCH2CH3).

N

N
O

OH

OH

(23)-Keto

N

N
O

(23)-Enol

O

OH

H
H
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13C NMR (101 MHz, DMSO) δ 168.20, 161.32, 157.87, 149.49, 132.13, 

130.50, 127.45, 124.95, 123.87, 113.32, 111.17, 109.16, 104.04, 74.75, 30.71, 

22.96, 15.23.
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4.2.3. 6-ethyl-2-methyl-3-(1-methyl-1H-benzo[d]imidazol-2-yl)-4-oxo-4H-

chromen-7-yl acetate 5 213

A solution of (23) (150 mg, 0.48 mmol) in anhydrous pyridine (3 ml) was 

treated with acetic anhydride (2 ml). The resulting solution was stirred at 40 °C 

overnight. After cooling to rt, the solution was poured over ice and left for 24 

h. The crystals formed were collected by filtration, washed with water, and air-

dried. Crystallization from hexanes provided (5) (117 mg, 65 %) as a white 

crystalline solid. NMR and mass spectrometry confirmed that the desired 

product had been obtained.

HRMS m/z (ESI) calcd. for C22H20N2O4H 377.1507, found [M+H]+ 

377.1502. 

1H NMR (400 MHz, CDCl3) δ 8.05 (s, 1H, Ar H), 7.74 (m, 1H, Ar H), 7.34 

(m, 1H, Ar H), 7.23-7.27 (m, 2H, Ar H), 7.21 (s, 1H, Ar H), 3.59 (s, 3H, NCH3), 

2.59 (q, J = 7.5 Hz, 2H, CCH2CH3), 2.39 (s, 3H, O=CCH3), 2.32 (s, 3H, C-O-

CCH3), 1.19 (t, J = 7.5 Hz, 3H, CCH2CH3).

13C NMR (101 MHz, CDCl3) δ 175.0, 168.8, 168.5, 154.5, 153.1, 147.2, 

143.0, 135.9, 134.5, 126.3, 122.7, 122.0, 120.9, 119.9, 114.2, 111.4, 109.6, 

30.7, 22.9, 20.9, 19.7, 13.8.

N

N O

O O

O

(5)
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4.2.4. Ethyl 5-amino-1-phenyl-1H-pyrazole-4-carboxylate 36

To a stirred solution of ethyl (Z)-2-cyano-3-ethoxyacrylate c(34) (10.43 g, 

61.7 mmol) dissolved in ethanol (100 ml) was added phenylhydrazine (35) 

(6.07 ml, 61.7 mmol) and heated under reflux under a nitrogen atmosphere. 

After 18 h, the reaction was left to cool to room temperature. The solvent was 

removed under reduced pressure to afford an orange solid which was purified 

by recrystallisation from hot ethanol to give 11.13 g (78 %) of orange/yellow 

crystals. NMR and mass spectrometry confirmed that the desired product had 

been obtained.

HRMS (ESI) calcd. for C12H13N3O2H 232.1041, found 232.1079 [M+H]+. 

1H NMR (400 MHz, CDCl3) δ 7.78 (s, 1H, pyrazole-H), 7.57 – 7.45 (m, 4H, 

Ar H), 7.44 – 7.35 (m, 1H, Ar H), 5.31 (s, 2H, NH2), 4.30 (q, J = 7.1 Hz, 2H, 

OCH2CH3), 1.36 (t, J = 7.1 Hz, 3H, OCH2CH3).

13C NMR (101 MHz, CDCl3) δ 164.8, 149.1, 140.8, 137.7, 129.9, 128.3, 

123.9, 96.3, 59.8, 14.7.

NN

H2N CO2Et

(36)
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4.2.5. Ethyl 5-(4-methylphenylsulfonamido)-1-phenyl-1H-pyrazole-4-

carboxylate 37

To a stirred suspension of sodium hydride (60 % dispersion in mineral oil) 

(302 mg, 7.55 mmol) in anhydrous tetrahydrofuran (3 ml) was added a solution 

of ethyl 5-amino-1-phenyl-1H-pyrazole-4-carboxylate (36) (1.00 g, 4.32 mmol) 

in anhydrous tetrahydrofuran (2 ml) under an argon atmosphere at 0 °C. After 

30 min stirring at 0 °C, a solution of tosyl chloride (1.24 g, 6.49 mmol) in 

anhydrous tetrahydrofuran (2 ml) was added and the reaction was left to warm 

to room temperature. After stirring for 18 h, the reaction was quenched with 

distilled water (10 ml), the pH adjusted to ~1 with 5 % w/v hydrochloric acid 

and the resultant mixture extracted with dichloromethane (4 x 10 ml). The 

organic phase was washed with brine, dried over magnesium sulphate, and 

filtered. The solvent was removed under reduced pressure to afford an orange 

oil, which was purified by flash chromatography, eluting with 20 % v/v ethyl 

acetate in petroleum ether to afford 304 mg (18 %) of an orange solid. NMR 

and HRMS experiments were used to confirm the desired product had been 

produced. 

HRMS (ESI) calcd. for C19H19N3O4SH 386.1130, found 386.1170 [M+H]+.

NN

H
N

CO2Et

S
O

O

(37)
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1H NMR (400 MHz, CDCl3) δ 7.89 (s, 1H, pyrazole-H), 7.65 (m, 3H, Ar H, 

NH), 7.50 – 7.34 (m, 5H, Ar H), 7.17 (d, J = 8.2 Hz, 2H, Ar H), 4.05 (q, J = 7.2 

Hz, 2H, OCH2CH3), 2.39 (s, 3H, Ar CH3), 1.21 (t, J = 7.2 Hz, 3H, OCH2CH3).

13C NMR (101 MHz, CDCl3) δ 162.7, 144.5, 140.4, 138.9, 138.0, 134.7, 

129.4, 129.1, 128.3, 127.6, 124.3, 107.8, 60.5, 21.6, 14.2.
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4.2.6. 5-(4-methylphenylsulfonamido)-1-phenyl-1H-pyrazole-4-

carboxylic acid 38

To a stirred solution of ethyl 5-(4-methylphenylsulfonamido)-1-phenyl-1H-

pyrazole-4-carboxylate (37) (720 mg, 1.87 mmol) in ethanol (9 ml) was added 

a suspension of lithium hydroxide monohydrate (314 mg, 7.47 mmol) in 

distilled water (3 ml) and heated under reflux. After 16 h the reaction was left 

to cool to room temperature. The pH of the reaction mixture was adjusted to 

1-2 with hydrochloric acid solution (6 M). The resultant mixture extracted with 

dichloromethane (3 x 10 ml). The organic phase was washed with water and 

brine, dried over magnesium sulphate, and filtered. The solvent was removed 

under reduced pressure to afford 591 mg (88 %) of a white powder. NMR and 

HRMS experiments were used to confirm the desired product had been 

produced.

HRMS (ESI) calcd. for C17H15N3O4SH 358.0817, found 358.0857 [M+H]+.

1H NMR (400 MHz, MeOD) δ 7.91 (s, 1H, pyrazole-H), 7.43 (dd, J = 8.1, 

1.7 Hz, 2H, Ar H), 7.39 – 7.26 (m, 5H, Ar H), 7.12 (d, J = 8.2 Hz, 2H, Ar H), 

2.32 (s, 3H, Ar CH3).

NN

H
N

S
O

O

HO O

(38)
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13C NMR (101 MHz, MeOD) δ 145.2, 142.6, 140.0, 138.1, 138.0, 130.5, 

130.0, 129.4, 128.3, 126.3, 112.4, 21.5.
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4.2.7. (S)-N-(3,3-dimethylbutan-2-yl)-5-(4-methylphenylsulfonamido)-1-

phenyl-1H-pyrazole-4-carboxamide 9 215

To a stirred solution of 5-(4-methylphenylsulfonamido)-1-phenyl-1H-

pyrazole-4-carboxylic acid (38) (559 mg, 1.56 mmol) in dimethylformamide (9 

ml) was added diisopropylethylamine (0.82 ml, 4.692 mmol) under an argon 

atmosphere. After 10 min of stirring, to the reaction was added a solution of 

HATU (595 mg, 1.56 mmol) in dimethylformamide (2 ml). After a further 20 min 

stirring (S)-3,3-dimethyl-2-butylamine (0.22 ml, 1.56 mmol) was added to the 

reaction and stirred for 16 h at room temperature. The reaction was quenched 

with distilled water (30 ml), the pH adjusted to ~1 with 5 % w/v hydrochloric 

acid and the resultant mixture extracted with ethyl acetate (2 x 30 ml). The 

organic phase was washed with ammonium chloride solution followed by 

brine, dried over magnesium sulphate, and filtered. The solvent was removed 

under reduced pressure to afford a white solid which was purified by flash 

chromatography, eluting with 30 % v/v ethyl acetate in petroleum ether to 

afford 532 mg (77 %) of a white powder. NMR and HRMS experiments were 

used to confirm the desired product had been produced.

HRMS (ESI) calcd. for C23H28N4O3SH 441.1916, found 441.1946 [M+H]+.

NN

H
N

S
O

O
HN O

(S)

(9)



142

1H NMR (400 MHz, CDCl3) δ 8.66 (s, 1H, NH), 7.70 (s, 1H, pyrazole-H), 

7.57 (m, 2H, Ar H), 7.47 – 7.33 (m, 5H, Ar H), 7.11 (d, J = 8.2 Hz, 2H, Ar H), 

5.62 (d, J = 9.7 Hz, 1H, CHNH), 3.82 (dq, J = 9.7, 6.9 Hz, 1H, NHCHCH3), 

2.35 (s, 3H, Ar, CH3), 1.01 (d, J = 6.9 Hz, 3H, CHCH3), 0.87 (s, 9H, C(CH3)3) 

ppm.

13C NMR (101 MHz, CDCl3) δ 161.8, 144.2, 139.1, 137.2, 136.9, 134.9, 

129.4, 129.1, 128.2, 127.6, 124.2, 110.0, 52.5, 34.2, 26.2, 21.6, 16.1.
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4.2.8. Ethyl 5-amino-3-methyl-1-phenyl-1H-pyrazole-4-carboxylate 40

To a stirred solution of ethyl (Z)-2-cyano-3-ethoxybut-2-enoate (39) (3.00 

g, 16.4 mmol) dissolved in ethanol (40 ml) was added phenylhydrazine (35) 

(1.61 ml, 16.4 mmol) and heated under reflux under a nitrogen atmosphere. 

After 22 h, the reaction was left to cool to room temperature. The solvent was 

removed under reduced pressure to afford an orange solid which was purified 

by recrystallisation from ethanol to give 522 mg (13 %) of fine white crystals. 

NMR and HRMS experiments were used to confirm the desired product had 

been produced.

HRMS (ESI) calcd. for C13H15N3O2 246.1198, found 246.1236 [M+H]+.

1H NMR (400 MHz, CDCl3) δ 7.56 – 7.42 (m, 4H, Ar H), 7.38 (dd, J = 10.9, 

4.2 Hz, 1H, Ar H), 5.34 (s, 2H NH2), 4.31 (q, J = 7.1 Hz, 2H, OCH2CH3), 2.41 

(s, 3H, CH3), 1.37 (t, J = 7.1 Hz, 3H, OCH2CH3).

13C NMR (101 MHz, CDCl3) δ 165.5, 150.5, 150.1, 137.7, 129.9, 128.0, 

124.0, 94.8, 59.7, 14.7, 14.7. 

NN

H2N CO2Et

(40)
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4.2.9. Ethyl 3-methyl-5-(4-methylphenylsulfonamido)-1-phenyl-1H-

pyrazole-4-carboxylate 41

To a stirred suspension of sodium hydride (60 % dispersion in mineral oil) 

(134 mg, 3.35 mmol) in anhydrous tetrahydrofuran (3 ml) was added a solution 

of ethyl 5-amino-3-methyl-1-phenyl-1H-pyrazole-4-carboxylate (40) (632 mg, 

2.58 mmol) dissolved in anhydrous tetrahydrofuran (3 ml) under an argon 

atmosphere at 0 °C. After 30 min stirring at 0 °C, a solution of tosyl chloride 

(639 mg, 3.35 mmol) in anhydrous tetrahydrofuran (3 ml) was added and the 

reaction left to reach room temperature. After stirring for 2 h, the reaction was 

quenched with distilled water (3 ml), the pH adjusted to ~1 with 5 % w/v 

hydrochloric acid and the resultant mixture extracted with dichloromethane (4 

x 10 ml). The organic phase was washed with 5 % w/v hydrochloric acid and 

brine, dried over magnesium sulphate, and filtered. The solvent was removed 

under reduced pressure to afford a brown oil. The oil was purified by flash 

chromatography, eluting with 20 % v/v ethyl acetate in petroleum ether to 

afford 304 mg (18 %) of orange solid. NMR and mass spectrometry confirmed 

that the desired product had been obtained.

HRMS (ESI) calcd. for C20H21N3O4SH 400.1916, found 400.1322 [M+H]+.

NN

H
N

CO2Et

S
O

O

(41)
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1H NMR (400 MHz, CDCl3) δ 7.79 (s, 1H, NH), 7.63 – 7.55 (m, 2H Ar H), 

7.46 – 7.31 (m, 5H, Ar H), 7.15 (d, J = 8.0 Hz, 2H, Ar H), 4.05 (q, J = 7.1 Hz, 

2H, OCH2CH3), 2.40 (s, 3H, Tosyl-CH3), 2.38 (s, 3H, CH3), 1.23 (t, J = 7.1 Hz, 

3H, OCH2CH3).

13C NMR (101 MHz, CDCl3) δ 163.7, 150.3, 144.5, 139.0, 138.7, 135.1, 

129.4, 129.1, 128.1, 127.7, 124.5, 105.9, 60.5, 21.7, 14.5, 14.3.
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4.2.10. 3-methyl-5-(4-methylphenylsulfonamido)-1-phenyl-1H-

pyrazole-4-carboxylic acid 42

To a stirred solution of ethyl 3-methyl-5-(4-methylphenylsulfonamido)-1-

phenyl-1H-pyrazole-4-carboxylate (41) (495 mg, 1.24 mmol) dissolved in 

ethanol (4 ml) was added a suspension of lithium hydroxide monohydrate (208 

mg, 4.96 mmol) in distilled water (3 ml). The reaction mixture was heated 

under reflux. After 16 h the reaction was left cool to room temperature. The pH 

of the reaction mixture was adjusted to 1-2 with hydrochloric acid solution (6 

M). The resultant mixture was extracted with dichloromethane (3 x 10 ml). The 

organic phase was washed with water and brine, dried over magnesium 

sulphate, and filtered. The solvent was removed under reduced pressure to 

afford 378 mg (82 %) of a white powder. NMR and mass spectrometry 

confirmed that the desired product had been obtained.

HRMS (ESI) calcd. for C18H17N3O4SH 372.0973, found 372.1013 [M+H]+

1H NMR (400 MHz, MeOD) δ 7.44 – 7.21 (m, 7H Ar H), 7.12 (d, J = 8.2 Hz, 

2H, Ar H), 2.34 (s, 3H, CH3), 2.32 (s, 3H, Tosyl-CH3).

NN

H
N

S
O

O

HO O

(42)
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13C NMR (101 MHz, MeOD) δ 165.6, 152.6, 145.2, 139.9, 138.9, 138.1, 

130.8, 130.5, 130.0, 129.9, 129.2, 129.1, 128.3, 126.4, 126.3, 109.7, 21.5, 

14.3.
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4.2.11. (S)-N-(3,3-dimethylbutan-2-yl)-3-methyl-5-(4-

methylphenylsulfonamido)-1-phenyl-1H-pyrazole-4-carboxamide 

10 215

To a stirred solution of 3-methyl-5-(4-methylphenylsulfonamido)-1-phenyl-

1H-pyrazole-4-carboxylic acid (42) (307 mg, 0.83 mmol) in dimethylformamide 

(9 ml) was added diisopropylethylamine (0.43 ml, 2.48 mmol) under an argon 

atmosphere. After 10 min of stirring, to the reaction was added a solution of 

HBTU (314 mg, 0.83 mmol) in dimethylformamide (2 ml). After a further 20 min 

stirring (S)-3,3-dimethyl-2-butylamine (0.113 ml, 0.83 mmol) was added to the 

reaction and stirred for 16 h at room temperature. The reaction was quenched 

with distilled water (15 ml), the pH adjusted to ~1 with 5 % w/v hydrochloric 

acid and the resultant mixture extracted with ethyl acetate (2 x 30 ml). The 

organic phase was washed with ammonium chloride solution followed by 

brine, dried over magnesium sulphate, and filtered. The solvent was removed 

under reduced pressure to afford a white solid which was purified by flash 

chromatography, eluting with 30 % v/v ethyl acetate in petroleum ether to 

afford 357 mg (95 %) of a white powder. NMR and mass spectrometry 

confirmed that the desired product had been obtained.

HRMS (ESI) calcd. for C24H30N4O3SH 455.2072, found 455.2107 [M+H]+

NN

H
N

S
O

O
HN O

(S)

(10)
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1H NMR (400 MHz, CDCl3) δ 8.86 (s, 1H, SO2NH), 7.46 – 7.40 (m, 2H, Ar 

H), 7.37 (d, J = 8.3 Hz, 2H, Tosyl-Ar H), 7.34 – 7.25 (m, 3H, Ar H), 7.05 (d, J 

= 8.2 Hz, 2H, Tosyl Ar H), 6.07 (d, J = 9.6 Hz, 1H, NHCHCH3), 3.91 – 3.81 (m, 

1H, NHCHCH3), 2.44 (s, 3H, CH3), 2.33 (s, 3H, Tosyl-CH3), 1.02 (d, J = 6.8 

Hz, 3H, NHCHCH3), 0.88 (s, 9H, C(CH3)3).

13C NMR δ 162.9, 146.5, 144.0, 138.7, 136.4, 135.4, 129.4, 128.9, 127.76, 

127.4, 124.3, 110.2, 52.9, 34.1, 26.2, 21.6, 16.1, 14.7. 
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4.2.12. 1,4-dioxaspiro[4.5]decan-8-ol 46

1,4-dioxaspiro[4.5]decan-8-one (45) (20.0 g; 128 mmol) was completely 

dissolved in ethanol (270 ml) and cooled to 0 °C. Sodium borohydride (5.79 g; 

153 mmol) was added to the reaction mixture and stirred under nitrogen at 

room temperature. After 24 h, most of the solvent was removed and 

dichloromethane (200 ml) added. The reaction was cooled to 0 °C and sodium 

hydroxide solution (2 M) added (slowly) to neutralise the reaction. The 

aqueous phase was extracted with dichloromethane (50 ml x 2). The organic 

phase was collected and dried over magnesium sulphate, filtered and the 

solvent removed under reduced pressure to afford 17.83 g (88 %) of (46) as a 

clear oil. NMR spectroscopy was used to confirm the product had been 

obtained.

1H NMR (400 MHz, CDCl3) δ 4.01 – 3.86 (m, 4H, OCH2), 3.78 (ddd, J = 

18.2, 9.1, 4.9 Hz, 1H, CHOH), 1.97 – 1.73 (m, 4H, cyclohexane-CH2), 1.73 – 

1.47 (m, 4H, cyclohexane-CH2).

13C NMR (101 MHz, CDCl3) δ 108.4, 68.3, 64.4, 32.2, 31.7.

O

O

OH

(46)
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4.2.13. 8-methoxy-1,4-dioxaspiro[4.5]decane 47

To a suspension of sodium hydride (60 % in mineral oil) (4.55 g; 114 mmol) 

in anhydrous tetrahydrofuran (50 ml) under nitrogen at 0 °C was added a 

solution of 1,4-dioxaspiro[4.5]decan-8-ol (46) (15.0 g; 94 mmol) in anhydrous 

tetrahydrofuran (30 ml) and stirred for 30 min at 0 °C. Methyl iodide (29.51 ml; 

474 mmol) was added and the reaction stirred at room temperature. After 3 h 

the reaction was quenched with methanol and water, followed by the addition 

of ethyl acetate and water. The organic phase was collected, and the aqueous 

phase re-extracted with ethyl acetate. The organic phases were combined and 

dried over magnesium sulphate, filtered and the solvent removed under 

reduced pressure to afford a yellow oil. The oil was purified by flash 

chromatography eluting with 30 % v/v ethyl acetate in petroleum ether to afford 

11.44 g (70 %) of (47) as a yellow oil. NMR spectroscopy was used to confirm 

the product had been obtained.

1H NMR (400 MHz, CDCl3) δ 3.98 – 3.85 (m, 4H, OCH2), 3.38 – 3.20 (m, 

4H, CHOCH3), 1.86 – 1.45 (m, 8H, cyclohexane-CH2).

13C NMR (101 MHz, CDCl3) δ 108.6, 76.3, 64.4, 55.9, 31.4, 28.3.

O

O

O

(47)
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4.2.14. 4-methoxycyclohexan-1-one 48

To a solution of 8-methoxy-1,4-dioxaspiro[4.5]decane (47) (11.4 g; 66.4 

mmol) in tetrahydrofuran (15 ml) was added hydrochloric acid (50 ml; 5 M) and 

stirred at room temperature. After 16 h, the pH of the reaction mixture was 

adjusted to 10 with sodium hydroxide solution (2 M) followed by extraction with 

ethyl acetate. The organic was collected and dried over magnesium sulphate, 

filtered and the solvent removed under reduced pressure to afford 7.79 g (91 

%) of (48) as a yellow oil. NMR spectroscopy was used to confirm the product 

had been obtained.

1H NMR (400 MHz, CDCl3) δ 3.67 – 3.55 (m, 1H, CHOCH3), 3.43 (s, 3H, 

CHOCH3), 2.66 – 2.18 (m, 4H, cyclohexane-CH2), 2.18 – 1.85 (m, 4H, 

cyclohexane-CH2).

13C NMR (101 MHz, CDCl3) δ 211.3, 74.4, 56.2, 37.2, 30.3.

O

O
(48)
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4.2.15. Tert-butyl 2-(4-methoxycyclohexylidene)hydrazine-1-

carboxylate 49

To a solution of 4-methoxycyclohexan-1-one (48) (8.24 g; 66.9 mmol) in 

methanol (30 ml) was added tert-butyl carbazate (8.84 g; 66.9 mmol). The 

reaction mixture was stirred for 30 min at room temperature. The solvent was 

removed under reduced pressure to afford a cloudy oil. The oil was dissolved 

in ethyl acetate (50 ml), dried over magnesium sulphate, and filtered. The 

remaining solvent was removed under reduced pressure and placed under 

high vacuum overnight to afford 16.2 g (99 %) of (39) as a white crystalline 

solid. The product was confirmed by NMR spectroscopy in deuterated 

chloroform.

1H NMR (400 MHz, CDCl3) δ 7.58 (s, 1H, NH), 3.54 – 3.38 (m, 1H, 

CHOCH3), 3.34 (s, 3H, CHOCH3), 2.61 – 2.06 (m, 4H, cyclohexane-CH2), 1.94 

– 1.68 (m, 4H, cyclohexane-CH2), 1.47 (d, J = 13.2 Hz, 9H, tert-butyl).

13C NMR (101 MHz, CDCl3) δ 154.8, 153.3, 81.0, 75.7, 56.1, 31.0, 30.6, 

30.3, 29.5, 28.4, 21.9.

N

O
H
N O

O
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4.2.16. Tert-butyl 2-((1S,4S)-4-methoxycyclohexyl)hydrazine-1-

carboxylate 50 and tert-butyl 2-((1R,4R)-4-

methoxycyclohexyl)hydrazine-1-carboxylate 55

To a stirred solution of tert-butyl 2-(4-

methoxycyclohexylidene)hydrazinecarboxylate (49) (16.2 g; 66.9 mmol) in 

acetic acid (75 ml) and distilled water (125 ml) was added sodium 

cyanoborohydride (5.00 g; 80.28) in small portions (gas evolved – extreme 

caution, hydrogen cyanide gas). The reaction was stirred overnight at room 

temperature. After 16 h, the reaction was cooled in an ice bath and the pH 

adjusted to 7 with sodium hydroxide solution (2 M) (~500 ml). The reaction 

mixture was extracted with dichloromethane (200 ml x 2), the organic fractions 

collected and dried over magnesium sulphate and filtered. The solvent was 

removed under reduced pressure to afford a yellow oil. NMR of the crude oil 

indicated the cis and trans isomers were formed in ~50:50 ratio. The isomers 

were isolated by column chromatography, eluting with 20 % v/v ethyl acetate 

in petroleum ether. The cis isomer (50) was isolated as 5.54 g (34 %) of white 

solid. The trans isomer (55) was isolated as 6.34 g (39 %) of white solid. NMR 

data was used to confirm the desired products had been produced.
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Cis (50)

1H NMR (400 MHz, CDCl3) δ 6.05 (s, 1H, NH), 3.86 (s, 1H, NH), 3.33 (dt, 

J = 7.3, 2.7 Hz, 1H, CHOCH3), 3.29 (s, 3H, CHOCH3), 2.89 (m, 1H, CHNH), 

1.86 (m, 4H, cyclohexane-CH2), 1.53 (m, 4H, cyclohexane-CH2), 1.45 (s, 9H, 

tert-butyl).

13C NMR (101 MHz, CDCl3) δ 157.1, 80.5, 75.7, 56.9, 55.6, 28.5, 27.5, 

25.9.

Trans (55)
1H NMR (400 MHz, CDCl3) δ 6.03 (s, 1H, NH), 3.97 (s, 1H, NH), 3.36 (s, J 

= 6.5 Hz, 3H, CHOCH3), 3.17 – 3.05 (m, 1H, CHOCH3), 2.83 (t, J = 10.2 Hz, 

1H, CHNH), 2.06 (dd, J = 12.5, 3.1 Hz, 2H, cyclohexane-CH2), 1.92 (d, J = 

11.4 Hz, 2H, cyclohexane-CH2), 1.48 (s, 9H, tert-butyl), 1.26 (m, 2H, 

cyclohexane-CH2), 1.13 (m, 2H, cyclohexane-CH2).

13C NMR (101 MHz, CDCl3) δ 157.1, 80.6, 79.0, 58.0, 56.0, 29.6, 28.9, 

28.5.
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4.2.17. 2-((1S,4S)-4-methoxycyclohexyl)hydrazin-1-ium chloride 51

To a solution of tert-butyl 2-((1S,4S)-4-

methoxycyclohexyl)hydrazinecarboxylate (50) (5.4 g; 22.1 mmol) in methanol 

(30 ml) was added hydrochloric acid in dioxane (30 ml) which was stirred at 

room temp overnight. The solvent was removed under reduced pressure to 

afford 3.99 g (99 %) of flaky white crystals. NMR data was used to confirm the 

desired product had been produced.

1H NMR (400 MHz, MeOD) δ 3.47 (m, 1H, CHOCH3), 3.31 (s, 3H, 

CHOCH3), 3.16 – 3.00 (m, 1H, CHNH), 2.03 (dd, J = 12.7, 2.8 Hz, 2H, 

cyclohexane-CH2), 1.87 (dd, J = 12.5, 3.4 Hz, 2H, cyclohexane-CH2), 1.69-

1.57 (m, 2H, cyclohexane-CH2), 1.55– 1.48 (m, 2H, cyclohexane-CH2).

13C NMR (101 MHz, MeOD) δ 74.9, 60.6, 56.1, 28.3, 23.5.

N
H

O

NH3
+Cl-

(51)
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4.2.18. Ethyl 5-amino-1-((1S,4S)-4-methoxycyclohexyl)-3-methyl-

1H-pyrazole-4-carboxylate 52

To a solution of 2-((1S,4S)-4-methoxycyclohexyl)hydrazin-1-ium chloride 

(51) (3.99 g; 22.1 mmol) and ethyl (Z)-2-cyano-3-ethoxybut-2-enoate (39) 

(4.04 g; 22.1 mmol) dissolved in ethanol (50 ml) was added triethylamine (9.25 

ml; 66.3 mmol) and heated under reflux overnight. The reaction left to cool, the 

solvent removed under reduced pressure and tetrahydrofuran (50 ml) added 

causing the amine salt to crash out of the reaction. The amine salt was filtered 

off and the supernatant collected, and the solvent removed. The resultant oil 

was re-dissolved in ethyl acetate (50 ml) and extracted with hydrochloric acid 

solution (4 M, 50 ml x 3). The aqueous phase was collected, and the pH 

adjusted to 14 with sodium hydroxide solution (4 M). The resultant aqueous 

phase was extracted with dichloromethane (100 ml x 3), dried over sodium 

sulphate, filtered and the solvent removed to afford an orange oil. The product 

was run quickly through a column, eluting with 40 % v/v ethyl acetate in 

petroleum ether. The column afforded a yellow oil which was recrystallized 

from petroleum ether and diethyl ether to afford 2.86 g (46 %) large white 

crystals. NMR data was used to confirm the desired product had been 

produced.
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1H NMR (400 MHz, CDCl3) δ 5.04 (s, 2H, NH2), 4.26 (q, J = 7.1 Hz, 2H, 

OCH2CH3), 3.84 – 3.67 (m, 1H, CH-NH), 3.47 (dd, J = 8.4, 5.8 Hz, 1H, 

CHOCH3), 3.31 (d, J = 8.6 Hz, 3H, CHOCH3), 2.32 (s, 3H, CH3), 2.22 (ddd, J 

= 15.6, 13.1, 3.6 Hz, 2H, cyclohexane-CH2), 2.15 – 2.06 (m, 2H, cyclohexane-

CH2), 1.71 – 1.63 (m, 2H, cyclohexane-CH2), 1.46 (ddd, J = 11.1, 10.0, 3.1 Hz, 

2H, cyclohexane-CH2), 1.33 (t, J = 7.1 Hz, 3H, OCH2CH3).

13C NMR (101 MHz, CDCl3) δ 165.7, 149.3, 148.5, 94.8, 73.2, 59.4, 56.2, 

55.7, 28.7, 25.6, 14.8, 14.7.
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4.2.19. Ethyl 1-((1S,4S)-4-methoxycyclohexyl)-3-methyl-5-((4-

methylphenyl)sulfonamido)-1H-pyrazole-4-carboxylate 53

To a suspension of sodium hydride (60 % in mineral oil; 1.22 g; 30.5 mmol) 

in anhydrous tetrahydrofuran (30 ml) under argon at 0°C was added a solution 

of ethyl 5-amino-1-((1S,4S)-4-methoxycyclohexyl)-3-methyl-1H-pyrazole-4-

carboxylate (52) (2.86 g; 10.2 mmol) in anhydrous tetrahydrofuran (10 ml) and 

stirred for 30 minutes. To the stirring reaction was added a solution of tosyl 

chloride (3.88 g; 20.3 mmol) in tetrahydrofuran (10 ml) and stirred for a further 

30 minutes at 0 °C. The reaction mixture left to warm to room temperature and 

stirred for another 60 minutes followed by the careful addition of ice-cold water 

(50 ml). The reaction was extracted with sodium hydroxide solution (2 M; 25 

ml x 2), the aqueous phase was collected and acidified to pH 1 with 

hydrochloric acid solution (2 M). The resultant aqueous phase was extracted 

with dichloromethane (25 ml x 3), dried over magnesium sulphate, filtered and 

the solvent removed to afford a yellow oil. The crude oil was purified by column 

chromatography, eluting with 30 % ethyl acetate in petroleum ether. The 

product was afforded as 810 mg (18 %) of clear crystals. NMR data was used 

to confirm the desired product had been produced.
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1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.3 Hz, 2H, Ar H), 7.41 (s, 1H, 

NH), 7.20 (d, J = 8.2 Hz, 2H, Ar H), 4.68 (m, 1H, CH-NH), 3.88 (q, J = 7.1 Hz, 

2H, OCH2CH3), 3.50 (d, J = 2.6 Hz, 1H, CHOCH3), 3.34 (s, 3H, CHOCH3), 

2.39 (s, 3H, Tosyl-CH3), 2.35 – 2.21 (m, 2H, cyclohexane-CH2), 2.29 (s, 3H, 

CH3), 2.12 (d, J = 15.0 Hz, 2H, cyclohexane-CH2), 1.75 (d, J = 12.6 Hz, 2H, 

cyclohexane-CH2), 1.66 – 1.51 (m, 2H, cyclohexane-CH2), 1.14 (t, J = 7.2 Hz, 

3H, OCH2CH3).

13C NMR (101 MHz, CDCl3) δ 163.7, 149.2, 144.7, 137.5, 134.3, 129.4, 

128.1, 103.9, 73.5, 60.0, 57.3, 55.8, 28.7, 26.7, 21.7, 14.6, 14.3.
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4.2.20. 1-((1S,4S)-4-methoxycyclohexyl)-3-methyl-5-((4-

methylphenyl)sulfonamido)-1H-pyrazole-4-carboxylic acid 54

To a mixture of ethyl 1-((1S,4S)-4-methoxycyclohexyl)-3-methyl-5-((4-

methylphenyl)sulfonamido)-1H-pyrazole-4-carboxylate (53) (810 mg; 1.86 

mmol) dissolved in ethanol (20 ml) and distilled water (20 ml) was added 

lithium hydroxide monohydrate (1.4 g; 33.4 mmol). The reaction was heated 

under reflux. After 16 hours, the reaction was left to cool to room temperature. 

The pH was adjusted to pH 1 with hydrochloric acid solution (4 M). The mixture 

was extracted with dichloromethane (50 ml x 3), the organic phase was 

separated, dried over magnesium sulphate, filtered and the solvent removed 

to afford 758 mg of an off-white solid (99 %). No further purification steps were 

performed, and the product was carried forward to the next step of the 

synthesis. NMR data was used to confirm the desired product had been 

produced.
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1H NMR (400 MHz, CDCl3) δ 7.47 (d, J = 8.3 Hz, 2H, Ar H), 7.30 (s, 1H, 

NH), 7.15 (d, J = 8.6 Hz, 2H, Ar H), 4.66 (m, 1H, CH-NH), 3.50 (m, 1H, 

CHOCH3), 3.33 (s, 3H, CHOCH3), 2.33 (s, 3H, CH3), 2.30 (s, 3H, Tosyl-CH3), 

2.29 – 2.19 (m, 2H, cyclohexane-CH2), 2.11 (dd, J = 14.4, 4.0 Hz, 2H, 

cyclohexane-CH2), 1.74 (dd, J = 12.3, 3.1 Hz, 2H, cyclohexane-CH2), 1.55 (m, 

2H, cyclohexane-CH2).

13C NMR (101 MHz, CDCl3) δ 168.0, 150.3, 145.0, 138.3, 134.3, 129.6, 

128.1, 102.8, 73.5, 57.6, 55.9, 29.9, 26.7, 21.8, 14.6.
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4.2.21. N-((S)-3,3-dimethylbutan-2-yl)-1-((1s,4R)-4-

methoxycyclohexyl)-3-methyl-5-((4-methylphenyl)sulfonamido)-

1H-pyrazole-4-carboxamide 11 216

To a solution of 1-((1S,4S)-4-methoxycyclohexyl)-3-methyl-5-((4-

methylphenyl)sulfonamido)-1H-pyrazole-4-carboxylic acid (54) (758 mg; 1.86 

mmol) in dimethylformamide (20 ml) was added N,N-diisopropylethylamine 

(972 µL; 5.58 mmol) and stirred for 10 minutes under an argon atmosphere. A 

solution of HATU (707 mg; 1.86 mmol) in dimethylformamide (5 ml) was added 

to the reaction mixture and stirred for a further 30 minutes. To the reaction (S)-

(+)-3,3-dimethyl-2-butylamine (254 µL; 1.86 mmol) was added and stirred for 

16 hours at room temperature under argon. The reaction was quenched with 

distilled water (25 ml), acidified to pH 1 with hydrochloric acid solution (2 M) 

and extracted with ethyl acetate (25 ml x 3). The organic phase was washed 

with hydrochloric acid solution (2M, 25 ml), followed by ammonium chloride 

solution (25 ml) and brine (25 ml). The organic phase was collected, dried over 

magnesium sulphate, filtered and the solvent removed to afford a crude white 

solid. The solid was dissolved into dichloromethane (30 ml) and then filtered 

to remove insoluble residues. The dichloromethane filtrate was then collected, 

the solvent removed under reduced pressure to afford a white solid. The 
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product was purified by column chromatography, eluting with 70 % v/v ethyl 

acetate in petroleum ether followed by trituration with diethyl ether to afford 

480 mg (53 %) of white powder. The final product was confirmed by NMR, 

HRMS, IR and XRD experimental data.

HRMS (ESI) calcd. for C25H38N4O4SH 491.2647, found 491.2687 [M+H]+

1H NMR (400 MHz, CDCl3) δ 8.66 (s, 1H, NH), 7.54 (d, J = 8.3 Hz, 2H, Ar 

H), 7.17 (d, J = 8.2 Hz, 2H, Ar H), 5.19 (d, J = 9.6 Hz, 1H, NH-CH), 4.70 (m, 

1H, CH-NH), 3.69 (dd, J = 9.5, 6.8 Hz, 1H, NHCH), 3.51 – 3.48 (m, 1H, 

CHOCH3), 3.34 (s, 3H, CHOCH3), 2.35 (s, 3H, CH3), 2.33 (s, 3H, Tosyl-CH3), 

2.29 – 2.15 (m, 2H, cyclohexane-CH2), 2.15 – 2.06 (m, 2H, cyclohexane-CH2), 

1.81 (d, J = 12.4 Hz, 1H, cyclohexane-CH2), 1.72 (d, J = 12.4 Hz, 1H, 

cyclohexane-CH2), 1.65 – 1.50 (m, 2H, cyclohexane-CH2), 0.88 (d, J = 6.7 Hz, 

3H, NHCHCH3), 0.82 (s, 9H, t-butyl).

13C NMR (101 MHz, CDCl3) δ 163.2, 144.2, 143.6, 138.1, 134.8, 129.4, 

128.2, 73.6, 57.2, 55.8, 52.4, 34.0, 28.8, 28.7, 26.9, 26.3, 21.7, 16.2, 15.4.

IR 3328, 2942, 2856, 2826, 2742, 1741, 1598, 1555, 1335, 1156, 1092 cm-1.
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X-ray
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4.2.22. 2-((1R,4R)-4-methoxycyclohexyl)hydrazin-1-ium chloride 56

To a solution of tert-butyl 2-((1R,4R)-4-

methoxycyclohexyl)hydrazinecarboxylate (55) (3.5 g; 14.3 mmol) dissolved in 

methanol (30 ml) was added hydrochloric acid in dioxane (30 ml) and stirred 

at room temp overnight. The solvent was removed under reduced pressure 

and the product was stored under high vacuum for 5 h to afford 2.58 g (99 %) 

of an off-white solid. Thin layer chromatography and an NMR spectrum of the 

crude product were used to confirm complete conversion of the starting 

material. The product was carried through to the next step without further 

analysis.
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(56)



167

4.2.23. Ethyl 5-amino-1-((1R,4R)-4-methoxycyclohexyl)-3-methyl-

1H-pyrazole-4-carboxylate 57

To a solution of 2-((1R,4R)-4-methoxycyclohexyl)hydrazin-1-ium chloride 

(56) (4.70 g; 26.0 mmol) and ethyl (Z)-2-cyano-3-ethoxybut-2-enoate (39) 

(4.76 g; 26.0 mmol) dissolved in ethanol (50 ml) was added triethylamine (11 

ml; 78.0 mmol) and the reaction was heated under reflux overnight. After 16 h 

the reaction was left to cool to room temperature. The solvent was removed 

under reduced pressure and tetrahydrofuran (50 ml) added causing the amine 

salt to crash out of the reaction as a precipitate. The amine salt was filtered off 

and the supernatant collected, the solvent was removed under reduced 

pressure. The resultant oil was re-dissolved in ethyl acetate (50 ml) and 

extracted with hydrochloric acid solution (4 M, 50 ml x 3). The aqueous phase 

was collected, the pH adjusted to 14 with sodium hydroxide solution (4 M). The 

resultant aqueous phase was extracted with dichloromethane (100 ml x 3), 

dried over magnesium sulphate, filtered and the solvent removed under 

reduced pressure to afford an orange oil. The product was run quickly through 

a column eluting with 40 % v/v ethyl acetate in petroleum ether to afford a 

yellow oil. The oil was recrystallized from petroleum ether and diethyl ether to 

afford 2.92 g (40 %) of large white crystals. NMR data was used to confirm the 

desired product had been produced.
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1H NMR (400 MHz, CDCl3) δ 5.02 (s, 2H, NH2), 4.27 (q, J = 7.1 Hz, 2H, 

OCH2CH3), 3.69 (ddd, J = 15.6, 10.4, 4.9 Hz, 1H, CHOCH3), 3.37 (s, 3H, 

CHOCH3), 3.24 (m, 1H, CH-NH), 2.33 (s, 3H, CH3), 2.22 (d, J = 13.1 Hz, 2H, 

cyclohexane-CH2), 2.08 – 1.88 (m, 4H, cyclohexane-CH2), 1.40 – 1.25 (m, 2H, 

cyclohexane-CH2), 1.33 (t, J = 7.1 Hz, 3H, OCH2CH3).

13C NMR (101 MHz, CDCl3) δ 165.6, 149.4, 148.8, 78.0, 77.4, 59.5, 56.2, 

55.0, 30.9, 29.6, 14.8, 14.7.
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4.2.24. Ethyl 1-((1R,4R)-4-methoxycyclohexyl)-3-methyl-5-((4-

methylphenyl)sulfonamido)-1H-pyrazole-4-carboxylate 58

To a suspension of sodium hydride (60 % in mineral oil; 1.25 g; 30.9 mmol) 

in anhydrous tetrahydrofuran (30 ml) under argon at 0°C was added a solution 

of ethyl 5-amino-1-((1R,4R)-4-methoxycyclohexyl)-3-methyl-1H-pyrazole-4-

carboxylate (57) (2.90 g; 10.3 mmol) in anhydrous tetrahydrofuran (10 ml) and 

stirred for 30 minutes. To the stirring reaction was added a solution of tosyl 

chloride (3.93 g; 20.6 mmol) in tetrahydrofuran (10 ml) which was stirred for a 

further 30 minutes at 0°C. The reaction mixture was left to warm to room 

temperature and stirred for another 60 minutes followed by the careful addition 

of ice-cold water (50 ml). The reaction was extracted with sodium hydroxide 

solution (2 M; 25 ml x 2), the aqueous phase was collected and acidified to pH 

1 with hydrochloric acid solution (2 M). The resultant aqueous phase was 

extracted with dichloromethane (25 ml x 3), dried over magnesium sulphate, 

filtered and the solvent removed to afford a yellow oil. The crude oil was 

purified by column chromatography, eluting with 30 % ethyl acetate in 

petroleum ether. The product was afforded as 1.89 g (42 %) of clear crystals. 

NMR data was used to confirm the desired product had been produced.
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1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.3 Hz, 2H, Ar H), 7.40 (s, 1H, 

NH), 7.21 (d, J = 8.2 Hz, 2H, Ar H), 4.70 – 4.60 (m, 1H, CH-NH), 3.89 (q, J = 

7.1 Hz, 2H, OCH2CH3), 3.38 (s, 3H, CHOCH3), 3.32 – 3.12 (m, 1H, CHOCH3), 

2.40 (s, 3H, Tosyl-CH3), 2.29 (s, 3H, CH3), 2.24 – 2.15 (m, 2H, cyclohexane-

CH2), 2.10 – 1.94 (m, 4H, cyclohexane-CH2), 1.52 – 1.30 (m, 2H, cyclohexane-

CH2), 1.14 (t, J = 7.1 Hz, 3H, OCH2CH3).

13C NMR (101 MHz, CDCl3) δ 163.5, 149.3, 144.7, 137.8, 134.4, 129.4, 

128.1, 104.1, 78.3, 77.2, 60.1, 56.9, 56.1, 30.8, 30.4, 21.7, 14.5, 14.3.
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4.2.25. 1-((1R,4R)-4-methoxycyclohexyl)-3-methyl-5-((4-

methylphenyl)sulfonamido)-1H-pyrazole-4-carboxylic acid 59

To a mixture of ethyl 1-((1R,4R)-4-methoxycyclohexyl)-3-methyl-5-((4-

methylphenyl)sulfonamido)-1H-pyrazole-4-carboxylate (58) (1.89 g; 4.30 

mmol) dissolved in ethanol (20 ml) and distilled water (20 ml) was added 

lithium hydroxide monohydrate (2.40 g; 57.2 mmol). The reaction was heated 

under reflux. After 16 hours, the reaction was left to cool to room temperature. 

The pH was adjusted to pH 1 with hydrochloric acid solution (4 M). The mixture 

was extracted with dichloromethane (50 ml x 3), the organic phase was 

separated, dried over magnesium sulphate, filtered and the solvent removed 

to afford 1.57 g of an off-white powder (89 %). No further purification steps 

were performed, and the product was carried forward to the next step of the 

synthesis. NMR data was used to confirm the desired product had been 

produced.

1H NMR (400 MHz, CDCl3) δ 7.51 (d, J = 8.0 Hz, 2H, Ar H), 7.19 (d, J = 8.1 

Hz, 2H, Ar H), 5.30 (s, 1H, NH), 4.62 (m, 1H, CH-NH), 3.38 (s, 3H, CHOCH3), 

3.32 – 3.19 (m, 1H, CHOCH3), 2.34 (d, J = 3.0 Hz, 6H, CH3, Tosyl-CH3), 2.20 

(d, J = 11.7 Hz, 2H, cyclohexane-CH2), 2.04 (d, J = 6.3 Hz, 4H, cyclohexane-

CH2), 1.50 – 1.31 (m, 2H, cyclohexane-CH2).
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13C NMR (101 MHz, CDCl3) δ 168.0, 150.3, 145.0, 138.3, 134.3, 129.6, 

128.1, 102.8, 73.5, 57.6, 55.9, 29.9, 26.7, 21.8, 14.6.
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4.2.26. N-((S)-3,3-dimethylbutan-2-yl)-1-((1R,4S)-4-

methoxycyclohexyl)-3-methyl-5-((4-methylphenyl)sulfonamido)-

1H-pyrazole-4-carboxamide 60 216

To a solution of 1-((1R,4R)-4-methoxycyclohexyl)-3-methyl-5-((4-

methylphenyl)sulfonamido)-1H-pyrazole-4-carboxylic acid (59) (1.57 g; 3.84 

mmol) in dimethylformamide (30 ml) was added N,N-diisopropylethylamine 

(2.00 mL; 11.52 mmol) and stirred for 10 minutes under an argon atmosphere. 

A solution of HATU (1.46 g; 3.84 mmol) in dimethylformamide (5 ml) was 

added to the reaction mixture and stirred for a further 30 minutes. To the 

reaction (S)-(+)-3,3-dimethyl-2-butylamine (522 µL; 3.84 mmol) was added 

and stirred for 16 h at room temperature under argon. The reaction was 

quenched with distilled water (25 ml), acidified to pH 1 with hydrochloric acid 

solution (2 M) and extracted with ethyl acetate (25 ml x 3). The organic phase 

was washed with hydrochloric acid solution (2 M, 25 ml), followed by 

ammonium chloride solution (25 ml) and brine (25 ml). The organic phase was 

collected, dried over magnesium sulphate, filtered and the solvent removed to 

afford a crude white solid. The solid was dissolved into dichloromethane (30 

ml) and then filtered to remove insoluble residues. The dichloromethane filtrate 

was then collected, the solvent removed under reduced pressure to afford a 
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white solid. The product was purified by column chromatography, eluting with 

70 % v/v ethyl acetate in petroleum ether followed by trituration with diethyl 

ether to afford 1.10 g (58 %) of white powder. The final product was confirmed 

by NMR, HRMS, and IR experimental data.

HRMS (ESI) calcd. for C25H38N4O4SH 491.2647, found 491.2685 [M+H]+

1H NMR (400 MHz, CDCl3) δ 8.61 (s, 1H, NH), 7.54 (d, J = 8.3 Hz, 2H, Ar 

H), 7.18 (d, J = 8.2 Hz, 2H, Ar H), 5.22 (d, J = 9.5 Hz, 1H, NHCH), 4.66 (m, 

1H, CH-NH), 3.70 (dq, J = 13.6, 6.8 Hz, 1H, NHCH), 3.37 (s, 3H, CHOCH3), 

3.32 – 3.21 (m, 1H, CHOCH3), 2.36 (s, 3H, CH3), 2.33 (s, 3H, Tosyl-CH3), 2.23 

– 2.13 (m, 2H, cyclohexane-CH2), 2.08 – 1.85 (m, 4H, cyclohexane-CH2), 1.48 

– 1.35 (m, 2H, cyclohexane-CH2), 0.89 (d, J = 6.8 Hz, 3H, NHCHCH3), 0.83 

(s, 9H, t-butyl).

13C NMR (101 MHz, CDCl3) δ 163.1, 144.3, 143.8, 138.2, 134.9, 129.5, 

128.1, 106.0, 78.4, 77.2, 56.9, 56.0, 52.5, 34.0, 34.0, 30.8, 30.6, 30.3, 26.3, 

21.7, 16.2, 15.3.

IR 3337, 2942, 2864, 2824, 1597, 1555, 1422, 1336, 1157, 1094 cm-1.
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5. Chapter 5: Biology Materials 

and Methods
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5.1. Cells and reagents

Human GBM cell line U-87 MG was obtained from the European Collection 

of Authenticated Cell Cultures (ECACC; Public Health England, Salisbury, 

UK). RPMI 1640 medium (R0883, Sigma-Aldrich, Dorset, UK). Sodium 

pyruvate (P5280, Sigma-Aldrich, Dorset, UK). L-glutamine (G5792, Sigma-

Aldrich, Dorset, UK). Heat inactivated foetal calf serum (FCS, F2442, Sigma-

Aldrich, Dorset, UK). Trypsin-EDTA solution (T4049, Sigma-Aldrich, Dorset, 

UK). Hanks balanced salt solution (HBSS, Sigma-Aldrich, Dorset, UK). 

Phosphate Buffered Saline (PBS, Severn Biotech Ltd cat. no. 20-74-05). 3-

(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, M5655, 

Sigma-Aldrich, Dorset, UK). Dimethyl sulfoxide (Sigma-Aldrich, Dorset, UK). 

Molecular ProbesTM Fluo-4 NW (no wash) (Invitrogen F36206 starter kit). f-

Met-Leu-Phe (fMLF, 47729, Sigma-Aldrich, Dorset, UK). Methyl cellulose 

(Sigma-Aldrich, Dorset, UK). Calcein AM (C1359, Sigma-Aldrich, Dorset, UK). 

Sodium Hydroxide (1M NaOH, Sigma-Aldrich, Dorset, UK). Bovine Serum 

Albumin (A9418, Sigma-Aldrich, Dorset, UK).

5.2. Cell culture

Human GBM cell line U87MG, obtained from the European Collection of 

Authenticated Cell Cultures (ECACC; Public Health England, Salisbury, UK) 

and maintained as monolayers in RPMI-1640 supplemented with 10 % (v/v) 

foetal calf serum, 1mM sodium pyruvate and 2 mM L-glutamine. Cells were 

grown in 75 cm2 culture flasks in an atmosphere of 95 % air, 5 % CO2 at 37 

°C and harvested in a solution of trypsin-EDTA at the logarithmic growth 
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phase. Cell lines were used up to maximum of 5 passages from defrosting 

before discarding.

5.3. Cell Passaging

Cells in a T75 flask (Corning. Cat. no. 430641U) were washed with 10 ml 

Phosphate buffer saline then washed again with 3 ml of trypsin-EDTA. The 

flask containing the cells was then incubated for around 5 min at 37 °C/ 5 % 

CO2 until cells became detached and a single cell population was obtained. 

The cells were then checked for suspension under a light microscope. When 

cell suspension was confirmed, trypsin was neutralised with 5 ml RPMI 1640 

w/FBS (10 % v/v) and transferred to a 20 ml universal tube. The universal tube 

was then centrifuged at 1000 RPM for 3 min. The pellet was re-suspended in 

10 ml of cell culture media, then split between T75 flasks at an average split 

ration of 1:10. Cells were incubated as above, and the medium replaced 2-3 

times a week dependant on growth rate.

5.4. Formation of spheroids by spinner flask method

U-87 MG cells (1 x 106 cells/ml) were seeded into a spinner flask (F7690, 

Techne, Bibby Scientific Limited, Staffordshire, UK) containing 150 ml of 

complete culture medium, and placed on a magnetic stirrer plate (MCS-104S, 

Techne, Bibby Scientific Limited, Staffordshire, UK). The medium was stirred 

at a rate of 55 rpm. Spheroids were grown for 5 days before the medium was 

first changed and the spheroids diameter measured. Thereafter medium was 

changed every 24-48 hours as needed.
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5.5. Formation of spheroids by hanging drop method

Adherent cells were grown according to cell culture method previously 

mentioned. Prior to formation of spheroids, the cells were trypsonised and 

suspended as a single cell population as per the method for cell passaging. 

Cells were centrifuged followed by washing with PBS. The cells were 

resuspended in medium containing FCS (10 % v/v) followed by addition and 

incubation with 1 µl of Calcein AM (4 mM) in DMSO, for 30 min at 37 °C/5 % 

CO2. The cell suspension was centrifuged, and the supernatant discarded. 

The cells were resuspended in culture medium and the cells concentration 

determined. The cells were then diluted to the desired concentration (8 x 104 

cells/ml) in culture medium containing methyl cellulose (20 % v/v). The lid of a 

60 mm tissue culture dish was inverted, and 5 ml of PBS added to the bottom 

of the dish. A multi-channelled pipette was used to deposit 25 µl drops (2000 

cells) to the base of the lid. The lid was then inverted and placed onto the PBS-

filled bottom chamber. The dish was incubated at 95 % air, 5 % CO2 at 37 °C 

for 24 h or until spheroids had formed.

5.6. Histology of Spheroids

Fixation: Spheroids were collected from the spinner flasks and transferred 

to 20 ml universal tubes. Remaining medium was discarded carefully and 

replaced with Bouin’s Solution. The spheroids were left in Bouin’s Solution at 

room temperature for 1 h 15 min. The Bouin’s Solution was decanted off and 

the spheroids washed in 70 % (v/v) ethanol to remove excess fixative. The 

spheroids were stored in 70 % (v/v) ethanol at room temperature until 

processing.
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Processing: The ethanol was discarded and replaced with 90 % (v/v) 

ethanol for 1 h at room temperature. 90 % (v/v) ethanol was discarded and 

replaced with 100 % ethanol for 30 minutes. The ethanol was discarded and 

replaced with another portion of 100 % ethanol for 30 minutes then repeated 

once more. The ethanol discarded and replaced with xylene for 30 minutes. 

The xylene was removed and replaced with fresh xylene for 30 minutes and 

repeated once more. The spheroids were removed from the tube and placed 

in an embedding mould with excess xylene carefully pipetted off and 

discarded. The mould was filled with hot wax. The mould containing the 

spheroids in wax were left in a warming oven at 68 °C for 30 minutes. The wax 

was pipetted off and replaced with fresh hot wax. This was repeated two more 

times before the mould was placed on the cold stage to set.

Sectioning: This method was applied to the sectioning of paraffin 

embedded spheroids and tissue sections. Blocks to be sectioned were chilled 

overnight at -20 °C. Using a microtome, 5 µm sections of the paraffin blocks 

were cut and mounted on Superfrost Plus slides (BDH, Poole, UK). Slides 

were incubated on a heated slide stage at 37 °C for at least 2 hours to dry and 

ensure sections were fully adhered to the slide and reduce risk of sections 

detaching from the slide during processing. 

5.7. Haematoxylin and Eosin Staining

Slide mounted paraffin sections were de-paraffinized with xylene (2 x 5 

minutes) and rehydrated using a xylene/ethanol (50:50 v/v) solution, followed 

by 100 % (v/v) ethanol (1 x 5 minutes, 1 x 2 minutes), then subsequently 90 

% (v/v) ethanol followed by 70 % (v/v) ethanol (both 2 minutes each) and then 
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finally distilled water (5 minutes). The sections were then stained with Harris’s 

haematoxylin (HHS128, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) 

(1 minute). The sections were washed under running tap water and then 

immersed in acid alcohol solution (30 seconds) to remove excess 

haematoxylin staining followed by Scott’s Tap Water (60 seconds) to allow the 

colour to develop. Sections were counterstained with Eosin Y solution (E4009, 

Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) (1 minute) followed by a 

final wash in running tap water. Following staining, sections were dehydrated 

using sequential ethanol (1 x 2 minutes, 2 x 1 minute) and xylene (3 x 1 minute) 

submersion and slide covers mounted using diphenyl xylene (BDH, Pool, UK).

5.8. Immunohistochemistry

Slide mounted paraffin sections were de-paraffinized with xylene (2x5 

minutes) and rehydrated using a xylene/ethanol (50:50 (v/v)) solution, followed 

by 100 % ethanol (1 x 5 minutes, 1 x 2 minutes), then subsequently 90 % (v/v) 

ethanol followed by 70 % (v/v) ethanol (both 2 minutes each) and then finally 

distilled water (5 minutes). When necessary, antigen retrieval was carried out 

by heating slides in antigen retrieval solution in a microwave for a specified 

length of time followed by cooling. Slides were washed with PBS followed by 

blocking of endogenous peroxidase activity by incubation in hydrogen 

peroxide solution in methanol (3 % v/v) for 10 minutes at room temperature. 

Slides were washed with PBS then further blocking steps performed 

dependant on the primary antibody to be used. The sections were incubated 

with the primary antibody diluted in antibody diluent in a humidified chamber 

under the conditions specified in Table 9. After incubation, the sections were 
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washed with PBS before the application of a labelled polymer-HRP secondary 

antibody and incubation (30 minutes) at room temperature. Following this step, 

slides were washed, and antibody staining was achieved using the Vectastain 

ABC kit (PK-4001, Vector Laboratories, Peterborough, UK) followed by 

addition of the peroxidase substrate 3,3-diaminobenzidine (DAB, DAKO North 

America Inc, CA, USA) until desired staining intensity was achieved. Sections 

were washed under running tap water (5 minutes) before being counterstained 

using Harris’s haematoxylin (30 seconds), rinsed in tap water, submerged in 

acid alcohol (5 seconds), followed by Scott’s Tap Water for a further 60 

seconds. The sections were given a final wash in tap water (60 seconds). 

Following staining, sections were dehydrated using sequential ethanol (1 x 2 

minutes, 2 x 1 minute) and xylene (3 x 1 minute) submersion and slide covers 

mounted using diphenyl xylene (BDH, Pool, UK). A list of all antibodies used, 

and specific conditions used for IHC are presented in Table 9.
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Table 9 List of all the antibodies and the specific conditions used for antigen retrieval, blocking, 
dilution of primary antibody, incubation, and secondary antibody for immunohistochemistry.

Primary 
Antibody

Antigen 
Retrieval

Blocking 
Reagents

Dilution Incubation Secondary 
Antibody

anti-FPR1 
antibody 

(Rabbit 

polyclonal to 

FPR1, 

ab113531, 

Abcam)

None H2O2 (3% v/v 

in methanol), 

10 min. 

Normal Goat 

Serum (1:200 

in PBS), 20 

min. 

1:150 – 

1:250

Overnight 

(o/n) at 4 

°C

Biotinylated 

Goat anti-

Rabbit from 

Vectastain 

ABC Kit (PK-

4001, Vector 

Labs)

Anti-HIF-1-
alpha 
antibody 
(Rabbit 

monoclonal to 

HIF-1-alpha, 

ab51608, 

Abcam)

15 min, 

Citrate 

Buffer (pH 

6.04, 10 

mM)

H2O2 (3% v/v 

in methanol), 

10 min. 

Normal Goat 

Serum (1:200 

in PBS), 20 

min. 

1:100 o/n at 4 °C Biotinylated 

Goat anti-

Rabbit from 

Vectastain 

ABC Kit (PK-

4001, Vector 

Labs)

Anti-Ki67 
antibody 

(Rabbit 

monoclonal to 

Ki67, ab92742, 

Abcam)

15 min, 

Citrate 

Buffer (pH 

6.04, 10 

mM)

H2O2 (3% v/v 

in methanol), 

10 min. 

Normal Goat 

Serum (1:200 

in PBS), 20 

min. 

1:1000 o/n at 4 °C Biotinylated 

Goat anti-

Rabbit from 

Vectastain 

ABC Kit (PK-

4001, Vector 

Labs)

Anti-Annexin 
A1 antibody 

(Rabbit 

polyclonal to 

Annexin A1, 

ab33061, 

Abcam)

None H2O2 (3% v/v 

in methanol), 

10 min. 

Normal Goat 

Serum (1:200 

in PBS), 20 

min. 

1:50 o/n at 4 °C Biotinylated 

Goat anti-

Rabbit from 

Vectastain 

ABC Kit (PK-

4001, Vector 

Labs)

Anti-GFAP 
antibody 

(Rabbit 

polyclonal to 

GFAP, ab7260, 

Abcam)

15 min, 

Citrate 

Buffer (pH 

6.04, 10 

mM)

H2O2 (3% v/v 

in methanol), 

10 min. 

Normal Goat 

Serum (1:200 

in PBS), 20 

min. 

1:500 30 min at 

37 °C

Biotinylated 

Goat anti-

Rabbit from 

Vectastain 

ABC Kit (PK-

4001, Vector 

Labs)
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5.9. Immunofluorescence

U-87 MG cells (2 x 104 cells/ml) were seeded onto coverslips within 6 well 

plates with 2 ml of RPMI 1640 containing 10% (v/v) FCS. After cells had 

adhered to the coverslip surface, the media was removed and discarded and 

replaced with 2 ml of ice-cold methanol to fix the cells. The methanol was 

removed and 2 ml of 2 % (w/v) BSA in PBS added to block non-specific 

binding, the slides were incubated at room temperature (60 minutes). 

Coverslips were washed in 2 ml PBS (2 x 5 minutes). To each coverslip was 

added (except the control slips) 200 µl of rabbit anti-FPR1 antibody (Rabbit 

polyclonal to FPR1, ab113531, Abcam) diluted 1:250 with 2 % (w/v) BSA in 

PBS and incubated at room temperature (30 minutes). The coverslips were 

then washed in PBS (2 x 5 minutes) followed by the application of the 

fluorescently labelled secondary antibody (Alexa Fluor® 546, goat anti-rabbit, 

IgG; Invitrogen, Camarillo, CA, USA, 2mg/mL) diluted 1:50 in 2 % (w/v) BSA 

in PBS. The cover slips were incubated at room temperature with the 

secondary antibody for 30 minutes followed by washing in PBS (2 x 5 minutes). 

The coverslips were then mounted using a hard-set mounting medium 

containing DAPI (H-1500, VECTASHIELD hard set mounting medium with 

DAPI, Vector Labs) and kept away from light sources at 4 °C until examination.

5.10. Flow Cytometry to analyse FPR1 expression after cellular stress

U-87 MG cells were grown in T25 flasks containing RPMI 1640 medium 

supplemented either 10 % (v/v) FCS or 0.1 % (v/v) FCS for the starved 

population. Cells were incubated under normal condition (95 % Air/ 5 % CO2) 

and under hypoxic conditions to simulate hypoxia. After 24 hours of incubation 
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under the specific conditions (normoxia, serum starvation, hypoxia), the 

medium was removed, the cells were trypsonised and suspended as a single 

cell population as per the method for cell passaging. Cells were centrifuged 

followed by washing with PBS. The cells were resuspended in PBS/BSA to 

remove any remaining cellular debris. The cells were centrifuged again, and 

the supernatant discarded, the cells were resuspended in fresh PBS/BSA, and 

the cell concentration determined by cell counting with a haemocytometer. The 

cell concentration was diluted with cold (4 °C) PBS/BSA to a concentration of 

1 x 107 cells/ml. The cell suspension was aliquot (100 µl) into an Eppendorf, 

and to the suspension was added 1 µl of the fluorescently conjugated primary 

antibody phycoerythrin (PE) conjugated anti-human FPR1 antibody (R&D 

Systems, FAB3744P) or the corresponding isotype matched control antibody 

Mouse IgG2A PE-conjugated Antibody (R&D Systems, IC003P) as a control. 

After incubation for 30 minutes at 4 °C (in the dark) the cells were centrifuged, 

washed with cold (4 °C) PBS/BSA, centrifuged again and the resulting 

supernatant discarded. The cells were resuspended in cold (4 °C) PBS (200 

µl) and analysed by Flow Cytometry using a FACSCalibur (BD Biosciences).

5.11. Cytotoxicity (MTT) Assay

Into each well of the 96 well plates, 180 µl of U-87 MG cell suspensions 

were seeded at a concentration of 5 x 104 cells/ml. 20 µl of the compound 

solution for testing increasing concentrations were also added, and each 

concentration carried out in quadruplicate. Plates were incubated at 37 °C, 5% 

CO2, for 24-96 hours. Upon completion of the incubation time of 24-96 hours, 

the growth medium was aspirated and replaced with MTT solution and 
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incubated at 37 °C, 5 % CO2 for 4 hours. After the incubation period, the MTT 

was carefully removed and DMSO added to dissolve the (MTT) crystals. The 

absorbance of the 96 well plates were measured at 540 nm using a Multiscan 

Ex 96 well microplate reader (Thermo Electron Corporation, United Kingdom).

5.12. Calcium mobilisation assay (Agonist mode)

4 x 104 U-87 MG cells were seeded into each well of a tissue culture treated 

96-well black polystyrene assay plate (Corning, VWR, 734-1609). After 24 h, 

the growth medium was removed and replaced with 100µl of the dye loading 

solution (Molecular ProbesTM Fluo-4 NW (no wash), Invitrogen F36206). The 

plates were incubated at 37 °C for 30 min. 20 μL of plain assay buffer was 

added to each well and the plate was incubated at 37 °C for 30 minutes. The 

plate was transferred into a Fluoroskan Ascent FL instrument (Thermo 

Scientific) and the fluorescence in response to the addition of 20 μL of the 

given concentration of the agonist was measured at 37 °C (Ex 485 nm, Em 

538 nm). EC50 is calculated as the concentration of the agonist required to give 

half the maximal response.

5.13. Preparation of necrotic supernatant

A suspension of ~50 x 104 cells/mL of U-87 MG cells in PBS was subjected 

to 5 cycles of rapid freezing at -80 °C and thawing at room temperature. The 

mixture was centrifuged, and the supernatant was filtered to remove any 

debris.

5.14. Calcium mobilisation assay (Antagonist mode)

4 x 104 U-87 MG cells were seeded into each well of a tissue culture treated 

96-well black polystyrene assay plate (Corning, VWR, 734-1609). After 24 h, 
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the growth medium was removed and replaced with 100 µl of the dye loading 

solution (Molecular ProbesTM Fluo-4 NW (no wash), Invitrogen F36206). The 

plates were incubated at 37 °C for 30 minutes. 20 μL of a given concentration 

of the antagonist in assay buffer, or plain assay buffer as control was added 

to each well and the plate was incubated at 37 °C for 30 minutes. The plate 

was transferred into a Fluoroskan Ascent FL instrument (Thermo Scientific) 

and the fluorescence in response to the addition of 20 μl the given 

concentration of the agonist was measured at 37 °C (Ex 485 nm, Em 538 nm). 

IC50 is calculated as the concentration of the antagonist required to half the 

maximal response to the given agonist.

5.15. U-87 MG Boyden Well two-chamber Chemotaxis assay

The chemotaxis assay was performed using 24-well chemotaxis chamber 

inserts (Corning, Product code: 3415). The filters were coated with collagen 

type-I solution from rat tail (Sigma, C3867). To the lower chamber was added 

RPMI 1640 (no serum) containing either no agonist for controls or fMLF. To 

the upper compartment were added U87MG cells (106 cells/mL). After 

incubation for 15 hours, the medium was removed and replaced with 70% (v/v) 

ethanol to fix the cells. Using a cotton bud, the non-migrated cells in the top 

compartment were gently removed from the membrane. The porous 

membrane was air dried and then was removed using a scalpel. The 

membrane was mounted onto a slide using mounting medium containing DAPI 

(Vector Labs, VECTASHIELD hard set mounting medium with DAPI). The 

mounted slides were viewed under a fluorescent microscope with a camera 

attached. At least 5 images from varying fields at a 20x magnification were 
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taken. The number of migrated cells were counted in each field and the 

averages calculated.

5.16. U-87 MG 3D Collagen Invasion Assay 

U-87 MG spheroids were formed using the hanging drop method 24 hours 

before the experiment set up (section 4.5). Serial drug dilutions were prepared 

prior to setting the assay up. Collagen (Corning, Collagen I, Rat Tail, 354236) 

prepared according to the guidelines provided with the product; on ice, to PBS 

5x (2 ml) was added sodium hydroxide solution (1 M, 108.33 µl), sterilised and 

distilled H2O (3.56 ml) and collagen-I (4.33 ml); all solutions were 

sterile/sterilised and chilled before addition. The resulting Collagen I mix was 

kept on ice until use. The Collagen mix was divided between Eppendorf’s and 

the agonist/antagonist dilutions added and gently pipetted to homogenise the 

resultant mixture. The wells of a 96-well clear-bottomed black plate were 

loaded with 40 µl Collagen mix which after warming to room temperature, 

formed a gel. Single spheroids either untreated or pre-treated with antagonist 

were loaded into each well containing a layer of collagen gel. Another 40 µl 

Collagen mix was loaded over the top of each spheroid to ensure the spheroid 

was encased in collagen gel. On top of the final layer of collagen gel was 

added RPMI 1640 (50 µl) without serum to prevent the spheroids/gel from 

drying out. Images were taken at 0 hours and 39 hours using a LumaScope 

500 and the green fluorescence function to detect the preloaded Calcien AM 

within the cells. The images were analysed using ImageJ software.237
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5.17. In vivo Experiments

Balb/c immunodeficient nude mice (Envigo, Loughborough, U.K.), between 

the ages of 6 and 8 weeks were used. Throughout the study, all mice were 

housed in air-conditioned rooms in facilities approved by the United Kingdom 

Home Office to meet all current regulations and standards. All procedures 

were carried out under a Project Licence (PPL 40/3670) issued by the UK 

Home Office according to government legislation, following approval of the 

work by the local Animal Welfare Ethics Review Board at the University of 

Bradford, and in accordance with the UK National Cancer Research Institute 

Guidelines for the Welfare of Animals.252

5.17.1. In vivo small molecule tissue distribution

Mice bearing xenografted U-87 MG tumours were administered a single 

dose of ICT12028 (60) (20 mg/kg) in DMSO/mineral oil via intraperitoneal 

injection and divided into groups for time points. At each time point, tissues 

and plasma were collected and snap frozen at -80 °C until analysis.

Tissue extraction: For each tissue, the weight of the tissue was recorded, 

and the tissue transferred to a tube containing 3 equivalents (w/v) of chilled 

PBS. The tissue sample was homogenised, and the homogenate (100 µl) 

added to an Eppendorf with chilled methanol (300 µl). After thorough mixing, 

the homogenate/methanol mix was centrifuged at 10000 rpm for 5 minutes at 

4 °C. The supernatant was collected and transferred to a mass spectrometry 

sample vial and kept chilled (-20 °C) until analysis.

Plasma Extraction: To the plasma sample (100 µl) was added chilled 

methanol (300 µl) and mixed thoroughly. The sample was centrifuged at 10000 
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rpm for 5 minutes at 4 °C. The supernatant was collected and transferred to a 

mass spectrometry sample vial and kept chilled (-20 °C) until analysis.

Calibration: Serial dilutions of the drug to be analysed (ICT12028 (60)) 

were made up in methanol. The serial dilutions were added to plasma of 

untreated mice. To each plasma drug dilution was added chilled methanol (300 

µl) and mixed thoroughly. The sample was centrifuged at 10000 rpm for 5 

minutes at 4 °C. The supernatant was collected and transferred to a mass 

spectrometry sample vial and kept chilled (-20 °C) until analysis.

HPLC-MS analysis: The samples were analysed using an Alliance Waters 

2695 HPLC linked to a Waters Quattro Ultima Mass Spectrometer (Waters). 

The column used was the Phenomonex Luna C18 5 µ 250mm x 2mm (00G-

4252-E0). Mobile phase A was 90 % distilled H2O; 9.9 % methanol; 0.1 % 

formic acid (v/v). Mobile phase B was 9.9 % distilled H2O; 90 % methanol; 0.1 

% formic acid (v/v). The gradient set up is shown in Table 10. The experiment 

was run, and the data collected and analysed using MassLynx Mass 

Spectrometry Software (Waters).

Table 10 The gradient set up parameters used for analysis of ICT12028 (60) by HPLC-MS

Time (min) A (%) B (%) Flow rate (ml/min) Curve

0 30 70 0.4 1

15 0 100 0.4 6

30 0 100 0.4 6

31 30 70 0.4 6

45 30 70 0.4 6

5.17.2. In vitro liver metabolism

Sample preparation: Mouse liver sample weight was recorded, and the 

tissue transferred to a tube containing 3 equivalents (w/v) of chilled PBS. The 
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tissue sample was homogenised and to the homogenate (990 µl) was added 

ICT12028 (60) (10 µl) at 1 mg/ml in methanol to a final concentration in liver 

homogenate of 10 µg/ml. The sample was incubated at 37 °C, and at each 

time point 100 µl of homogenate was extracted and added to an Eppendorf 

with chilled methanol (300 µl). After thorough mixing, the 

homogenate/methanol mix was centrifuged at 10000 rpm for 5 minutes at 4 

°C. The supernatant was collected and transferred to a mass spectrometry 

sample vial and kept chilled (-20 °C) until analysis. Samples were analysed as 

per the same procedure used for in vivo tissue distribution (section 4.16.1).

5.17.3. Tumour xenograft studies

Under brief general inhalation anaesthesia 2 to 3 mm3 fragments of 

U87MG human tumour xenografts were implanted subcutaneously in the 

abdominal flank of the mice. Once tumour volumes reached approximately 32 

mm3 (as measured by callipers), this was designated as Day 0, and mice were 

randomised into two groups (n=8). One group received ICT12035 (11) 

administered intraperitoneally at 100 mg/kg/dose on days 0, 1, 2, 3 and 4. For 

comparison, the other group was left untreated. Tumour volume was 

measured using callipers and animal body weight were recorded through the 

experiment and normalised to the respective volume on the initial day of 

treatment (day 0). Mann-Whitney U tests were conducted to determine the 

statistical significance of any differences in growth rate (based on tumour 

volume doubling time) between control and treated groups.
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5.18. Statistical analysis

For in vitro data where statistical analysis is shown, a minimum of 3 

independent biological repeats were analysed using the student’s t-test 

(two tailed, equal variance) and expressed as mean ± SD. One biological 

repeat comprised a minimum of at least 3 technical replicates. 

Approximate normal distribution of data was assumed. For xenograft 

tumour analysis, the Mann-Whitney U-test was used (two tailed). The 

significance was calculated using the log-rank test. P values of ≤ 0.05 were 

considered significant (*) and P values of ≤ 0.01 were considered highly 

significant (**).
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