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Project objectives 

Trisula (often, trishula) or TRIDENT is the three pronged ceremonial weapon of the Hindu deity Shiva. The three prongs represent the three shaktis (powers): will, action, and wisdom, properties that are also aimed to be engineered into the trimeric death ligands.
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The Challenge

With almost 3 million new cases each year and 1.7 million deaths, cancer is an important public health problem in Europe. The ageing of the European population will cause these numbers to continue to increase (Boyle and Ferlay, 2005, Ann. Oncol., 16:481-488).  The most common cancers are lung, colorectal and breast cancers. New therapeutic strategies and novel tumour-selective anti-cancer agents are necessary in order to improve the treatment of these and other solid tumours. To address this challenge, the TRIDENT consortium will define and develop novel therapeutic strategies and tumour-selective agents to treat solid tumours. These therapeutic strategies and agents will be based on modulation of signalling cascades induced by members of the TNF ligand (TNF-L) family and their cognate receptors of the TNF receptor (TNF-R) family. Numerous members of the TNF-L/TNF-R family are implicated in controlling cancer growth. TNF-ligands like TRAIL and FASL kill cancer cells by induction of apoptosis while other ligands, like APRIL enhance tumour proliferation. Therefore, signalling cascades modulated by the TNF-L/TNF-R family members provide attractive therapeutic targets.
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The ultimate aim of the TRIDENT project is to develop novel molecules that target critical apoptotic signalling pathways important in the formation of various solid tumours. The major focus is to develop and validate novel anti-cancer molecules with tumour-specific apoptosis-inducing activity. The work will be carried out by a multidisciplinary consortium composed of five academic groups and one SME. The consortium includes partners with extensive experience in protein crystallography, biophysical characterization, protein de novo design, molecular evolution, phage display and GMP protein production, apoptotic signalling pathways, in vitro and in vivo xenograft models of tumours as well as viral gene delivery methods. The activities to achieve the objectives of this proposal integrate the expertise of this consortium in two focal points: 
The first focal point includes three partners: NUIG-1, NUIG-2 and UMCG.  The objective of this focal point is to evaluate the functionality and anti-tumour effect of the candidate lead molecules and to identify high efficiency treatments by focusing on (1) combination treatments, (2) prediction of resistance and (3) cell-based anticancer gene delivery. The second main focal point includes partners CRG, RUG and CNIO. This group focuses on developing a common strategy for the use of directed evolution and computational design to engineer novel TNF ligand/receptor family agonists and antagonists as tools or lead therapeutics. Finally, potential therapeutics are produced and validated under GMP conditions by the SME partner Triskel Therapeutics. This will result in a protein product suitable for future clinical testing. 

The main objectives of the TRIDENT proposal are:

1. Development of novel apoptosis-inducing agonists and proliferation antagonists (intracellular peptide inhibitors) using state-of-the art rational design and directed evolution techniques

2. To gain in-depth knowledge on the role of the TNF ligand-receptor family interactions in the carcinogenesis of solid tumours, both at a molecular and structural level

3. Identify high efficiency combinations of the novel lead molecules with chemotherapy and/or radiation and conduct pre-clinical studies

4. Develop a prediction model and high-throughput primary tumour characterisation to identify patient-specific (tailor-made) targeted treatments

5. Devise new tumour targeting techniques by exploiting gene and cell therapy-based approaches

6. Development of new computational and experimental methods in order to advance potential protein therapeutics faster from pre-clinic to clinic

7. Development of an exploitation strategy involving a start-up SME

Project execution
The overall aim of this program was to define and develop novel therapeutic strategies and tumour-selective agents to treat solid tumours based on the modulation of signalling cascades induced by members of the TNF ligand (TNF-L) family and their cognate receptors of the TNF receptor (TNF-R) family. 

Studies had demonstrated that in different tumours TRAIL induces apoptosis only via the DR4 or the DR5 receptor, despite both receptors being expressed and present on the cell surface. Therefore a major objective of this program was to generate TRAIL variants with improved death inducing characteristics using rational structure assisted design. Receptor-selective variants of TRAIL promise more efficient tumour killing by only targeting the active receptor and therefore we wanted to generate TRAIL variants with a high potency to activate apoptosis-inducing TNF receptors. Previous work by our network in FP5 had led to the generation of DR5-receptor selective TRAIL variants (a single mutant of WT TRAIL at position 269 from aspartate to histidine (D269H) and a double mutant, where the D269H mutation was combined with mutation E195R). In year 1 of Trident the computational design focused on identifying amino acid replacements predicted to increase selectivity to DR4. The mutant TRAIL variants were generated by site directed mutagenesis and purified as recombinant proteins. Two amino acid replacements (aspartate at position 218 to tyrosine or histidine) in wild type (WT) TRAIL were identified that significantly increased selectivity towards DR4. In year 2 the production, biophysical and biological characterisation of mutants identified in the 1st year was carried out. Also an additional 9 single mutants (R149I, S159R, Q193H, Q193K, K201R, K204E, S215D, S215E, S215K) and three combination mutants (G131/D218, G131R/N199R/K201H) were examined. Of the candidate mutants, the single amino acid substitution of serine to arginine at amino acid residue 159 (S159R) displayed superior properties, both in receptor-selectivity and agonistic activity. Another TRAIL variant, carrying a combination of three mutations at positions 131 from glycine to arginine, at position 199 from asparagine to arginine and at 201 from lysine to histidine (G131R/N199R/K201H) was also identified as having high DR4 agonistic activity. A number of other mutants predicted to enhance DR4-selectivity as well as combination of these mutations were also examined. In year 3 activities concentrated on designing agonistic or receptor selective TRAIL variants based on new loop conformation that was discovered in year two. New mutants were designed, produced, underwent experimental validation and the data to date indicate that the novel loop conformation is indeed important in TRAIL-receptor binding. In addition the generation of DR4 selective TRAIL variants progressed significantly in year 3 and the best mutants originally proposed by computational design have been brought together in a single molecule. Two mutants, 4C7 and 4C9, have shown enhanced affinity for DR4 and strongly decreased affinity for DR5, making them very specific for DR4. These mutants are very effective in biological assays and their clinical potential is similar to that of the DR5-specific variant rhTRAILD269H/E195R. 
In addition NGF and RANKL were identified in year 1 as being targets that could benefit from the computational design process to develop antagonistic and receptor-selective variants. The computational design was completed for NGF and RANKL in year 1 and efforts in years 2 and 3 concentrated on generating and testing these variants. NGF mutants were constructed using site-directed mutagenesis and recombinant NGF was successfully expressed in E. coli Bl21 (DE3) in inclusion bodies, however, refolding was an issue. RankL mutants were constructed and expressed in E.coli BL21 and soluble protein was purified. Enhanced binding to the RANK receptor was observed.
Another important aim of this network in years 2 & 3 was to evaluate the biological activity/functionality of lead molecules (identified in year 1) in cancer cell lines. This was done by studying the mechanism and level of TRAIL receptor activation by WT TRAIL, versus the efficacy of receptor selective variants. These studies revealed that TRAIL variants which do not bind to the decoy receptors have higher pro-apoptotic activity. Furthermore, the DR5-selective TRAIL variant, due to its increased affinity towards one TRAIL receptor displayed enhanced receptor binding kinetics and reduced formation of heteromeric, non-functional receptor complexes (such as DR5-DR5-DcR2 heterotrimer). These events appear to be important determinants of receptor activation, caspase-8 activation and resulting cell death. Thus, engineering TRAIL variants to possess receptor-selectivity and high agonistic activity are crucial to achieving effective tumour cell killing. A DR4 selective  variant was found to be very active on a number of AML cell lines and, using death receptor selective variants and agonistic anti-DR4 and anti-DR5 antibodies, we demonstrated that TRAIL-induced apoptosis is primarily transmitted by DR4 in AML cells. The increased affinity towards DR4 and increased biological activity on DR4-responsive AML cell lines suggests potential use of rhTRAIL as an anticancer therapeutic agent on leukemic cells such as AML. 
The identification of high efficiency combinations of the novel lead molecules with chemotherapy and/or radiation was an important objective of this program. TRAIL resistance in the tumour cells can be a major limitation for the clinical application of WT TRAIL, or its engineered variants. Overall our results, as well as work from other groups, have found that conventional chemotherapeutics, as well as new agents targeting one specific molecule can re-sensitise tumours to TRAIL. In Year 1 we carried out extensive studies on three types of solid tumours to identify combination treatments to maximise the efficacy of TRAIL. Combinations of WT TRAIL or DR5-receptor selective TRAIL variants (a single mutant of WT TRAIL at position 269 from aspartate to histidine (D269H) and a double mutant, where the D269H mutation was combined with mutation E195R) were examined with cisplatin, aspirin, proteasome inhibitors and irradiation. Overall these results showed that cisplatin, aspirin and proteasome inhibitors are effective sensitizers especially for DR5-receptor selective variants. In year 2 we continued our efforts to maximise the efficacy of TRAIL therapy. The most efficacious combinations of WT TRAIL, and the DR5-selective variant, 269H/E195R with a range of chemotherapeutics were identified that could then advance to testing in in vivo models.  A number of the conventional chemotherapeutic agents (irradiation, bortezomib) caused an increase in death receptor expression but it was unclear if this is responsible for the enhanced apoptosis observed. 

In year 1 we performed a study to determine tissue biodistribution and tumour uptake of intravenously (IV) and intraperitoneally (IP) administered 125I-rhTRAIL. IP administration resulted in higher tumour activity and  in caspase 3 activation near the surface of the tumour and near small blood vessels, whereas IV administration induced detectable caspase 3 activity near blood vessels but not near the tumour border. In year 1 we also established that the half life time (T1/2) of both WT TRAIL and the DR5 specific variant are in the order of 3 hours. This is significantly longer than the previously reported T1/2 which was in the order of minutes only. The observed longer T1/2 offers better prospects for developing TRAIL variants for clinical use. 

In preclinical studies we set up in vivo mouse models to evaluate the anti-cancer potential of the candidate lead molecules and to evaluate standard therapies in combination with TRAIL. In year 3 a bioluminescent Hela-Luc system was set up to monitor tumor growth inhibition in combination studies of TRAIL variants with irradiation. Tumor growth inhibition was observed in groups treated with DR5-rhTRAIL, IR/rhTRAIL and IR/DR5-rhTRAIL. The group treated with IR/DR5-rhTAIL resulted in highest survival benefit compared to other treatments (5-7 days). However it was observed that treatment effects were reversible and as soon as treatment was terminated tumors started to grow again. A H460-luc model has also been set up and can be used to monitor sensitivity to DR4 or DR5-selective TRAIL variants and also to monitor the efficacy of the delivery systems.
High-throughput primary tumour characterisation and the development of a prediction model of tumour sensitivity are important milestones in the path to identifying patient-specific (tailor-made) targeted treatments. The optimisation of short term tumour cultures was done in year 2 where we developed an approach to maintain tumour tissue slices from colorectal carcinomas and adenomas in vitro for a short period of time. This model system enables the determination of TRAIL sensitivity or the efficiency of combination treatments of primary tumours, in an environment close to the in vivo situation without the need for xenografting animals. 
To predict the TRAIL sensitivity of tumours based on the expression profile of TRAIL signalling molecules and TRAIL, a total of 30 cell lines were analysed for TRAIL sensitivity, cell surface expression of the TRAIL receptors and the expression of caspase-8, c-FLIP, Bcl-2, Bcl-XL, Mcl-1, Bax and XIAP  in year 2 to acquire the data to initiate a mathematical analysis to identify factors contributing to TRAIL resistance. Analysis of this data in year 3 found no correlation between TRAIL receptor expression and sensitivity to TRAIL. However, we then tested if the ratio of proteins with opposing function (eg. Bcl-2/Bax) could predict TRAIL sensitivity. We found that the ratiometric expression analysis has a much higher predictive power than analysis of individual proteins and could be used to predict the sensitivity of cell lines to TRAIL therapy. Further development of this approach will be necessary to assess its full potential and to have a significant impact on patient selection in clinical trials with rhTRAIL. In another approach aimed at determining factors that sensitize cells to TRAIL, we showed that the levels of FLIP and XIAP were important determinants of DR4 mediated apoptosis and downregulation of either of these proteins using siRNA sensitized cervical cancer cells to DR4 targeting ligands. Factors involved in the sensitization to DR5 have yet to be identified. 
In order to develop a cellular delivery system to target TNF ligands to tumour sites we designed viral expression constructs that contain full-length (membrane-bound) and soluble wild-type TRAIL (aa114-281) or D269H/E195R. In year 2 all constructs were tested for expression in 293 cells and showed strong tumoricidal activity on three different cancer cell lines. At the same time, none of the expressed ligands induced apoptosis in bone marrow-derived (adult) mesenchymal stem cells (MSC), the proposed delivery tools of the ligands to in vivo tumours. In year 3 we used MSC’s as delivery vehicles to sites of tumor growth. Adenoviral vectors expressing either soluble wild-type TRAIL, D269H, D269H/E195R, G131R/N199R/K201H and S159R were made and used to transduce human MSCs. These TRAIL expressing MSCs were mixed with the cancer cell lines Colo205, A2780 and HCT116 cells. We measured increased apoptosis in Colo205 and A2780 cells with the two DR5-selective variants as compared to soluble wild-type TRAIL and the DR4-specific variants. Next we established xenografts of Colo205 and A2780 cells and i.v. injected MSCs expressing, wild-type TRAIL, D269H/E195R and G131R/N199R/K201H. The DR5-specific variants showed substantial tumor growth remission and even tumor regression in the Colo205 model.
Finally our aim was to exploit the reagents and protocols developed during this program by involving a start-up SME. A number of patents were filed protecting the intellectual content generated in this program and the production protocols for generating purified TRAIL variants suitable for preclinical and early clinical studies were completed. Pharmacokinetic and biodistribution properties of the patented lead molecules and pre-clinical animal studies were also conducted and are currently ongoing. These can now be used by a start-up SME to exploit and commercialize the knowledge generated over the course of this program.
Dissemination and use

New design of DR4 selective variants

Result description: A new homology model of death receptor DR4 led to the design of new TRAIL variants that are specific for DR4. These DR4-selectie TRAIL variants are potential anticancer therapy agents. These variants are expected to display high and specific anti-tumour activity with minimal systemic toxicity. The main advantage of these variants is that they selectively activate the DR4 receptor, but not DR5. This feature enables highly specific targeting of tumours expressing a functional DR4 receptor. Such tumours are for example leukemias, myelomas, cervical tumours. These TRAIL variants may also have applicability in automimmune disorders, such as rheumatoid arthritis. In addition, the DR4-selctive variants have a non-commercial value as they can serve as research tools to study TRAIL signaling pathways.

Possible market applications:  Biopharmaceutical Industry

Stage of development: The receptor selective, agonistic action of the variants has been proven in in vitro and in vivo experimental models. 

Intellectual property rights: The DR4-selective TRAIL mutants are protected by a patent application that was filed in 2007.

TRAIL variants for treating cancer

Result description: DR5-selective TRAIL variants displayed very high tumoricidal activity in a number of cancer cells compared to wild type TRAIL in in vitro studies. Xenograft studies examined and confirmed the potency of these mutants in vivo in combination therapy with cis-platin. This feature enables highly specific targeting of tumours expressing a functional DR5 receptor and can results in enhanced tumouricidal activity in combination with chemotherapeutics that increase DR5 expression and/or sensitivity. 

Possible market applications:  Biopharmaceutical Industry

Stage of development: The high tumoricidal potency of the DR5-seelctive variants has been proven in in vivo experimental models of colon carcinomas. Currently preclinical studies examine the in vivo efficacy of these engineered lead molecules in other tumour types. 
Intellectual property rights: The use of the DR5-selective TRAIL mutants in combination therapy is protected by a UK patent application that was filed in 2007 that progressed to PCT stage in 2008.
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Figure 1. TNF receptors are regulators of cell death and survival. Trimerization of TNF receptors upon ligand binding leads to receptor activation. If the activated receptor binds the FADD adaptor molecule, caspase-8 is recruited to the receptor complex activating the cell death pathway. If however the receptor trimer binds the adaptor molecule TRADD, the pro-survival transcription factor NF-kB is activated through TRAF2. Activation of NF-kB leads to synthesis of c-FLIP and inhibitor of apoptosis proteins, both of which are potent inhibitors of cell death. (EC: extracellular, FADD: Fas associated death domain, IAP: inhibitor of apoptosis protein, IC: intracellular, , NF-kB: nuclear factor kappa B, TNF-R: Tumour Necrosis Factor  receptor, TRADD: TNF receptor associated death domain, TRAF: TNR receptor associated factor)
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