
VU Research Portal

Strategies for optimization of drug combinations

Berndsen, R.H.A.

2020

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Berndsen, R. H. A. (2020). Strategies for optimization of drug combinations: Towards tailored cancer therapies.
[PhD-Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/acb7795a-1737-46d5-8d65-ae69c27cb5e6


11CHAPTER 

Discussion and future perspectives



312

Part II  |  Chapter 11

DISCUSSION AND FUTURE PERSPECTIVES
In the research included in this thesis, the innovative streamlined Feedback System 
Control (s-FSC) method was used for the optimization of anti-cancer drug combinations 
and analysis of drug interactions. This led to subsequent investigations that focused on 
the mechanism of action and validation of such drug combinations or individual drugs. 
In this section, we will discuss methods for optimization of drug combinations (including 
the s-FSC method), the process of evaluating a drug combination from bench to bedside, 
the potential of angiogenesis inhibitors and future perspectives.

Methods for optimization of drug combinations
Novel anti-cancer drugs are being developed at an incredibly high pace. After initial 
demonstration of clinical efficacy, many are included in preclinical combination studies 
already in an early phase because of the consensus that combination therapies yield the 
potential of ensuring long-term clinical responses. However, the complexity of the disease 
and the enormous number of available drugs, either clinically approved or in pre-clinical 
evaluation, makes it particularly challenging to identify optimized drug combinations. 
Optimized drug combinations are drug combinations that i) are designed for a specific 
cancer type subpopulation, ii) exert strong synergistic activity and iii) include drugs at a 
relative low dose. Apart from the amount of drugs, several other parameters need to be 
addressed in optimizing drug combinations including e.g. drug-dose ratios, treatment 
schedules (sequential or concurrent drug administration), administration route, treatment 
history, gene expression and mutational profiles, and the disease stage1. This underlines 
the importance of a proper design of combinatory studies. Already in 2006, Dancey and 
Chen prioritized specific aspects in the design of pre-clinical combination studies to 
maximize translatability2. These include, amongst others, assessment of synergy, inclusion 
of drug doses at pharmacologically achievable concentrations, determination of selectivity 
towards cancer or tumor endothelial cells and demonstration of the mechanism of action. 
Thus, one has to first identify a drug combination and select it for subsequent extensive 
evaluation in pre-clinical models while considering these aspects.

There are various methods and approaches described that aim to identify optimized 
combination therapies. Roughly, these can be divided in two groups: bottom-up and 
top-down approaches3. The bottom-up approach is based on empirical studies and/
or genome screens and uses detailed knowledge of the drug mechanism of action in 
order to rationally combine different agents. At this time, most clinical drug combination 
studies are designed based on this approach with varying degrees of success. An example 
of a drug combination that provided a significant survival benefit over standard of care 
therapy is that of combined encorafenib (BRAF inhibitor), binimetinib (MEK inhibitor) and 
cetuximab (EGFR inhibitor) in patients with BRAF V600E mutated metastatic colorectal 
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cancer (CRC)4. This treatment regimen was designed based on targeting the RAS/RAF
pathway at multiple levels and relied on intricate knowledge of the players involved in this 
pathway. Apart from several success stories, even with vast knowledge at the molecular
level, many drug combinations fail to reach clinical implementation due to patient- and
tumor heterogeneity and severe toxicity5.

Opposite to the bottom-up approach is the top-down approach that is gaining more
and more attention. This approach includes modeling methods (machine learning 
and statistical modeling) and search algorithms1,6. Some of these methods, including
the Feedback System Control (FSC) technique7 consider the cell as a ‘black box’ where 
the input (e.g. drugs or growth factors) can be varied and the output (e.g. cell viability, 
apoptosis, senescence or autophagy) can be measured and quantified. The experimental 
observations are then used to formulate predictions of, in this case effective drug 
combinations that can be tested iteratively to converge to an optimum. Another example is 
the recently developed DRUG-NEM (Drug Nested Effect Models) method aimed to address
intratumoral heterogeneity and identify individualized optimized drug combinations8. This 
method includes high throughput single cell mass cytometry analysis to optimize drug
combinations that target multiple cell subpopulations from an individual tumor. Here, the 
optimization process is based on defining a desired intra-cellular effect based on single 
cell data before and after exposure to single drugs.

Other methods are of the mixed type. These include network-based approaches that 
aim to predict cell behavior in response to drug combinations based on detailed maps
of cellular pathways and pathway interactions. For instance, Cheng (2019) analyzed 
the relationship between drug targets and proteins involved in a disease, in this case 
approved drug combinations for hypertension and cancer. They showed that only if drugs 
in a combination target pathways involved in the disease (e.g. a specific cancer type) but 
target distinct (i.e. non-overlapping) pathways, a correlation with a therapeutic effect is 
observed9. This finding supports our hypothesis, used for the design of the s-FSC studies,
that optimized drug combinations are likely to include drugs that target non-overlapping 
pathways to obtain a maximized treatment effect.

Altogether, an increasing number of different methods used to optimize or predict
drug combinations have been evaluated and compared (reviewed in detail by several 
authors1,6,10), that emphasize the importance and need for identification of potent drug
combinations to improve outcomes for cancer patients. We believe that bottom-up
approaches will become increasingly important as they can identify non-obvious drug
combinations and often include optimization steps to obtain a maximum treatment
effect.

11
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drug combinations
A cornerstone of the research presented in this thesis is the top-down approach called 
the streamlined-Feedback System Control (s-FSC) technique. We used this method for 
the first time to identify an optimized anti-cancer combination therapy (chapter 3). An 
optimized 3-drug combination therapy consisting of axitinib (targeting VEGFR and FGFR), 
erlotinib (targeting EGFR) and dasatinib (targeting Src and bcr-abl) was identified in only 
3 weeks time aimed at maximal inhibition of cell viability of a specific population of renal 
cell carcinoma (RCC) cells. The optimization process of using s-FSC also led to significant 
dose-reductions compared to single drug doses needed to achieve similar efficacy. Based 
on the success of identifying an optimized combination therapy for one RCC cell line, 
we continued to identify optimized drug combinations for a wider array of genetically 
different RCC cell lines (chapter 4). Specific combination therapies were identified for 
5 RCC cell lines, each containing unique drug dose ratios. Their activity was validated in 
several bioassays that confirmed the observed activity.

The s-FSC methodology presents clear advantages, i.e. i) it identifies optimized drug 
combination that can be tailored specifically to target a small population of cells, ii) can 
identify non-obvious drug combinations that may act via unpredictable and complex 
mechanisms, iii) it does not require in depth understanding how a complex biological 
system (such as a cell) functions and iv) aims to minimize drug doses. The universal 
applicability of s-FSC is demonstrated by other studies, e.g. in the identification of an 
optimized combination therapy for the treatment of tuberculosis11.

However, there are also limitations to consider. For example, the selection of the initial 
set of drugs is of great importance. The ten drugs that were included in the optimization 
study of RCC cells were selected, after consultation of experts in the field, because they 
target non-overlapping pathways, presumed to increase the probability of synergistic 
interactions and limiting the probability of adverse effects. This dramatically reduced 
the number of drugs to consider and following this strategy for other applications will 
importantly reduce the limitation of drug selection. Another potential limitation is that 
combining s-FSC with different treatment modalities, such as radio- or immunotherapy, 
may increase experimental efforts due to more laborious output assessments.

From bench to bedside
Pre-clinical data of methods to identify optimized drug combinations, subsequent 
validation and mechanistic analysis may provide convincing evidence of efficacy. Despite 
numerous pre-clinical reports on highly effective targeted drug combinations, there are 
only very few that have made it to clinical practice and consensus guidelines. Factors that 
have been identified to lead to low success rates of clinical translation include inadequate 
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pre-clinical and clinical study design, improper dose selection and inappropriate efficacy 
assessments2.

In the design of the pre-clinical studies presented here, we specifically aimed to identify
combinations that interact synergistically while focusing on minimizing drug doses and
maximizing efficacy at the same time. For instance, the s-FSC method identified axitinib,
erlotinib and dasatinib drug combination that was optimized for the inhibition of 786-O
RCC cells (chapter 3). Drug optimization for 4 other RCC cell lines and subsequent
phosphoproteomics analysis revealed an overlap in the top most active kinases in all
tested RCC cell lines (chapter 4). This implies that a universal drug combination might be 
effective in all included RCC cell lines. Although for each cell line a unique optimized drug 
combination was identified, indeed, the combination of axitinib, erlotinib and dasatinib
showed considerable activity in all the included RCC cell lines suggesting a cell line
independent mechanism of action. In validation steps, we noted strong activity in CRC cells
that prompted us to investigate this activity in more detail. We evaluated the combination
in 3 CRC cell lines and observed strong and synergistic inhibition of cell metabolic activity
mainly due to apoptosis induction (chapter 6), in line with observations of apoptosis
induction in 786-O RCC cells (chapter 3). We subsequently observed strong tumor growth
inhibition in the CAM model. Interestingly, phosphoproteomics analysis of the relative
protein kinase expression of untreated CRC cell lines compared to the RCC cell line 786-O
revealed striking similarities that might explain similar activity in both cancer types.

Since promising activity of axitinib, erlotinib and dasatinib combination therapy was
observed in our research we started designing a study protocol for a clinical phase I study 
in patients with advanced solid tumors while keeping in mind known pitfalls in the design
of such a study. Importantly, clinical data of dosing schedules, maximum tolerable doses
(MTDs), toxicity and efficacy were available since all three drugs were FDA approved for
various indications (i.e. axitinib for RCC, erlotinib for NSCLC and pancreatic cancer, and
dasatinib for ALL and CML). Moreover, two phase I studies already evaluated erlotinib/
dasatinib combination therapy showing no increased toxicity as compared to each drug
alone12,13. In collaboration with medical oncology and clinical pharmacology experts, a
phase I study was designed including unique dose escalation levels aimed to determine 
the safety and tolerability of the three-drug combination therapy. To date, only few clinical
reports evaluating three or more targeted drugs have been published. In 2017, Nikanjam, 
et al. identified 4 phase 1 clinical trials of three-targeted drug combinations and showed 
that in 3 out of 4 studies starting additive dose levels of 201-300% were considered safe14. 
The basis of the dose escalation levels in our protocol was to include sufficiently low 
doses (i.e. starting from 20 – 33.3% of the doses currently used in the clinic) to mimic pre-
clinical conditions and to minimize the probability of early dose-limiting toxicities (DLTs). 
If in one cohort no DLTs were observed, patients were allowed to continue therapy until 

11



316

Part II  |  Chapter 11

disease progression or discontinuation of therapy due to toxicity occurred. Secondary 
outcome measures included pharmacokinetics analysis, preliminary assessment of efficacy 
and exploration of the potential value of RNA blood markers. The Committee Scientific 
Research (CWO) of the Amsterdam University Medical Center (location VUmc) approved 
the study protocol, however, due to unsecured funding, it was not yet possible to submit 
it to the ethics committee (METc).

There are several reasons that may cause limited support for such a phase I study, either 
from an industry as well as an ethics committee point of view. In this case, axitinib, erlotinib 
and dasatinib are produced by different pharmaceutical companies and organizing a 
collaboration may therefore be challenging, especially when considering the aim for 
significant dose reductions as compared to their approved clinical dosage. Other factors 
may include, amongst others, intellectual property protection, complex regulatory 
pathways and toxicity and risk attribution15.

Angiogenesis inhibitors in cancer therapy
For years since its discovery as anti-cancer strategy, angiogenesis inhibition was 
considered to be able to play a major role in an effective cancer therapy16. As the number 
of angiogenesis inhibitors in clinical trials increased, between 2000 – 2010 it became more 
and more clear that, as for chemotherapy and other targeted drugs, drug resistance17 
and potentially severe toxicities18 account for a lack of long-term clinical benefits and 
subsequent widespread clinical implementation. Despite these limitations however, at this 
time, multiple angiogenesis inhibitors are FDA-approved that did show increased patient 
survival and are currently used in clinical practice for specific indications. These include, 
amongst others, drugs that target the VEGF-axis such as tyrosine kinase inhibitors (e.g. 
axitinib, pazopanib, sorafenib and sunitinib) and monoclonal antibodies (e.g. bevacizumab 
and ramucirumab).

As introduced earlier, there is consensus that combination strategies improve efficacy and 
reduce the probability of resistance. In the research included in this thesis, we focused 
extensively on the assessment of anti-angiogenic activity of various drugs and treatment 
strategies that aimed to obtain knowledge of angiogenesis inhibition in cancer therapy. 
This research shows promising alleys for improvement of therapeutic outcome.

In the past decades it has become clear that epigenetic (post transcriptional) mechanisms 
play an important role in the regulation of angiogenesis19. Histone deacetylase (HDAC) 
and DNA methyltransferase (DNMT) inhibitors are drugs that can counteract histone 
modifications and DNA methylation of cancer and endothelial cells resulting in anti-
cancer activity via several mechanisms20. In chapter 2, we discussed the anti-angiogenic 
activity of such epigenetic drugs extensively. After reviewing available data it became 
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clear that the biggest potential of these drugs is to combine them together or with other 
approaches. For instance, prior studies showed that combined HDAC and EGFR inhibitors 
could overcome acquired resistance to EGFR inhibitors21,22. Not addressed in this review
is the current interest in combined epigenetic drugs and immunotherapy. Jones (2019)
recently proposed the role of epigenetic drugs on their ability to modulate immune 
cells as a ‘paradigm shift’ and described the need for future research to enable clinical 
implementation23.

In this thesis, there is a specific focus on ruthenium compounds, particularly RAPTA-C.
RAPTA-C is a promising experimental compound that was already found to exhibit
anti-cancer24, anti-angiogenic25 and anti-metastatic26 activities. We showed angiostatic 
anti-tumor activity of RAPTA-C in ovarian carcinoma and colorectal cancer tumor
models (chapter 9). Furthermore, promising activity was observed when we analyzed
synergistic interactions between RAPTA-C and the EGFR inhibitor erlotinib, especially 
in a chemotherapy resistant cell line (chapter 5). Although RAPTA-C is not yet clinically
evaluated, it may be a matter of time since it appears that there is growing interest in
the activity of this drug, especially when considered in combination with chemotherapy,
immunotherapy or epigenetic drugs27.

Another compound that we found to exhibit robust anti-angiogenic activity is crenolanib, 
known to be a specific PDGFR-α/β and FLT3 inhibitor that is currently investigated in
several clinical trials in patients with solid and hematological malignancies. Our analysis 
of the mechanism of action showed that crenolanib acts on endothelial cells by induction
of apoptosis and modulation of cell division processes such as increased mitotic timing and 
prevention of centrosome clustering (chapter 10). More importantly, the anti-angiogenic
activity of crenolanib appeared to be unrelated to PDGFR expression and actually based 
on more complex interactions of cell cycle and cell division related proteins. This is
particularly interesting since crenolanib was already found to inhibit centrosome clustering
with selective cytotoxicity towards cells with extra centrosomes (such as cancer cells) 
and evidence suggested that this process occurred independent of PDGFR expression28. 
Drugs that prevent centrosome clustering are gaining attention since most healthy cells 
have normal centrosome content, resulting in desirable specificity towards cancer cells29. 
Moreover, if this process can explain off-target activity of molecular targeted drugs it 
opens up doors for future investigations on drugs or drug combinations that specifically 
inhibit centrosome clustering.

The data described in these chapters contributes to the understanding of how specific
drugs or drug combinations affect angiogenesis and shows there is potential of novel 
anti-angiogenesis (combination) strategies to tackle cancer progression.

11
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Future perspectives
Numerous efforts are being made worldwide to improve the outcomes of patients with 
cancer. For example, over recent years, there has been a revolution in cancer therapy due to 
developments in the area of immuno-oncology30. In the spotlight are the immunotherapy 
monoclonal antibodies called checkpoint inhibitors that target checkpoint proteins 
such as CTLA-4, PD-1 and PDL-1 and aim to allow T-cells to recognize and attack cancer 
cells. For certain cancer types such as melanoma or non-small cell lung cancer (NSCLC), 
immunotherapies have shown their superiority over standard of care chemotherapy 
for advanced stage disease thus eliminating chemotherapy as first choice in treatment 
guidelines30.

As increasing evidence showed the potential of checkpoint inhibitors, there has been 
an outburst in studies exploring combinations of immunotherapy drugs alone and with 
other treatment modalities31. There are high expectations for combinations of targeted 
therapies and checkpoint inhibitors as they may have the potential to provide both high 
response rates and a durable responses32. Specifically of interest are combinations of 
angiogenesis inhibitors and checkpoint inhibitors. Khan & Kerbel have recently reviewed 
the current evidence on combining these two treatment approaches and proposed that 
the efficacy of immunotherapies can be enhanced by angiogenesis inhibitors and that 
vice versa immunotherapies can increase anti-angiogenic activity33. In fact, in 2019 two 
checkpoint inhibitors, avelumab and pembrolizumab (targeting PD-L1 ligand and PD-1 
receptor respectively) were approved as first line therapy in combination with axitinib 
in patients with advanced RCC due to observations of promising survival benefits34,35. 
Furthermore, there are many clinical studies ongoing evaluating checkpoint inhibitors 
with targeted therapies in patients with various cancer types.

These checkpoint inhibitors are considered a breakthrough in cancer therapy and results 
are staggering. To date however, we did not include them yet in any of our studies 
exploring optimized combination therapies. Methodologically it would be possible to 
include such drugs in s-FSC screens as they are simply seen as input variables. Practically 
however, it may be challenging because in almost all pre-clinical studies on checkpoint 
inhibitors immunocompetent mice are used to evaluate efficacy. Running the s-FSC search 
rounds in mice seems, at least at this time, not feasible considering the amount of time 
and resources needed. Alternatively, co-culture methods that include 3D models such 
as organoids or spheroids (based on either established cell lines or tumor biopsies) and 
immune cells may be developed that resemble in vivo conditions. Given the promising 
data of targeted drugs combined with checkpoint inhibitors, it would be very interesting 
to combine an optimized drug combination and a checkpoint inhibitor, and study their 
interactions.



319

Discussion and future perspectives

In the research included in this thesis, the s-FSC method was used to identify and optimize 
anti-cancer targeted drug combinations based on assessment of cell viability. Subsequently, 
in-depth analyses were carried out to validate efficacy and to investigate underlying 
mechanisms of actions. Continuous efforts are being made to develop and improve these 
optimization methods. In fact, our group recently developed the Therapeutically Guided 
Multidrug Optimization (TGMO) method that is based on the s-FSC method36. TGMO 
uses the same basis for optimization and identification of drug combinations but tests
the combinations in both cancer and non-cancerous cells to obtain the highest possible
selectivity towards cancer cells. Furthermore, drug doses were included that were below 
maximal plasma concentrations in humans to further limit the probability of toxicity. Our 
group recently applied TGMO to identify optimized drug combinations for a panel of CRC
cell lines (article in preparation). The identified drug combinations outperformed standard 
of care chemotherapy in mice models while showing a lack of toxicity. Additionally,
promising activity was observed in cultures of patient-derived CRC liver metastasis cells.
TGMO was also used to identify a highly effective and selective drug combination targeting 
the RCC cell line 786-O36. Interestingly, this combination inhibited centrosome clustering, 
in line with the selective targeting of cancer cells.

There is wide consensus that patients will greatly benefit from a personalized approach in
designing cancer therapies. We believe that drug optimization methods such as s-FSC and
TGMO, can be used to guide individualized therapy. By performing optimizations of drug
combinations based on patient-derived tumor material, individual patients may be treated
with specific optimized drug combinations. Preferably, drug dose optimization would be
performed during the course of treatment per patient based on quantitative parameters 
such as treatment response and pharmacokinetics. Moreover, patients are also likely to
benefit from a personalized approach in repeated diagnostic profiling during the course of 
treatment due to emerging genomic, transcriptomic and phosphoproteomic techniques.
This will lead to a better understanding of the drivers behind a patient’s individual and 
specific cancer type that in turn can be used to further optimize therapy.

Apart from personalized approaches and immunotherapies, more promising advances
are being made in oncology research. For instance, nanotechnology based enhanced
drug delivery systems are increasingly being investigated and have led to multiple FDA-
approved nanomedicines and many others that are undergoing clinical evaluation37. In
particular, multiple studies are currently focused on enhancing immunotherapies with
nanotechnology approaches to improve efficacy but also to increase the portion of 
patients that benefit from immunotherapies38. Other high potential advances include
preventive measures (i.e. life style and diet measures) and the identification and validation
of biomarkers.

11
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All together, we are currently observing that cancer therapy is changing rapidly. Continued 
research efforts and global collaborations will reveal which drug combinations or combined 
therapeutic approaches are likely to benefit patients with cancer in the near future.



321

Discussion and future perspectives

REFERENCES

1. Weiss, A. & Nowak-Sliwinska, P. Current 
trends in multidrug optimization: an alley 
of future successful treatment of complex 
disorders. SLAS Technol. 22, 254–275 (2017).

2. Dancey, J. E. & Chen, H. X. Strategies for 
optimizing combinations of molecularly 
targeted anticancer agents. Nat. Rev. Drug 
Discov. 5, 649–659 (2006).

3. Nowak-Sliwinska, P. Optimization for 
multidrug combinations: Challenges 
and perspectives in complex disorders. 
Pharmacol. Rev. 2, 104165 (2019).

4. Kopetz, S. et al. LBA-006BEACON CRC: 
a randomized, 3-Arm, phase 3 study of 
encorafenib and cetuximab with or without 
binimetinib vs. choice of either irinotecan 
or FOLFIRI plus cetuximab in BRAF V600E–
mutant metastatic colorectal cancer. Ann.
Oncol. 30, (2019).

5. Maeda, H. & Khatami, M. Analyses of 
repeated failures in cancer therapy for solid 
tumors: poor tumor-selective drug delivery, 
low therapeutic efficacy and unsustainable 
costs. Clin. Transl. Med. 7, 11 (2018).

6. Moffat, J. G., Rudolph, J. & Bailey, D. 
Phenotypic screening in cancer drug 
discovery — past, present and future. Nat. 
Rev. Drug Discov. 13, 588 (2014).

7. Wong, P. K. et al. Closed-loop control of 
cellular functions using combinatory drugs 
guided by a stochastic search algorithm. 
Proc. Natl. Acad. Sci. U. S. A. 105, 5105–5110
(2008).

8. Anchang, B. et al. DRUG-NEM: Optimizing 
drug combinations using single-cell 
perturbation response to account for 
intratumoral heterogeneity. Proc. Natl. Acad. 
Sci. 115, 4294–4303 (2018).

9. Cheng, F., Kovács, I. A. & Barabási, A.-L. 
Network-based prediction of drug 
combinations. Nat. Commun. 10, 1197 (2019).

10. Vakil, V. & Trappe, W. Drug combinations:
mathematical modeling and networking 
methods. Pharmaceutics 11, (2019).

11. Silva, A. et al. Output-driven feedback 
system control platform optimizes 
combinatorial therapy of tuberculosis 
using a macrophage cell culture model. 
Proc. Natl. Acad. Sci. (2016). doi:10.1073/
pnas.1600812113

12. Haura, E. B. et al. Phase I/II study of the Src
inhibitor dasatinib in combination with 
erlotinib in advanced non-small-cell lung 
cancer. J. Clin. Oncol. 28, 1387–1394 (2010).

13. Reardon, D. A. et al. Phase 1 trial of dasatinib 
plus erlotinib in adults with recurrent 
malignant glioma. Journal of Neuro-
Oncology 108, 499–506 (2012).y

14. Nikanjam, M., Liu, S., Yang, J. & Kurzrock, 
R. Dosing three-drug combinations that 
include targeted anti-cancer agents: 
analysis of 37,763 patients. Oncologist 22, t
576–584 (2017).

15. Day, D. & Siu, L. L. Approaches to modernize
the combination drug development 
paradigm. Genome Med. 8, 115 (2016).

16. Folkman, J. Angiogenesis. Annu. Rev. Med.
57, 1–18 (2006).

17. van Beijnum, J. R., Nowak-Sliwinska, P., 
Huijbers, E. J. M., Thijssen, V. L. & Griffioen, 
A. W. The great escape; the hallmarks 
of resistance to antiangiogenic therapy. 
Pharmacol. Rev. 67, 441–61 (2015).

18. Verheul, H. M. W. & Pinedo, H. M. Possible 
molecular mechanisms involved in the 
toxicity of angiogenesis inhibition. Nat. Rev.
Cancer 7, 475–485 (2007).r

19. Hellebrekers, D. M. E. I. et al. Identification 
of epigenetically silenced genes in tumor 
endothelial cells. Cancer Res. 67, 4138–4148 
(2007).

20. Hellebrekers, D. M. E. I., Griffioen, A. W. 
& van Engeland, M. Dual targeting of 
epigenetic therapy in cancer. Biochim. 
Biophys. Acta - Rev. Cancer 1775, 76–91 r
(2007).

21. Witta, S. E. et al. Restoring E-cadherin
expression increases sensitivity to 
epidermal growth factor receptor inhibitors 
in lung cancer cell lines. Cancer Res. 66, 
944–950 (2006).

11



322

Part II  |  Chapter 11

22. Chen, M.-C. et al. The HDAC inhibitor, 
MPT0E028, enhances erlotinib-induced cell 
death in EGFR-TKI-resistant NSCLC cells. Cell 
Death Dis. 4, e810 (2013).

23. Jones, P. A., Ohtani, H., Chakravarthy, A. 
& De Carvalho, D. D. Epigenetic therapy 
in immune-oncology. Nat. Rev. Cancer 19, 
151–161 (2019).

24. Chatterjee, S., Kundu, S., Bhattacharyya, 
A., Hartinger, C. G. & Dyson, P. J. The 
ruthenium(II)-arene compound RAPTA-C 
induces apoptosis in EAC cells through 
mitochondrial and p53-JNK pathways. J. 
Biol. Inorg. Chem. 13, 1149–1155 (2008).

25. Nowak-Sliwinska, P. et al. Organometallic 
ruthenium(II) arene compounds with 
antiangiogenic activity. J. Med. Chem. 54, 
3895–3902 (2011).

26. Scolaro, C. et al. In vitro and in vivo 
evaluation of ruthenium(II)-arene PTA 
complexes. J. Med. Chem. 48, 4161–4171 
(2005).

27. Rausch, M., Dyson, P. J. & Nowak-Sliwinska, 
P. Recent considerations in the application 
of RAPTA-C for cancer treatment and 
perspectives for its combination with 
immunotherapies. Adv. Ther. 2, 1900042 
(2019).

28. Konotop, G. et al. Pharmacological 
inhibition of centrosome clustering by 
slingshot-mediated cofilin activation and 
actin cortex destabilization. Cancer Res. 76, 
6690–6700 (2016).

29. Korzeniewski, N., Hohenfellner, M. & 
Duensing, S. The centrosome as potential 
target for cancer therapy and prevention. 
Expert Opin. Ther. Targets 17, 43–52 (2013).

30. Hoos, A. Development of immuno-
oncology drugs — from CTLA4 to PD1 to 
the next generations. Nat. Rev. Drug Discov. 
15, 235–247 (2016).

31. Ledford, H. Cocktails for cancer with a 
measure of immunotherapy. Nature (2016). 
doi:10.1038/532162a

32. Ramjiawan, R. R., Griffioen, A. W. & Duda, D. 
G. Anti-angiogenesis for cancer revisited: 
Is there a role for combinations with 
immunotherapy? Angiogenesis 20, 185–204 
(2017).

33. Khan, K. A. & Kerbel, R. S. Improving 
immunotherapy outcomes with anti-
angiogenic treatments and vice versa. Nat. 
Rev. Clin. Oncol. 15, 310–324 (2018).

34. Rini, B. I. et al. Pembrolizumab plus axitinib 
versus sunitinib for advanced renal-cell 
carcinoma. N. Engl. J. Med. 380, 1116–1127 
(2019).

35. Motzer, R. J. et al. Avelumab plus axitinib 
versus sunitinib for advanced renal-cell 
carcinoma. N. Engl. J. Med. 380, 1103–1115 
(2019).

36. Weiss, A. et al. Identification of a synergistic 
multi-drug combination active in cancer 
cells via the prevention of spindle pole 
clustering. Cancers (Basel). 11, 1612 (2019).

37. Bobo, D., Robinson, K. J., Islam, J., Thurecht, 
K. J. & Corrie, S. R. Nanoparticle-based 
medicines: a review of FDA-approved 
materials and clinical trials to date. Pharm. 
Res. 33, 2373–2387 (2016).

38. Goldberg, M. S. Improving cancer 
immunotherapy through nanotechnology. 
Nat. Rev. Cancer 19, 587–602 (2019).


