© 262 NRAarpmerics, e AANIIGHIRSPESSved.

nature
biotechnology

REVIEW

Combinatorial drug therapy for cancer in

the post-genomic era
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Over the past decade, whole genome sequencing and other ‘omics’ technologies have defined pathogenic driver mutations to
which tumor cells are addicted. Such addictions, synthetic lethalities and other tumor vulnerabilities have yielded novel targets
for a new generation of cancer drugs to treat discrete, genetically defined patient subgroups. This personalized cancer medicine
strategy could eventually replace the conventional one-size-fits-all cytotoxic chemotherapy approach. However, the extraordinary
intratumor genetic heterogeneity in cancers revealed by deep sequencing explains why de novo and acquired resistance arise with
molecularly targeted drugs and cytotoxic chemotherapy, limiting their utility. One solution to the enduring challenge of polygenic

cancer drug resistance is rational combinatorial targeted therapy.

Most malignant diseases, collectively referred to as cancer, are treated
with some combination of surgery, radiation therapy and/or drug
treatment!. Surgery and radiation are used to treat cancer that is con-
fined locally, whereas drug therapy is essential to kill cancer cells
that have spread (metastasized) to distant sites in the body. Until
recently, drug treatment mainly involved cytotoxic chemotherapy that
kills all rapidly dividing cells, both tumor and normal. Accumulated
empirical clinical experience, supported by animal models, showed
that cytotoxic drugs are most effective when given in combination
to achieve additive or synergistic effects>>. A caveat has been that
success requires the ability to combine drugs at their respective effec-
tive doses without unacceptable side-effects. The rationale underly-
ing combination cytotoxic chemotherapy has been to co-administer
drugs that work by different molecular mechanisms, thereby increas-
ing tumor cell killing while reducing the likelihood of drug resist-
ance and minimizing overlapping toxicity. This approach followed the
successful precedent of using combinatorial drug therapies to treat
tuberculosis and other microbial infections* and was the strategy that
proved highly effective in antiretroviral treatment for HIV®.
Clinical success with combination chemotherapy was first achieved
with co-administration of the antifolate methotrexate, the Vinca alka-
loid tubulin inhibitor vincristine, the purine nucleotide synthesis
inhibitor 6-mercaptoturine and the steroidal agent prednisone in
childhood acute lymphoblastic leukemia—subsequently extended to
lymphomas with the combination regimen of vincristine and pred-
nisone plus the DNA-damaging agents nitrogen mustard and pro-
carbazine and then to testicular cancer and epithelial malignancies,
notably colorectal, breast and many others® (Fig. 1). Early, pregenomic
research in the 1950s and 1960s established the major mechanisms of
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de novo and acquired resistance to cytotoxic drugs. These mechanisms
include the following: decreased metabolic activation or enhanced
degradation of the drug; increased expression of the drug target;
alteration of the target or pathway to reduce sensitivity; and reduced
uptake as well as chemical and enzymatic protection mechanisms to
deal with reactive DNA alkylating agents®. The mechanisms of drug
action and resistance were particularly well defined for the dihydro-
folate reductase inhibitor methotrexate, still used today, for which
selective amplification of the drug target was first defined as a mode
of resistance in 1978 (ref. 7). Further mechanistic understanding of
the development of the multidrug-resistant (MDR) state in the 1970s
and 1980s led to treatments aimed at overcoming resistance due to
drug transporters; however, combination strategies with modulators
of the MDR1 (P-glycoprotein) efflux pump® proved disappointing,
envisaged at that time to result from the common involvement of
multiple resistance mechanisms, including insensitivity to drug-
induced apoptosis and induction of drug-detoxifying mechanisms®.
Most recently, post-genomic identification of the extensive intratu-
moral genetic heterogeneity present in human cancers, and the clonal
evolution and polygenic resistance that occurs, especially under the
Darwinian selective pressure of therapy, provides us with a more com-
plete molecular explanation for the formidable clinical challenge of
tumor resistance to all available therapies!?~13.

The enduring principles that emerged from the pregenomic, cyto-
toxic chemotherapy era have remained applicable, even as the exciting
new generation of molecularly targeted drugs have become available
as a direct result of the genomic elucidation of the pathogenic drivers
of different cancers!%. Cancer drug discovery and development is now
firmly focused on exploiting pathogenic oncogene and nononcogene
addiction, synthetic lethalities, and other vulnerabilities and depend-
encies that can result in impressive selective therapeutic effects in
specific malignancies!1°.

Despite the progress in moving from a one-size-fits-all cytotoxic
approach to a new era of genetically targeted personalized molecular
medicine, many challenges remain. The most important challenge
is how to tackle the interrelated problems of genetic heterogeneity
and drug resistance in cancer using intelligent drug combinations.
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Figure 1 History of combination therapy for cancer. POMP, procarbazine, vincristine (Oncovin), nitrogen mustard (mustine) and prednisone. MOPP,

nitrogen mustard, vincristine, prednisone and procarbazine.

Here we assess the need for combination therapy, evaluate how com-
binatorial therapies are progressing in the clinic and review how to
identify new drug combinations using in silico, in vitro and animal
models that are likely to achieve valuable clinical benefit.

Successful targeted therapies in the clinic

Much of the success with targeted therapies has arisen from the exploi-
tation of the state of oncogene addiction, in which cancer cells become
‘addicted to'—that is, physiologically dependent upon—the contin-
ued activity of specific activated or overexpressed oncogenes (or the
loss of tumor suppressor genes) for maintenance of their malignant
phenotype!”-18, There have been encouraging advances in the treat-
ment of hematological malignancies and solid tumors, as revealed in
hypothesis-testing clinical trials employing predictive as well as proof-
of-target-engagement pharmacodynamic biomarkers!?, following the
administration of molecularly targeted drugs as single agents in well-
defined oncogene-addicted subsets of cancers?’. Use of the BCR-ABL
inhibitor imatinib (Gleevec)?1? in chronic myeloid leukemia, for exam-
ple, has led to an 80% decrease in disease mortality?3. Imatinib also has
activity in gastrointestinal stromal tumors by inhibiting mutant KIT,
which is a frequent driver oncoprotein in this cancer. Before imatinib,
addition of all-trans retinoic acid to the treatment of acute promyelo-
cytic leukemia harboring translocations in the retinoic acid receptor
o (RAR) gene led to curative responses in most patients?4.

Another key example is the ERBB2/HER2 antibody trastuzumab
(Herceptin) that was approved initially for the treatment of patients
with metastatic breast cancer whose tumors overexpress and are
dependent upon the HER2 protein and who had received one or
more chemotherapy regimens for their metastatic disease, or alter-
natively in combination with paclitaxel (Taxol) for HER2-positive
metastatic patients who had not received prior chemotherapy?”. Yet
other examples are small-molecule tyrosine kinase inhibitors, such
as the epidermal growth factor receptor (EGFR) inhibitors gefitinib
(Iressa) and erlotinib (Tarceva) in EGFR-mutant non-small cell lung
cancer (NSCLC)?¢ and more recently the BRAF inhibitor vemuraf-
enib (Zelboraf) in mutant BRAF-driven melanoma?’ and the ana-
plastic lymphoma kinase (ALK) inhibitor crizotinib (Xalkori) in
ALK-translocated NSCLC?8. Some molecularly targeted drugs have
modest single-agent activity but nevertheless show significant clinical
benefit—and are now integrated into clinical practice—when admin-
istered with standard-of-care cytotoxic drug treatment; examples

include the EGFR antibody cetuximab (Erbitux) in combination
with irinotecan (Camptosar)/5-fluorouracil in metastatic colorectal
cancer?? and the HER2 tyrosine kinase inhibitor lapatinib (Tykerb)
combined with capecitabine (Xeloda) in advanced breast cancer’.
In addition to >100 currently approved molecularly targeted
agents, several hundred are in preclinical and clinical development!®.
These include not only those that target oncogene addiction, but also
agents that exploit other cancer-associated mechanisms. For example,
through their activity in BRCA-deficient cancers lacking homologous-
recombination DNA repair, small-molecule inhibitors of poly(ADP-
ribose) polymerase (PARP) such as olaparib, that block repair of DNA
single-strand breaks, provide the first clinical validation of therapeutic
synthetic lethality, mediated through enhanced DNA damage?!. In
addition, drugs acting on the heat shock protein 90 (HSP90) molecular
chaperone exemplify exploitation of nononcogene addiction®2.

Resistance to therapies targeting addiction
There is a growing unease in academia and industry that well-
validated targets will become increasingly harder to find33. Moreover,
the frequently transient nature of responses to novel molecular thera-
peutics in many solid cancers has been linked to multiple mechanisms
of resistance. Resistance mechanisms commonly comprise alterations
in the addiction pathway that enable cancers to remain dependent on
the original oncogenic process. But resistance can also involve bypass
mechanisms that activate a parallel signaling track as well as pathway-
independent routes mediated by epithelial-mesenchymal transition
or the gain of stem cell-like features, together with effects mediated
through cancer-host cell interactions in the tumor microenvironment,
including changes in angiogenesis drivers (for a review, see ref. 15).
Notable examples of resistance mechanisms include the develop-
ment of secondary mutations, such as in gatekeeper residues, in
kinase targets such as ABL and EGFR, which confer resistance to
imatinib and gefitinib/erlotinib3*3, respectively. These may be
overcome by second-generation agents, such as the multikinase
inhibitor dasatinib (Sprycel), that can bind to and block the resist-
ant allele®. Other examples of tumor resistance include decreased
sensitivity to vemurafenib through NRAS mutation, receptor tyro-
sine kinase activation and overexpression of CRAF or COT/MAP3K8
(which allow ERK1/2 MAP kinase pathway reactivation) and expres-
sion of BRAF splice variants that dimerize in a RAS-independent
manner, all of which attenuate or prevent ERK blockade by RAF
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Figure 1 (Continued)

inhibitors37-39, Alternatively, vemurafenib resistance can occur
through loss of PTEN (phosphatase and tensin homolog) or RB1
(retinoblastoma 1), despite effective inhibition of ERK signaling by
the BRAF drug?. Furthermore, deep sequencing has revealed the
huge extent of preexisting or induced molecular and phenotypic
heterogeneity that exists in individual tumors (see above) and dem-
onstrated the simultaneous presence of multiple driver mutations
within the same tumor!!. All of these potential resistance mecha-
nisms and others could explain why well-designed drugs developed
against well-validated cancer targets nevertheless fail to deliver sus-
tained benefit in the clinic.

Combinatorial targeted therapy

Realization of the full potential of molecularly targeted cancer
therapeutics is dependent on identifying the best possible drug
combinations. This will require use of new technologies, including
large-scale genomics and systems or network biology with associated
computational approaches?!. The scale of the challenge is illustrated
by the sheer number of mathematically possible drug combinations.
If we consider the set of ~250 approved cancer drugs, there are 31,125
possible two-way combinations and 2,573,000 three-way combina-
tions. For the estimated 1,200 cancer drugs currently in develop-
ment the respective numbers rise to 719,400 and 287,280,400. Or, we
can consider the possible combinations of cancer genes that might
be targeted. Based on analyses using our integrated drug discovery
platform canSAR*? (http://canSAR.icr.ac.uk/) of genes listed in the
Cancer Genome Census*® (http://www.sanger.ac.uk/genetics/ CGP/
Census/), we estimate that there are around 124 conventionally drug-
gable targets that are reported to harbor causative mutations in cancer.
This gives us the potential for 7,626 two-way target combinations
and 310,124 three-way combinations. Although these numbers are
theoretical and not all combinations make mechanistic sense, the
potential combinations would increase further if we included targets
representing nononcogene addiction, synthetic lethality and other
considerations. Clearly, it would be prohibitively expensive to evalu-
ate such large numbers of drug and/or target combinations in animal
models let alone in a clinical setting. We therefore need methods to
evaluate and prioritize the best potential combinations, either using
large-scale unbiased in silico or experimental biology methods or
by taking hypothesis-driven approaches based on new genomics,
proteomics and other omics technologies*4~49.
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Despite the theoretical and practical challenges, many drug
combinations are already being evaluated in the clinic. In the follow-
ing sections, we review progress using selected examples of clinical
combinatorial drug treatments.

Current combinations of targeted drugs with chemotherapy
Combining molecularly targeted agents with chemotherapy has
generally been pragmatic. Most new molecular cancer therapeutics
generally have modest efficacy with responses that are not rapid or
durable. Thus, targeted drugs might benefit from being combined
with cytotoxic agents or radiation. This strategy is also influenced
by consideration of how to gain regulatory approval for new drugs
in settings where cytotoxic therapies are already marketed. Examples
include the monoclonal antibodies trastuzumab in combination with
paclitaxel?® in breast cancer, rituximab (Rituxan) in combination with
cyclophosphamide/doxorubicin/vincristine/dexamethasone in non-
Hodgkin’s lymphoma*” or cetuximab in combination with irinotecan
in colon cancer®® together with receptor tyrosine kinase inhibitors like
lapatinib combined with capecitabine in breast cancer. Key factors
underpinning such combinations include tolerability and avoidance
of possible pharmacokinetic interactions, and there is often no com-
pelling biological rationale underpinning them*%>°. Although it may
seem reasonable to combine a targeted agent with the standard of care,
the experience from breast cancer teaches us that the concomitant
administration of a hormonal agent with chemotherapy might show
a trend toward an inferior result; in such cases these agents may be
better used in sequence rather than in combination®!.

There are exceptions where the molecularly targeted drug is specifi-
cally intended not to have single-agent activity (at least in most cancers)
but rather to enhance the activity of co-administered cytotoxic chemo-
therapy. An example is the use of checkpoint kinase 1 (CHK1) inhibi-
tors®? in combination with chemotherapy drugs, such as DNA damaging
agents gemcitabine (Gemzar) or irinotecan, where the therapeutic modu-
lator is designed to exploit defective cell cycle checkpoints in cancer.

Current combinations of molecularly targeted drugs

There are multiple potential approaches to the combination of targeted
drugs (Table 1). Targeting more than one related oncogenic receptor
tyrosine kinase, or inhibiting the same receptor in more than one way, is
arational approach to increase activity or overcome resistance. An inter-
esting example is the case of trastuzumab resistance in HER2-amplified
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Table 1 Clinical trials evaluating combinations of molecularly targeted agents

Drug combination Biological rationale Patient population likely to benefit Stage
Targeting same family of RTKs in more than one way
Pertuzumab + trastuzumab + docetaxel Resistance to trastuzumab (targeting HER2) is mediated by HERZ amplified breast cancer Approved
versus placebo + trastuzumab + docetaxel continued HER2/HER3 dimerization; pertuzumab acts at June 2012
(CLEOPATRA; NCT00567190) different site on HER2 from trastuzumab to inhibit dimerization.
Trastuzumab + AUY922 (NCT01271920) Resistance to trastuzumab (targeting HER2) is mediated by HERZ2 amplified breast cancer Phase 1
truncated p95HER2; by inhibiting HSP90, AUY922 will cause
degradation of all forms of HER2 and also overcome other
resistance mechanisms.
‘Vertical’ targeting of RTK and downstream effectors
Everolimus + trastuzumab + vinorelbine Resistance to trastuzumab (HERZ2 inhibitor) is mediated by HERZ2 amplified breast cancer Randomized
versus placebo + trastuzumab + vinorelbine PIK3CA mutation or PTEN loss; everolimus is an mTOR/PI3 phase 3
(BOLERO-3; NCT01007942) kinase pathway inhibitor.
GSK2118436 + GSK1120212 (NCT01072175) MEK activation by COT and CRAF is a mechanism of resistance BRAF mutant melanoma and Phase 1
to BRAF inhibitors e.g., GSK2118436; this can be overcome colorectal cancer
using MEK inhibitors such as GSK1120212.
‘Horizontal’ targeting of parallel pathways
MK2206 + selumetinib (NCT01021748) AKT activation is a mechanism of resistance to selumetinib KRAS mutant NSCLC Phase 1
and other MEK inhibitors; MK2206 is an AKT inhibitor.
GDC-0941 + GDC-0973 (NCT00996892) PI3K pathway activation is a mechanism of resistance to Dual PIK3CA/KRAS Phase 1

GDC-0973 and other MEK inhibitors; GDC-0941 can overcome

this by inhibiting P13 kinase.

mutant colorectal cancer

Trials listed above are examples of combinations of molecularly therapeutic agents that target the same receptor tyrosine kinase, target a signal transduction pathway at different

nodes or target multiple signal transduction pathways. RTK, receptor tyrosine kinases.

breast cancer. Mechanisms of resistance include continued ligand-
induced signaling due to HER2-HER3 dimerization®3, which has been
targeted by combining the two differentially acting HER2 antibodies
trastuzumab and pertuzumab (Perjeta)>* in the randomized phase 3
CLEOPATRA trial involving over 800 patients (NCT00567190) which
led to the recent approval of the triple combination of the two antibodies
plus docetaxel. Alternatively, the expression of the truncated p95-HER?2,
which lacks the trastuzumab binding site, also results in trastuzumab
resistance. This and other resistance mechanisms could be targeted by
the combination of trastuzumab with HSP90 inhibitors that potently
degrade HER2 (and additional oncogenic client proteins), which is
highly dependent on the molecular chaperone for its function and
stability®>. This approach has been used successfully in HER2-positive
breast cancer with the first-generation HSP90 inhibitor 17-AAG (tane-
spimycin)®® and is now being investigated in current clinical trials
with improved non-geldanamycin HSP90 inhibitors, such as AUY922
(ref. 57) (NCT01271920). Although the pleiotropic effects of HSP90
inhibitors are expected to reduce the opportunity for resistance to
occur, de novo and acquired resistance to tanespimycin is associated
with reduced metabolic activation of its quinone group to produce the
potent hydroquinone form, mediated by loss of expression or selection
for an inactive polymorphic form of NQO1/DT-diaphorase, a possibil-
ity absent with nonquinone chemotypes like AUY922 (refs. 58,59).
Activation of oncogenes and inactivation of tumor suppressor genes
downstream of a membrane receptor frequently leads to pathogenic
activation of oncogenic signal transduction pathways. Efficacy of
targeted therapies may be enhanced, or resistance overcome, by simulta-
neous combinatorial targeting of the receptor and a downstream signal
transduction pathway. Combinatorial options are sometimes described
as ‘vertical’ (within an oncogenic pathway) or ‘horizontal’ (across two
such ‘parallel’ pathways), although in reality signaling outputs operate in
complex networks that need to be understood more fully (see below).
An example of vertical oncogenic pathway targeting is the discovery
of mechanisms of trastuzumab resistance through activating muta-
tions of the PIK3CA oncogene, which encodes the p110o isoform of
phosphoinositide-3 (PI3) kinase®, or loss of expression of the opposing

phosphatase, the tumor suppressor PTEN®!. The combination of an
mTOR (mammalian target of rapamycin) inhibitor, which is one of
several possible PI3 kinase pathway inhibitors (e.g., the rapamycin
analog everolimus), with trastuzumab is currently being evaluated
in HER2-amplified breast cancer in the ongoing BOLERO-3 trial
(NCT01007942). Because the androgen receptor pathway remains
the major oncogenic driver in metastatic castrate-resistant prostate
cancer, as demonstrated by the efficacy of the CYP17 inhibitor abi-
raterone (Zytiga)®? and the highly potent androgen receptor antago-
nist enzalutamide (MDV3100)%3, combinatorial vertical targeting of
the pathway is now recognized to be important.

One example of the rational, horizontal, combinatorial targeting
of parallel oncogenic signaling pathways is based on the observation
of increased phosphorylation of the kinase AKT (functioning down-
stream of P13 kinase), in preclinical NSCLC models as a mechanism of
resistance to allosteric inhibitors of another kinase MEK (MAP kinase
kinase), which operates downstream of RAS and RAF in the ERK1/2
MAP kinase pathway%4%°. Preliminary efficacy of the combination of
the MEK inhibitor AZD6244 and the allosteric AKT inhibitor MK2206
(ref. 66) has been demonstrated in NSCLC in ongoing hypothesis-testing
phase 1 trials (NCT01021748). Indeed, combining drugs to overcome
feedback loops that are activated by a given molecularly targeted agent
has attracted considerable interest. Another topical example of this
is the co-administration of monoclonal antibodies targeting insulin-
like growth factor receptor 1 (IGFR-1) to prevent the insulin receptor
substrate 1 (IRS1)-mediated feedback loop activating AKT that occurs
after treatment with an mTOR inhibitor®”:%8, This approach is being
explored clinically in promising ongoing studies with combinations
such as dalotuzumab plus ridaforolimus®® (NCT01234857).

Although therapeutic benefit may be observed, the ever-present
problem of additive on-target toxicity has led to the failure of
combinations of two different anti-angiogenic vascular endothelial
growth factor (VEGF) targeting agents, namely bevacizumab
(Avastin) and sunitinib (Sutent), which caused hypertension and
hemolytic anemia’®. In contrast, the vertical pathway combination
of BRAF (GSK2118436) and MEK (GSK1120212) inhibitors—which
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has a sound rational basis in seeking to overcome several of the iden-
tified mechanisms of resistance to BRAF inhibitors as well as block-
ing the undesirable paradoxical activation of CRAF in healthy cells
(through RAF dimer formation) following treatment with BRAF
inhibitors’!72—has led to additive activity against melanoma with
surprisingly manageable skin toxicity and encouraging efficacy’>.

Targeting multiple pathways and hallmark cancer traits
Individual targeted agents that simultaneously affect multiple onco-
genic signal transduction pathways could be used either as single
agents or in combination with other anti-signaling drugs to yield
even more powerful antitumor effects and block the induction of
resistance mechanisms. A range of receptor kinase inhibitors, such as
sorafenib (Nexavar), vandetanib (Caprelsa), foretinib and regorafenib
have more than one target (by serendipity or design) and are known
to be effective in clinical settings’*77. The polypharmacology of
kinase inhibitors can be revealed by kinase profiling technology
although de novo design of a required kinase selectivity profile can
be challenging’®. Of considerable current interest is the optimal selec-
tivity profile of class I PI3 kinase inhibitors and in particular the
potential therapeutic advantage and side effects of simultaneously
inhibiting mTOR as well as P13 kinase”®.

As mentioned previously HSP90 inhibitors are good examples of
targeted pleiotropic drugs, as they were designed to deplete multi-
ple oncogenic client proteins and thus combinatorially block many
cancer-supporting signal transduction pathways and cancer hall-
marks®7-8%81_ Clinically, these agents have shown utility when used
particularly to target the relevant driver HSP90 client oncoprotein,
including amplified HER2 in breast cancer, mutant EGFR and ALK
fusions in NSCLC, mutant BRAF in melanoma, and the androgen
receptor in prostate cancer, in addition to other signaling proteins
such as AKT?2. Moreover, HSP90 inhibitors have major advantages
in targeting drug-resistant alleles and overcoming or preventing
resistance through multiple mechanisms, and might be used in
combination with other targeted agents, especially those acting
on the same driver HSP90 clients in the above cancers®2.

Combination approaches might also include drugs that act on epi-
genetic processes, including histone deacetylase inhibitors®>%3, and
other chromatin-modulating enzymes, such as demethylases, that
could counteract the resistance that is associated with a chromatin-
mediated, reversible drug-tolerant state in cancer cell subpopulations
that have stem cell-like features®4.

Most cancer drug discovery and development is focused on targeted
agents that induce apoptosis or cell cycle arrest in malignant cells.
However, combinations of agents that individually modulate the mul-
tiple malignant hallmarks of cancer, including invasion, angiogenesis
and metastasis, together with tumor metabolism and proteostasis, as
well as those that affect other aspects of the tumor microenvironment
or stimulate the immune response (e.g., CTLA-4 inhibitor ipilimumab,
Yervoy, in melanoma??), could also be very powerful when added to
drug combinations by striking simultaneously at the multiple malign
phenotypic behaviors of cancer cells®*~88,

Unbiased approaches to drug combinations

Although hypothesis-driven and candidate empiric approaches are
important, systematic high-throughput unbiased screening strategies
provides a complementary approach to identifying effective drug
combinations. Combination high-throughput screening of all licensed
drugs has been carried out in an attempt to discover unexpected syn-
ergistic interactions®. This is exemplified by the combination of the
antiparasitic agent pentamidine (NebuPent) and the phenothiazine
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antipsychotic chlorpromazine (Thorazine) which exert dual synergistic
anti-mitotic effects in cancer cells?®°!. Such an unbiased approach can
reveal unexpected and promising combinations of already licensed
agents that can be progressed rapidly to the clinic.

A recent chemical genomic screen identified transcriptional
repressors, including anthracyclines like doxorubicin (already in
clinical use), that selectively downregulated the anti-apoptotic protein
MCLI1°2. The gene encoding MCL1 is frequently amplified in human
cancer. This apoptosis-modulating activity might explain the activity
of anthracyclines in clinical drug combinations. In the same study,
high BCL-xL expression was identified as a potential predictive
biomarker for use in patient selection.

As an alternative to chemical screening, another unbiased strategy is
to conduct systematic genome-wide loss- or gain-of-function screens
in tumor cells where the objective is to identify genes for which RNA
interference (RNAIi) silencing or cDNA overexpression results in
sensitivity or resistance to cancer drugs®>°4. Extensive efforts have
been focused on genetic interaction screens with gene knockouts or
RNAI in microbial systems, with implications for cancer targets®>°.
Success has also been achieved using similar screens in cancer cells.
For example, the PI3K pathway was identified as a determinant of
trastuzumab resistance in breast cancer®’, and CDK10 was identified
as an important determinant of resistance to tamoxifen®® using large-
scale screening of RNAI libraries.

Recently, another unbiased large-scale RNAi screen identified feed-
back activation of EGFR as a cause of resistance of colon cancer cells
to BRAF inhibition, suggesting the use of a combination of BRAF and
EGFR inhibitors in BRAF mutant, EGFR-expressing colon tumors®®.
Additionally, an overexpression kinome screen identified COT,
CRAF and genes encoding receptor tyrosine kinases as genes able to
cause resistance to BRAF inhibition, again suggesting actionable com-
bination strategies, including the use of MEK, tyrosine kinase and
HSP90 inhibitors37-3,

We are now seeing an increasing use of massively parallel next-
generation sequencing of whole exomes and genomes to discover
genes that are likely to be involved in resistance, both in tumor-
derived cancer cell lines and in cancer tissue obtained from patients
treated with targeted agents'>!4. Automated large-scale screen-
ing of cancer drugs in extensive panels of hundreds of genetically
annotated cell lines could also be adapted to identify promising
combinatorial regimens and the mechanistic underpinnings of such
effective drug combinations that would inform patient selection using
predictive biomarkers!0%101,

Computational approaches to identify targeted combinations

Computational methods are being applied to explain and predict both
therapeutic resistance and potential drug combinations, particularly
to maximally exploit the full depth of high-throughput experimental
data. Historically, the Loewe additivity model!?? allowed the pre-
diction of the maximum effect of combined drugs based on their
individual drug-response functions. Later, the Goldie-Coldman
hypothesis was used to explain the emergence of drug resistance
based on the genetic instability of the cancer cells, and predicted that
this problem can only be tackled by combining non-cross-resistant
chemotherapies!®®. Loewe’s model was expanded in Chou and
Talalay’s combination index, which allowed quantifying synergy,
additivity or antagonism!%4. Based on the median-effect principles
of the mass action law, enzyme kinetics were incorporated into the
model to allow prediction of the degree of inhibition by the com-
bined drugs, assuming that they acted through the same mechanism
with no allostery. Additionally, a general solution by Berenbaum1°
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In view of the many opportunities and high
costs of clinical trials (from $50-100 million
for a large randomized phase 3 study), it is
important that prioritized drug combinations
are evaluated in carefully planned, hypothesis-
testing, biomarker-rich clinical studies. All
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early trials of new agents should, wherever
possible, involve the use of predictive and/or
enrichment biomarkers for patient selection
together with pharmacodynamic biomarkers
to assess target and pathway modulation in
a Pharmacologic Audit Trail'®!®. Moreover,

>
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A
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special considerations apply to drug combina-
tions, because careful attention to principles
of patient selection, dose, schedule, exposure
and target engagement alongside tolerability
and efficacy is crucial to success. For exam-
ple, such careful studies might in some cases
predict the relative benefits of intermittent

N\

~/ or pulsatile dosing rather than simultaneous
co-administration!#’. It is critical to know

Figure 5 The evolution of strategies and technologies for evaluating drug combinations. The near

future will see the advent of cocktails of molecularly targeted combinations that are rationally
defined based on deep profiling of the patient and adapted in response to longitudinal molecular
follow-up. The syringe symbol indicates cytotoxic chemotherapy and the target symbol indicates

molecularly targeted therapy. MTD, maximum tolerated dose.

if the molecular targets and pathways being
modulated are hit hard enough and for long
enough, as indicated from previous preclini-
cal and clinical data!48.

setting, including host-stromal interactions and immune responses.
Human tumor xenografts molecularly characterized for genomic driv-
ers and vulnerabilities are very useful, and their value can potentially
be increased with early passage and orthotopic refinements!4.

The new generation of genetically engineered mouse models is
proving increasingly relevant and useful because they mimic sponta-
neous and autochthonous cancer progression!42143, Recent studies of
such models with oncogenic KRAS-driven lung and pancreatic adeno-
carcinoma showed that they can closely phenocopy human therapeu-
tic responses to standard-of-care treatment regimens!'#4. Genetically
engineered mouse models have clear potential for discovering predic-
tive biomarkers, gaining mechanistic insights into drug resistance in
human cancers and predicting clinical outcomes, particularly for drug

NATURE BIOTECHNOLOGY VOLUME 30 NUMBER 7 JULY 2012

Whereas phase 1 combination studies have
been typically based on individual single-
agent trials that defined the maximum tolerated and recommended
doses together with optimal pharmacokinetic-pharmacodynamic
profiles, clinical investigators carrying out early trials with drug
combinations often now employ flexible designs that allow creative
escalation or de-escalation of the doses of the component drugs, again
with careful attention to drug exposures and target engagement!48,
Daily, weekly or intermittent dosing, potentially with drug holidays
if required, can be used to manage toxicity. The overall aim is to get a
dose and schedule that is not only effective in terms of optimal phar-
macokinetic-pharmacodynamic effects, but also well tolerated. Based
on modeling and network biology approaches, we are likely to have
to carry out trials where individual agents demonstrate therapeutic
activity only when used in appropriate combinations.





