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Abstract
Although better science and technology has been linked with better health care, however,

reality is much different. Although America and most of Europe are equipped with most

advanced science and technology, paradoxically cancer incidence is highest in the world.

This indicates that science and technology alone is not sufficient in treating diseases like

cancer. It is also now well recognized that more than 95% of the drugs/compounds that kill

either cancer cells in culture or regress the tumors in animals, fail in phase I clinical trials in

humans, indicating that most pre-clinical models of cancer are inadequate. In addition, most

of the anticancer drugs that are approved by the regulatory agencies such as FDA either has

no effect on the overall survival of the cancer patient or may provide an increase in few

months in overall survival. This is despite the fact that most targeted therapies that are

currently available are highly expensive; thus suggesting the lack of affordability. This

review is meant to focus on some of these problems in detail and then provide potential

solutions since most cancers are caused by multiple genes, and thus multi-targeted ther-

apies are needed such as natural products which are inexpensive, safe and have been used

for thousands of years for both prevention and treatment of cancer.
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Introduction

Cancer is a group of more than 200 neoplastic diseases,
caused by diverse deregulated cell signaling cascades.1 It
represents the leading causes of morbidity as well as mor-
tality across the globe and over the coming two decades, its
incidence is predicted to increase by approximately 70%.2,3

Among all the cancers, lung cancer is reported to be most
commonly diagnosed one followed by female breast cancer,
prostate cancer, and colorectal cancer. Notably, lung cancer
also represents the most common cause of death due to
cancer followed by colorectal cancer, stomach cancer, and

liver cancer.4 Further, lung cancer is the most common
cancer and the leading cause of cancer death among
males, whereas breast cancer is the most commonly diag-
nosed cancer and the leading cause of cancer death among
females.4,5 Consumption of tobacco and alcohol, obesity,
insufficient physical activity, exposure to ultraviolet radia-
tion, and various dietary factors which include insufficient
fruit, non-starchy vegetables, and fiber; red/processed
meat are predicted to be strongly associated with the risk
of diverse cancer types.6–8 Cancer occurs as a result of the
dysregulation of as many as 500 different genes which may

Impact statement
The success rate for cancer drugs which

enter into phase 1 clinical trials is utterly

less. Why the vast majority of drugs fail is

not understood but suggests that pre-

clinical studies are not adequate for human

diseases. In 1975, as per the Tufts Center

for the Study of Drug Development, phar-

maceutical industries expended 100 mil-

lion dollars for research and development

of the average FDA approved drug. By

2005, this figure had more than quadru-

pled, to $1.3 billion. In order to recover their

high and risky investment cost, pharma-

ceutical companies charge more for their

products. However, there exists no corre-

lation between drug development cost and

actual sale of the drug. This high drug

development cost could be due to the

reason that all patients might not respond

to the drug. Hence, a given drug has to be

tested in large number of patients to show

drug benefits and obtain significant results.

ISSN 1535-3702 Experimental Biology and Medicine 2019; 244: 663–689

Copyright ! 2019 by the Society for Experimental Biology and Medicine

mailto:kunnumakkara@iitg.ac.in


happen over a very long duration of time (20–30 years) till
the symptoms become apparent.1 Large-scale sequencing
of human cancer genome has revealed 1007 somatic muta-
tions in 274 megabases of DNA which corresponds to the
coding exons of 518 protein kinase genes in 210 different
human cancers comprising of 169 primary tumors, two
early cultures, and 39 immortal cancer cell lines. The major-
ity of the somatic mutations are predicted to be ‘‘passen-
gers’’ with no role in the development of cancer, whereas
“driver” mutations were well evinced to play role in onco-
genesis.9 These mutations can be of different classes such as
missense mutations, silent mutations, nonsense mutations,
frame-shift mutations, insertions/deletions, and
non-coding mutations. Among these, single nucleotide
mutations aremost common in kidney clear-cell carcinoma,
hepatocellular carcinoma, acute myeloid leukemia, colorec-
tal carcinoma, glioblastoma multiform, and endometrial
carcinoma excluding the serous-like subtype. On the
other hand, majority of lung and head and neck squamous
cell carcinomas and all serous ovarian and breast carcino-
mas display copy-number variations.10 Notably, not only
the variants in protein-coding regions of the genome but
also the somatic and germline variants occurring in
non-coding parts play important role in promoting tumoro-
genesis by affecting gene expression through diverse mech-
anisms.11 An integrative analysis of a total of 930 tumor
whole genomes and matched transcriptomes identified a
network of 193 non-coding loci in which mutations were
found to disrupt the expression of target gene.12 Clustered
regularly interspaced short palindromic repeats (CRISPR)
barcoding also offers a well-suited method to functionally
annotate specific mutations and study the sub-clonal muta-
tions’ dynamics in heterogeneous tumor populations.13 A
recent meta-analysis performed at the Broad Institute
which includes 2957 whole exomes and 126 whole genomes
from 27 cancer types clearly depicted the mutational het-
erogeneity in diverse cancer types.14 Further, Roerink et al.
carried out a study to examine the nature as well as extent
of intratumor diversification by characterizing organoids
obtained from various single cells from three colorectal
cancers and adjacent normal intestinal crypts. They found
that colorectal cancer cells exhibited mutational diversifica-
tion with more somatic mutations compared to normal
colorectal cells.15

Cancer progresses in a stepwise fashion where the initi-
ated cells, nodules, polyps or the development of papillo-
mas progress further leading to more malignant condition.
As mentioned, altered gene expression and their aberrant
function are the key features of cancer. The alteration of
proto-oncogenes into oncogenes may give rise to malignan-
cy. Further, mutations can also convert proto-oncogenes
into carcinogenic oncogenes.16,17 For instance, mutations
in ras gene is observed in diverse tumors with varied inci-
dence rate. Mutations in 12, 13, or 61 codon of one of the
three ras genes namely, K-ras H-ras, and N-ras convert them
into active oncogenes. Importantly, the highest incidences
have been reported in adenocarcinomas of the pancreas
(90%), whereas 50% in the colon and thyroid tumors and
30% in case of lung tumors and myeloid leukemia.18

Further, activation of nuclear factor kappa B (NF-jB) has

also been linked with multiple processes in cancer cells
such as proliferation, invasion, metastasis, angiogenesis,
chemoresistance, and radioresistance.17,19,20 Another
important signal which is reported to get overactivated in
diverse range of tumors is phosphatidylinositol 3,5 tri-
sphosphate production by phosphatidylinositol 3-kinase
(PI3K), which in turn elicits a cascade of cellular responses
including growth, proliferation, survival, and motility of
cells ultimately leading to tumor progression.21 Further,
dysregulation of the Keap1-Nrf2 pathway which is actively
involved in the regulation of cytoprotective responses to
oxidative and electrophilic stress was also reported in
cancer cells.22 Again, Wnt signaling is another key cascade
involved in the regulation of development and stemness,
was found to play predominant role in different cancer
types.23 In addition, different oxygen-derived species like
hydrogen peroxide, superoxide radical, hydroxyl radical,
and singlet oxygen are implicated to have active role in
carcinogenesis.16 Furthermore, germline polymorphisms
or mutations in DNA damage response (DDR) genes may
also lead to the development of cancer.24

Problems with pre-clinical models for
human cancer

The paradigm of translational oncology has shifted remark-
ably over the past decade, characterized by the launching of
highly sophisticated molecular tools into the clinic.25

However, there exists a missing connection between pre-
clinical data and clinical findings. Although, a significantly
huge amount of money is spent in the pre-clinical settings
for target validation and drug optimization, most of the
therapies fail in the clinical trials till date. This can be due
to the reason that the models used in the pre-clinical setting
are not the adequate ones to effectively mimic human
responses.26

Cell lines

Almost three-fourth of the total publications in cancer
research are based on the application of 112 different cell
lines.9 There are multiple reasons behind the usage of
cancer cell lines as pre-clinical model of cancer such as
they are cost-effective, immortalized, mostly homoge-
neous, easily perpetuated, and genetically alterable.
Further, they possessed several intrinsic characteristics of
cancer and have many genetic profiles and genomic mod-
ifications similar to that of primary human cancers.27,28

Further, cell lines confidently recapitulate the oncogenic
alterations such as integrating somatic mutations, DNA
methylation, copy number alterations, and gene expression
identified in tumors. Moreover, it exerts usefulness in cor-
relating the drug sensitivity/resistance with the alterations
indicating the significance of tissue lineage in regulating
drug response.29 Owing to these, they possess manifold
intrinsic advantages for cancer research and development
of novel cancer therapies. Notably, although highly conve-
nient, these models are associated with several limitations
as well.9,27 For example, existence of genomic instability
which may result in differences between the original

664 Experimental Biology and Medicine Volume 244 May 2019
...............................................................................................................................................................



tumor and the respective cell line, culture conditions that
can alter the morphology, gene expression pattern, genomic
profile, cellular pathways and culture environment from
that of the original tumor, loss of natural tumor heteroge-
neity, etc.27 Further, the generic transformations that occur
upon culturing of the cancer cells are not restored when
regrown in vivo. Besides, cancer cells in the in vitro condi-
tion grow in absence of stroma which include lymphatic
vessels and blood, associated fibroblasts and immune
cells, and lack a complex extracellular matrix. Therefore,
in vitro data often exhibits fundamental mismatch with
those obtained from clinical findings and hence this can
be regarded as one prime reason behind the failure of
novel drug development.28 In a study conducted by
Pathak et al. suggested that in order to evaluate the efficacy
of a novel compound against cancer, the use of only murine
cells is not sufficient but a variety of cancer cells, including
those of human origin should be used. They observed that
anvirzel, an extract of oleander (Nerium oleander), and ole-
andrin, the compound derived from it, effectively killed
human cancer cells, but were unable to do the same in
murine cancer cells. From these results, it is evident that
anvirzel and oleandrin function in a species-specific
manner and hence evaluating their effect only in murine
cells will not help in getting proper idea of their effective-
ness against human cancers.30

Animal models

Not only with in vitro, there are several problems associated
with the in vivomodels of cancer as well. For in vivo studies,
different small-animal models of human cancer have been
generated such as inbred strains that develop cancer spon-
taneously, rodents wherein cancer is induced through post-
natal exposure to chemical mutagens or intrauterine, and
mice in which tumors are induced with the help of bacterial
or viral infection.31 Mice and humans are believed to pos-
sess various notable similarities naturally as they are
known to have diverged from each other.32 Hence various
mouse models are extensively used in cancer research as
they provide prime resource for cancer chemoprevention
studies as well for developing novel cancer therapeutics
through recapitulation of human disease in mice and also
enabling the researchers to study both normal and aberrant
gene interactions in different tumor types.33 The most com-
monly used animal model is athymic nude mice model
because they have inhibited immune system due to
which they are unable to reject human tumors. Besides,
transgenic, gene knock out, xenograft, orthotopic, zebra-
fish, and several other animal models are used for carrying
out different experiments.9 These models are extensively
used to study the processes of carcinogenesis, role of spe-
cific gene target in cancer together with cancer drug devel-
opment and thus they offer a strong basis for evaluating the
various aspects of translational and clinical oncology.9,28

The foremost shortcomings of the use of these animal
models are their inability to recapitulate the link between
the tumor and its microenvironment completely and the
requisite of an immunocompromised host.31 Basically,
these animal models do not have the ability to reflect all

the features of human cancer impeccably. This can be attrib-
uted to the presence of non-malignant cells and extracellu-
lar matrix within the microenvironment for the
maintenance of tumor. Notably, the interactions between
malignant and non-malignant cells decide the tumor fate
and which in turn determines novel therapeutic regimen.
However, replacement of these individual components
with animal counterparts in the tumor site may change
the tumor microenvironment remarkably. Further, inhib-
ited immune system of animals in order to avoid rejection
of human implants results in compromised normal func-
tion of the immune cells in the tumor microenvironment.28

The risks of over dependence on mice has been highlighted
in a recent ‘experiment of nature’ wherein the mice defi-
cient in RIPK1, a protein kinase that regulates cell death,
immediately died right after birth due to the essential role
of RIPK1. However, this deleterious effect of RIPK1 was not
observed in case of patients with inactivated RIPK1 gene as
the loss of RIP1 solely induced immunodeficiency in
the human.34

In addition, cell line xenograft models possess multiple
limitations despite their diverse range of applications such
as genomic divergence upon extensive passages like dif-
fered gene expression, chromosome rearrangements, kar-
yotype alterations, and disrupted growth rates.28 Recently,
patient-derived xenograft (PDX) mice models have gained
notable attention in cancer research. However, the engraft-
ment rate of different cancer tissues into mouse is highly
variable and therefore some human tumor subtypes are not
represented in these PDX mouse collections.35 Notably,
latest advances in the in vitro 3D culture techniques such
as organoids have offered new opportunities to develop
more physiological and novel human cancer models for
translation of basic cancer research into novel treatment
approaches for patients with cancer.36 Further, human
organ chips which recreate organ-level physical microen-
vironments, tissue–tissue interfaces, and vascular perfu-
sion also helps in studying tissue development and
pathophysiology. It serves as an important tool for studying
how molecular, cellular, physical, and chemical cues work
alone as well as together, to impact human tissue develop-
ment and disease.37

Failure of most anticancer drugs in phase I
trials in human

Despite the advances in understanding of cancer biology
and deriving different novel therapeutic targets, the trans-
lation of these understanding into therapies is poor due to
higher failure rate (90%). The high failure rate could be due
to non-consideration of factors such as clinical translation,
drug delivery, drug pharmacokinetics, pre-clinical models,
and tumor physiology, which are critical factors.38

Phase I trials in human are carried out to evaluate the
safety and determine the maximum tolerated dose (MTD)
of the drug of interest. While carrying out the same, the
investigators of the trial must attribute the adverse effects
as related or unrelated to drug studied. In general, the side
effects related to drug studied are only taken into consid-
eration which defines the MTD.39 These adverse events are
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known as dose-limiting toxicities (DLTs) which change
according to the cancer types and the studied drug and
should be pre-defined clearly before starting the study.
Notably, the toxicities generated should not be life-
threatening or irreversible to be regarded as DLTs; they
simply have to be severe enough to terminate the treatment
with that dose of the drug.40

Challenges associated with phase I trials

Phase I oncology trials are associated with several inherent
challenges. Patients who did not respond to the all existing
standard therapies are generally enrolled in this phase of
trial. Therefore, there exist very limited treatment options
for them with utterly short-life expectancy.41 Over the last
two decades, a good deal of studies have entered from pre-
clinical to the phase I trial in human. However, the response
rate obtained was around 4–10% only with a median over-
all survival (OS) of six months.42 For instance, Smith et al.
conducted two phase I clinical trials on the combination of
idelalisib, rituximab, and lenalidomide in follicular lym-
phoma and mantle cell lymphoma. The doublets lenalido-
mide–rituximab and idelalisib–rituximab were combined
safely and found effective in several clinical lymphoma
settings. But several adverse effects such as fevers, hypo-
tension, and rash, hepatotoxicity and pulmonary infiltrates
were observed. Therefore, both the trials were dismissed.43

Another phase I trial was conducted to access the safety
and tolerability of idelalisib, lenalidomide, and rituximab
in case of relapsed and refractory lymphoma. The trial
enrolled a total of 11 patients of whom three had mantle
cell lymphoma and eight had follicular lymphoma. In this
trial, four patients were found to experience dose-limiting
toxicities after 9–20 days of initiation of treatment, coincid-
ing with rituximab infusions. Therefore, both studies were
amended to eliminate rituximab, however two patients
developed grade 3 rashes and for one patient grade 3 aspar-
tate aminotransferase elevation was reported. As this trial
was unsuccessful in meeting the primary endpoint of safety
and tolerability, it was terminated. Collectively, this phase I
trial led to the interpretation that the combination of idela-
lisib, lenalidomide, and rituximab is highly toxic and these
trials serve as warning notes as new combinations are
designed.44 Further, the results of a phase I clinical trial of
BEZ235 in advanced renal cell carcinoma (RCC) patients
was reported by Carlo et al. in the year 2016. BEZ235 is a
dual pan-class phosphoinositide 3-kinases (PI3K) and
mammalian target of rapamycin (mTOR) inhibitor which
is presently undergoing phase I/II clinical trials in solid
tumors and hematologic malignancies. In this study,
Carlo et al. reported increased administration of BEZ235
resulted in increased incidence of grade 3–4 side effects in
50% of the patients without objective responses in the
evaluable patients. As pan-PI3K inhibitor attempts to stop
the effect of total PI3K in tumor, it fails to exploit depen-
dency to a particular isoform which in turn could avoid
redundant effects through inhibition of other isoforms
which have no role to play.45,46 Therefore, a new clinical
trial is undergoing to assess the effectiveness of isoform
specific PI3Ka inhibitor namely BYL719, together with

everolimus in advanced RCC and pancreatic neuroendo-
crine tumor (PNET) patients.45 Therefore, besides, effec-
tiveness, emerging toxicities, and tolerability issues
should be cautiously evaluated while assessing the biolog-
ical agents either alone or in combination and should strict-
ly be performed in clinical setting.

Attrition and phase I trials

Importantly, attrition is the foremost concern in anticancer
drug development as up to 95% of drugs checked in phase I
trials are not achieving themarketing authorization causing
the process of drug development an extremely inefficient
and costly affair.47 In the United States, drug costs are also
the focus of political discourse.48 It is imperative that this
problem is addressed throughout the entire drug develop-
ment process in order to improve efficiency which will con-
sequently benefit the patients with more profitable drugs.
Mainly three approaches must be followed to decrease the
cancer drug attrition rates; first better pre-clinical models
must be included for the study, secondly clinical trials must
incorporate the predictive and pharmacodynamic bio-
markers and there should be more collaboration between
the industry, academia, and regulators to guarantee that the
interests of all the stakeholders are met.47

Efficacy of anticancer drugs approved and
patient survival

Cancer is an utterly complex cluster of diseases with com-
plicated processes of clinical development for onco-
therapies. Before a new drug or biologic finally gets
approved by the Food and Drug Administration (FDA), it
passes through ample in vitro and in vivo research, and clin-
ical trials spanning several years. Due to the complexity of
cancer, clinical research for these anticancer drugs takes
around 1.5 years on average longer than drugs for other
diseases.49 Long time taken for developing novel cancer
therapeutics can partly be attributed to the slow progress
in clinical development.50 In the last two decades, the
number of therapeutic regimens developed against cancer
has doubled annually which can be attributed to the
marked improvements achieved in cancer research through
human genome sequencing, identification of vital signaling
pathways, growth factors, and their receptors resulting in
approximately 1884 phase I, 3436 phase II, and 1025 phase
III cancer clinical trials49 (Table 1). But surprisingly, the suc-
cess rate for cancer drugs from phase III clinical trials to
final approval remains as low as 3.4% only.52 A recent study
reported that drugs and agents against cancer which are
sponsored by small and medium-size companies possess
remarkably less chance of getting approved. Not only that,
the extent of benefit obtained in a clinical trial is found to be
often less compared to the one predicted at the time of trial
design as evinced by an analysis of 235 recently published
data of phase III randomized clinical trials (RCTs), where
62% of the trials failed to obtain statistically significant
results.53 As a matter of fact, the median progress in sur-
vival of patients with solid tumors treated with 71 drugs
was found to be 2.1 months only.54

666 Experimental Biology and Medicine Volume 244 May 2019
...............................................................................................................................................................



Table 1. Efficacy of drugs against cancer approved by FDA in the last 10 years.

Drug Cancer Trial Efficacy

Drugs approved in 2018

Abemaciclib (VERZENIO) vs. PBO Breast cancer MONARCH 3 28.2 vs. 14.8 moa

Abiraterone acetate (Zytiga)þprednisone CSPC LATITUDE Median OS was not estimable

Afatinib (Gilotrif) NSCLC LUX-Lung 2, 66%b

LUX-Lung 3,

LUX-Lung 6

Apalutamide (Erleada) vs. PBO Prostate cancer SPARTAN 40.5 vs. 16.2 mod

Brentuximab vedotin (Adcetris)þChemotherapy vs.

chemotherapy

cHL ECHELON-1 Median PFS was not reached

Bevacizumab (Avastin)þCP vs. CP Ovarian cancer GOG-0218 12.8 vs. 12.0 moa; 43.8 vs.

40.6 moc

Cemiplimab-rwlc (LIBTAYO) CSCC R2810-ONC-1423,

R2810-ONC-1540

47%b (metastatic); 49%b

(locally advanced

Dabrafenib (TAFINLAR)þ trametinib (MEKINIST)

vs. PBO

Melanoma COMBI-AD Improved RFS in treatment

Dabrafenibþ trametinib Thyroid cancer BRF117019 61%b

Dacomitinib vs. gefitinib NSCLC ARCHER 14.7 vs. 9.2 moa

Durvalumab (Imfinzi) vs. PBO NSCLC PACIFIC 16.8 vs. 5.6 moa

Duvelisib (COPIKTRA) vs. ofatumumab CLL, SLL NCT02004522 16.4 vs. 9.1 moa; 78% vs. 39%b

Encorafenib (BRAFTOVI)þbinimetinib (MEKTOVI)

vs. vemurafenib

Melanoma COLUMBUS 14.9 vs. 7.3 moa; 63% vs. 40%b

Enzalutamide (XTANDI) vs. PBO CRPC PROSPER 36.6 vs. 14.7 mod

Iobenguane I 131 (AZEDRA) PPGL Study IB12B –

Ipilimumab (YERVOY)þNivolumab CRC CheckMate-142 46%b

Ivosidenib (Tibsovo) AML AG120-C-001 32.8%g

Lenvatinib (Lenvima) vs. sorafenib HCC REFLECT 7.3 vs. 3.6 moa; 13.6 vs.

12.3 moc

Linatumomab (Blincyto) ALL BLAST 35.2 mof (CR1); 12.3 mof (CR2)

Lutetium Lu 177 dotatate (LUTATHERA) GEP-NETs NETTER-1 16%b

Nilotinib (TASIGNA) Phþ CML-CP CAMN107A2120 MMR 64.0%

Nivolumab (Opdivo)þ ipilimumab (Yervoy)

vs. sunitinib

RCC CheckMate-214 41.6% vs. 26.5%b

Nivolumab (Opdivo) SCLC CheckMate-032 12%b

Olaparib (Lynparza) vs. chemotherapy Breast cancer OlympiAD 7.0 vs. 4.2 moa

Osimertinib (Tagrisso) vs. SOC NSCLC FLAURA 18.9 vs. 10.2 moa; 77%

vs. 69%b

Pembrolizumab (Keytruda) PMBCL KEYNOTE‑170 45%b

Pembrolizumab (Keytruda) Cervical cancer KEYNOTE-158 14.3%b

Pembrolizumab (KEYTRUDA)þPemC vs. PemC NSCLC KEYNOTE-189 8.8 vs. 4.9 moa; 48% vs.19%b

Ribociclib (Kisqali) vs. PBO Breast cancer MONALEESA-7 27.5 vs. 13.8 moa

Rucaparib (Rubraca) vs. PBO Peritoneal cancer ARIEL3 10.8 vs. 5.4 moa

Tisagenlecleucel (KYMRIAH) B-cell lymphoma JULIET 50%b; 32%g

Venetoclax (VENCLEXTA)þRTX vs.

bendamustineþRTX

CLL/SLL MURANO 92% vs. 72%b

Drugs approved in 2017

Abemaciclib (VERZENIO) Breast cancer MONARCH 1 19.7%b

Acalabrutinib (Calquence) MCL LY-004 81%b; 40%g

Alectinib (ALECENSA) vs. crizotinib NSCLC ALEX 25.7 vs. 10.4 moa; 79%

vs. 72%b

Avelumab (BAVENCIO) Urothelial cancer – 16.1%b

Avelumab (BAVENCIO) MCC JAVELIN Merkel 200 33%b

Axicabtagene ciloleucel (YESCARTA) B-cell lymphoma – 72%b; 51%g

Blinatumomab (BLINCYTO) vs. SOC chemotherapy ALL TOWER 7.7 vs. 4.0 moc

Bosutinib (BOSULIF) vs. imatinib PHþCML BFORE MMR 47.2% vs. 36.9%

Brentuximab vedotin (ADCETRIS) pcALCL vs. MTX/bexarotene ALCANZA 17 vs. 4 moa; 16% vs. 2%g

Brigatinib (ALUNBRIG) 90 mg/day vs. 180 mg/day NSCLC ALTA 48% vs. 53%b

Cabozantinib (Cabometyx) vs. sunitinib RCC CABOSUN 8.6 vs. 5.3 moa

Ceritinib (ZYKADIA) vs. Pt-pemetrexed NSCLC ASCEND-4 16.6 vs. 8.1 moa; 73%b

Copanlisib (ALIQOPA) FL Phase II 58.7%b

Dabrafenib (TAFINLAR)þ trametinib (MEKINIST) NSCLC BRF113928 63%b

Dasatinib (SPRYCEL) PHþCML Phase I & II –

Enasidenib (IDHIFA) AML AG221-C-001 23%g

Gemtuzumab ozogamicin (Mylotarg) vs. BSC AML AML-19 4.9 vs. 3.6 moc

(continued)
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Table 1. Continued.

Drug Cancer Trial Efficacy

Lenalidomide (Revlimid) vs. PBO MM CALGB 100104, 111 vs. 106 moc (CALGB);

IFM 2005-02 84 vs. 88 moc (IFM)

L-encap-DAUþARA-C (VYXEOS) vs. DAUþARA-C AML CLTR0310-301 9.6 vs. 5.9 moc

Midostaurin (RYDAPT) vs. PBO AML – Significant increase in OS

Neratinib (NERLYNX) vs. PBO Breast cancer ExteNET IDFS- 94.2% vs. 91.9%

Niraparib (ZEJULA) vs. PBO Peritoneal cancer NOVA 21 vs. 5.5 moa (BRCA mutation);

9.3 vs. 3.9 moa (no

BRCA mutation)

Nivolumab (OPDIVO) HCC CheckMate-040 14.3%b

Nivolumab (OPDIVO) CRC CheckMate-142 32%b

Nivolumab (OPDIVO) Urothelial cancer – 19.6%b

Nivolumab (OPDIVO) vs. ipilimumab Melanoma CheckMate-238 Recurrences/deaths- 34%

vs. 45.5%

Obinutuzumab (GAZYVA) vs. RTX FL GALLIUM 91% vs. 88%b

Olaparib (Lynparza) vs. PBO Ovarian cancer SOLO-21 9.1 vs. 5.5 moa

Osimertinib (TAGRISSO) vs. chemotherapy NSCLC AURA3 10.1 vs. 4.4 moa; 65% vs. 29%b

Ozogamicin (BESPONSA) ALL INO-VATE ALL 35.8%g

Palbociclib (IBRANCE)þ letrozole vs. PBO Breast cancer PALOMA-2 24.8 vs. 14.5 moa

Pembrolizumab (KEYTRUDA) Gastric cancer KEYNOTE 059 13.3%b

Pembrolizumab (KEYTRUDA) cHL – 69%b

Pembrolizumab (KEYTRUDA) vs. Pt-chemotherapy Urothelial cancer KEYNOTE-045 21% vs. 11%b; 10.3 vs. 7.4 moc

Pembrolizumab (KEYTRUDA)þPemC vs. PemC NSCLC KEYNOTE-021 13.0 vs. 9 moa; 55% vs. 29%b

Pertuzumab (PERJETA)þ trastuzumab vs. PBO Breast cancer APHINITY IDFS-8.2% vs. 10.6%

Ribociclib (KISQALI)þ LET vs. PBOþ LET Breast cancer MONALEESA-2 52.7% vs. 37.1%b

Drugs approved in 2016

Abozantinib (CABOMETYX) vs. EVR RCC – 7.4 vs. 3.8 moa; 21.4 vs.

16.5 moc

Atezolizumab (Tecentriq) Urothelial cancer – 14.8%b

Atezolizumab (TECENTRIQ) vs. Dox NSCLC OAK, POPLAR 13.8 vs. 9.6 moc (OAK); 12.6 vs.

9.7 moc (POPLAR)

Daratumumab (DARZALEX)þ lenalido- mide þDXM

vs. lenalidomideþDXM

MM POLLUX Median PFS was not reached

Eenetoclax (VENCLEXTA) CLL – 80%b

Eribulin (HALAVENVR )þdacarbazine Liposarcoma – 13.5 vs. 11.3 moc

Lenvatinib þEVR vs. EVR RCC – 14.6 vs. 5.5 moa

Nivolumab (Opdivo) cHL – 65%b; 8.7 moe

Nivolumab (OPDIVO) vs. ICC SCCHN CheckMate-141 7.5 vs. 5.1 moc

Obinutuzumab (Gazyva)þ bendamustine vs.

bendamustine

FL – Median PFS was not reached

Palbociclib (IBRANCE)þ fulvestrant vs.

PBOþ fulvestrant

Breast cancer – 9.5 vs. 4.6 moa

Pembrolizumab (KEYTRUDA HNSCC – 16%b; 2.4–27.7 moe

Pembrolizumab (KEYTRUDA) vs. Pt - chemotherapy NSCLC – 10.3 vs. 6.0 moa

Rizotinib (Xalkori) NSCLC – 66%b; 18 moe

Rucaparib (RUBRACA) Ovarian cancer – 54%b; 9.2 moe

Drugs approved in 2015

Alectinib (ALECENSA) NSCLC – 61%b; 9.1 moe

Brentuximab vedotin (ADCETRIS) vs. PBO cHL PBO controlled 42.9 vs. 24.1 moa

Carfilzomib (Kyprolis)þ lenalidomideþDXM vs.

lenalidomideþDXM

MM PX-171-009 ASPIRE 26.3 vs. 17.6 moa

Cobimetinib (COTELLIC)þ vemurafenib vs.

vemurafenib

Melanoma Controlled 2.3 vs. 7.2 moa; 70% vs. 50%b

Dabrafenibþ trametinib vs. dabrafenibþPBO Melanoma – 9.3 vs. 8.8 moa; 66% vs. 51%b;

25.1 vs. 18.7 moc

Daratumumab (DARZALEX) MM Open label 29%b

Gefitinib (IRESSA) vs. CBP/PTX NSCLC Open-label 10.9 vs. 7.4 moa; 67% vs. 41%b;

9.6 vs. 5.5moe

Ipilimumab (Yervoy) vs. PBO Melanoma Controlled 26 vs. 17 mof

Irinotecan liposome (ONIVYDE) þ 5FU/LV vs.

5FU/LV

Pancreatic cancer Open-label 3.1 vs. 1.5 moa; 6.1 vs. 4.2 moc

Ixazomib (NINLARO)þ lenalidomideþDXM vs.

PBOþ lenalidomideþDXM

MM – 20.6 vs. 14.7 moa

Lenvatinib (Lenvima) vs. PBO Thyroid cancer E7080-G00-303 18.3 vs. 3.6 moa; 65% vs. 2%b

MM –

(continued)
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Table 1. Continued.

Drug Cancer Trial Efficacy

Lotuzumab (EMPLICITI)þ enalidomideþDXM vs.

lenalidomide þDXM

19.4 vs. 14 moa; 78.5%

vs. 65.5%b

Necitumumab (PORTRAZZA)þGC vs. GC NSCLC – 5.7 vs. 5.5 moa; 31% vs. 29%b

Nivolumab (Opdivo) vs. Dox NSCLC Open-label 19% vs. 12%b; 12.2 vs. 9.4 moc

Nivolumab (Opdivo) vs. EVR RCC – 21.5% vs. 3.9%b; 25.0 vs.

19.6 moc

Nivolumab (Opdivo)þ ipilimumab vs. ipilimumab Melanoma Active-controlled 8.9 vs. 4.7 moa; 60% vs. 11%b

Osimertinib (TAGRISSO) NSCLC Open label 57%b (study 1); 61%b (study 2)

Palbociclib (IBRANCE)þ LET vs. LET Breast cancer Open-label 20.2 vs. 10.2 moa; 55.4%

vs. 39.4%b

Panobinostat (FARYDAK)þbortezomibþDXM vs.

PBOþbortezomibþDXM

MM PBO-controlled 10.6 vs. 5.8 moa; 8.5%

vs. 41.4%b

Pembrolizumab (KEYTRUDA) NSCLC Open-label 41.0%b

Pembrolizumab (Keytruda) Q2W vs. Q3W

vs. ipilimumab

Melanoma – 34% vs. 33% vs. 12%b

Ramucirumab (CYRAMZA)þFOLFIRI

vs. PBOþFOLFIR

CRC – 5.7 vs. 4.5 moa; 13.3 vs.

11.7 moc

Sonidegib (Odomzo) BCC – 58%b

Trabectedin (Yondelis) vs. DTIC Liposarcoma Open‑label 4.2 vs. 1.5 moa; 7% vs. 6%b;

13.7 vs. 13.1 moc

Trifluridine/tipiracil (LONSURF) vs. PBO CRC PBO-controlled 7.1 vs. 5.3 moc

Drugs approved in 2014

Amucirumab (Cyramza)þBSC vs. PBOþBSC GEJ I4T-IE-JVBD 5.2 vs. 3.8 moc

Belinostat (BELEODAQ) PTCL – 25.8%b; 8.4 moe

Bevacizumab (Avastin)þPTX vs. PTX Ovarian/fallopian tube/peritoneal cancer AURELIA 6.8 vs. 3.4 moa; 16.6 vs.

13.3 moc

Bevacizumabþ chemotherapy vs. chemotherapy Cervical cancer – 16.8 vs. 12.9 moc

Blinatumomab (BLINCYTO) R/R ALL MT103-211 6.7 moe

ceritinib (ZYKADIA) NSCLC Open-label 44%b; 7.1 moe

Ibrutinib (IMBRUVICA) MCL – 58.3%b

Idelalisib (Zydelig)þRTX vs. PBOþRTX CLL PBO-controlled Median PFS was not reached

Lanreotide (somatuline depot) vs. PBO GEP-NETs Trial 2-55-52030-726 Median PFS was not reached

Laparib (Lynparza) Ovarian cancer – 34%b; 7.9 moe

Nivolumab (OPDIVO) vs. ICC Melanoma Open-label 32%b

Ofatumumab (Arzerra)þCBC vs. CBC CLL Open-label 22.4 vs. 13.1 moa

Pembrolizumab (KEYTRUDA) Melanoma Trial P001 24%b

Ramucirumab (Cyramza)þPTX vs. PBOþPTX GEJ I4T-IE-JVBE 9.6 vs. 7.4 moc

Ramucirumab (Cyramza)þDox vs. PBOþ Dox NSCLC I4T-MC-JVBA 10.5 vs. 9.1 moc

Trametinib (Mekinist)þdabrafenib vs. dabrafenib Melanoma Open-label 76% vs. 54%b; 10.5 vs. 5.6 moe

Drugs approved in 2013

Ado-tras emtansine (KADCYLA) vs. LAPþCAP Breast cancer Open-label 9.6 vs. 6.4 moa; 30.9 vs.

25.1 moc

Afatinib (Gilotrif) vs. chemotherapy NSCLC Open-label 11.1 vs. 6.9 moa; 50.4%

vs. 19.1%b

Bevacizumab (Avastin)þ chemotherapy vs.

chemotherapy

CRC Open-label 5.7 vs. 4.0 moa; 11.2 vs. 9.8 moc

Crizotinib (Xalkori) vs. chemotherapy NSCLC Open-label 7.7 vs. 3.0 moa; 7.4 vs. 5.6 moe

Dabrafenib (TAFINLAR) vs. dacarbazine Melanoma Open-label 5.1 vs. 2.7 moa; 52% vs. 17%b

Ibrutinib (IMBRUVICA) MCL – 66%b; 17.5 moe

Obinutuzumab (GAZYVA)þCBC vs. CBC CLL Open-label 23.0 vs. 11.1 moa

Lenalidomide (REVLIMID) MCL – 26%b; 16.6 moe

Pertuzumab (PERJETA)þTrasþDox vs. TrasþDox Breast cancer – pCR rate 39.3% vs. 21.5%

Pomalidomide (POMALYST)þDXM vs.

pomalidomide

MM CC-4047-MM-002 29% vs. 7%b

PTX (albumin-bound)þGEM vs. GEM Pancreatic cancer Open-label 5.5 vs. 3.7 moa; 23% vs. 7%b

Ra 223 dichloride (Xofigo) vs. PBO Prostate cancer Open-label 14.0 vs. 11.2 moc

Sorafenib (NEXAVAR) vs. PBO Thyroid cancer PBO-controlled 10.8 vs. 5.8 moa; 2% vs. 1%b

Trametinib (MEKINIST) vs. chemotherapy Melanoma Open-label 4.8 vs. 1.5 moa; 22% vs. 8%b

Drugs approved in 2012

Axitinib (Inlyta) vs. sorafenib RCC Open-label 6.7 vs. 4.7 moa

Cabozantinib (COMETRIQ) vs. PBO Thyroid cancer PBO controlled 11.2 vs. 4.0 moa

Carfilzomib injection (Kyprolis) MM – 22.9%b

(continued)
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Table 1. Continued.

Drug Cancer Trial Efficacy

Cetuximab (Erbitux)þFOLFIRI vs. FOLFIRI CRC CRYSTAL 8.9 vs. 8.1 moa; 19.6 vs.

18.5 moc

Enzalutamide (XTANDI) vs. PBO Prostate cancer PBO controlled 18.4 vs. 13.6 moc

Everolimus (Afinitor)þ exemestane vs.

ExemestaneþPBO

Breast cancer – 7.8 vs. 3.2 moa; 12.6%

vs. 1.7%b

Pazopanib (VOTRIENT) vs. PBO STS PBO controlled 4.6 vs. 1.6 moa; 12.6 vs.

10.7 moc

Pertuzumab injection (PERJETA)þTrasþDox

vs. PBOþTrasþDox

Breast cancer PBO controlled 18.5 vs. 12.4 moa

PTX (albumin-bound; ABRAXANE) vs. PTX NSCLC Protocol CA031 33% vs. 25%b; 6.9 vs. 6.0 moe

Regorafenib (Stivarga) vs. PBO CRC Study 14387 2.0 vs. 1.7 moa

RTX infusion NHL RATE trail –

VinCRIStine sulfate LIPOSOME injection (Marqibo) ALL HBS407 4.6%g

Vismodegib (ERIVEDGE) BCC – 30.3%b; 7.6 moe

Ziv-aflibercept injection (Zaltrap)þFOLFIRI

vs. FOLFIRIþPBO

CRC Phase III 6.9 vs. 4.7 moa; 13.5 vs.

12.06 moc

Drugs approved in 2011

Abiraterone acetate (Zytiga) þprednisone Prostate cancer RPC 14.8 vs. 10.9 moc

AEC (Erwinaze) ALL EMTP –

Brentuximab Vedotin ALCL – 86%b

Cetuximab (Erbitux)þ 5-FU SCCHN Clinical 19.1 vs. 18.2 moc

Crizotinib (XALKORI) NSCLC – 50%b

Denosumab (Prolia) vs. PBO Prostate/Breast cancer DBPC Significant effect 24 vs. 12 mo

Everolimus (Afinitor) vs. PBO Pancreatic cancer RC 11.0 vs. 4.6 moa

Ipilimumab injection (YERVOY) tumor vaccine Melanoma DBPC 10 vs. 6 moc

Rituximab (Rituxan) B-cell NHL Phase III 46%a

Sunitinib (Suten) vs. PBO Pancreatic cancer RC 10.2 vs. 5.4 moa

Vemurafenib (ZELBORAF) vs. dacarbazine predni-

sone vs. PBO

Melanoma Random OS 6.2 vs. 4.5 mo

Vandetanib vs. PBO Thyroid cancer DBPC No significant OS

Drugs approved in 2010

Cabazitaxel (Jevtana) vs. mitoxantrone Prostate cancer Random Median survivals 15.1 vs.

12.7 mo

Dasatinib (Sprycel) vs. imatinib CML RC MMR 52.1% vs. 33.8%

Erlotinib (Tarceva) NSCLC DBPC hazard ratios 0.69a, 0.77c

Eribulin mesylate (Halaven) Breast cancer EMBRACE 10.6 moc

Nilotinib (Tasigna) vs. imatinib CML RC MMR 44% vs. 22%

Rituximab (Rituxan) vs. FC CLL ML17102 39.8 vs. 31.5 moa

Rituximab (Rituxan) vs. FC CLL BO17072 39.8 vs. 31.5 moa

Tykerb (lapatinib) vs. PBOþ letrozole Breast cancer RPC 35.4 vs. 13.0 weeksa

5FU: fluorouracil; AEC: asparaginase Erwinia chrysanthemi; ALL: acute lymphoblastic leukemia; ALCL: anaplastic large cell lymphoma; AML: acute myeloid leukemia;

ARA-C: cytarabine; BCC: basal cell carcinoma; BSC: best supportive care; CAP: capecitabine; CBP: carboplatin; CBC: chlorambucil; CCyR: complete cytogenic

response; cHL: classical Hodgkin lymphoma; CLL: chronic lymphocytic leukemia; cp: carboplatinþpaclitaxel; CR: complete remission; CRPC: castration-resistant

prostate cancer; CSCC: cutaneous squamous cell carcinoma; CSPC: castration-sensitive prostate cancer; DAU: daunorubicin; DBPC:double-blind, placebo-con-

trolled; DoR: duration of response; DXM: dexamethasone; Dox:docetaxel; DTIC: dacarbazine; EVR: everolimus; FC: fludarabine and cyclophosphamide; FL: follicular

lymphoma; FOLFIRI: folinic acidþ 5-fluorouracilþ irinotecan; GC: gemcitabine and cisplatin; GEP-NETs: gastroenteropancreatic neuroendocrine tumors; GEJ:

gastric or gastroesophagal junction; ICC: investigator’s choice of chemotherapy; IDFS: invasive disease-free survival; LAP: lapatinib; L-encap: liposome encap-

sulated; LET: letrozole; LV: leucovorin; MCC: Merkel cell carcinoma; MCL: mantle cell lymphoma; mCRC: metastatic colorectal cancer; MFS: metastasis-free

survival; MMR: MajoR molecular response; mo: months; MRD: minimal residual disease; MTX: methotrexate; MM: multiple myeloma; NHL: Non-Hodgkin’s lym-

phoma; NSCLC: non-small cell lung cancer; ORR: overall response rate; ORR4: objective response rate lasting 4 months; OS: overall survival; PBO: placebo;

pcALCL: primary cutaneous anaplastic large cell lymphoma; PemC: premetrexed and carboplatin; PFS: progression-free survival; PHþCML: Philadelphia chro-

mosome positive chronic myelogenous leukemia; PhþCML-CP: Philadelphia chromosome positive chronic myeloid leukemia in chronic phase; PHEO: pheo-

chromocytoma; PMBCL: primary mediastinal large B-cell lymphoma; pCR: pathological complete response; PFS: progression-free survival; Pt: platinum; PPGL:

pheochromocytoma/paraganglioma; PTCL: peripheral T-cell lymphoma; PTX: paclitaxel; Q2W: 10 mg/kg intravenously every 2 weeks; Q3W: 10 mg/kg every 3

weeks; Ra: radium; RC: randomized controlled; RCC: renal cell carcinoma; RPC: randomized, placebo-controlled; R/R ALL: relapsed or refractory B-cell precursor

acute lymphoblastic leukemia; RFS: relapse-free survival; RTX: rituximab; SCCHN: squamous cell carcinoma of the head and neck; SCLC: small cell lung cancer;

SLL: small lymphocytic lymphoma; SOC: standard-of-care; STS: soft tissue sarcoma; Tras: trastuzumab.

aMedian PFS.

bORR.

cMedian OS.

dMFS.

eMedian DoR.

fRFS.

gCR rate.

This information has been gathered from: https://www.fda.gov.51
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There are a few examples of transformative cancer med-
icines with huge benefits to the patients.55 For instance, in
2001, imatinib was approved for second-line therapy
against chronic myeloid leukemia (CML) on the basis of
hematologic and cytogenic response rates in trial partici-
pants. Six years after initial approval, the Insulin
Resistance Intervention After Stroke study reported
imatinib-treated CML patients had 0% disease progression
rate with an estimated OS rate of 88%.49 However, in most
of the cases, the available cancer drugs exert survival ben-
efits only to a marginal extent. In an evaluation of 71 drugs
approved for treating solid tumors between 2002 and 2012,
the median improvement in OS in pivotal trials was found
to be only 2.1 months. Further, out of 47 consecutive appro-
vals for cancer drugs, only 9% showed a relative improve-
ment in survival of 25% or an absolute increase of 2.5
months.56 Another report also showed that out of the 62
new active anticancer molecules approved by the FDA
and EMA during 2003–2013, 53 were assessed by the
Australian, English, or French, or health technology assess-
ment agencies through May 2015. Among these 53 drugs,
23 increased OS by three months or more, six of them
improved the OS by less than three months, and eight
caused increased OS by an unknown magnitude whereas
the remaining16 failed to increase OS over best alternative
treatments. Although 22 of 53 newmedicines were found to
cause an increase in quality of life (QoL), 24 reduced patient
safety.55 A systemic review and analysis was conducted by
Jawed et al. to ascertain what percentage of the life expec-
tancy gain in locally advanced and metastatic colorectal
cancer (mCRC) in the past 20 years is as a result of novel
therapies versus improvements in supportive care or secu-
lar trends and to thereby inform approaches for treatment
development. The OS of patients with mCRC showed grad-
ual improvement over the last two decades, with gains
from chemotherapy, lead-time bias, and improved locore-
gional strategies and supportive care. First-line therapies
showed modest but consistent gains; however, gains due
to second-line therapies have been unsatisfactory.57

Noteworthy to mention, the biological rebellion has
offered us diverse targets against cancer; consequently, a
plethora of relatively specific drugs are in the process of
development whereas some of them are already in use
after attaining approval. Although some patients are
benefiting from those drugs, but the results of large ran-
domized trials are often very discouraging.58 For instance,
almost two decades back, Mendelsohn and Baselga devel-
oped the first agents which target epidermal growth factor
receptor (EGFR) pathway and showed quite encouraging
outcomes in the in vitro setting. However, it exerted utterly
low response rates in phase II trials in lung cancer whereas
no significant response was observed in case of renal, colon,
ovarian, and breast cancer. Similarly, gefitinib which
showed 9–19% response rate initially was approved for
non-small cell lung cancer (NSCLC). However, in subse-
quent randomized trial, the survival advantage was not
achieved and hence the FDA limited the scope of its
approval.59 Further, combination of BRAF and MEK inhib-
itors, which was expected to be highly effective and miti-
gate drug response in the patients with melanoma showed

complete response in only 13% of the patients with a
median progression-free survival (PFS) of 11.4 months in
all patients exemplifying the need of better therapies.60 A
phase III trial, ICON7 was conducted in 1528 women with
ovarian cancer to access the efficacy of bevacizumab with
standard chemotherapy. It was found that bevacizumab in
combination with platinum-based chemotherapy failed to
increase the OS but an OS benefit was observed in poor-
prognosis patients, thus indicating the importance of opti-
mal usage of bevacizumab for the management of ovarian
cancer.61 In addition, arsenic has been used for treating
chronic myelogenous leukemia (CML) in the 19th century
in western medicine. Notably, arsenic trioxide (As2O3) has
been found to induce complete remissions in acute promye-
locytic leukemia (APL) patients. At the same time, As2O3

has been a well-known carcinogen and its administration
was found to exert adverse effects on patients leading to its
discontinued use against CML. Although, it is usually well-
tolerated by APL patients, side effects are encountered in a
majority of patients receiving As2O3. Thus it is evident that
As2O3 is toxic to cells other than APL cells clearly suggest-
ing it to have other effects or targets.62

Accelerated approval of drugs

Accelerated approval is an expedited regulatory pathway
that permits a drug to get approval from the FDA on the
basis of an endpoint which is regarded “reasonably likely
to predict a clinical benefit”. Drugs obtained accelerated
approval must be further assessed in post-marketing stud-
ies to confirm the desired clinical benefit and may be pro-
moted to “regular” approval if clinical benefit is confirmed
or may be withdrawn from the market otherwise.63

Immune checkpoint inhibitors like nivolumab or pembro-
lizumab target the programmed death receptor 1/pro-
grammed death ligand 1 (PD-1/PDL-1) and PDL-2
interaction.64 The evaluation of the efficacy of PD-1 block-
ade in cancer patients having advanced mismatch repair-
deficient (dMMR) cancers in 12 different tumor types
showed sensitivity to immune checkpoint blockade, irre-
spective of the tissue of origin.65 The FDA granted acceler-
ated approval to pembrolizumab (Keytruda, Merck & Co)
for the treatment of patients having unresectable or meta-
static, microsatellite instable-high (MSI-H) or dMMR solid
tumors that have progressed prior therapy and have no
suitable treatment options. Till date, this is the first drug
approved for use on the basis of a molecular biomarker, not
traditional histopathologic diagnosis.66 The approval was
based on data obtained from 149 MSI-H or dMMR cancer
patients registered across five uncontrolled, multi-cohort,
multicenter, single-arm clinical trials. A maximum of 24
months of treatment was administered and overall
response rate (ORR) obtained was 39.6% whereas
responses lasted six months or more for 78% of those
who responded to pembrolizumab. The common adverse
effects to pembrolizumab include constipation, cough,
decreased appetite, diarrhea, dyspnea, fatigue, musculo-
skeletal pain, nausea, pyrexia, and rash. Pembrolizumab
exerted immune-mediated side effects, including pneumo-
nitis, colitis, hepatitis, endocrinopathies, and
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nephritis.51,66,67 Another drug which achieved FDA’s accel-
erated approval is ponatinib, a BCR-ABL tyrosine kinase
inhibitor (TKI), the sixth drug approved for the manage-
ment of CML or Philadelphia chromosome–positive acute
lymphoblastic leukemia and indicated for patients showing
refractory or intolerance to prior TKI therapy (Iclusig,
Ariad Pharmaceuticals). On 31 October 2013, the FDA sus-
pended marketing and sales of ponatinib. Just seven weeks
later, the FDA partially reversed that decision, permitting
use of the drug under a narrower indication. The primary
advantage or benefit of this drug is its distinctive ability to
target a gatekeeper mutation in BCR-ABL, the T315I tran-
sition, which confers resistance against all other approved
TKI drugs; however, during withdrawal of ponatinib, the
FDA indicated that the adversity of the drug, i.e. a substan-
tial rise in arterial and venous thrombosis, outweighed
the benefits.68

Use of surrogate endpoints

The efficacy of drugs approved via traditional and acceler-
ated approval processes has been accepted by FDA through
the use of surrogate endpoints. However, the method of
surrogate endpoints brings the uncertainty regarding the
risks and benefits of a drug as clinical value is not checked
directly. Thereby it can introduce useless or even harmful
therapies if the prediction of the benefit to the cancer
patients could not be made or even if the drug has the
inferior effect than expected benefit with larger than
expected adverse effects.69 Kim and Prasad investigated
the surrogate–survival correlation in 55 FDA surrogate-
based approved cancer drugs. It was found that 14 out of
25 accelerated approvals and 11 out of 30 traditional appro-
vals lacked formal analyses of the strength of the surrogate–
survival correlation, thus implying the need to reconsider
this method of drug approval.70 Most trial-level meta-anal-
yses showed poor correlation between surrogate end points
and the OS.71 It has been reported that 18 out of the 36
cancer drugs approved by the FDA based on surrogate
endpoints between 2008 and 2012 did not show OS bene-
fit.72 An analysis of 65 eligible trials by Prasad et al. showed
that more than half (52%) of reported correlations were of
low strength, 25% showed medium strength, and only 23%
were highly associated with survival. Hence, supportive
evidence of the use of surrogate end points as means of
approval of new cancer drugs and determining treatment
options for cancer patients is limited.71 Therefore, one of the
prime reasons for inflated cost of cancer therapy is that new
drugs which have no significant clinical benefit get
approved by the FDA and are available in the market at
prices similar to the most expensive ones.72 Further, Kemp
and Prasad demonstrated that the trend of using surrogates
in oncology is common and increasing. Although, the asso-
ciation of surrogates used and clinically meaningful out-
comes is either unknown or weak. Therefore, there
should be restricted use of surrogate outcomes in situations
where it has shown robust ability to predict meaningful
benefits, in cases which are difficult to handle with limited
treatment options.73 Another study suggested that if the
drug approval is based on the surrogate end point like

the response rate or PFS, the subsequent studies must be
performed and the drug’s effect on OS must be clarified.74

The findings of Wilkerson and Fojo suggested that the PFS
cannot be taken as a surrogate for OS. It is however, the
measure of benefit during therapy and cannot predict the
tumor growth after termination of the treatment. Therefore,
PFS should not replace OS in regulatory approval
consideration.75

Randomized clinical trials

Randomized clinical trials (RCTs) are the main assessment
carried out for novel therapeutics where study drugs have
been traditionally tested in the sickest patients and later
developed in a more wider population.76 It is observed
that in most of the clinical settings, there is statistically sig-
nificant under-representation of the elderly patients; aged
�70 years.77 Therefore, although the benefit of most cancer
drugs are seen in carefully selected, young, healthy popu-
lations, evidence exist that the real-world use of novel anti-
cancer drugs may fail to retain the same benefits observed
in clinical trials. For example, sorafenib tosylate, an oral
TKI, is the only FDA-approved therapy for advanced or
metastatic hepatocellular cancer. The pivotal, placebo-
controlled trial leading to FDA approval enrolled patients
with a median age of 65 years. In this population, sorafenib
extended median survival by 2.8 months resulting in its
approval. However, in reality, they fail to validate the
results of the pivotal sorafenib trial. Second, they show
that in actuality, the outcomes are far poorer than that of
the trial.56 Therefore, strategies may be required to evaluate
cancer therapies for the elderly patients in clinical trials and
develop cancer care among the elderly people.56 However,
to the few sections of biomedical authors, medical practices
have been analogized with the parachute as they believe
that all the medical practices carry large magnitude of ben-
efit and performing RCTs are unnecessary. However, the
ground reality is at far and the most parachute analogies
in medicine can be treated as inappropriate, incorrect,
or misused.78

Genome driven treatment approaches

Notably in the present days, patients eligible for genome-
driven treatment has increased, which could help a minor-
ity of patients with advanced cancer. The estimated number
of patients qualified for genome-targeted therapy was
28,729 out of 564,830 patients with metastatic cancer in
2006. By 2018, this number had improved to 50,811
(8.33%) from a total of 609,640. In case of genome-
informed therapy, the eligible number of patients was
59,301 (10.50%) out of 564,830 in 2006.79 On 6 March 2018,
the US FDA granted the first marketing authorization to a
personal genomics and biotechnology company namely
23andMe, in order to access three BRCA1 or BRCA2 muta-
tions to identify women with higher risk of breast cancer.
This authorization was based on the accuracy and repro-
ducibility of the test for three BRCA mutations that are
most prevalent in people of Ashkenazi Jewish descent,
but which also occur in the general population.
Consumers simply need to mail a swab of saliva to
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23andMe and get the results in a time span of 6–8 weeks at
$199.3.80 However, sometimes in these online gene tests,
direct-to-consumer results and third-party analyses may
be wrong. For instance, Dr Joshua Clayton of 29-year-old
age sent a sample of his saliva to 23andMe in order to learn
about his ancestry. His report was a quite ordinary one with
no new disclosures. But when he sent the profile created by
23andMe to a separate company called Promethease for an
extensive in-depth analysis for genetic mutation, he was
detected with a mutation linked to Lynch syndrome, a seri-
ous genetic disorder which leads to potentially deadly can-
cers at an early age. However, after subsequent genetic test
at another company with expertise in medical diagnostics,
he finally got to know that he did not have the mutation as
the result was wrong. Therefore, the third-party analysis of
raw DNA is not as rigorous as that done in a certified lab-
oratory and hence their results cannot be considered as
conclusive at all.81 Further, in the present days, people suf-
fering from advanced cancer have been offered the hope of
precision cancer medicine (PCM).82 PCM is a concept in
which targeted therapies are adapted to match the com-
plexity of the cancer genome.83 It employs genetic testing
of the patients to find the most suitable drugs targeting
specific mutation in the tumor, hoping for facilitating
better outcome of the patients. However, precision treat-
ments neither improve the patients’ survival nor induce
better outcome in controlled studies. Thus, precision strat-
egy requires further verification before using it for primary
care.84 In addition, this method of treatment faces the crit-
icism of overhyping as the pace of development of the
genome-guided drug is very slow and patients who are
likely to be benefitted from these drugs are very less
in number.82

Blood-based approaches

One of the recently developed method based on the blood
test namely tumor mutational burden (TMB) might prove
to be beneficial in cancer treatment. It would be of more
help where collecting tissues from the cancer patients is
difficult and moreover, it is less invasive. The need of the
hour is to develop those tests which can help in the predic-
tion of immunotherapy especially the checkpoint inhibitors
which can enable the immune cells to attack the tumors.
The recently approved drug targeting has transformed
cancer care and TMB test can certainly improve the treat-
ment. Due to the high importance, FDA has designated the
blood TMB test a “breakthrough device”.85 In 2016, the US
FDA approved the use of Epi proColon, the first blood-
based screening test for colon cancer that relies on the
detection of the methylated septin 9 gene (SEPT9). This
screening method addresses the limitation of conventional
methods of screening such as stool-based tests and may
potentially increase the number of individuals who under-
go colon cancer screening. However, a clinical trial showed
that SEPT9 test considerably enhanced sensitivity but sig-
nificantly reduced specificity compared to fecal immuno-
histochemistry testing. Hence, whether this blood-based
assay will reduce colorectal cancer mortality remains
questionable.86

Analysis of cytostatic and cytotoxic agent

Ever since the traditional cancer chemotherapy and novel
target-based agents were developed, the significance of
cytostasis in therapies against cancer has always been con-
troversial. Cytostatic drugs stop cancer cell proliferation
without killing them. Notably, agents which are presently
considered as cytotoxic have been observed to cause cyto-
stasis or clinically stable disease for many years and were
considered as ineffective. Therefore, the method of analysis
of value of a putative cytostatic agent in a randomized
phase III study should be different from that of a cytotoxic
agent.87

Drug development duration and dosing options

Aforementioned, it takes almost 6–12 years to develop an
anticancer drug starting from discovery to final approval.
To illustrate the significance of rapid drug approval,
Stewart et al. calculated life-years possibly saved if selected
agents were approved faster using 27 trials showing sur-
vival benefits. They found that if the time required to take a
drug from discovery to approval is lessened to five years,
the median life-years saved per example would have been
523,890 globally. This clearly implies that a considerable
amount of life-years could be saved plausibly through
increased efficiency of novel drug development for
advanced neoplasms.88 Further, in the development of dif-
ferent oral agents against cancer, dosing options are
random and limited by pills’ size. Prasad et al. reported
that this limited dosing options frequently resulted in
large dose adjustments in response to toxicity which
might lead to reduced real-world clinical effectiveness of
oral anticancer agents resulting in differed outcomes than
those achieved in registration trials.89 The immigration
policy that halts the entry of best from coming to train as
well as work in the United States and discourages the
American trainees and faculty from traveling to other coun-
tries is a regressive step which will ultimately harm the
patients and America’s place as a global leader in health-
care and innovation.90

Non-inferiority trials

Intensified interest in comparative effectiveness research
has made one-on-one assessments between drugs against
cancer quite common. One strategy is non-inferiority trials,
which often rely on points other than efficacy, like safety,
QoL, convenience, and cost to update treatment decisions.
As no specific guidelines exist in this regard, therefore these
comparisons can emphasize randomly on specified end-
points or draw conclusions regardless of limited participa-
tion and treatment time surveyed and thus risks abusing of
patient-reported outcomes.91 Further, the phrase "unmet
medical need" requires a clearer definition and standardi-
zation as it is generally used to describe cancers that are
rare, with little or no curative potential and poor survival
outcome. However, it is also used to refer commonly diag-
nosed cancers, indolent, having several treatment options
with better survival rate. Lu et al. identified 237 cancer
indications which are regarded by the authors as "unmet
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medical need”. Out of these 237 indications, the term was
mostly used for breast cancer indications (30/237 citations)
followed by lung (24/237), hepatocellular (18/237), and
prostate cancer (13/237).92

Clarified ethical conduct and geriatric oncology in
low- and middle-income countries

In addition, conducting RCTs for cancer medicine in low-
and middle-income countries have raised questions such
as, what could be the suitable control arms and what the
obligation of trials sponsors towards the host communities.
It is noteworthy that a placebo-controlled trial can be ethi-
cal if the tested treatment has a feasibility of being
employed in the host community. Many of these trials
would not have been possible in developed countries like
US as majority of clinicians would have objected in subject-
ing their patients where they have 50% chance of being
randomly assigned to interventions considered inferior by
previous studies. Thus, it is imperative to clarify the ethical
conduct of clinical trials in the developing countries.93

Additionally, the recent days have witnessed a faster pace
of population aging in middle-income countries as com-
pared to the high-income countries. Mexico which belongs
to middle-income countries having the second largest econ-
omy in Latin America is also undergoing rapid population
aging and the number of new cancer cases in the overall
population is expected to increase up to 75% by 2030 and
nearly 60% in the elderly population (aged �65). The elder-
ly population of Mexico suffers extreme poverty with low
education attainment and devoid of any health insurance
schemes. As a result of these problems, the elderly people
in Mexico are more prone to the effects of the rising cancer
burden and encounters difficulty in measuring high-
quality cancer care. Therefore, it is recommended that geri-
atric oncology should be Mexico’s urgent public policy.94

Emphasis on the consideration of proven therapies

Further, reports suggest that cancer drugs or combinations
that have not completed the phase I, II, or III stages of drug
development have been used to treat cancer patients who
have exhausted recommended treatment options.
Mailankody and Prasad believed that unsafe drugs or com-
binations should not be applied regardless of theoretical
efficacy or cost.95 The systematic evaluation of cancer
drugs approved by the EMA between 2009 and 2013
showed that the most drugs came to the market without
any evidence of benefit on the QoL or survival of cancer
patients. In addition, if survival gains over existing treat-
ment options or placebo were observed, they were found to
be minimal.96 The study by Lammers et al. indicated that
the substantial percentage (36.0%) of approved cancer drug
have not presented efficacy data within 30 days of approv-
al. Moreover, it was observed that the efficacy data are dif-
ficult to find from other sources. Adding to this problem,
the current policies adopted by newer, costly drugs, and
broadening market share may dampen the sponsors from
applying for the formal approval, depending on the robust
studies, for the off-label uses of drugs.97 In order to reduce
the delay and improve the access of cancer drugs including

those which were earlier considered but not approved by
National Institute for Health and Care Excellence, the NHS
Cancer Drugs Fund was established in 2010. However, the
evaluation of its impact on the society has suggested that it
has not served meaningful value to the cancer patients.98

The process of overturning an accepted practice such as
diagnostic test, medication, or procedure is known as the
medical reversal. It can be due to the inferior effect to a pre-
existing, less intensive, or less invasive one. It can be the
result of the inferior effect than no intervention. The need of
the hour is to prove the efficacy of the interventions rather
than just assuming that all the new therapy certainly leads
to a better outcome. The emphasis should be on the consid-
eration of only proven therapies along with the prepared-
ness for the setbacks.99

Hazard ratio

In comparison to Kaplan–Meier plot, which emphasizes the
number of patients persisting to do well at the completion
of the time of interest, the hazard rate and hazard ratio
focus on the opposite that is the patients who have not
done well and would face a hazardous event. The hazard
ratios data give the clearer picture of the treatment success
and should be included in all the reports of clinical trials.100

Thus it is evident that clinical trials are one of the main
aspects for determining the safety and efficacy of drugs.
However, it is observed that they are quite expensive,
time-consuming, and require ample resources.
Nevertheless, it is worth to invest in high-quality clinical
trial data to get the proper and strong evidence to ultimate-
ly benefit the cancer patients.101

Cost of anticancer drugs approved by
the FDA

The economic burden imposed by cancer is escalating due
to the rise in the cost of cancer drugs at an unprecedented
rate102 (Table 2). In US, cetuximab treatment for 18 weeks
against NSCLC costs around $80,000 in average, which
translates into $800,000 to extend the life of one patient by
a year. Similarly, bevacizumab costs $90,000 to treat an
average patient whereas erlotinib and sorafenib cost
approximately $16,000–$34,000 for one patient.132 Notably,
in the past decade, funding by the government of US and
others for cancer research has stagnated, whereas the
demand for investment has grown remarkably due to the
ever increasing incidence of cancer across the globe.102 A
study by Moore et al. suggested that the high cost of the
trials was associated with proving the efficacy of new
agents as non-inferior to the already available drugs.
Moreover, trials are expensive due to the involvement of
the larger patient populations so as to attain statistical
power to provide evidence for smaller therapeutic regi-
men.227 The average launch price of anticancer drugs,
adjusted for inflation and health benefits, was found to
increase by 10% annually from 1995 to 2013.228 As per the
report by the IMS Institute for Healthcare Informatics,
cancer drugs’ global market has reached $100 billion in
annual sales.229 It was reported that from 138 pivotal
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Table 2. Cost of FDA approved drugs for cancer.

Drug name Target Cancer Treatment cost References

Abemaciclib CDK-4,-6 Breast cancer $10,948/month 103,104

Abiraterone acetate CYP17A1 Prostate cancer $5000/month 105

Adcetris CD30 Lymphoma $100,000 106

Ado-Trastuzumab

Emtansine

HER-2 Breast cancer $5325.25 (160 mg vial) 107

Afatinib ErbB NSCLC EUR12,364/10 years 108

Aldesleukin IL2RA, IL2RB, IL2RG RCC $6000–8000/course 103,109

Alectinib ALK NSCLC £87,000(average)/32 months 110

Apalutamide AR Prostate cancer $10,000 111

Arsenic trioxide TR APL $15,582/28 days 103,112

Asparaginase Asparagine ALL $42.00 (10,000 IU vial) 103,113

Atezolizumab PDL-1 Bladder cancer $12,500/month 114

Avelumab PDL-1 mMCC $9275.00/28 days 115

Axicabtagene ciloleucel CD-19 BCL $373,000 116

Axitinib VEGFR RCC £27,000/6.4 months 117

Azacitidine DNMT1 Leukemia $6000/28 days 103,118

Bendamustine Mitotic checkpoints CLL, B-cell NHL $8640/1 TC 119

Bevacizumab VEGF Colon cancer £1848.80/month 120

Bexarotene RXR CTCL $214.67 (1 capsule) 103,121

Blinatumomab CD19,CD3D ALL $55,594.20/28 days 103,122

Bortezomib Proteasome MM $121,007/year 123

Bosutinib Abl, Src kinases CML £44,799/year 124

Busulfan DNA Leukemia e1.18/mg (oral) 103,125

Brigatinib ALK NSCLC $17,100/month 126

Cabazitaxel Microtubule Prostate cancer £3696/1 TC 127

Cabozantinib MET, VEGFR2, RET RCC £4800/1 TC 128,129

Carfilzomib Proteasome MM $10,000/28 cycles 130

Ceritinib ALK NSCLC $111,468/6 months 131

Cetuximab EGFR NSCLC $80,000/18 weeks 132

Chlorambucil – CLL $22,417 133

Cobimetinib MAP2K1 Melanoma e79,433 103, 134

Crizotinib ALK NSCLC e6457/month 135

Cyclophosphamide NR1I2 Breast cancer $1751/visit 103,136

Cytarabine DNA polymerase beta Leukemia $12.08/2 g 103,137

Dabrafenib B-raf, ERK, MAPK Melanoma £1400/year 103,138, 139

Dacarbazine B-raf Melanoma $3600/month 140

Dactinomycin DNA topoisomerase 2 GTN $308.01/5 days 103,141

Daratumumab ADP-ribosyl cyclase 1 Multiple myeloma R$596,335/year 103,142

Dasatinib Src CML £30,477.00/year 143

Decitabine DNA methyltransferase AML $170,506/year 103,144

Degarelix GnRH Prostate cancer $4411/year 103,145

Denileukin diftitox IL-2a, IL-2 b CTCL $1648/300mcg vial 103,146

Dinutuximab Ganglioside GD2 Neuroblastoma £127,800/course 103,147

Docetaxel Microtubule Breast, prostate cancer US$16,235/9.5 TC 103,148

Doxorubicin HCL – Ovarian cancer 9614.72 euros 149

Enasidenib IDH2 AML $24,872/month 150

Enzalutamide Androgen receptor Prostate cancer $60,000/8 months 103,151

Eribulin Bcl-2, Tubulin beta-1 chain Breast cancer Rs. 4.8 lakh 103,152

Eribulin mesylate – Breast cancer e18,694/month 153

Erlotinib EGFR NSCLC £6800/125 days 154

Etoposide phosphate DNA topoisomerase SCLC $26,026.70/6 cycles 103,155

Etoposide DNA topoisomerase 2-a; -b SCLC $26,764.48/6 cycles 103,155

Everolimus mTOR RCC $186/day 103,156

Exemestane CYP19A1 Breast cancer $180/month 103,157

Filgrastim G-CSFR Breast cancer e7915/year 103,158

Fluorouracil injection

with leucovorin

TS – $933/8 months 103,159

Fluorouracil-Topical TS Skin cancer $2444/year 103,160

FOLFIRI – Colorectal cancer $36,922/10-day cycle 103,161

FOLFIRINOX – Pancreatic cancer $13,404 103,162

Fulvestrant Estrogen receptor alpha Breast cancer £1084/month 103,163

Gefitinib EGFR Lung cancer $1029.94/month 103,164

Gemcitabine TS, RNR Pancreatic cancer $1363/month 165
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Table 2. Continued.

Drug name Target Cancer Treatment cost References

Glucarpidase Methotrexate Cancers $27,000/1000 unit vial 103,166

Granisetron 5-HOTR – MYR 73.5 103,167

Hycamtin DNA topoisomerase 1 Ovarian cancer $7832.07 103,168

Hydroxyurea RDR-LS CML 15,566 pound sterlings 103,169

Ibritumomab Tiuxetan CD20 NHL £8535/15 years 103,170

Ibrutinib Bruton’s tyrosine kinase CLL $18,506/month 171

Idelalisib P110d CLL, FL, SLL $14,449/20 months 103,170

Imatinib mesylate BCR-ABL, RET CML 110,103 pound sterlings 103,172

Imatinib BCR-ABL, RET, ABL1 CML $60,390/year 103,173

Imiquimod TLR-7,8 Skin cancer e526 (mean cost)/year 103,174

Inotuzumab Ozogamicin CD22 ALL $57,623.40/21 days 103, 175

Ipilimumab CTLA4 Melanoma $30,000/injection 103,176

Ixabepilone Microtubule Breast cancer $4609.81(75 mg dose) 177

Lanreotide acetate SSTR-2,-5 NET $84,856/year 103,178

Lapatinib ErbB1, ErbB2 Breast cancer £20,969/year 179

Lenalidomide TNF-a, IL-6 MM $63,385/year 180,181

Lenvatinib – Thyroid cancer $15,000/month 182

Leuprolide acetate GnRHR Prostate cancer $1532/kit 103,183

Lomustine Stathmin-4, DNA Brain tumor $648.88/100 mg 103,184

Lutetium Lu 177- Dotatate SSTR-1,-2,-3,-4,-5 GEP-NETs $47,500/dose 103,185

Melphalan DNA Myeloma $27,000 103,186

Midostaurin PDGF-Rb & Ra, VEGF, FLT3 AML $14,990/28 days 103,187

Mitomycin C – Bladder cancer £220.74/instillation 103,188

Necitumumab EGFR NSCLC $1745/month 103,189

Nelarabine POLA1 ALL $4000.00/day 103,190

Nilotinib ABL1, c–Kit CML $10,360/month 103,191

Niraparib PARP Ovarian cancer $20,032/month 192

Obinutuzumab CD20 CLL $41,300/month 103,193

Ofatumumab CD20 CLL £63,542/year 103,194

Olaparib PARP Ovarian cancer $13,440/month 195

Osimertinib EGFR Lung cancer $17,028.90/month 164

Paclitaxel Microtubule, BCl-2 Breast cancer $865/cycle 103,196

Palbociclib CDK 4 and 6 Breast cancer $9850/4 weeks 197

Panitumumab EGFR CRC $100,000/year 103,198

Pazopanib VEGFR, PDGFR RCC £2745.96 (average)/6 weeks 199

Pembrolizumab PD-1 Cervical cancer $51.79/mg 103,200

Pemetrexed TS, purH, DHFR, GART NSCLC $24,000 103,201

Pertuzumab ERBB2 Breast cancer $187,000/course 103,202

Pomalidomide Cereblon MM $13.700/4 weeks TC 103,203

Ponatinib BCR-ABL CML $199,000/year 103,204

Radium 223 Dichloride DNA Prostate cancer $69,000/course (6 injections) 103,205

Regorafenib VEGFR1-3, c-KIT, TIE-2, RET, Colorectal cancer 10,080 yuan/week 206,207

PDGFR-b, FGFR-1, RAF-1,

B-raf, p38 MAPK

Ribociclib CDK-4,-6 Breast cancer $10,950(for 600 mg)/28 days 103,208

Rituximab C1QB, C1QC CLL $13,702/dose 103,209

Rucaparib PARP, CYP2D6 Ovarian cancer $13,740/30 days 103,210

Sipuleucel-T PAP Prostate cancer $22,683/month 103,211

Sonidegib Smoothened homolog BCC $146,876/year 103,212

Sorafenib B-raf; VEGF RCC $6064/month 103,213

Sunitinib VEGFR, PDGFR RCC £3139/6 weeks TC 214

Tamoxifen citrate ER-a,-b, PKC Breast cancer $167/month 103,213

Temozolomide – Brain cancer $2195/month 103,213

Temsirolimus mTOR RCC $5000/month 215

Thalidomide Cereblon, TNF, NF-kB MM $3555.74 103,216

Thioguanine – Leukemia $122/month 103,213

Tisagenlecleucel CD19 Leukemia $475,000/infusion 103,217

Trabectedin – Sarcomas $10,408.52/28 days 103,218

Trastuzumab ERBB2, EGFR Breast cancer $70,000/year 103,219

Trifluridine Thymidine phosphorylase Colorectal cancer $10,947.70/TC 220

Vandetanib VEGF-A, EGFR, PTK6, RET, Ang1R Thyroid cancer $5460.00/28 days 103,221

Vemurafenib B-raf Melanoma $13,000/month 103,140

Venetoclax Bcl-2 CML $1760.88/28 days 103,222

Vincristine sulfate Tubulin ALL $46,800.00/28 days 223
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676 Experimental Biology and Medicine Volume 244 May 2019
...............................................................................................................................................................



clinical trials conducted during the year 2015–2016, 59
novel therapeutic agents were approved by the FDA, at
the expense worth approximately $19.0 million.227

Remarkably, the anticancer drugs aremuchmore expensive
than the drugs from other divisions of health care which
raises concern to the patients, physicians, policy research-
ers, and also the society.230,231 In addition, novel radiother-
apy technology which includes proton therapy also comes
with a massively high price tag.232 Recently, an analysis of
US Securities and Exchange Commission filings for drug
companies with no drugs on the US market which obtained
FDA approval for cancer drug from 1 January 2006 to 31
December 2015 was carried out including 10 companies
and drugs. They found that the median time taken by
these companies to develop a drug was 7.3 years. The
study also reported that five drugs received accelerated
approval from the FDA, five received regular approval
and the median cost of drug development was $648.0 mil-
lion.233 Further, a report by Mailankody and Prasad has
indicated that the price of cancer drugs is not based on
novelty as the median wholesale price of 30 next-in-class
drugs approved over a period of five years and 21 novel
drugs were found to be almost same.230 Recently, there has
been a drastic hike in the price of older drugs. For instance,
Turing Pharmaceuticals increased the price of one tablet by
5000% (from $13.50 to $750). Again, the price of EpiPen was
increased to more than $600 which earlier costed $100. The
rise in the price of older drugs is highly objectionable con-
sidering the fact that the expenses for research and devel-
opment was occurred quite before and almost definitely
been recouped.234 Additionally, it is also noteworthy that
there exists a very little difference in prices of drugs
approved on the basis of response rate with those approved
depending on the time-to-event end points.230 These clearly
imply that the current pricing models of cancer drugs are
highly non-rational. Further, the fact that the prices of
drugs against cancer vary around the world and that no
uniformity exists in the variation.235 The survey on the offi-
cial prices of 31 cancer drugs in 18 different countries as
published by Vogler and colleagues has shown sizable

differences in price for the same drug in these countries.
Thus, the price of cancer is not only limited to human suf-
fering, but it increases the burden on the national GDPs as
well due to premature mortality and morbidity.236 This
strongly demands the need for greater transparency.235

Further, aiming to lower the costs and improve the value,
the Centers for Medicare & Medicaid Services has pro-
posed several measures such as improving incentive for
better clinical care, discounting or eliminating patient cost
sharing, feedback on physician’s prescription, and pricing
of drugs based on its effectiveness.237 Although the cost-
effectiveness analyses showed the tremendous cost of some
cancer drugs as reasonable, majority of novel hematologic
malignancy drugs failed to meet the value for the price.
Further, empirical evidence revealed that most cancer
drugs do not reach the conventional cost effectiveness
thresholds, thus implying the crucial requirement to recon-
sider the current pricing of cancer drugs.238 The examina-
tion of the work for the contribution of National Institutes
of Health (NIH) funding to published research linked with
210 new molecular entities (NMEs) approved by the FDA
during 2010–2016 suggested that the NIH contributes to
new drug approvals through research is greater than earlier
expected. Moreover, it was found that the NIH research
budget was more concentrated on the basic research for
translating the new products. Any decrease in the funding
can result in the slow pace of the research which could
cause the delay in the outcome in terms of the emergence
of new drugs in the near future.239 The examination of the
presence of financial ties to drug makers among academics
with research productivity showed a positive correlation.
However, further analysis must be extended to validate
these findings and if proven some policies must be
framed to provide alternative incentives to physicians
who could not make industry payments.240 The analysis
of the differences in the guidelines for the approval of anti-
cancer drugs by the National Comprehensive Cancer
Network (NCNN) and FDA indicated that the NCCN rec-
ommendations are weak. It was observed that the NCCN
defends the coverage of expensive, toxic cancer drugs

Table 2. Continued.

Drug name Target Cancer Treatment cost References

Vismodegib Smoothened homolog BCC $75,000/10 months 103,224

Ziv-Aflibercept VEGF CRC $1600/4 mL 103,225

Zoledronic acid FPP, GGPS1, hydroxylapatite MM $140/dose 103,226

5-HOTR: 5-hydroxytryptamine receptor 3A; ALL: acute lymphoblastic lymphoma; AML: acute myelogenous leukemia; Ang1R: angiopoietin-1 receptor; APL: acute

promyelocytic leukemia; BCC: basal cell carcinoma; BCL: B-cell lymphoma; C1QC: complement C1q subcomponent subunit C; C1QB: complement C1q sub-

component subunit B; CDK: cyclin-dependent kinase; CLL: chronic lymphocytic leukemia; CTCL: cutaneous T-cell lymphoma; CTLA4: cytotoxic T-lymphocyte

protein 4; CYP19A1: cytochrome P450 19A1; CYP2D6: cytochrome P450 2D6; DHFR: dihydrofolate reductase; DNMT1: DNA (cytosine-5)-methyltransferase 1;

EGFR: epidermal growth factor receptor; FL: follicular lymphoma; FPP: farnesyl pyrophosphate; GART: trifunctional purine biosynthetic protein adenosine-3; G-

CSFR: granulocyte colony-stimulating factor receptor; GEP-NETs: gastroenteropancreatic neuroendocrine tumors; GGPS1: geranylgeranyl pyrophosphate syn-

thase; GnRH: gonadotropin-releasing hormone receptor; GnRHR: gonadotropin-releasing hormone receptor; GTN: gestational trophoblastic neoplasia; IDH2:

isocitrate dehydrogenase-2; IL2RA: interleukin-2 receptor subunit alpha; IL2RB: interleukin-2 receptor subunit beta; IL2RG: cytokine receptor common subunit

gamma; MAP2K1: mitogen-activated protein kinase kinase 1; mMCC: metastatic Merkel cell carcinoma; MM: multiple myeloma; NET: neuroendocrine tumor; NHL:

Non-Hodgkin’s lymphoma; NR1I2: nuclear receptor subfamily 1 group I member 2; P110d: phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit delta;

PARP: poly(ADP-ribose) polymerase; PD-1: programmed cell death protein 1; PDGF-R: platelet-derived growth factor receptors; PD-L1: programmed cell death 1

ligand 1; PKC: protein kinase C; POLA1: DNA polymerase alpha catalytic subunit; PTK6: protein-tyrosine kinase 6; PurH: bifunctional purine biosynthesis protein

PURH; RCC: renal cell carcinoma; RDR-LS: ribonucleoside-diphosphate reductase large subunit; RNR: ribonucleotide reductase; RXR: retinoic acid receptor; SLL:

small lymphocytic lymphoma; SSTR: somatostatin receptor; TC: treatment cycle; TLR: toll-like receptor; TNFRSF8: tumor necrosis factor receptor superfamily

member 8; TR: thioredoxin reductase; TS: thymidylate synthase; VEGF: vascular endothelial growth factor.
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based on weak indication.241 Further, the study on evaluat-
ing the benefits of the US FDA’s pediatric exclusivity pro-
gram extension (2007–2012) by Sinha et al. has suggested
that it provided significant information about the safety
and efficacy of drugs used for pediatric population.
Although, it was observed that the cost to consumers was
high and the clinical trial was costlier.242

Potential solutions to the problem for
prevention and treatment of cancer

Development of new drugs till the final approval by FDA is
extremely expensive which costs around two billion dol-
lars. Although the chief reason behind this excessive high
cost remains unknown, high failure rates of trials related to
novel drug discovery at the pre-clinical and clinical settings
contribute enormously to it. Although many mono-
targeted therapies have been developed for diverse cancers,
such strategies have had little effect in the prevention or
treatment of different malignancies.243 Targeted therapy
which involves different strategies such as monoclonal
antibodies, prodrug, small molecule inhibitors, and nano-
particulate antibody conjugates has gained enormous
attention in the recent days due to their specificity towards
cancer cells without causing toxicity to off-target cells.
However, newest findings suggest that tumor heterogene-
ity with reference to molecular targets leads to failure of
these targeted therapies in many cases.244 Some potential
solutions for the prevention and treatment of cancer are
illustrated below.

Natural therapies

Since ages, compounds derived from Mother Nature, espe-
cially plants have been the primary source of medicine and
health not only due to their safety, affordability, effective-
ness but also due to their ability to modulate multiple cell
signaling pathways. Further, increasing lines of evidence
clearly imply that more than 70% of the current drugs are
of natural origin.245–247 Notably, a vast majority of world’s
population relies on plants for their primary healthcare.245

Reports suggest that people of Southeast Asian countries
possess lower risk of developing colon, gastrointestinal,
prostate, breast, and some other cancers due to their dietary
habits as dietary constituents are considered to offer pro-
tection against diverse cancers.248 Dietary phytochemicals
contain various active components with potent chemopre-
ventive properties such as curcumin, genistein, resveratrol,
diallyl sulfide, S-allyl cysteine, allicin, lycopene, capsaicin,
diosgenin, [6]-gingerol, ellagic acid, ursolic acid, silymarin,
anethol, catechins, eugenol, isoeugenol, isothiocyanates,
indole-3-carbinol, isoflavones, phytosterols, folic acid,
b-carotene, and flavonoids. These components are extreme-
ly safe, possess multi-targeting ability, cost-effective, bio-
available, and also serve as better ligands for biologically
active proteins.249,250 A recent paper reported that insectiv-
orous plants which are rich in secondary metabolites pro-
vide benefits against cancer. For instance, metabolites like
napthoquinones, phenolic acids, and flavonoids are present
in the plants such as Drosera indica, Dionaea muscipula,

Darlingtonia, and Sarracenia, which contribute enormously
to their potent anticancer property.251

For the period of 2005 to 2007, a total of 13 different
drugs based on natural products were approved and five
of them represented the first members of new classes of
drugs: exenatide, ziconotide, ixabepilone, retapamulin,
and trabectedin. Further, the structures of these natural
products possess high chemical diversity, biochemical spe-
cificity, and various other molecular features, making them
highly promising as lead structures for drug design.252,253

Despite these advantages and the past achievements,
research into natural products in drug discovery screening
in the pharmaceutical companies have decreased remark-
ably in the last decade. This might be due to the apparent
difficulties associated with natural products which include
technical obstructions in screening them in high-
throughput assays against different molecular targets.254

For instance, one such highly promising medicinal plant
is Azadirachta indica, commonly known as neem, belonging
to Mahogany family. Various parts of this plant have been
used for the treatment of diverse human ailments since
olden times and also showed anticancer effect in the pre-
clinical findings. Despite the identification of more than 300
components from neem, the effect of only very few were
assessed in details.245 Deciphering the effect and mecha-
nism of action of all the compounds present in such pre-
cious medicinal plants hold immense prospect in the
development of novel therapeutic strategies against diverse
cancer types. Notably, recent advances in genomics and
structural biology provide a clearer picture of the diversity
of proteins targeted by molecules of natural origin thereby
developing an interest in natural products for drug discov-
ery.249,252,253,255 Overthrowing the technical disadvantages
associated with natural product research definitely pro-
vides better opportunities to unravel the biological features
of previously inaccessible natural product sources. Further,
chemical diversity of natural products is perfectly suitable
to provide the core scaffolds for novel drugs and therefore
further developments in using newer natural products and
chemical libraries based on them possess enormous pros-
pect in drug discovery crusades.253 Additionally, a method
of drug discovery involving the generation of natural
products’ based molecular diversity in combination with
synthetic procedures undoubtedly displays the most well-
suited solution to discover and develop effective drugs.256

Multi-targeted agents

Till date, different drugs have been developed against var-
ious targets such as tyrosine kinases, diverse membrane
proteins, and enzymes for the treatment of varied cancer
types and they also obtained FDA approval (Figures 1–4).
Interestingly, one leading paradigm in drug discovery is to
develop regimens with high selectivity to act on individual
drug targets.257,258 With this mono-targeted approach,
many novel entities have been designed and further got
approval as drugs.257 However, these drugs had hardly
exerted efficacy against cancer as it is a complex disease
characterized by diverse molecular and genetic variations.
Due to this enormous biological diversity, targeting a single
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target is not sufficient to combat cancer. Instead, multi-
targeting approach holds prospect in this regard.259,260

Multi-targeted therapeutics can be accomplished either
through combination of single targeted drugs or via admin-
istration of a multi-targeted agent. The combinatorial treat-
ment approach using agents with distinctive molecular
mechanisms is considered to be highly promising for
better efficacy as use of multiple agents is frequently limit-
ed by drug–drug interactions and dose-limiting toxicities.
In addition, the use of a single agent is generally much

more cost-effective than two separate agents.257,261 Some
other important yet added advantages of using a single
multi-targeted agent include the avoidance of different
bio-availabilities as well as pharmacokinetics and metabo-
lism of each component within the combination regimen.
Further, the simplified dosing regimen would greatly aid in
enhancing the therapeutic efficacy and exert minimal side
effects.257 These findings clearly indicate that the use of
more unspecific agents with ability to modulate different
targets simultaneously offer high prospect.259 Increasing
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lines of evidence suggest that “natural products” such as
isoflavones, indole-3-carbinol, and curcumin inhibited the
growth and induced apoptosis of cancer cells effectively by
targeting multiple signaling pathways in vitro without
causing much toxicity to the normal cells. Therefore,
these non-toxic “natural products” could be of immense
use in combination with conventional chemotherapeutic
agents as well for treating diverse human malignancies
effectively without exerting much toxicity.261–263 For exam-
ple, curcumin, a component of a spice native to India, was
found to exhibit potent antioxidant, anti-inflammatory,
antiviral, antibacterial, antifungal, and anticancer activities.
It modulates diverse transcription factors, inflammatory

cytokines, enzymes, kinases, and various other proteins
and can regulate the growth of tumor cells effectively
through modulation of multiple cell signaling cascades.
Further, it was also reported that curcumin can interact
with almost all the targets regulated by FDA-approved
anticancer drugs.264–266 Again, silymarin, another multi-
targeting agent also showed anti-inflammatory as well as
anti-metastatic activity and modulated the expressions of
cell cycle regulators and proteins involved in apoptosis.267

Recent studies identified niclosamide as an effective anti-
cancer agent with ability to inhibit Wnt/b-catenin,
mTORC1, STAT3, NF-jB, and Notch signaling pathways.
Further, it was also reported to target mitochondria in
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cancer cells to induce cell cycle arrest, growth inhibition,
and apoptosis.268 In addition, tocotrienols, analogs of vita-
min E also have gained considerable attention due to their
effectiveness and their ability to inflect various targets
which are strongly involved in cancer cell proliferation,
survival, invasion, angiogenesis, and metastasis. Further,
tocotrienols can chemosensitize cancer cells to celecoxib,
doxorubicin, erlotinib, gefitinib, gemcitabine, paclitaxel,
statin, etc. effectively.269,270

Thus it is well affirmed that targeting different biochem-
ical and molecular signaling pathways provides the most
well suited and effective strategy to deal with carcinogen-
esis and overcome resistance to mono-targeted agents.
Therefore, exploration of more of these multi-targeted
agents, especially those of natural origin and their thorough
investigation in pre-clinical and clinical setting would def-
initely pave way towards successful prevention and treat-
ment of diverse neoplasms.

Cost

Cost of novel anticancer drugs are extremely high which
affects the patients and payers globally.271 For the last 25
years, well-meaning bureaucratic functionaries have intro-
duced numerous new guidelines without consulting any
clinical investigators or field testing which resulted in
delayed development of new treatments, subdued innova-
tion together with driven up drug costs remarkably.272 The
use of costly therapies with minimal benefits for their
approved and unproven indications contributes hugely to
the growing cost of cancer care, also known as “financial
toxicity” which results in poor health-related and non-
health-related issues to the patients.273,274 Moreover, the
survival benefits of certain newer anticancer drugs may
be just a few months more than that of the already existing
treatment but at a reasonably higher cost.271 Considering
the complication of this matter, evidently, no single solution
will suffice. Adopting approaches like macroeconomic
basis of cancer costs’ re-engineering, education of policy
makers, and a transparent regulatory system might offer
some potent solutions to this problem.275 A fair drug
price is of vital importance which not only reflects its true
benefit but also the societal and personal costs. Further,
deciding the price of cancer drugs solely by pharmaceutical
companies could make our health care system as well as
Medicare completely penniless and is absolutely unfair not
only to the cancer patients, but also to the whole society.276

Another plausible approach is the introduction of generic
and biosimilar drugs. Generic drugs are same as brand-
name drugs which are used in similar treatment programs
for the approved indication and also at comparable dosing
levels. On the other hand, biosimilar drugs possess high
similarity with the FDA-approved biological agent, with
no clinically meaningful differences with regard to safety,
efficacy, or purity. Filgrastim-sndz which was developed in
2015 is the first FDA-approved biosimilar drug as an alter-
native to filgrastim to treat neutropenia in cancer patients.
Compared to filgrastim, the cost of biosimilar filgrastim-
sndz is around 15% lower in the USA and 30% lower in
Europe.231 Thus they offer a relatively inexpensive

treatment choice and may provide relief to the increasing
costs of cancer drugs. However, design of strategies to
obtain enhanced uptake of biosimilar drugs is highly criti-
cal. Another plausible solution is the development and use
of biomarkers of drug response to enable reduced use of
costly drugs which are improbable to benefit the patients
on the basis of disease characteristics. For example, screen-
ing for PD-1 and/or PDL-1 provides targeted treatment
and reduces the use of expensive PD-1/PDL-1 inhibitors
in patients who would not benefit. However, impact of bio-
marker screening may depend on the approval status of a
drug in relation to the discovery of the biomarker.277

Aforementioned, FDA approved pembrolizumab based
on molecular biomarker for patients bearing MSI-H or
dMMR solid tumors which have progressed on prior ther-
apy. Approval of such drugs has interweaved the transla-
tion of basic science to clinical settings, restricting treatment
on the basis of genetic subgroups and the flexibility of the
FDA to approve drugs on the basis of early as well as favor-
able data.66 In addition, the application of dose individual-
ization concept depending on body surface area may cause
reduced expenditure of anticancer drugs. A study was con-
ducted to determine if the rational application of dose indi-
vidualization leads to reduction in anticancer drugs’ costs
where 18 different anticancer drugs were given 939 times.
They found that if dosage was sternly based on body sur-
face area, drug costs would have been 509,664 Euro.
Rounding off to total ampoules with a dose margin of max-
imum 10% would have caused 8.6% lessening of cost.278

Safety

The cancer drugs approved by FDA are mostly associated
with adverse side effects. Therefore strategies to overcome
these toxicities are of vital importance. For instance, doxo-
rubicin (adriamycin) exerts notable anticancer effect, par-
ticularly in solid tumors. Further, it was reported to exhibit
a higher therapeutic index compared to some other anti-
cancer drugs like daunorubicin, with minor change in its
structure. However, cardiotoxicity generated due to its use
presents a major limitation. Nevertheless, it can be pre-
vented by liposomal encapsulation as liposomal-
encapsulated doxorubicin is reported to exert less cardio
toxicity and it was also approved by FDA for treating ovar-
ian cancer and multiple myeloma. Various reports suggest
that treatment related toxicities can be prevented through
different pharmacologic substances such as a-tocopherol,
ascorbate, vitamin E, and N-acetylcystein. Vitamin E and
ascorbate are antioxidants which were found to inhibit the
formation of free radicals. Qishenyiqi pills were also
reported to cause improved cardiac activity through inhib-
iting the apoptosis of myocardial cells. Again,N-acetyl cys-
teine is shown to increase non-protein sulfhydryl contents
of heart, thereby preventing drug induced cardiomyopa-
thy.279 Therefore encapsulation with these substances may
provide protection against cardiotoxicity induced by anti-
cancer drugs. In addition, cytoprotective agents reduce the
toxicity related to anticancer treatment and also help to
increase the dose as well as dose intensity of radio and
chemotherapy. One such organic thiophosphate is
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amifostine, which provides selective protection to the
normal tissues as well different organs without exerting
much toxicity. Clinical studies depicted that amifostine pro-
vided protection against nephrotoxicity, neurotoxicity,
myelotoxicity, mucositis, and esophagitis in patients
treated with radio and chemotherapy. Amifostine is well
tolerated in 740 or 910mg/m2 doses and interestingly, stud-
ies in both pre-clinical and clinical settings did not report to
hinder the antitumor efficacy due to its use.280

Prevention and treatment

It is well evinced that only 5–10% of all cancer cases is
attributed to genetic defects, whereas environment toxins,
unhealthy lifestyle, and diet account for the remaining 90–
95% cases. Of all cancer-related deaths, almost 25–30% are
due to use of tobacco, 30–35% are associated with
unhealthy diet, approximately 15–20% are due to infec-
tions, and the remaining are caused by other factors such
as exposure to radiation, stress, physical inactivity, and
environmental pollutants.281 As mentioned, maintaining a
healthy diet plays an inevitable role in cancer prevention.
Low use of fibers, consumption of red meat and an imbal-
ance of omega-3, -6 fats may enhance the risk of cancer. On
the other hand, high intake of fruits and vegetables may
considerably lower the risk of cancer. Moreover, use of
digestive enzymes and probiotics as oral supplements is
another anticancer dietary measure.282 The chemo-
protective effect of fruits and vegetables also holds true
for different cancer types including cancers of the colon,
esophagus, endometrium, oral cavity, lung, pharynx, pan-
creas, and stomach.283,284 Therefore, by embracing a
healthy diet which include smoking cessation, increased
intake of fruits and vegetables, moderate use of alcohol,
caloric restriction, minimal meat consumption, use of
whole grains, and maintaining a healthy lifestyle regime
including regular exercise, less direct exposure to sunlight,
use of vaccinations, and regular check-ups, this deadly dis-
ease can be prevented.285

In addition, personalized cancer medicine offers a huge
benefit in the treatment of cancer. It can be done through a
national facilitated access program and registry for off-label
use of targeted anticancer drugs. With the help of such pro-
gram, patients can be benefited by receiving the targeted
agent matched to their tumor profile.286 Again, centrosome
clustering mechanisms are also attractive theranostic tar-
gets against cancer.285 When cancer is diagnosed, besides
medical consultation, cancer patients seek advice and coun-
sel from close family and friends. Hence, medical advice in
the care of a friend, loved one, or close associate by an
oncologist can be of immense help.287 Further, the
Ayurveda, Siddha, and Unani (ASU) education system
require a reform at every level to produce expert, resource-
ful and informed graduates who can certainly contribute to
the betterment of the society.288

Conclusion

Cancer is an extremely complex disease caused by the
deregulation of multiple genes, proteins, and pathways.
Advancements in molecular biology and high throughput

screening technologies led to the development of different
target specific drugs for the treatment of cancer. But unfor-
tunately, none of them is effective and devoid of toxicities
and hence fails to combat cancer despite the fact they are
extremely expensive. As a matter of fact, in almost all the
cases, taking a single drug against cancer from discovery to
testing to market costs around $1 billion. This review sum-
marizes the advantages as well as limitations associated
with various aspects of cancer diagnosis as well as treat-
ment. While cell lines and animal models possess ample
advantages for cancer research and development of novel
cancer therapies, reports indicate that these pre-clinical
models are highly incomplete and data obtained from
them shows a fundamental mismatch with those obtained
from clinical findings. This presents a major obstacle in the
development of effective anticancer drugs. It is well
evinced that inflection of numerous transduction cascades
presents a convincing tactic to the actuality of carcinogen-
esis and the growing issue of emerging chemoresistance.
Therefore, a multidisciplinary drug discovery approach
which includes the generation of novel molecular multi-
plicity from natural sources, together with synthetic proce-
dures might offer key solution to the discovery and
development of safe, effective and affordable drugs against
diverse neoplasms.
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