Author’s Accepted Manuscript

PROBLEM-DRIVEN INNOVATIONS IN DRUG
DISCOVERY: CO-EVOLUTION OF THE
PATTERNS OF RADICAL INNOVATION
WITH THE EVOLUTION OF PROBLEMS

Mario Coccia

www.elsevier.convlocate/hlpt

PII: S2211-8837(16)00011-3
DOI: http://dx.doi.org/10.1016/5.hlpt.2016.02.003
Reference: HLPT172

To appear in:  Health Policy and Technology

Received date: 28 April 2015
Revised date: 20 October 2015
Accepted date: 8 February 2016

Cite this article as: Mario Coccia, PROBLEM-DRIVEN INNOVATIONS IN
DRUG DISCOVERY: CO-EVOLUTION OF THE PATTERNS OF RADICAL
INNOVATION WITH THE EVOLUTION OF PROBLEMS, Health Polic
and Technology, http://dx.doi.org/10.1016/j.hlpt.2016.02.003

This is a PDF file of an unedited manuscript that has been accepted fo
publication. As a service to our customers we are providing this early version o
the manuscript. The manuscript will undergo copyediting, typesetting, an
review of the resulting galley proof before it is published in its final citable forn
Please note that during the production process errors may be discovered whic
could affect the content, and all legal disclaimers that apply to the journal pertain


http://www.elsevier.com/locate/hlpt
http://dx.doi.org/10.1016/j.hlpt.2016.02.003
http://dx.doi.org/10.1016/j.hlpt.2016.02.003

PROBLEM-DRIVEN INNOVATIONS IN DRUG DISCOVERY:
CO-EVOLUTION OF THE PATTERNS OF RADICAL INNOVATION WITH THE EVOLUTION OF PROBLEMS

Mario Cocciat
CNR -- NATIONAL RESEARCH COUNCIL OF ITALY & ARIZONA STATE UNIVERSITY
Current Address: IRCRES-CNR -ViA REAL COLLEGIO, 30 - 10024 MONCALIERI (TO)-ITALY
E-mail: mario.coccia@cnr.it; mario.coccia@ircres.cnr.it

Abstract.

A fundamental problem in the field of the product innovation management in biopharmaceutical in-
dustry is how to explain the general source of drug discovery and radical innovations that sustain
the competitive advantage of firms and technological progress in medicine. The current study con-
fronts this problem by developing a conceptual framework of problem-driven innovation. The in-
ductive study, based on ground-breaking drugs for lung cancer treatment, shows de facto that the
perception and solution of problem is an invariant force that supports source of radical innovation
and evolution of new technology. This evolution of radical innovations, driven by the evolution of
problems, generates a major technological change in medicine. This finding, in a Schumpeterian
world of innovation-based competition, is due to the organizational behaviour of leading firms that
have a strong incentive to find innovative solutions to unsolved problems in order to achieve the
prospect of a (temporary) profit monopoly. The vital linkages between observed facts support a the-
oretical framework of the source and evolution of path-breaking innovations in medicine, which can
be generalized to explain the long-term technological change in society. The finding here is also
important to design data-sharing health policy in order to promote innovation for better therapies
and an efficient “healthcare ecosystem”.

Keywords: Product Innovation Management, Cancer, Technological Paradigm, Target Therapy,
Radical Innovation, Commons, Problem Solving, Data Sharing, Drug Discovery, Eco-
system, Health Policy.
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Overview of the problem in the process of technological innovation

A technological paradigm and radical innovation are the main components of technological change
in support of new products and services in markets; this technological change in turn induces social
and economic change (Coccia, 2005; 2005a; 2012) 2.

In the field of the management of technology, it is important to explain the source and evolution of
path-breaking innovations and how economic subjects (e.g. biopharmaceutical firms) achieve and
sustain competitive advantage with new technology (Sahal, 1981; Dosi, 1988; Colombo et al.,
2014)*. In general, radical innovation is driven by several concomitant forces that may coexist in
specific circumstances, and some scholars have described different approaches to explain the source
of technological innovation (e.g. Ruttan, 1997; cf. Dixon, 1997; Hall and Rosenberg, 2010). How-
ever, the general driving force of the evolution of technology is a complex problem, which is hardly
known.

The current study confronts this scientific issue by developing the conceptual framework of prob-
lem-driven innovation, which endeavours to explain the source and evolution of new technology in

biopharmaceutical industry.

Theoretical background

Dosi (1982, p. 152, original emphasis) states that a technological paradigm is a: “ ‘model’ and ‘pat-
tern’ of solution of selected technological problems, based on selected principles derived from the
natural science and on selected material technologies . Technological paradigms play a vital role in
society since they tend to support corporate, industrial and economic change (Coccia 2009a; 2012b;
2014c). The theoretical structure and dynamics of technological paradigms can be described by

Teece (2008, p. 509, original emphasis): “Technological paradigms impose behavioural structures

®  This study interchangeably uses the terms technological paradigm and radical innovation to indicate path-breaking

innovations in society (Coccia, 2005; 2005a).



associated with ‘normal’ problem-solving activity. Paradigms imply the use of established problem-
solving routines; they indicate where to focus resources and help identify blind alleys to avoid . . . .
In short, technological paradigms fill a theoretical void by connecting the market to (at least some)
technological possibilities”.

In particular, the origin of new technological paradigms is underpinned in basic sciences such as
physics, chemistry, and biology (Nelson, 2008). These scientific fields support technological ad-
vances that “break-out” current technological trajectories (Dolfsma and Leydesdorff, 2009, passim).
As a matter of fact, scientific research activity can spur a faster progress of some technological par-
adigms, although “relationships between the ability to advance practical know-how and the strength
of scientific knowledge underlying that know-how are complex” (Nelson, 2008, p. 487). Scholars
argue that the evolution of science and technology is supported by a process of accumulation based
on the ability to identify, control and replicate practices with “a certain amount of the ‘routine’ ”
(Nelson, 2008, p. 488). This process of (technical) knowledge accumulation is “vital for the growth
of effective ‘know-how’ ” (as quoted by v. Tunzelmann et al. 2008, p. 479). Sahal (1985, p. 70,
original emphasis) claims that: “the origin of revolutionary innovations lies in certain metaevolu-
tionary processes involving a combination of two or more symbiotic technologies whereby the
structure of the integrated system is drastically simplified”.

In general, the evolution of technological paradigms is driven by demand factors and technological
opportunities associated with fruitful learning processes (Dosi, 1982; Dosi, 1988; Coccia, 2014c).
According to Nelson (2008, p. 486 passim) a major role in the source and evolution of technological
paradigm is played by the “conscious direction of efforts to advance practice, and recognition that
efforts . . . are strongly oriented by the body of human know-how to advance practice”. As a matter

of fact, patterns of technological innovation are supported by investments in economic and human

4 Cf. also Coccia, 1999; 2005; 2005a; 2005b; 2005c; 2005d; 2007; 2009; 2009a; ; 2009c; 2010; 2010a; 2010b;
2012b;2012c; 2012d; 2014; 2014a; 2014b, 2014c; 2014e; 2015a; Cariola and Coccia, 2002.



resources within R&D labs, and to a lesser degree by “effective demand” of markets (Nelson, 2008,
p. 487)°.
Usher (1954) proposed a theory to explain the evolution of innovations, using the theoretical
framework of the Gestalt psychology (cf. Ruttan, 1959). Usher’s theory of cumulative synthesis is
based on four concepts (see Basalla, 1988, p. 23):

1. Perception of the problem: an incomplete pattern in need of resolution is recognized.

2. Setting stage: assimilation of data related to the problem.

3. Act of insight: a mental act finds a solution to the problem.

4. Critical revision: overall exploration and revision of the problem and improvements by

means of new acts of insight.

This theory focuses on acts of insight that are basic to solve the problem. When the stage two is set
and solution of the problem revised, economic intervention to the process of invention can be effec-
tive. The main implications of Usher’s theory are the psychological aspects of invention and the
evolution of new technology with a vital cumulative change (Basalla, 1988, p. 24).
In short, the evolution of new technology (e.g. technological paradigm) depends on several ele-
ments such as needs of society, economic resource, inventor’s act of insight, effective demand, in-
stitutional interest, democratization, demographic change, major conflicts, etc. (cf. Coccia, 2010;
2014; 2014d; 2015a; Coccia et al., 2012). A holistic view of the innovation process, based on inter-
relatedness and interactiveness of social, cultural economic and political factors, is important to un-
derstand the “ecology of innovation” that supports the technological change (Marcus, 1981, p. 446).
The role of these factors in the impetus of technological paradigms changes according to the speci-
ficity of industries and geo-economic environment.
For instance, technological paradigms in drug discovery are generated by complex interactions of
demand- and supply-side determinants (Afshar, 2003; Perpich, 2004). Coccia (2012, p. 271ff) ar-

gues that scientific research in medicine -to solve vital problems- generates radical innovations (e.g.

® Teece, 2008; cf. also Dosi, 1982, p. 148; Dosi, 1988 passim.



new drugs/therapies) that are associated, a posteriori, with moderate and/or severe side effects.
Some studies have shown that the introduction of a path-breaking innovation in medicine is “proba-
bly never the optimal version” and problems (e.g. adverse effects) can be detected only ex-post in
clinical practice (Gelijns and Rosenberg, 1994, p. 31). The problems of new drugs spur feedback
mechanisms, which support a co-evolution of innovation in parallel pathways: 1) incremental inno-
vations in the presence of side effects; 2) emergence of new radical innovations induced from se-
vere side effects and/or major problems.

Overall, several works have provided many valuable insights into the theory of technological para-
digm. However, the complex driving force of the source and evolution of path-breaking innovations
is unknown (v. Tunzelmann et al. 2008, pp. 481-482; Teece, 2008, p. 510-511; Nelson, 2008, p.
496; Dixon, 1997). Ruttan (1997, p. 1524) argues that “each of the three approaches to understand-
ing the source of technical change - induced technical change, evolutionary theory, and path de-
pendence - is approaching a dead end. Attempts to construct bridges linking the separate approaches
are now necessary to advance our understanding of the source of technical change”.

It is clear that current approaches to the economics of technical change have trouble explaining the
driving forces concerning the evolution of new technology. In particular, current literature does not
explain the evolution of technological paradigms, the core of technological change. In fact, a more
comprehensive framework about the general source of radical technology does not exist yet (cf.
Ruttan, 1997).

Hence, the current study has the purpose to show one contributing factor the evolution of new tech-

nology in biopharmaceutical industry.

Conceptual framework and study design

The hypothetical approach of this study is based on the following working hypothesis (HP &), which

the research design intends to instantiate:



HP @ : The source and evolution of new technology are driven by relevant and consequential prob-

lems/needs emerging during the general patterns of technological innovation, ceteris paribus.

This HP 6, called problem-driven innovation, is the core of the causal model in Figure 1.
In effect, this study hypothesizes that a relevant problem in society supports the origin of a new
technological paradigm, uncertain and consequential problems induce the evolution of new technol-

ogy by different trajectories, ceteris paribus.
B A basic assumption of the study is: The existence of a relevant problem/need in society.

B A relevant problem is a problem that induces high mortality in society.

The study design focuses on established and emerging radical innovations in oncology that are gen-

erating a revolution in the practice of medicine by new biopharmaceuticals and small-molecules.

B A radical innovation, generated from drug-discovery process, solves a specific problem,
such as reduction of the mortality, reduction of side effects, increase of the life expectancy
and wellbeing in society, etc.

Through an inductive study®, based on new drugs for lung cancer, this paper endeavours to substan-

tiate the HP @ explaining the evolution of technology in biopharmaceutical industry.

® For building theories from case study research, see: Eisenhardt (1989), Eisenhardt and Graebner (2007).
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Figure 1: Conceptual framework of problem-driven innovation supporting the evolution of
new technology

Lung cancer has one of the highest worldwide mortality rates of any disease—for both sexes (cf.
Ferlay et al., 2013). This study assumes that lung cancer is a relevant problem in society, and in a
Schumpeterian world of innovation-based competition, leading firms in the drug-research industry
have a primary incentive to find innovative solutions to unsolved problems in order to achieve the
prospect of a (temporary) profit monopoly. This problem-solving activity of purposive firms gener-
ates a main impetus for the source and evolution of path-breaking anticancer drugs.

Overall, this new conceptual framework seeks to explain a vital determinant of the origin and evolu-
tion of radical innovations in medicine. It has also the potential to explain one main contributing
factor of the long-term technological change in society.

Evidence

The evidence here instantiates the hypothesis HPO by an inductive study based on new path-
breaking drugs (innovations) for lung cancer.

° A relevant problem in society: the lung cancer

First of all, industrialization and population growth in modern societies induce more consumption
and some damaging effects on ecosystem and society by resource depletion, pollution and also
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diffusion of carcinogens (Rivers, 2003, p. 409; Belpomme et al., 2007; Constant et al., 2014;
Coccia, 2013; 2015). Irigaray et al. (2007) argue that the growing incidence of a variety of cancer in
advanced countries, after World War 11, is due to several factors such as ageing of the population,
progress in health technology, expansion of diagnostic and screening programs, and in particular,
diffusion of environmental carcinogens driven by increasing industrialization of advanced countries
(cf. Obe et al., 2011; Hsu and Stedeford, 2010; Lewis and Maslin, 2015). In fact, cancer incidence
(the number of new cases occurring annually) increased by 85% from 1950 to 2001 (Zeliger, 2011,
p. 434). AstraZeneca (2015), a leading biopharmaceutical company, states that cancer is the world’s
biggest healthcare challenge because the deaths estimated are expected to reach more than 12
million by 2030.

Table 1 lists the four main types of cancer that have the highest worldwide incidence and mortality
(cf. Vineis and Wild, 2014).

Table 1. Incidence and Mortality of main cancer across worldwide population (both sexes)

Incidence Mortality
Cancer Number (%) ASR (W) Number (%) ASR (W)
Breast 1,671,149 11.9 43.1 521,907 6.4 12.9
Prostate 1,094,916 7.8 30.7 307,481 3.7 7.8
Lung 1,824,701 i3 23.1 1,589,925 194 19.7
Colorectum 1,360,602 9.7 17.2 693,933 8.5 8.4

Note: Incidence data for all ages. ASR (W) and proportions per 100,000. Age-standardized rate (W): A rate is the number of
new cases or deaths per 100 000 persons per year. An age-standardized rate is the rate that a population would have if it had a
standard age structure. Standardization is necessary when comparing several populations that differ with respect to age because
age has a powerful influence on the risk of cancer

Source: - GLOBOCAN 2012 (IARC) Section of Cancer Surveillance,

http://globocan.iarc.fr/Pages/fact_sheets_population.aspx (16/1/2015)

Among these cancers, lung cancer is a relevant problem in society because it has the highest
worldwide mortality rate of all types of cancer (see Table 1, last column). Lung cancer can be either
small cell lung cancer or non-small cell lung cancer (NSCLC), with the latter representing about
80% of cases. Risk factors include smoking (Buonanno and Ronzani, 2013), passive smoking
(Payne, 2001), air pollution (cf. Molina et al., 2008, passim), etc. Wang and Zhao (2011) claim that
concentrations of industrial air pollutants and fine atmospheric particulates in some areas can be the

carrier of toxic and carcinogenic agents (e.g. heavy metals, SO, etc.), which are the main causes of
9



cancers such as lung cancer’. Raaschou-Nielsen et al. (2013) show that each 5 zg/m® increase in

PM s concentration?, due to industrialization, can induce an 18% increase in lung cancer incidence.

In short, the high mortality rate of lung cancer is a major unsolved problem in society. The follow-

ing inductive study focuses on this issue as the impetus for the origin and evolution of new radical

innovations in biopharmaceutical industry to solve it (as theoretically hypothesized by HP9).

e Evidence to substantiate HP & and sequential linkages of the causal model in figure 1.

O The relevant problem of high mortality rate of lung cancer and ineffectiveness of current

chemotherapy-based treatments: the insurgence of radical innovation for lung cancer
treatments as reversible inhibitor (Origin of a new technological paradigm). Because it has
the highest mortality rate of all cancers, lung cancer is a vital problem to solve in modern
society. The current therapeutic treatments (technology) for advanced non-small cell lung
cancer (NSCLC) are again mainly based on traditional chemotherapy agents (such as cispla-
tin and gemcitabine; carboplatin and paclitaxel, and so on). However, this traditional tech-
nology of anticancer drugs has low efficacy, which is confirmed by the current high mortali-
ty rate (19.7% ASR-W)® in comparison to breast and other cancers (see Tab.1). In order to
solve this and other problems concerning the lung cancer, higher R&D investments by ad-
vanced countries and leading biopharmaceutical companies have generated critical scientific
advances in genetics, genomics and proteomics®; these breakthroughs in molecular biology
have laid the foundation for a major technological paradigm shift in therapeutic treatments
for cancer, given by targeted cancer therapies, which “are drugs or other substances that
block the growth and spread of cancer by interfering with specific molecules involved in

tumor growth and progression” (as defined by National Cancer Institute, 2015).

10

cf. also Bray et al., 2013; Obe et al.,2011; Hsu and Stedeford, 2010; Pope et al., 2002.

ng=10"° grams; PM=Particle pollution, also called particulate matter, is a mixture of solids and liquid droplets float-
ing in the air. Fine particles (PM,s) are 2.5 micrometers in diameter or smaller, and are produced from all types of
combustion, including motor vehicles, power plants, residential wood burning, and some industrial processes.
Age-standardized rate (W): A rate is the number of new cases or deaths per 100 000 persons per year. An age-
standardized rate is the rate that a population would have if it had a standard age structure. Standardization is neces-
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In particular, molecular biology has shown that cancer cells display self-sufficiency of
growth signals through the accumulation of genetic and epigenetic changes* (e.g. Epidermal
Growth Factor: EGF). The EGF acts by binding with high affinity to the Epidermal Growth
Factor Receptor (EGFR) on the cell surface and by stimulating the intrinsic protein-tyrosine
kinase activity of the receptor, which ultimately leads to cancer cell proliferation. The pres-
ence on lung cancer cells of the EGFR (in the exon* 19 or 21), identified by biomarkers®, is
important to understand patient differences and a precondition for applying effective target
therapies of personalized medicine, which blocks this cancer-specific target: EGFR (cf.
Singer and Marsh, 2012; Van Dyck et al., 2012). The first generation of target therapy for
non-small cells lung cancer(NSCLC)—a new technological paradigm in lung cancer treat-
ments—is based on the discovery of the EGFR blocking agents Gefitinib and Erlotinib to
treat patients who have EGFR mutations in exon 19 or 21 (Fig. 2). Two main radical inno-
vations apply these blocking agents to solve the relevant problem of high mortality for lung
cancer: Iressa® (based on the blocking agent Gefitinib) by AstraZeneca Company (UK-
Sweden) and Tarceva® (based on the blocking agent Erlotinib) commercialized by the
Roche Group (Switzerland)*. These path-breaking anticancer drugs are generating a revolu-
tion in therapeutic treatments of NSCLC with EGFR because they block specific enzymes
and growth factor receptors involved in cancer cell proliferation (Mitsudomi, 2005; Laack et
al., 2010; Boehringer-Ingelheim, 2015). These target therapies, called EGFR tyrosine kinase

inhibitors (TKIs), represent ground-breaking anticancer drugs that are easily administered as

sary when comparing several populations that differ with respect to age because age has a powerful influence on the
risk of cancer GLOBOCAN (2012, http://globocan.iarc.fr/ -accessed February 2015).

10 Cf. Afshar, 2003; Fraser and Pai, 2014.

1 Epigenetics is the study, in the field of genetics, of cellular and physiological phenotypic trait variations that are
caused by external or environmental factors that switch genes on and off and affect how cells read genes instead of
being caused by changes in the DNA sequence.

12 An exon is the portion of a gene that codes for amino acids.

3 A biomarker is a measurable indicator of the severity or presence of some disease state: “ < A characteristic that is
objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or phar-
macologic responses to therapeutic intervention’ ” (National Institute of Health, as quoted by Amir-Aslani and
Mangematin, 2010, p. 204).

14 The literature is vast and not fully cited here, but a good list of references is found in Dempke et al. (2010, pp. 262-
263 and pp. 271-274) and Coccia (2012a; 2014a).
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one pill per day (taken also at home), unlike the standard platinum-based chemotherapy for
lung cancer, which is administered intravenously at the hospital for treatment of solid ma-
lignancies (such as Cisplatin associated with gemcitabine for adenocarcinoma of the lung;
Coccia, 2012; 2012a; 2014a). Patients with metastatic non-small cell lung cancer treated
with the first generation of target therapy for lung cancer (Gefitinib and/or Erlotinib) have
significantly longer progression-free survival in comparison with patients who received a
combination of carboplatin plus paclitaxel (standard chemotherapy agents). In addition, Er-
lotinib in some cases decreases the mortality risk by 19% with an increase in median overall
survival of patients, associated with lower toxicity and side effects (cf. Brugger et al., 2009).
Consequential problem: Cancer can also grow by angiogenesis and other ways; these new
problems have induced the evolution of this technology with the second generation of lung
cancer target therapies based on irreversible inhibitors. The progression-free survival of pa-
tients treated with path-breaking anticancer drugs of the first generation is increased but
lung cancer mortality within a five-year period is always high (i.e. 5-year prevalence is
low)™®. Main studies of the biology of diseases show that cancer cells continue to grow by
also attracting new blood vessels to receive nutrients and oxygen (Reck and Crino, 2009).

In order to solve this consequential problem for lung and other cancers by blocking the
growth of blood vessels to tumors (angiogenesis) and, as a consequence, tumor growth,
R&D investment of biopharmaceutical firms has led to the second generation of targeted
therapy for (lung and other) cancer (commercialized from 2014). This second generation of
targeted therapies (radical innovations) can block the growth of blood vessels feeding tu-
mors (angiogenesis). In particular, new anticancer drugs target the vascular endothelial cell

growth factor (VEGF), which plays a critical role in cancer angiogenesis of NSCLC and

15 «

12

cancer prevalence refers to the number of people who have previously received a diagnosis of cancer and who are
still alive at a presented time point ... Therefore prevalence reflects both the incidence of cancer and its associated
survival pattern” (Cancer Research UK, 2015).



other varieties of cancer*® (Reck and Crino, 2009, p. 2). These further scientific break-
throughs to treat NSCLC support the evolution of the initial technological paradigm, which
is developing multi-inhibitor blocking agents targeting EGFR, human epidermal growth re-
ceptor 2 (HER2), and VEGFR signaling pathways (Figure 2). Promising target therapies for
NSCLC are BIBF 1120- nintedanib (triple angiokinase inhibitor) and BIBW-2992 MA2-
afatinib dimaleate (Dual irreversible EGFR and HER-2 inhibitor), both produced by the
Boehringer-Ingelheim company (Germany). In July 2013, afatinib dimaleate (BIBW-2992,
commercial name Gilotrif®) was approved by the U.S. Food and Drug Administration
(FDA). Gilotrif is a new generation of target therapy indicated for the first-line treatment of
patients with metastatic non-small cell lung cancer (NSCLC) whose tumors have epidermal
growth factor receptor (EGFR) in exon 19 deletions or exon 21 substitution mutations as de-
tected by an FDA-approved test (Coccia, 2012a; 2014a). Minkovsky and Berezov (2008)
show that Gilotrif® is active against lung cancers resistant to the first generation of EGFR
inhibitors (i.e. Gefitinib and Erlotinib). Nintedanib, commercial name Vargate, is also a sec-
ond-generation target therapy launched in 2015 for the treatment of NSCLC as a triple angi-
okinase inhibitor that inhibits vascular endothelial growth factor receptor (VEGFR), fibro-
blast growth factor receptor (FGFR), and platelet-derived growth factor receptor (PDGFR)
tyrosine kinases, which may result in the induction of endothelial cell apoptosis. Crizotinib
is another new drug used to treat advanced non-small cell lung cancer that has a mutated
(changed) form of a gene called anaplastic lymphoma kinase (ALK). Crizotinib blocks the
protein made by the mutated ALK gene and may stop the growth and spread of cancer cells.
Crizotinib may also prevent the growth of new blood vessels that tumors need to grow. This
second generation of target therapy is a type of tyrosine kinase inhibitor and a type of anti-

angiogenesis agent (National Cancer Institute, 2015a).

' The evolution of technological paradigms in medicine is also based on developing new technological trajectories by
“inventive analogical transfer” from experience and solutions in one knowledge area—source domain e.g. a type of
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Overall, second generation of ground-breaking anticancer drugs is based on irreversible in-

hibitors and multi-targeted tyrosine kinase inhibitors with fruitful activity against EGFR and
other ERBB family members'’ that further reduce lung cancer mortality, increasing the sur-

vival of patients.
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Figure 2: Treatment algorithms for EGFR blocking agents in lung cancer and evolution of

technology to confront drug resistance.
Source: Dempke et al. (2010) Targeted therapies for non-small cell lung cancer, Lung Cancer, vol. 67, p. 265.

0 A new consequential problem: Cancer can become drug resistant to previous target thera-
pies and grow due to a new mutation, called T790M. The evolution of technology with the
ongoing third generation of lung cancer target therapies.

The current generation of target therapy is effective for patients with non—small cell lung
cancer (NSCLC) harboring activating mutations in the epidermal growth factor receptor
(EGFR) kinase domain. These patients tend to respond well to these tyrosine kinase inhibi-
tors (i.e.: Gefitinib, Erlotinib, Gilotrif, etc. ). However, key studies show that lung cancer
can become resistant in the short run to previous new drugs (see Lovly et al., 2015, 2015a;

2015b). In particular, approximately 60 percent of patients with NSCLC typically relapse
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cancer—to solve new problems in another field -target domain e.g. another type of cancer (cf. Kalogerakis et al.,
2010, p. 418).
The ERBB protein family consists of 4 members: ErbB-1, also named epidermal growth factor receptor (EGFR);
ErbB-2, also named HER2 (human epidermal growth receptor); ErbB-3, also named HER3; ErbB-4, also
named HER4.


http://en.wikipedia.org/wiki/Epidermal_growth_factor_receptor
http://en.wikipedia.org/wiki/HER2
http://en.wikipedia.org/wiki/ERBB3
http://en.wikipedia.org/wiki/Her_4

within 1-3 years of treatment due to drug resistance of the 1% and 2" generation of target
therapy. The drug resistance is caused by an acquired secondary EGFR kinase domain muta-
tion, called T790M within exon 20%. The drug resistance to EGFR-directed therapy, due to
the emergence of the T790M secondary mutation, generates a progression of lung cancer
with several metastases and, as a consequence, mortality within five years. Currently, no
targeted therapies are approved for treatment of this mutation, but this new consequential
problem is supporting new inhibitors of mutant EGFR lung cancer and other types of cancer
(Clovis Oncology, 2015). The 1% and 2" generation of target therapy is originally designed
to target wild type EGFR, whereas third generation of target therapy in lung cancer is mu-
tant-selective designed to target mutant EGFR better than wild type EGFR. These new drugs
for lung cancer are in clinical development in some biopharmaceutical firms (e.g. Clovis
Oncology, AstraZeneca, etc.). Figure 3 shows new anticancer drugs developed by Clovis
Oncology firm: Rociletinib (CO-1686), which is in Phase Il development for the treatment
of non-small cell lung cancer and Lucitanib, which is commencing Phase Il clinical trials for
the treatment of breast and lung cancers. In particular, Rociletinib (CO-1686) is a novel,
oral, targeted covalent (irreversible) inhibitor of the cancer-causing mutant forms of epider-
mal growth factor receptor (EGFR) currently being studied for the treatment of non-small
cell lung cancer (NSCLC). Rociletinib was designed to selectively target both the initial ac-
tivating EGFR mutations and the T790M resistance mutation, while sparing normal EGFR
at anticipated therapeutic doses, with an improved toxicity profile. Accordingly, it has the
potential to be a first-line treatment in NSCLC patients with activating EGFR mutations and
a second or later-line treatment in NSCLC patients who become resistant to EGFR-directed

therapy due to the emergence of the T790M secondary mutation. In short, new anticancer

18 T790M mutation results in an amino acid substitution at position 790 in EGFR, from a threonine —T- to a methio-
nine —M. There is also L858R mutation within exon 21, which encodes part of the kinase domain, and occurs with a
frequency of approximately 43% in EGFR-mutated lung tumors; The L861Q mutation occurs within exon 21, which
occurs with a frequency of approximately 2% in EGFR-mutated lung tumors. The new anticancer drugs for these
mutations are in progress (cf. Lovly et al., 2015, 2015a; 2015b).
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drug, Rociletinib, is designed to potently inhibit the mutant forms of EGFR (Clovis Oncolo-

gy, 2015; 2014; 2014a).

Preclinical/Discovery Phase | Phase Il Phase Il

Rociletinib TIGER-X Registration - EGFR-mutated NSCLC - Expansion Cohorts
(CO-1686)

EGFR Inhibitor TIGER-1 Registration - 1st line EGFR-mutated NSCLC

TIGER-2 Registration — 2nd line EGFR-mutated NSCLC

TIGER-3 Registration - 3rd line of later EGFR-mutated NSCLC
QIAGEN T790M Diagnostic

Rucaparib Ovarian Cancer - Expansion Cohort

PARP Inhibitor
ARIEL2 Registration - Ovarian Cancer (treatment)
ARIEL3 Registration - Ovarian Cancer (maintenance)

RUCAPANC - BRCA-mutated Pancreatic Cancer

Foundation Medicine BRCA & HRD Diagnostic

Lucitanib Breast Cancer

FGFR1-3, VEGFR1-3,

PDGFRa/@ Inhibitor LT (it

FINESSE - Breast Cancer (Servier)

Advanced Solid Tumors (Servier)

INES - Breast Cancer + Fulvestrant (Servier)

. Enrolling Not yet enrolling Diagnostic

Figure 3: Third generation of path-breaking anticancer drugs in development pipeline by
Clovis Oncology (2015) in pursuit of meaningful improvement in cancer treatments.

The biopharmaceutical company AstraZeneca is generating a similar potent, selective, irre-
versible inhibitor of both EGFR sensitising and T790M resistance mutations with less ac-
tivity towards wild-type EGFR: this new compound is called AZD9291 (AstraZeneca,
2015a).

Evolution of innovative therapies in lung-cancer treatments. The next generation of target
therapies is for EGFR-mutant lung cancer. However, Thress et al. (2015, p. 560) in a recent
study, which tests the new anti-cancer therapy AZD9291 for EGFR-mutant lung cancer (a
subtype of non-small cell lung cancer), show new problems that will affect the evolution of
technology of these target therapies, such as the: “diversity of mechanisms through which
tumors acquire resistance to AZD9291 and highlight the need for therapies that are able to

overcome resistance mediated by the EGFR C797S mutation”.
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Overall, then, this inductive study seems to substantiate the HP & the origin of new technological
paradigms and evolution of technology are driven by relevant and consequential problems emerging

during their evolutionary pathways, ceteris paribus.

In fact, leading firms, within a Schumpeterian world of innovation-based competition—as in the
drug-discovery industry—have the chief incentive to find innovative solutions/products for un-
solved problems in order to achieve the prospective goal of a (temporary) monopoly of profits.
Figure 4 shows the evolution of technology of new target therapies for lung cancer as hypothesized

in the conceptual framework here.

The hypothesis of problem-driven innovation can explain the origin of new technological paradigms
and evolution of technology in medicine by improved generations of path-breaking radical innova-
tions to solve consequential problems, unknown at initial phases of development. In addition, this
conceptual framework has also the potential to explain the general source and evolution of technol-

ogy that support the long-term technological change for human development and progress in socie-

ty.
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LEARNING PROCESSES
Accumulation and advancement of technical knowledge

-y * - -y -y
-~ S . P ~S - ~ . - -~

E - ~ . ” ~
: : : 1N
”~ AN . e NS \\ 2 RN
,' Relevant o ,' Consequential \: ,' Consequential \: I, Prgggﬁ?‘ﬁgxﬂe_ \
] problem: LI | aeoblems: v Problem: Re- ‘ol sistance EGFR !
1 High Mortality '| 1 THRALG AV ’l 1 sistance EGFR ,' 1 C797S mutation '|
\\ Lung Cancer ;G \\ by Angiogenesis : \\ T790M mutations /i \\ /
AN PAETN JdN PAREAN ’
~ -’ : ~ ’ : ~ .’ : ’
\5—1.—” . \~—I_—” . \5———” . \~~—_—”
; s ! : ! 5 :
v : v : v : v
(2000s) : (2013-15) : 2016-18 : 2019
I Generation A Il Generation v, 111 Generation v New Generation of
of anticancer drugs ' of Multi-targeted drugs for EGFR- > Innovative Drugs
Gefitinib/Erlotinib: TKI anticancer drugs mutant lung cancer (in a not-too-distant
EGFR Tyrosine Kinase e.q. Gilotrif, e.g. Rociletinib, future)
Inhibitor (TKI) Crizotinib AZD9291
Origin of the Technological Paradigm  Evolution of Technology Time

Figure 4: Model of co-evolution of the technological paradigm of target therapy in lung

cancer with the evolution of consequential problems: problem-driven innovation hypothesis
Note: Names of new drugs are underlined; in parentheses are the year/period of approval by health authorities
in the US/Europe.

B Evaluation of the theory

The problem-driven innovation theory presented here can be assessed considering three main

concepts of the philosophy of science: consilience, simplicity and analogy (Thagard, 1988, Chp. 5).

- The conceptual framework here (based on HP &) seems to be consilient (Thagard, 1988), since it
explains a greater number of facts than other approaches. This conceptual framework seeks to
explain one of the general driving forces of technological innovation in drug discovery. In fact,
existent and emerging problems are an invariant feature of the origin and evolution of new tech-
nology. The HP & has also the potential to be a general framework to explain source and evolu-
tion of technology in other research fields.

- The approach of problem-driven innovation is simple with few ad hoc and/or auxiliary assump-
tions, such as the existence of relevant and/or consequential problems. Moreover, the simple el-

ements of the conceptual framework here are well known in the economic literature and man-
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agement of technology. The idea that a problem is associated with a technological paradigm and
radical innovation is not new in economics of technical change. It has already been used to ex-
plain this concept in economics of innovation (Usher, 1954; Dosi, 1982; Teece, 2008) and prod-
uct innovation management (cf. Restuccia et al., 2015; Atuahene-Gima and Wei, 2011). How-
ever, the concept of future consequential problems, unknown at initial stages, has not been used
to explain the evolution of innovations in new, uncertain and different technological directions
(Fig. 1).

- The characteristic of the analogy of this theory to explain different innovations is well estab-
lished in the biopharmaceutical industry®. The problem-driven innovation HP@ is a theoretical
framework that can be generalized because also in other industries the consequential problems
play a vital role to induce innovation and new product development (cf. Calabrese et al., 2005).
Ruiz et al. (2012, p. 385ff) argue that innovation product management depends on accurately
identifying problems across consumers. For instance, the “problem solving cycle” is a key activ-
ity of prototype-driven problem solving in heating products by using information of users
(Bogers and Horst, 2014, p. 744). Restuccia et al. (2015) analyze the industrial equipment and
supply sectors and show that the concept of product-related problems is vital for new product
development; in particular, the role of distributors can support the innovation during the product
life-cycle management. Critical problem-solving activity is also present in the semiconductor
industry and it is associated with the main variable of speed because in this specific industry,
with short product market life cycles, expeditious problem solving is an important goal to sup-
port continuous technological innovations in fast-changing and turbulent markets (Appleyard et
al., 2006). Macher and Mowery (2003), in semiconductor manufacturing, also find that allocat-
ing engineering resources to problem-solving activities, associated with information technology
and schedule production, influence new process technologies and better manufacturing perfor-

mance. In general, problem-solving competence is an important factor to develop and sustain

19 Cf. Rosenberg et al., 1995; Arora and Gambardella, 1995; Coccia, 2012.
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competitive advantage of firms. In addition, Savino et al. (2015) show that innovations, in sev-
eral industries, are due to a process of searching and recombining existing knowledge elements.
Hence, problem-solving activity is basic for new product development since it translates envi-
ronmental and organizational inputs into valuable new products and technology (cf. Atuahene-
Gima and Wei, 2011, pp. 81-82; Coccia, 2001; Coccia and Rolfo, 2007; 2009; 2013, Coccia and
Cadario, 2014)®*. Overall, these similarities across several industries show that the problem-
driven innovation hypothesis seems to be a comprehensive framework with the potential of ex-

plaining the general source and evolution of technology in different industries in the ecosystem.

Discussion and health policy implications
Analysing the underlying determinants of technological innovation in drug discovery is a complex

task but it is very important to explain some general driving forces of technological change in socie-
ty and support appropriate health policy (Gelijns and Rosenberg, 1994, p. 30ff; Rosenberg et al.,
1995). Laubach (1995, p. 212) argues that breakthroughs in biomedical sciences are based on con-
tinuous small scientific advances driven by the interaction between clinical research and clinical
practice?’. As a matter of fact, initial radical innovations in medicine have often several shortcom-
ings?? and feedback mechanisms with users and medical staff play a key role in the R&D process to
detect problems and spur new drugs with higher efficacy and/or lower adverse effects (Gelijns and
Rosenberg, 1994, p. 32ff; Coccia, 2012). In general, medical innovation, after introduction to the
market, has a lot of uncertainty due to a variety of environmental circumstances (Gelijns and Ros-
enberg, 1994, p. 31-32; Coccia, 2012). Clinicians and patients provide the majority of information
on shortcomings and consequential problems of new drugs to further support the Development
phase by means of (incremental) innovations (Gelijns and Rosenberg, 1995a, p.91ff). A main factor
of these patterns of technological innovation is a learning process, to solve specific problems, that

supports the accumulation and advancement of technical knowledge (cf. Gelijns and Rosenberg,

20 gee Coccia (2009b) for some organizational issues that reduce technological performances.
21 An interesting example of fruitful technological development is the endoscope described by Gelijns and Rosenberg
(1994; 1995; 1995a).
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1995, p. 4ff). In fact, the Development phase, based on a bidirectional information flow between
clinical research and clinical practice, supports the improvement of new drugs (Gelijns and Rosen-
berg, 1995a, p. 67). In particular, in the biopharmaceutical industry, the Development process of in-
novations continues after the drug is introduced to the market, driven by solution of consequential
problems with breakthroughs and learning processes (Galway et al., 2013; Gelijns and Rosenberg,
1994, p. 31). Hence, the Development phase deserves a particular attention by modern health policy
to support drug-discovery process and overall “healthcare ecosystem” (Schulthess, 2013, p. 178; cf.
also Gelijns and Rosenberg, 1994, p. 31).

The inductive study here has focused on a major health problem in society, the high mortality of
lung cancer, which has laid the foundation for a vital technological paradigm of new anticancer tar-
geted therapies. The evidence seems to substantiate the HP&: the origin of a new technological par-
adigm and the evolution of technology are driven by relevant and consequential problems emerging
during their evolutionary pathways, ceteris paribus (cf. also Coccia, 2014b).

This evidence can be reinforced with the results showed by Coccia (2014a) in a quantitative analy-
sis based on publications and patents. These findings are also confirmed by other studies, such as
Coccia and Wang (2015, p. 155ff) show that: “the sharp increase of several technological trajecto-
ries of anticancer drugs applied by nanotechnology seems to be driven by high rates of mortality of
some types of cancers (e.g. pancreatic and brain) in order to find more effective anticancer therapies
that increase the progression-free survival of patients”. The “technological trajectories mortality
driven” are also problem-driven, because of high mortality in pancreatic and brain cancer. In short,
relevant and consequential problems tend to be a main and general driving force (invariant) for ori-
enting new directions of the evolution of technology.

The problem-driven innovation management is reinforced by continuous advances in molecular

biology that investigate the root causes of problems concerning diseases within translational

22 Cf. Coccia (2009) for negative effects of other typologies of technological innovations in medicine.
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medicine®. Future problems are in a terra incognita at the insurgence of a radical innovation, but
the solution plays a vital role for the evolution of technology. This process supports new path-
breaking drugs for a “personalized healthcare strategy” (Singer and Marsh, 2012). Moreover, the
evolution of technology in medicine is also due to “inventive analogical transfer”: from experience
and solutions of consequential problems in one knowledge area—source domain e.g. a type of
cancer—to solve new consequential problems in another field—target domain e.g. another type of
cancer (Kalogerakis et al., 2010, p. 418). In short, the co-evolution of a technological paradigm
progresses with the interaction between new consequential problems and learning processes, such
as in drug discovery with the continuous interaction of biomedical sciences, clinical research
advances and clinical practice (cf. Gershon, 1998; Hirsh, 1997; Lenfant, 2003; Morlacchi and
Nelson, 2011). In particular, the problem-driven innovation in biopharmaceutical industry is strictly
associated with “ ‘learning via diffusion’ .... The increased adoption of a technology paves the way
for improvement in its characteristics” (Sahal, 1981, p. 114).

Overall, the conceptual framework here explains the co-evolution of new technology with the
evolution of consequential problems, which is an invariant factor in the patterns of technological

innovation.

B Health policy of commodification of data concerning specific problems of new drugs
The genomics Era plays a vital role to explore how human genes influence several diseases, and
how the knowledge gained can contribute to better health through new therapies. International
collaboration is important to study specific cancers and gather several data about problems of new
anticancer drugs in order to improve the innovation processes in medicine (Kosseim et al., 2014).
The integration of these data in health ecosystem is a main goal for science. A fruitful health policy
is to induce a commodification of health information (concerning the emergence of problems-

genetic mutations- with the use of new target therapies). A similar data-sharing health policy has:

2 Translational medicine is: “the interplay between basic laboratory science and exploratory clinical research. It en-
compasses preclinical investigations of the biological effects of therapeutics as well as clinical investigations aimed
at enhanced understanding of disease biology” (as defined by Roche, 2012).
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“varying implications for how disease susceptibility and drug-response research will be pursued by
the scientific community, and for who will benefit from resulting medical discoveries” (Foster and
Sharp, 2007, p. 633). The data-sharing of genetic mutations induced by new drugs, as commons?, is
a basic resource in research labs to further support drug-discovery processes (Lucchi, 2013,). An
appropriate health policy should promote a culture of collaborative data-sharing of results of these
therapies, by means of international consortia and public research agreements, in order to support

new patterns of technological innovation (Kaye et al., 2009).

Relevant problem Data-sharing policies
¢ Biopharmaceutical firms with consortia Acceleration
o Universities Commodification of of new technology and
e Other stakeholders problems concerning translation of finding
U . new drugs ||]::> in clinical practice
Drug Discovery U U
and Globally Biobanks Higher efficiency of
Radical innovations and E-governance healthcare ecosystem

Figure 5: Health policy of data sharing to support drug discovery and new technology in bi-

opharmaceutical industry.
The health policy should promote the link and network of genetic banks that will enable researchers
to access to these research resources. This health policy of commaodification of genetic data and
other information of new drugs, through international collaboration of different public and private
subjects, can accelerate discovery processes and translate research findings into clinical practice
(Fig. 5). Moreover, the evolution of technology in oncology can be supported by an appropriate
regulatory framework in “healthcare ecosystem” that improves the communication between
developmental phase of new drugs in biopharmaceutical firms and clinical practice (cf. Schulthess,
2013; Troshani et al., 2012). In fact, a modern health policy should support digital governance
mechanisms to spur flows of data across subjects involved in drug discovery processes (Kaye,
2011). However, similar health policies of data sharing, E-governance and appropriate regulatory
framework may have several impediments due to a complex interplay of stakeholders and their

interests in biopharmaceutical industry.

% In economics, the commons is the cultural and natural resources accessible to all members of a society, not owned
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Concluding Observations
The high mortality rate of lung cancer is a major unsolved problem in society and as theoretically

hypothesized by HP & has induced the origin of a new technological paradigm and evolution of
technology of new anticancer drugs. The origin and development of path-breaking innovations in
medicine tend to be driven by relevant and consequential problems; this nexus is confirmed by
current R&D process of leading biopharmaceutical firms. For instance, Roche (2015) argues that
the research process in medicine has to find: “innovative solutions for serious, currently unsolved
medical problems”. In fact, leading firms, within the Schumpeterian world of innovation-based
competition, as in the biopharmaceutical industry, have a main incentive to find innovative
solutions/products for unsolved problems in order to achieve the prospective goal of a (temporary)
profit monopoly (Etro, 2004; Calvano 2006). The hypothesis of problem-driven innovation can
explain the driving force of several innovations in medicine and has also the potential to explain the
general source and evolution of technological paradigms that support the long-term development of
technological change in several industries. Overall, the conceptual framework here is able to
improve current approaches that explain the source of technology change (Dixon, 1997; Ruttan,
1997; von Tunzelmann et al., 2008).
In particular,
(1) The conceptual framework assigns a central role to relevant problems to explain the origin
of path-breaking innovations that sustain and safeguard the competitive advantage of firms
and industries;
(2) The conceptual framework here is able to explain the evolution of new technology by con-
sequential problems that induce learning processes and, as a consequence, innovative solu-

tions;

privately (cf. Ostrom, 1990).
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(3) The conceptual framework here is able to explain the general dynamics of the long-term
development of new technological paradigms for sustaining corporate, industrial and eco-
nomic change.

(4) Finally, the findings support a data-sharing policy and commaodification of genetic re-
sources and information of consequential problems detected in several cancers (such as,
adverse effects, drug resistance, etc.) to construct biobank globally (as a commons) in order

to induce drug discovery and better target therapies (innovations).

Hence, the conceptual framework here, substantiated in the field of drug discovery, has several
components of generalization that could easily be extended to explain the source and evolution of
new technology across several industries. In addition, this theoretical framework can support a new
health policy that should be data-sharing oriented to accelerate the drug discovery, new therapies,
and an efficient “healthcare ecosystem” (Schulthess, 2013, p. 178).

To explore the general implications of a comprehensive theoretical framework of the source of radi-
cal innovations in socio-economic systems, future research should (1) analyze the origin and evolu-
tion of additional forms of path-breaking innovations in different industries; (2) examine the general
interaction between the problem-driven innovation approach and corporate, industrial, economic
and social change; and (3) design a regulatory framework of E-governance of data sharing (as
commons) to spur innovations in biomedical sciences.

Overall, then, this theory instantiated with an inductive study in drug discovery seems to show one
main driving force of the evolution of new technology: problem-driven innovation, which is an
invariant factor in product innovation management. However, the nexus from perception and
solution of problems to technological innovation is a complex and problematic matter, since we
know that other things are often not equal in current turbulent markets and technological change; in
fact, Wright (1997, p. 1562) properly claims: “In the world of technological change, bounded

rationality is the rule”.
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HIGHLIGHTS

PROBLEM-DRIVEN INNOVATIONS IN DRUG DISCOVERY:
CO-EVOLUTION OF THE PATTERNS OF RADICAL INNOVATION WITH THE EVOLUTION OF PROBLEMS

Molecular biology is supporting the drug discovery
Specific problems support source and evolution of technology in medicine
Stakeholders in biopharmaceutical industry have incentives to find innovative so-

lutions for unsolved problems

Target therapy for lung cancer is generating a revolution in clinical practice

Data-sharing policies promote R&D process for an efficient healthcare ecosystem





