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Abstract

Precision medicine utilizes tailored diagnostic, prognostic and therapeutic strategies based on an
individual’s molecular profile. Although it is'gaining.considerable traction and high-level political
endorsement, it must overcome a number of translational hurdles, including regulatory barriers.

At the core of precision medicine lies diagnostic tests and devices, however the regulatory
classification of such products varies-on‘a global basis. Navigating these convoluted regulatory
pathways can be challenging - exacerbated by asymmetric technological advancement and regulatory
progression..Both the EU and US are attempting to address such issues and newer concerns relating
to direct-to-consumer testing.

Flexible solutions are required to establish regulatory compliance across multiple countries and
coordinated cross-collaboration initiatives need to empower technological development and globally
harmonized regulation. The wider infrastructure, spanning beyond regulation, must also
accommodate these changes and support subsequent clinical adoption, in order to firmly establish
precision medicine in modern day medical practice.

1. Introduction



The advent of precision medicine, also known as “personalized” medicine, whereby tailored
diagnostic, prognostic and therapeutic strategies target an individual’s molecular profile, is an exciting
concept but one not without a number of scientific, translational, and clinical hurdles. A topic of
growing interest across global scientific and medical communities, precision medicine now occupies
high-level political endorsement — such as US President Obama’s State of the Union Address, where
he outlined the National Institutes of Health $215 million Precision Medicine Initiative (PMI) in
January 2015 [2] or the 21™" Century Cures Act[3]. Such enthusiasm and governmental support
extends internationally — the United Kingdom’s National Institute for Health Research(NIHR) for
example, has outlined provisions for more meaningful implementation of precision medicine within
the UK’s National Health Service (NHS), including a dedicated Genomics England project, to sequence
100 000 whole genomes by 2017 and help realize the potential this.innovative field offers[4]. The UK

government has also launched the Precision Medicine Catapult to catalyze the translation process.

The precision medicine space is progressing at a considerable rate. Currently, substantial
biotechnological advances have been made‘in relation to genomic sequencing and accompanying
therapies, patient characterization capabilities (spanning everything from genomic assays to
computational biology), big data, and other ‘~-omics’[2]. The list of ‘omics’ under study is growing
rapidly, from epigenomics and transcriptomics to assess gene expression, to proteomics and
metabolomics to map the metabolic status of the cell. Most recently, microbiomics has emerged,
linking the co-habiting organisms in the body with the health of the human host. All of these
techniques promise a much more profound understanding of the molecular basis of disease and

hence of potential therapy.

In many respects, cancer is in the lead in this process. Oncogenic targets such as human epidermal
growth factor (HER2) in breast cancer [5], EGFR mutations in lung adenocarcinoma [6] and BRAF
mutations in melanoma are now well established in clinical practice[7]. This has been made a reality
through the technological evolution of next-generation sequencing (NGS) to identify potentially
targetable genomic events, and subsequently allowing clinical oncology to emerge as the vanguard of

precision medicine. Cross-collaboration initiatives by international enterprises are helping empower



technological development and progression, and are being driven by operations such as the
International Cancer Genome Consortium (ICGC) (https://icgc.org), national collaborations such as
The Lung Cancer Mutation Consortium (LCMC) (https://www.golcmc.com) and through key
stakeholder engagement at a regional level to integrate precision medicine into current strategic

clinical research platforms[6,8,9].

Precision medicine (see Figure 1) is often Figure 1: The Treatment Spectrum

cited as “the right drug for the right patient

at the right dose at the right time” [10] and « "One size fits all

approach”

o Individualized
treatment plans

¢ Treatment
given according
to group or

strata

Medicine Medicine

generally involves the utilization of two or

more products, such as a diagnostic test or

device to optimize patient response to a particular therapeutic intervention. This approach could
apply to a multitude of therapeutic agents, including chemical drugs, biologic products, human
cellular and tissue products, gene therapies, drug-drug combinations and xenotransplantation
products — all of which necessitate regulatory scrutiny during their development and subsequent
clinical adoption. Forthcoming initiatives such as.the PMI Cohort Program in the US, which builds on
the achievements of the UK BioBank [https://www.ukbiobank.ac.uk], seek to extend precision
medicine capabilities to all disease states [through the creation of a one million subject national
research cohort]. Such data-intensive, broad population initiatives will continue to expand the
regulatory arenato incorporate pertinent topics such as data sharing and privacy, electronic health
records‘and health-information technology. Data sharing and analytics is vital for the progress of
precision medicine, but the issues that arise from patients facing severe diseases are quite different

from those of the general population.

Of course, doctors have always sought to be as precise as possible in matching therapy with the
patient, but the arrival of the molecular tools of modern precision medicine enables a complete
transition from a “one-size-fits-all” intuitive approach. However this transition poses both practical
and regulatory challenges. The requisite infrastructure must be devised and stabilized, and multiple

stakeholders need to collaborate in order to surpass a number of translational barriers, including as



the design of clinical studies, reimbursement policies and market access strategies. An essential
component of this is the requirement for an apposite regulatory framework that safeguards patients
whilst facilitating a streamlined approval process in order to achieve optimum patient benefit and
economic sustainability. Presently, a number of regulatory barriers are impeding the precision
medicine enterprise and reducing its clinical impact, in part due to concerns regarding evidentiary
standards, navigating convoluted regulatory pathways and the lag between technological progression
and accompanying regulation. Below we examine key regulatory barriers and issues pertainingto the
translation and implementation of “personalized medicine”, focusing predominantly on EU and US

markets.

In order that innovative products and combinations for precision medicine are available for
regulation, considerable coordination is required between non-regulatory-entities [1]. This consists of
a close interplay between academia and industry, and necessitates.a harmonized approach to realize

the scientific opportunities precision medicine provides (see Figure 2).
Figure 2: Scientific Opportunities in Precision Medicine
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2. Diagnostic Devices in Precision Medicine



At the heart of precision medicine, and central to its diagnostic foundation, lie diagnostic tests and
devices, which measure or evaluate indicators of normal biological processes, pathogenic processes
or therapeutic responses[11]. Diagnostics can be broadly categorized into in vitro or in vivo devices. In
vitro diagnostic (IVD) devices encompass sequencing and assay technologies that examine the genetic
basis of disease or biomarkers reflecting specific protein-level alterations. In vivo investigations
consist of more conventional diagnostic imaging modalities such as CT, MRI and PET, as well as
electrocardiography and electroencephalography but progressively also encompass high-end imaging
[10]. Regulatory classification of such products, and consequently their regulatory pathways, vary on
a global basis (see Figure 3). There is also an important difference between the US situation, in which
the targeting diagnostic and accompanying therapeutic are considered together, and the EU, in which

different agencies make these decisions.

2.1 US
The US Food and Drug Administration (FDA) oversee the Figure 3: Medical Device

Legislation
advancement, development and approval of both therapeutic

and diagnostic agents. For marketing purposes, the US

categorizes IVDs as either IVD kits or laboratory-developed

U U
tests (LDTs). IVDs may include kits such as the commercial

Directive D rug and
Cystic Fibrosis Genotyping Assay (Abbott CE-IVD kit) [12] or (93/42/EEC) Cosmetic Act

standalone LDTs e.g..a KRAS test for colorectal cancer[13].

to a risk-based classification (Class I to 1ll) depending on

IVDs, diagnostictests approved for commercial use, are subject —m

whether they are considered low to moderate risk (Class 1),

moderate to high risk (Class Il) or high risk (Class 1) — with risk L

pertaining to how the results are used for medical decision-making. Class | IVDs are subject to General

Controls comprising of basic provisions such as device registration, adverse event reporting and GMP
practice requirements to ensure device safety and effectiveness. Class Il IVDs, in addition to General

Controls, are required to enforce Special Controls, which includes post-market surveillance activities,



premarket data requirements and specific labeling requirements. Class Il devices also require a 510(k)
—a Premarket Notification - which is a premarket submission made to the FDA demonstrating safety,
effectiveness and substantial equivalence to other legally marketed devices. Satisfying these
requirements includes an assessment of bias, imprecision, analytical specificity and sensitivity, clinical
samples and/or information, and rarely, prospective clinical studies. (Most Class | devices are exempt

from such analysis).

Class Il (high-risk) IVDs, must navigate the more comprehensive Premarket Approval (PMA) pathway.
Submissions must include scientific evidence demonstrating safety and efficacy, manufacturing
process and facility review outcomes and clinical studies that identify surrogate endpoints and
establish device performance[14]. Prospective clinical studies are, of course, extremely expensive and

may necessitate financial support from the manufacturer of the accompanying therapy.

Table 1: US Classification of Clinical Laboratory Testing

Test Regulation

In Vitro Diagnostics (IVD) Food, Drug and Cosmetic Act (FD&C Act)

Analyte Specific Reagent Clinical laboratory responsible for quality

(ASR) and analytical validity
Laboratory Developed No regulatory approval — to be used
Test (LDT) within the laboratory

LDTs comprise‘protocols or kits designed, manufactured and originally intended for use in stand-alone
laboratories. Unlike IVDs, LDTs were historically exempt from pre-market FDA review due to their
classification as low-risk tests. However, reflecting advancements in both technology, complexity and
application, and the increasing realization that incorrect results represented real risks for patients, the
FDA advanced a draft guidance in October 2014 relating to LDTs in an attempt to risk-stratify them,
reduce misdiagnoses and align them with IVDs (which are subject to tighter regulatory controls)(see
Table 1) [15]. LDTs are currently subject to less stringent regulation, largely due to their relative

simplicity when they were first introduced to the market. Under the CLIA (Clinical Laboratory



Improvement Amendments) of 1988, laboratories performing ‘waived’ tests are subject to minimal
regulation and laboratories performing moderate or high complexity tests are subject to specific
laboratory standards governing areas such as certification, quality & control, and inspections - in the
EU, this governance filters down to member-state level and may account for differences in quality
perspectives. Performing clinical laboratory testing at a CLIA certificated clinical laboratory does offer
some advantages - notably recognized reimbursement for the process. Oncotype DX (Genomic
Health, Redwood City, CA, USA) for example is a widely performed 21-gene assay that predicts
therapeutic response in early-stage oestrogen receptor positive (ER+) breast cancers and is

reimbursed by a number of health insurance payers [15].

In general, LDTs require less in the way of development costs in comparisonto regulated equivalents,
which undermines the commercial attractiveness of the diagnostics space-[16]. However, it should be
noted that initial investments in clinical trial testing to demonstrate clinical utility [and meet
regulatory requirements] might be of considerable value —particularly if regulatory requirements vary

geographically.

The FDA intends to reengineer thisssystem and align the regulatory standards of LDTs with those of
IVDs - risk-stratifying LDT kits'into low, medium or high risk (Class | to Il respectively) categories. This
will require low risk LDT manufacturers, like their IVD kit equivalents, to submit information
concerning test registration, listing and adverse events to regulators. Similarly, evidentiary
requirements are elevated for tests deemed higher-risk; class Il LDTs must go via the
510(k)/premarket notification and class Il LDTs will have to meet the requirements for PMA [17]. The
current and proposed pathways are outlined in Table 2. These regulatory improvements are likely to
discourage the misuse of LDTs and improve patient safety. However the more stringent regulation
may present difficulties for manufacturers, and stifle the current pace of translation. Even for IVD kits,
the current PMA review process displays several limitations; including the absence of a “gold
standard” for benchmarking, appropriately defined minimum performance standards and the impact
of potential bias secondary to study methodology. If these regulatory barriers are not mitigated, LDT

developers will face similar hurdles to those experienced by IVD kit producers.



Table 2: Comparison of the current US IVD regulatory framework and the proposed LDT regulatory

framework [14,18]

FDA - Federal Food, Drug, and Cosmetic Act*

In Vitro Diagnostic [IVD] Kits Laboratory Developed Tests [LDT]
Framework Requirements Proposed Requirements
Framework

Class | General Controls Class I: Registration
e  Registration Low risk Device listing
e Device listing Adverse event reporting
e AE reporting Exempt from quality-system
e GMP regulations
e 510[k]

Class Il Special Controls Class II: Begin reporting adverse events
e Performance standards Medium risk to FDA within six months of the
e Postmarket surveillance guidance beingfinalized
e Patient registries Premarket review [premarket
e Special labeling notification or 510[k]

requirements Meet-medical device cGMP

e  Premarket data
e 510[k]

Class Il PMA Class Il As Class I
e AsClass I High risk PMA
e  (linical studies

*|VDs may also be biological products subject to Section351 of the Public Health Service Act.

The increasing technological complexity of such tests makes the standardization of evidence and

regulatory evaluation difficult, particularly for those looking to enter global markets where a number
of distinct regulatory systems exist.-Diagnostic tests also employ different business models to
therapeutics —diaghostics manufacturers typically lack the financing and resources available to larger

(bio)pharmaceutical organizations.

Whole'genome sequencing represents a particular regulatory challenge, as it comprises of sample
handling and preparation, the sequencing itself, the ‘calling’ of gene variants and the clinical
interpretation of the results. In 2015 the FDA began a process of consultation on regulations to cover

some, not all, of the steps. We will return to this question later[19].

2.2EU



In the EU, IVDs are governed by the Directive of In Vitro Diagnostic Medical Devices (98/79/EC) — one

of three principal EU directives regulating medical devices (see

Box 1: EU Medical Device

Box 1) [20]. In contrast to the US, European approval, in the form Directives

of a ‘CE mark’ can be sought through any of a number of ‘notified e Medical Devices Directive

[93/42/EEC]

e Directive of Active
Implantable Medical
Devices [90/385/EEC]

e Directive of In Vitro
Diagnostic Medical Devices
[98/79/EC]

bodies’ (rather then the European Medicines Agency that

regulates drugs).

Similarly to the US, the EU is currently undergoing a period of

regulatory transition with regards to medical devices and IVDs, hastened by high profile scandals such
as the Poly Implant Prostheses (PIP) or metal-on-metal joint replacements reference [21,22]. Directive
98/79/EC provides the current regulatory framework for placing IVDs on the EU market but stands to
be replaced with new IVD regulation, which will be subject to.a phased implementation over the next
five years[23]. Again, this adopts a ‘risk-based’ classification system and will comprise of four risk
classes (A-lowest to D-highest) with the intention of safety-enhancing the existing approval

system[22].

Key elements of the proposed regulation include the involvement of the notified bodies (for Class B, C
& D devices), performance of evaluation reports [covering scientific, analytical and clinical

dimensions] and market surveillance data

) ) Case Study 1: Ovasure
(whereby an electronic system will

e Ovasure diagnostic test was thought to predict the onset

capture’seriousincidents and events that of ovarian cancer by measuring six blood proteins.

e Developed by researchers at Yale University with trials
may alter initial risk-benefit analyses). being carried out by LabCorp

o These markers included prolactin, leptin, insulin-like
Notified bodies exist at member state growth factor I, macrophage inhibitory factor,

osteopontin and CA-125 [used to measure disease
progression in ovarian cancer[54]]

e (Classified as a LTD [Laboratory Developed Test] instead of
a medical device for regulatory purposes

e Reached market without FDA approval and was
commercially available in 2008

level —there is no pan-European

regulatory body with global authority.

Class A devices — those deemed lowest e Concerns led to the FDA requesting its removal from
market several months after release[32,55], and included:
risk — will be subject to a conformity 0 Incorrect prevalence rate used to calculate the
products positive predictive value
assessment, which will be the sole 0 A number of false positive results [leading to

unnecessary ovarian removal]




responsibility of the manufacturer (with the exception of devices intended for self testing, near-
patient testing or sterilization procedures) [23,24]. The proposed regulation will also help address the

current lack of evidentiary requirements for lower class devices concerning utility.

For precision medicine to be truly realized, a clearer recognition of outstanding limitations in the
existing regulatory systems is required. By definition, precision medicines need to be trialed on
smaller populations and development and approval pathways must utilize innovative clinical trial
designs. The process must also be made shorter and more flexible [25]. Findings by Cancer Research
UK estimated that between 2003 and 2007, time taken for study approval increased by 65% coupled
with a 75% increase in administration-related costs [26]. Novel clinical trials utilizing adaptive, basket
or umbrella designs, which target select patient groups, may help alleviate barriers associated with
conventional clinical trials and their associated regulation, and streamline the pathway to clinical
adoption [26,27]. They will also enable pharmacogenomic. or other.‘omic’ testing to be more widely
implemented in therapeutic clinical trials. Most of the existing FDA approved biomarkers deal with
avoiding safety issues rather than selecting for superior response: this balance needs to shift over

time.

3. Companion Diagnostics [CDx]

Table 3: Examples of FDA-approved Cancer
Biomarkers

Biomarker | Cancer Type

HER2/NEU | Breast
K-RAS Colorectal

c-KIT GIST
EGFR Pancreatic
BTA Bladder
PSA Prostate

BTA: bladder tumour-associated antigen; c-Kit: stem cell growth factor receptor; EGFR: epidermal growth factor receptor, GIST: gastrointestinal
stromal tumour, K-RAS: v-Ki-ras2 Kirsten rat sarcoma viral oncogene homologue; PSA: prostate-specific antigen.

By identifying, measuring and evaluating specific patient characteristics such as gene expression or ‘-
omics’ (e.g. microbiomics, proteomics, metabolomics), predictive biomarkers (see Table 3[28]) enable

clinicians to personalize treatment and optimize patient outcomes (see Figure 4) [29] [30].



This helps reduce variation in response to treatment —in the US for example; it is estimated that the
ten highest grossing drugs are only effective in between 4% and 25% of the patients who are
prescribed them — and can also aid with safety and efficacy profiling [10]. Spurred on by these
statistics, the ‘omics’ space is seeing exponential technological and scientific progression and there
are now over 150 FDA-approved drugs incorporating genomic information in their prescriptive
guidelines to-date. However, progress has not been smooth: the dangers of misconstruing results
provided by consumer genomics companies have been highlighted in a number of previously
conducted studies [31]. Tests such as Ovasure (see Case Study 1), which was designed to detect early-
stage ovarian cancer, was beleaguered with high false-positive rates, which resultedinia number of
avoidable oophorectomies[32]. This phenomenon of ‘imprecision medicine” remains a concern for

regulators and must be fully addressed to avoid patient harm [27].

Figure 4: A Genomics-based Approach to Medicine[29]
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Precision medicine has typically utilized CDx tests, which are defined by the FDA (2014) as “a medical

device, often an in vitro device, which provides information that is essential for the safe and effective
use of a corresponding drugor biological product”. They have proven to be indispensable
commodities.in‘the shift from empirical to precision driven healthcare models — reflected in their
2014 marketvaluation of $3.14 billion[33]and an annual market growth in the region of 25%[34]. CDx
tests have substantially aided the quest for therapy by establishing and exploiting an individual’s
molecular profile and enabling accurate alignment of an efficacious therapeutic agent — which

ultimately maximizes patient responsiveness and overall health outcomes [10,35].

Although the EU has not formally adopted a definition of CDx, the Council of EU Ministers’ proposal
concerning new IVD regulation infers that their definition is likely to reflect that of the FDA's.

Presently, and in contrast to the US, the EU does not have a coordinated regulatory mechanism that



jointly evaluates both therapeutics and CDx. The European Medicines Agency [EMA] does not
regulate diagnostics; National Competent Authorities manage trials and approval, whilst evaluation
and certification is conducted by Notified Bodies (which may actually be perceived as a less
burdensome process for applicants).

For therapeutics, new drugs seeking EU-wide marketing approval obtain authorization via the
European Medicinal Agency’s (EMA) Committee for Medicinal Products for Human Use (CHMP),
whereby marketing authorization applications (MAA) detailing product quality, safety and efficacy are
evaluated in accordance with Regulation (EC) No 726/2004 and Directive 2001/83/EC[36].(Under a
little-used decentralized pathway, parties may submit MAA to the National Competent Authority of a
single member state). CDx on the other hand are independently regulated under theIn Vitro
Diagnostic Directive 98/79/EC and attract a CE (Conformité Européene) mark if the product fulfills
apposite legal, safety and quality criteria — as declared by the product- manufacturer. The CE mark is
granted via a number of European Commission-accredited independent organizations (notified
bodies). The relationship between a CDx and its corresponding drug only becomes apparent through
drug labeling requirements; drugs that use CDx and are seeking marketing approval under either of
the aforementioned pathways are required to declare appropriate IVD CDx devices on their labeling.
A concern here is that is that any directive 98/79/EC compliant IVD CDx can be paired with a drug
even though efficacy and.validity properties may vary between individual devices. Consequently,

discrepancies in a clinical impact, detection ability and ultimately, patient impact, may prevail[36].

These uncoordinated regulatory pathways in the EU, comprising independent therapeutic and CDx
processes, is.a source of considerable uncertainty for both drug and device manufacturers seeking
market entry, and furthermore, could distract from the purpose of precision medicine - to accurately
identify the most effective treatment for a particular patient. In an attempt to aid both drug
developers and device manufacturers, the EU is currently transitioning through a period of regulatory
overhaul and seeks to adopt an umbrella classification system based on risk — aligning the EU’s
regulatory mechanisms alongside those of the US. The proposed amendments intend to establish a
pre-market review process for the majority of IVDs, which will hopefully ease the “co-regulation”

burden, in addition to seeing CDx qualify as Class C devices — a significantly higher level of regulation



compared to conventional “self-certification” by manufacturers[37]. Implementation of the
modifications will commence with a phased approach from 2016 onwards and spanning at least five
years. However, existing problems are likely to persist unless a single pan-European body, such as the
EMA, is better utilized as the overarching authority. Short of coordinated regulation, it has been
suggested that joint scientific advice be made available to the therapeutic and CDx

manufacturers[38].

The concept of contemporaneous approval, whereby new molecular entities (NMEs) or new biological
entities (NBEs) and CDx can be approved via a single application to the FDA is a major difference
between EU and US regulatory pathways [10]. Under the auspices of the FDA, IVDsare reviewed by
the Center for Devices and Radiological Health (CDRH) and therapeutics by either the Center for Drug
Evaluation and Research (CDER) or the Center for Biologics Evaluation-and-Research (CBER). This
intrinsically linked approach requires substantial co-ordination during the early development phases
but also serves as an incentive for collaboration and.co-development between pharmaceutical
manufacturers and diagnostic developers[35]. It facilitates knowledge sharing at the pharmaceutical-
developer interface and helps streamline the requisite regulatory pathway[16]. However, this model
also poses significant challenges'for the stakeholders involved, notably the pharmaceutical
organizations, who, if developing drugs alongside CDx, will rely on clinical trial designs and regulatory

flexibility to co-ordinate the alignment of device and drug development timelines.

Precision medicine stands to make a potentially significant impact on global health in the long-term.
This however presents a number of regulatory barriers for all stakeholders involved. Even beyond the
increasing complexity of devices, diagnostics and therapeutics, there is a paucity of regulatory
harmonization internationally. The commercial significance of this is likely to be further compounded

by strong growth rates in emerging markets.

Regulatory convergence is needed even among developed markets. Japan for example - an
established market with a generally highly regulated pharmaceutical and medical device industry -

currently lacks both a formal LDT regulatory definition and a regulated LDT reimbursement system.



This has inevitably allowed for “home-brew assays” to be developed and unapproved devices to be
used in clinical practice[15]. Unfortunately, the inherent complexity of precision medicine means
regulators are unable to simply streamline or modify existing frameworks, but must act on a
fundamental need to develop entire quality management systems.

A shift away from the “one-size-fits-all” paradigm reflected in conventional regulatory practice to a
future where single diagnostic tests or complex panels may be employed to direct clinicians towards
an array of highly effective therapeutics requires early regulatory engagement and harmonization on
an international scale. Global partnerships such as the Global Coalition for Regulatory Science
Research (GCRSR), which aims to foster regulatory consensus amongst international partners and
integrate novel technologies into regulatory decision-making, aims to help overcome challenges
concerning validation, transparency and an application’s “fitness for purpose” [1]. Such partnerships
may also help address a number of financial and intellectual property issues-concerning diagnostics —
for example, the first CDx for Amgen’s (Thousand Oaks, California, US) Vectibix (panitumumab)
warranted investment for studies to show clinical-utility concerning KRAS gene detection, and once
proven, the kit could be replicated by “home-brew” competitors — discouraging first movers in the

market place[39].

Case Study - Herceptin

e Most widely cited'example of the development of personalized medicine is Trastuzumab
[Herceptin®] -approved in 1998

e Roche/Genentech was the first company to successfully use the “therapy-test” co-development
model, bringing Herceptin® (Trastuzumab, Genentech-Roche, San Francisco, USA) to the market
in. 1998, [with simultaneous approval of Dako’s immunohistochemistry assay HercepTest™ (Dako,
Agilent Technologies, Santa Clara, USA), targeting HER2 overexpression in advanced breast
cancer. [36]

e First precision therapy for the treatment of HER2-positive metastatic breast cancers

e Reduced recurrence by 52% in combination with chemotherapy[10]

e The “development pipeline” for Herceptin biosimilars also appears promising, with approximately

54 currently in development (see Chart 1 below).




Chart 1: Current Market Landscape for Herceptin Biosimilars
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4. Biomarkers & Genomics

Genomic sequencing, which is a specialist technology that is able to effectively identify genomic
variants compared to a reference sequence, has-evolved considerably since the first human genome
was sequenced in 2003 as part of the Human Genome Project. Cost per genome sequencing by next
generation sequencing (NGS) is'now available for under $1300 — a figure that is envisaged to further
decrease as technology progresses[40](https://www.genome.gov/sequencingcosts/). As NGS
becomes more mainstream-and transitions from research to a more prominent position in daily
clinical practice; novel regulatory initiatives are required to parallel such activity.

The US Centers for Disease Control and Prevention (CDC) has addressed this need and established a
work group to ensure that NGS tests comply with existing regulatory and quality standards[41]. The
Next Generation Sequencing: Standardization of Clinical Testing (Nex-StoCT) Work Group serves as an
effective platform for key stakeholders to formulate quality assurance guidelines and facilitate the
use of NGS-sequence results in clinical practice - ensuring that test results are both reliable and
beneficial to patients[41]. Authors have also discussed working towards ‘good genomic practice’
(GGP) — the field’s equivalent of good laboratory practice (GLP) and good manufacturing practice

(GMP) to facilitate its development[42]. A number of approved single-gene tests are now available in



routine clinical practice for mutations including KRAS, BRAF and EGFR. The “trailblazer” for FDA
marketing authorization of such tests was Illumina’s MiSeqDx (see Case Study 2) — approved in late
2013 to detect DNA mutations in cystic fibrosis [43]. Its marketing authorization pathway also served

as a valuable insight into the approval

Case Study 2: lllumina’s MiSegDx

process for other manufacturers and

= Received CE marking in June 2013

= FDA-clearance as a class Il device in November 2013
[510[k]]

= FDA made the device and substantially similar
devices exempt from the premarket notification
requirements.

= FDA also approved lllumina’s cystic fibrosis carrier
screening assay

outlined what the FDA expected in terms
of validity and verification data. Concern
however remains that a number of
unregulated genetic tests are being sold

directly to consumers and this problem .
Key data requirements:

= Accuracy data(specimen types & nucleic acid
types)

= Sequence data

= Comparison-to reference sequences

= Precision studies

= ‘Cross-contamination & interfering substances

appears to be proliferating[44].
Regulators must therefore address these
issues; ensuring that product

development is effectively regulated to
Key Challenges:

= . False positives & subsequent quality control to
test performance

= Lack of standardization

= Orthogonal validation

= No. of mutations requiring clinical validation

maintain patient and consumer safety

without discouraging innovation.

Regulation of such a complex market is challenging. Reliance on conventional clinical trial data can
translate into high development costs. In some cases there is an insufficient number of patients for
conventional trials, and in others the ethics of randomizing potentially terminal patients into placebo
arms when there appears to be a medicine targeted to their specific disease has been questioned.
Regulating the analysis of huge numbers of gene variants also poses difficulties and governing bodies
may therefore need to engage external expertise into their current systems e.g. the FDA could
collaborate with the College of American Pathologists [who already routinely conduct laboratory

quality certifications] [17].

The capabilities of NGS are likely to evolve as genomic analysis is paired with proteomics,
metabolomics and microbiomics, amongst other technological advancements, to allow cross-platform

profiling. Novel clinical trial structures will need to facilitate the adoption of precision medicine into



standard clinical applications by shifting proof-of-concept studies into early-phase clinical trials and

subsequently, the clinic[6].

5. Personalized testing: Clinicians and Patients

As the results of these complex analyses are integrated into a molecular profile of a specific patient’s
disease, we will see the emergence of algorithms to assist the clinician in his/her interpretation.
These clinical decision support tools may themselves raise regulatory questions if they become too
instructive. Conversely, we are seeing considerable market growth for direct-to-consumer genetic
testing, (DTC-GT) claiming to profile an array of diseases including cancer, Parkinson’s disease and
diabetes[45]. Easily accessible via online marketplaces, clinicians are being asked to interpret results
from tests where the underlying scientific integrity, validity and clinical utility are questionable[46].
Despite efforts from both UK and US regulators, global regulatory enforcement for internet-based
industries remains exceptionally challenging[47]. Although'some tests have been reported as
potentially clinically useful amongst healthcare professionals[48,49], stringent quality criteria and
ethical standards are not guaranteed — and nor is responsible use[46]. Such challenges have come to
light in a number of high-profile‘cases, including 23andMe (Mountain View, California, US) [50] —a US
based genetic testing and-analytics company who in November 2013 were instructed by the FDA to
discontinue their Personal Genome Service[51][on the basis that false results may lead to
unnecessary interventions].[49]. Although current evidence concerning the risk of DTC-GT is
uncertain[51], the market is forecast to grow to over $230 million (USD) by 2018[49] and regulators
must therefore maintain vigilance and a sector presence — for example by enforcing the provision of
genetic counseling, ensuring delivery models include access to intermediary expertise and discrediting

misleading claims.

Most fundamentally, precision medicine ushers in the ‘molecular taxonomy of disease’. Diseases will
increasingly be defined in terms of their molecular pathology rather than their symptomes, their gross
pathology and/or the part of the body in which they appear (‘non-small cell lung cancer’). Patient

populations for trials and treatment will therefore need to be specified in terms of this new



taxonomy, and regulation, reimbursement and clinical practice will each need to adapt over time to

this new reality.

6. Conclusion

Although EU and US regulators are in the process of shaping new legislation to deal with some of the
novel features of precision medicine for their respective healthcare systems, a number of critical
milestones are yet to be reached before precision medicine constitutes standard clinical practice. A
major determinant will be the degree to which international communities can harmonize regulatory
policies and help clinically useful technologies become more accessible on a'globalscale, and indeed,
support those developers seeking to access the global market — which-has implications from a
commercialization perspective in terms of return on income (ROI) and also-in progressing the concept
of precision medicine as a whole. Before harmonization'can be achieved on an international scale,
regulatory frameworks must be optimized at a regional level— while the US already permits
contemporaneous diagnostic and approval applications via the FDA, in Europe, the EMA is currently
detached from diagnostic regulators, and greater convergence is needed over the long-term. The
most recent EU amendments largely bypass this issue and utilization of the EMA as a single pan-
European regulatory body therefore appears unlikely[16]. Both EU and US regulatory bodies,
alongside transnational research communities, need to provide guidance on how best to address
issues of harmonization at both national and international levels.

Technological advances will continue to challenge conventional regulatory requirements. Modified
clinical trial models such as the adaptive design employed in the “I-SPY 2” trial, utilizing biomarkers to
streamline the testing of breast cancer drugs[52], will become more prominent. The new European
concept of adaptive pathways[53]is underpinned by the precision medicine concept, as it anticipates

conditional approval for patient sub-populations selected by biomarkers.

In parallel with regulatory challenges, there are a number of other common barriers that must be
overcome in the precision medicine space. Historically, the substantial profit margins of large

pharmaceutical companies are derived from the ‘blockbuster’ model, under which —in addition to



patients that receive benefit - patients take drugs with little to no effect. Narrower markets challenge
the business model if precision medicine replaces conventional prescribing practice. Conversely, such
changes may facilitate wider implementation of value-based pricing models, which would allow
pharmaceutical companies to charge more for advanced treatments and their associated clinical

outcomes.

Closely interlinked with sustainable product development is the mechanism of reimbursement, which
remains poorly defined with respect to novel CDx modalities, particularly in regions such as the US,
where multiple payers are at play and recent reimbursement changes have been unhelpful. Cohesive
regulatory policies, clear recognition of clinical utility and ‘risk-sharing’ reimbursement models will
help reduce payer uncertainty and ultimately help increase the uptake of new technologies. The
impact such technologies will have on clinical practice and the clinical workforce will inevitably
constitute a shift in culture and require considerable up-=skilling-and training. Further regulatory
considerations and quality assured management systems will'also be required to address significant
increases in data collection, sharing and use-at-scale as growth beyond non-cancer applications gains

momentum.

Despite the present regulatary barriers, efforts are being made on both national and global stages to
translate the potential of precision' medicine into clinical practice and patient benefit. Regulators have
reassuringly recognized the potential dangers of unregulated diagnostics and emphasized the
importance of patient safety within their most recent amendments. They must now continue to
recognize the'importance of integrating complex facets into a unified system. Precision medicine
needs redesigned evidentiary requirements and support by appropriate utilization of Big Data, early
recognition of clinical utility and substantiated by reputable business models that deliver financial
sustainability. Precision medicine presents a unique opportunity to revolutionize the medical
landscape and in keeping with Hippocrates’ ethos, ‘it’s far more important to know what person the

disease has than what disease the person has’.



7. Expert Commentary

The field of precision medicine is advancing at an encouraging rate, strengthened by both national
level political endorsement and international appetite for an array of technologically advanced
applications that offer clinical benefit to patients. As with the adoption of any advanced technology, it
is essential that a robust platform be in place to help realize the opportunities available. Looking
specifically at regulation within the US and EU, considerable progress has been made concerning the
safe and effective translation of precision medicine from basic science research to a multitude of
clinical applications, and now regulators must focus on streamlining current systems to facilitate
market entry for requisite stakeholders. This will require timely transition from conventional
regulatory practices to appropriately modified mechanisms that precision medicine warrants.In
parallel to modifications pertaining to individual regulatory jurisdictions, regulators must also
consider the impact of their actions on a global scale and seek to harmonize regulatory practice —
establishing regulatory compliance across multiple countries. Accompanying such changes, academic
and commercial stakeholders must also recognize the importance of designing’'and implementing
appropriate reimbursement systems to ultimately facilitate clinical adoption, which will be
challenging — particularly where a complex blend of private-and public payers are involved. For
successful clinical adoption, modified clinical training and practice must reflect the changing
landscape and early, broad exposure of applications to clinicians and allied healthcare professionals
will aid familiarization and accelerate subsequent provision to patients. A flexible, multi-faceted
approach that increasingly extends beyond regulatory considerations is therefore required to firmly

establish this complex yet highly promising field in modern day medical practice.

8. Five-Year View
As the field of precision medicine expands and infiltrates further into mainstream medical practice, a
number of developments will take place. Companion diagnostics are likely to become more common
and may serve-as potential differentiators in the biosimilars landscape. The market trends and the
rational for diagnostics (which is currently somewhat unclear) will become more evident as the
market matures — and this will inevitably see a growing emphasis placed on intellectual property
protection. In terms of reimbursement, value based pricing mechanisms may emerge as the most
favorable of the reimbursement platforms currently available due to its potential suitability for public
funders, private payers and pharmaceutical companies (who can levy higher charges for more
advanced therapeutics). The next decade is likely to be critical in the development of novel business

and regulatory models amenable to the provision of precision medicine and will likely be directed by




the next successful iteration of commercialized cell or gene therapy products or diagnostic
applications. Globally, there appears to be supportive networks in place that currently incorporate
key academic, clinical and commercial stakeholders. Combining these with increased investor
confidence and flexible regulatory systems will help precision medicine move to the forefront of

patient care.

9. Key Issues

e Presently, the level of global regulatory harmonization and standardization is insufficient —
regulators must collaborate and work towards greater regulatory coordination in order to
facilitate the adoption of precision medicine and address regional and global.imbalances with
access to technological applications.

e Outside of the US, there are deficiencies with regards to systems facilitating contemporaneous
diagnostic and approval applications.

e Current business models require further optimization and adaptation(s) to incorporate
increasingly narrower markets.

e Further regulation is required to accommodate the substantial increases in data collection, data
protection and data use-at-scale.

e Global efforts are required to ensure patient safety by mitigating unregulated diagnostics markets
— particularly genetic tests that are currently being sold direct-to-consumers (DTC).

e As precision medicine becomes more mainstream, clinical decision making algorithms are likely to
become more widely adopted to support healthcare professionals. Their implementation and
subsequent integration must be accompanied by appropriate regulatory systems

¢ Novel clinical trial designs should be optimized for the translation of precision medicine
applications.

e Hybridization initiatives are needed as ‘-omics’-based technological platforms (e.g. genomics,
proteomics and metabolomics) become more widely utilized.

e Ethical considerations, especially-relating to publicly accessible genomic sequencing services and
ownership of data, are likely to become increasingly prevalent.
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This article represents the authors’ individual opinions and may not necessarily represent the
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