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y integrating genetic, biomarker, phenotypic, and psy-

chosocial characteristics that distinguish one patient

from others with similar clinical presentations, the aim
of precision medicine is to target treatments to individual
needs. Presently, simplified individual pharmacokinetic analy-
ses spare hemophilia patients from unnecessary exposure to
replacement treatments and ultimately reduce costs. Likewise,
successful clopidogrel use in vascular medicine is based on the
integration of genomics, lifestyle and environmental data.
Beyond the development of medical devices that are unique to
a patient, or treatments tailored to specific molecular and non-
molecular targets, through the use of big biobanks and elec-
tronic medical records that integrate biological information
with clinical data, it is likely that algorithms will be developed
to classify individuals into subpopulations differing by their
susceptibility to bleeding and/or thrombosis, by the severity
of their diseases, and/or by their response to specific treat-
ments. An inherent risk of such strategies is differential access
to treatments for individual patients, families, and communi-
ties, since costs for therapies depend on the size of the target
population. Fostering standardization of care in the era of pre-
cision medicine implies a public health perspective and a sup-
portive institutional environment to harmonize the interests
shared by healthcare providers, patients and communities, to
acknowledge the individual roles and responsibilities in deci-
sion-making, and to balance the generation of long-term
knowledge and short-term health gains. Integrating efficacy,
safety, and cost-effectiveness is a challenge for precision med-
icine and the opportunity for it to generate early measurable
health benefits and to live up to its promise.

A clinical case

A 19-year old patient was referred to our Hemophilia and
Thrombosis Center because of an ischemic stroke (confirmed
by magnetic resonance imaging) that occurred after 3 months
of oral contraceptive use. The girl was the daughter of a patient
already attending the Center for type I von Willebrand disease,
but her personal and family history had been uneventful. The
reason for the referral was to decide whether she should be
given long-term treatment with a low dose of aspirin. The lab-
oratory work-up revealed that, in addition to type I von
Willebrand disease, she was homozygous for the prothrombin
G20210A mutation, and the same thrombophilic mutation
was found in other members of the family. Heterozygous fac-
tor V Leiden or the G20210A prothrombin mutation may com-
pensate for low factor VIII or IX levels in hemophilia, resulting
in more efficient thrombin generation and ensuing attenuation
of clinical symptoms' and the risk of thrombotic complica-
tions.” This information was interpreted to account for the
poor bleeding tendency of the patient. She was informed that:
(i) despite recommendations concerning drugs to avoid in
patients with von Willebrand disease, chronic daily treatment
with low-dose aspirin (100 mg/day) was conceivably helpful in
her case, and (ii) prophylaxis with low-molecular weight

heparin/warfarin would be possible in specific, at-risk situa-
tions. Over the last 10 years in which she took low-dose
aspirin daily, she had no inappropriate bleeding events, no
stroke recurrence, and had two successful pregnancies.

When guidelines cannot be relied on

To give advice on an appropriate treatment, there must be
a high level of evidence available, based on multiple random-
ized controlled clinical trials, which the guidelines can draw
on to justify their recommendations. Thus, the strength of
guidelines is when they are applied to areas in which large tri-
als have provided convincing evidence of the benefit of cer-
tain interventions.* However, in spite of the fact that each
patient is treated with the treatment that everyone else with
that condition receives, certain medical interventions are
more effective or cause fewer side effects in some patients
than in others.* This is usually accounted for by inherent lim-
itations of guidelines. The problem-solving approach of clini-
cal trials employs methods (inclusion/exclusion criteria, ran-
domization, etc.) theoretically free from bias, and is finalized
at answering a single question at a time. In real-world prac-
tice, however, there is a context rather than a single question:
patients simultaneously raise multiple clinical problems;
there are no inclusion or exclusion criteria, and it is uncom-
mon that the individual patient in front of us fits into the
inclusion criteria for the trials used to formulate the guide-
lines while not having any of the exclusion criteria.” Thus, in
everyday practice, the evidence from guidelines applies to a
middle segment of a patient population, but not to the two
extremes [patients not entirely meeting the eligibility and/or
exclusion criteria of the trial(s) on which the guidelines are
based]. If the prevalence of a disorder is low, large prospective
studies, and, in turn, evidence-based recommendations for
clinical management, remain improbable. In such settings,
registries are the only manner to collect enough data on opti-
mal therapeutic approaches, and to attempt risk— and cost—
benefit evaluations for different treatment options. However
registries have a variety of limitations, the first and foremost
being the lack of randomization. All in all, there are areas in
medical practice in which there is uncertainty concerning the
real state of a patient,” and for which definitive conclusions
cannot be drawn. In addition to uncertainty concerning the
real state of a patient,® a lack of compliance of healthcare pro-
fessionals with guidelines may also be related to doctors’
preferences with respect to the outcome of the decision.’
“Less algorithmic” individualized guidelines are now avail-
able to help doctors define the best strategy for a given
patient.’ Since an algorithm is a problem-solving system in
which there is a single answer to a given question, the advent
of individualized guidelines acknowledges (but does little to
attenuate) the uncertainty associated with any medical deci-
sion. Being made in a context of uncertainty and risk, since
statistics cannot take into account the individual context of
each medical decision, medical decisions cannot be free from
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Figure 1. Implementing clinical care: precision medicine. The purpose of a comprehensive system of precision medicine is to establish the information base and
infrastructure to provide more precise individual information, to make (new) clinical treatment more efficient. This system is aimed at integrating huge amounts of
data with the goal of improving health, and implies targeting treatments to the needs of individual patients on the basis of genetic, phenotypic and psychosocial char-

acteristics that distinguish a given patient from other patients with similar clinical presentations.**

biases.” Especially (but not exclusively) in areas of uncer-
tainty, the safety and quality of care we provide often
relies on additional information that may be relevant for
the patient in front of us and that the individual physician
has gathered. For example, in a program for patients
undergoing percutaneous coronary interventions, which
was implemented in nine large US centers, informing
physicians of a patient’s bleeding risk led to a reduction in
the occurrence of bleeding (from 1.7% to 1%, -44%).
Regardless of whether the reduction was truly brought
about by the precision of the prediction, or by raising the
general awareness of the risk, implementation of person-
alized bleeding risks helped doctors to identify subjects
truly at risk of bleeding and to use techniques to avoid
hemorrhage appropriately.

The promise of precision medicine

How precision medicine will enter clinical care and
affect the vision of medicine is now being delineated, and
the manner in which it will allow for more efficient clini-
cal research and facilitate scientific discoveries is being
clarified.” Precision medicine (Figure 1) implies targeting
treatments to the needs of individual patients on the basis
of genetic, phenotypic and psychosocial characteristics
that distinguish a given patient from other patients with
similar clinical presentations." Inherent to this definition is
the concept of integrating (in electronic health records)
individual-level information (e.g. genomics, biomarkers,
physiological, lifestyle and other environmental factors)
with the ultimate aim of providing better clinical care for
each patient.” In addition to a dramatic improvement and
price reduction in genome sequencing,” the prospect of
applying precision medicine broadly is supported by large-
scale biological databases, powerful methods for charac-
terizing patients (e.g. proteomics, metabolomics,
genomics, diverse cellular assays), mobile healthcare tech-
nology, and computational tools for analyzing large sets of
data.”* Although imaging techniques” and individual dif-
ferences in terms of the unique circumstances of the per-
son (personality, resources, culture, individual behavior)

and of his/her environment (family, friends, communities,
religion) are keys to improve healthcare,' genomics is the
leading driver of an early identification strategy, once indi-
vidual profiles (e.g. polymorphisms) are available.”
Following the original observation of a common associa-
tion between ankylosing spondylitis (or insulin-dependent
diabetes) and the alleles of genes of the HLA system," the
concept of employing genetics to make major contribu-
tions to clinical practice has been progressively extended
to the entire human genome. In particular, since cancer is
a disease of the genome, oncology has been the obvious
target of such a strategy.” For example, targeting HER2
overexpression with the monoclonal antibody, trastuzum-
ab, improved outcome in metastatic breast cancer;” the
tyrosine kinase inhibitor, imatinib, transformed the care of
patients with chronic myeloid leukemia to a manageable
chronic disease,” and the identification of somatic muta-
tions in the BRAF gene in the majority of malignant
melanomas® enabled the development of vemurafenib
which specifically targets the underlying molecular
lesion.” Large-scale cancer whole genome sequencing
projects are now expected to provide a complete catalogue
of genomic alterations in primary cancers, to elucidate the
mutational patterns and influences across the natural his-
tory of cancers, and to provide targeted therapies and
newer approaches to cancer prevention.”**

In keeping with the genetically-based improved care of
patients with cancer, the concept that treatments should
be tailored to the individual patient - taking into account
relevant personal data — is spreading into all areas of med-
ical practice. Recombinant clotting factor concentrates
have revolutionized the care of hemophilia in the western
world. However, their relatively short half-lives necessi-
tate frequent intravenous administration of concentrates
(at least 2-3 times a week) associated with peaks and
troughs of circulating factor levels and occasional break-
through bleeding when levels drop below 1%. In addition
to being invasive, prophylaxis is demanding and not cura-
tive, and the cost is logarithms higher in the 25%-35% of
patients with severe hemophilia A who develop neutraliz-
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Figure 2. The promise of precision medicine. “Medicine was, in its history, first of all curative, then preventive and finally predictive”.*® This change in medical atti-
tudes was due to the advances that have entered medical practice: new imaging techniques and powerful strategies in biological investigation have dramatically
improved our ability to monitor early stages of disease development. In addition, increasingly effective treatments (organ transplantation; smart drugs; targeted
strategies, vaccinations) have progressively reduced the rates of failures and side effects and in turn improved the cure of (chronic) diseases.

ing inhibitors.** Simplified pharmacokinetic studies have
shown significant differences in the individual half-life of
clotting factors.” This information has major implications
for the management of prophylaxis in hemophilia.
Appropriate treatments will spare patients from unneces-
sary exposure to replacement treatments and ultimately
reduce costs. This may be especially important for novel
clotting formulations with extended half-lives.”

Although antiplatelet treatment significantly reduced
stroke and coronary events in secondary prevention trials,
10%-20% of patients have recurrent events during long-
term follow-up.”* Residual platelet reactivity (i.e. an
incomplete response to the antiplatelet treatment) in sub-
jects on treatment with clopidogrel or aspirin predicts
recurrent events.”* Similar to haplotypes of cyclooxyge-
nase-1 that modulate platelet response to aspirin,® poly-
morphisms in the CYP2C19 gene (most often CYP2C19*2)
associated with a 20%-25% production of inactive
metabolite, diminish the response to clopidogrel.*
Compared to wild-type subjects, carriers of polymorphic
alleles of the ABCB1 gene, which modulates clopidogrel
absorption, had a higher rate of cardiovascular events at 1-
year follow-up.* Among subjects under treatment with
clopidogrel, carriers of these polymorphisms had a 50%
higher risk of cardiovascular death, acute myocardial
infarction, and stroke.*” In addition to genetically deter-
mined cases, an incomplete response to clopidogrel may
be the result of poor compliance by the patient, clinical
conditions leading to an abnormally high platelet turn-

over (e.g. high pretreatment platelet reactivity, high glu-
cose levels, inflammation, hypercoagulable states, low fib-
rinolytic potential), or the simultaneous administration of
interfering drugs.”® Appropriate information should be col-
lected prior to the day of a potential vascular intervention
so that, at the time of prescribing, relevant data are avail-
able to the practitioner. Thus, the integration of genomics,
lifestyle and environmental data is key to successtul clopi-
dogrel treatment. Prospective randomized trials did not
demonstrate a clinical benefit of using platelet function
testing to adjust antiplatelet treatment.”* However, low
event rates in current antiplatelet practice would require
very large numbers of enrolled patients to provide reliable
conclusions. Whether, however, electronic health records
should be pre-populated with other data, in addition to
genetic and pharmacogenomics data, providing clinicians
with new critical information about the risk of an “incom-
plete response” to clopidogrel is so far unknown.*"

Toward precision medicine: challenges and
opportunities

It is conceivable that precision medicine-based interven-
tions will improve clinical outcomes for individual
patients and minimize the risk of failure or adverse health
outcomes in those less likely to have a response to a par-
ticular treatment. (Figure 2) It is also obvious that our abil-
ity to handle vast amounts of new knowledge and treat-
ment options within the framework of everyday practice
is critical to define the impact of an initiative that is
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expected to transform morbidity and mortality patterns.
Hurdles to overcome and directions to be followed in the
early phases of precision medicine in order for it to gather
strength and to live up to its promise have been identified
(Table 1). In particular, it is imperative that the investment
in precision medicine is oriented to a public health per-
spective to help ensure accessibility and generalizability,
to assess methods of implementation, and to provide an
appropriate balance between generation of long-term
knowledge and short-term health gains.” Nevertheless,
how precision medicine, by identifying the needs and
improving the outcomes of an individual patient, might be
a means of providing the best available health care at a
population level is matter of debate."* Points for debate,
stemming from real-life practice in hemostasis and throm-
bosis, are summarized in the following paragraphs.

e Costs should be affordable. Considerable planning of
daily activities that would be taken for granted by most
people living without hemophilia is still required, particu-
larly in children and adolescents. However, compared to
the on-demand strategy, the prophylactic use of clotting
products to maintain circulating clotting factor levels =1%
of normal has resulted in a dramatic reduction in bleeding
frequency and associated complications e.g. hemophilic
arthropathy. By paying a cost for factor concentrates (=€
150,000/adult/year) that is higher than that of on-demand
treatments, the life expectancy of European and America
patients with severe hemophilia on prophylactic treat-
ment has normalized to that of age-matched healthy
males in their community. In terms of calculation of
human capital, the healthier a population, the more pro-
ductive it is.” The quality of life of patients with severe

Table 1. Providing the appropriate health care infrastructure to deliver precision medicine in routine clinical settings: health plans and issues for

debate.
Issues Outline(s) Suggested readings
General By means of preemptive pharmacogenomic data and clinical decision support integrated into (14),(17),
an electronic medical record, prescribers can deliver genome-guided therapy at the point of care. (40), (68)
*
Coping costs The investment in precision medicine should not worsen existing health disparities and should generate (69)
with changes early measurable health benefits.
Avoiding ethnicity/ ~ Using genomic, clinical, personal and environmental data collected from very large numbers of individuals (70),(71)
race-driven from various populations, and connecting their health records, “non-responders* to a treatment might be ok
discrimination identified as largely belonging to definite minority, racial, ethnic groups or underserved populations.
Appropriate protections needed against discrimination in the access to treatments.
The Detection of susceptibility genes in the absence of the simultaneous development of a preventive or (1),(72)
"unpatients' issue”  therapeutic ad hoc strategy will increase physician visits, laboratory tests, and patient anxiety. The poor Rk
information about the pathogenicity of most genetic variants is a barrier to the translation of experimental
findings to clinical care. A systematic approach to determining genetic causality is mandatory.
The impact Similar to “omics”, the unique attributes of people have a major impact on an individual’s susceptibility (16),(42)

of “Personomics”
respond to treatment.

Re-classifying

diseases

to disease: how that disease will reveal itself phenotypically, and how the individual with the disease will

(i)Identify the true penetrance of certain inherited conditions as ascertained via a population-based approach; (74)
(ii) Develop new diagnostic tests to allow for newer prognostic implications; (i) Handle and interpret massive Rk

amounts of genomic/non-genomic data, far beyond the expertise of medical professionals not trained

to deal with complex data sets.

Precision prevention ~Family history was the most important genetic risk factor in the Framingham Heart Study, and also accounts  (63),(75),(76)
for gene-environment interactions. Health data collection in families is an inexpensive tool for identifying S
individuals/families that require earlier and more intensive screening for major diseases.

The availability of molecular profiling tests, e.g. individual germline DNA sequencing, calls for educating
clinicians to the knowledge bases needed to assist them in taking actions based on genetic test results.

Monitoring Creating ad hoc regulatory agencies; W)

the implementation ~ Safeguard against the marketing and distribution of fraudulent products.

Identifying new Handling the information gathered: descriptive statistical associations will not necessarily advance (10),(11),(42),

areas of research the information of how molecules interact mechanistically to produce diseases or lead to rational therapies.  (78),(79),(80)

N-of-1 trials: the inclusion of N-of-1 trial data into randomized controlled trial meta-analyses improves

the precision of yielded treatment effects. Improving the possibility that N-of-1 trial data allow for individual
information to be shared with individuals who do not share a specific genome.

Targeted therapies: (i) identifying patients who will best respond to already proven interventions;

(ii) searching for reliable biomarkers to target the patients likely to present the best benefit-risk balance

for a given active compound. (iii) dose adjustment, methods to optimize the benefit-risk ratio of the drugs chosen;
biomarkers of efficacy; toxicity, and treatment withdrawal.

Revised clinical guidelines: when clinical trials will assess the efficacy, safety, and cost-effectiveness

of targeted therapies, new guidelines are mandatory.

*Enabling clinicians and patients to acquire and process molecular testing, to interpret results, and identify specific pathways affected. * *Example: low levels of 25-hydroxyvit-
amin D as an independent risk factor for coronary artery disease or fatal stroke in white people, but not blacks. *** Asymptomatic subjects carrying a mutation: emotional and
ethical issues. * ***Taxonomy of disease based on molecular and clinical parameters. **** *Targeting preventive strategies to the specific subsets of a population that will derive
maximal benefit.
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hemophilia on prophylactic treatment has significantly
improved, and these patients are increasingly involved in
working activities. However, the cost for prophylaxis is
not affordable for the large majority of countries. Thus,
most hemophilia patients worldwide receive no treatment
or only sporadic on-demand therapy. Such patients are
condemned to shortened lives of pain and disability.

* Costs for therapies depend on the size of the target pop-
ulation: the smaller the population, the more expensive the
drug. At least initially, gene therapy in hemophilia is likely
to command a high price to recoup research and develop-
ment costs. Such economic considerations may have major
implications for differential access to treatment for hemo-
philia families, communities and society. One of the claims
is expected to be that successful gene therapy offers the
advantage of continuous endogenous expression of clotting
factor. While improving quality of life, this would eliminate
breakthrough bleeding and micro-hemorrhages and comor-
bidities, thereby reducing the cost of care for the healthcare
system, and the need for frequent medical interventions.
Point-of-care ultrasound detection of affected joints — reli-
ably correlating with magnetic resonance imaging detection
of cartilage damage, effusion, and synovial hypertrophy -
carried out inside Hemophilia Centers at each patient’s
visit, could have major implications for the management of
hemophilia patients.”” Repeated evaluations of patients’
joints will provide hints as to whether this strategy is worth
the cost required.

e The results of testing should be actionable, thus
informing prognosis and/or supporting rational prescrib-
ing.” In patients with severe hemophilia B, a single intra-
venous administration of an adeno-associated virus vec-
tor (AAV8) encoding an optimized F9 gene resulted in
long-term (>4 years), dose-dependent increases in circu-
lating factor IX to levels between 1% to 6% of the normal
value without persistent or late toxicity.” By providing
stable, long-term therapeutic levels of coagulation factor
IX, gene therapy has the potential to change the treat-
ment paradigm for hemophilia.” With the availability of
ad hoc genomic data, actionable tests should help to iden-

Molecular

Biomarkers

Personomics*

tify: (i) which patients will have loss or reduction of trans-
gene expression and/or persistence of high titers of anti-
AAVS IgG - with subsequent successful gene transfer
with vector of the same serotype (in the event that trans-
gene expression falls below therapeutic levels); (ii) spread
of vector particles to non-hepatic tissues, including the
gonads; (iii) insertional mutagenesis (deep sequencing
studies have shown that integration of the AAV genome
can occur in the liver).*

* Stroke, the fourth leading cause of mortality and the
leading cause of neurological disability in western coun-
tries, involves an intricate interplay of environmental and
genetic factors. Genes not only influence susceptibility to
stroke but also affect the response to pharmacological
agents and in turn the outcome of the disease. A signifi-
cant number of patients experience drug-induced adverse
reactions; a poor clinical outcome, and recurrent stroke
events. Several single nucleotide polymorphisms in genes
encoding for metabolizers, transporters and target recep-
tors influence the pharmacokinetics and pharmacodynam-
ics of drugs used in the treatment of stroke.” Clinical trials
have related candidate gene variants with abnormal drug
response in stroke treatment.”® However, these results
need to be replicated in genome-wide association studies.
A broad research program prospectively testing targeted
therapeutic strategies based on pharmacogenetics, and
ultimately encouraging approaches to build the evidence
base needed to guide clinical practice, is likely to be cost-
saving in this setting.”

® Defining effective strategies to improve communica-
tion and outcomes is mandatory in precision medicine-
based approaches. Because of the limited time spent on
direct care of patients, these days physicians and medical
students know very little about their patients as people."
Trainees spend less time interviewing and examining their
patients, and duty-hour regulations progressively erode
the time residents devote to history taking and physical
examination skills.” On the other hand, residents spend a
good amount of time at the computer,” getting to know
an electronic facsimile of a patient — the “iPatient”™ — well

Curative medicine

*The unique circumstances of the person (personality, resource, culture, individual
behavior), and of his/her environment (family, friends, communities, religion)

Figure 3. Perspectives in precision medicine. Tests of increased susceptibility to prevent the development of diseases are steadily increasing in different areas of
clinical medicine. In a precision prevention-based health system, curative medicine is expected to be needed only in a very limited number of cases "only in desper-

ation".*®
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before they have met the actual person in a hospital bed
or outpatient clinic. Genomics of diseased tissues docu-
ment mutations that confer sensitivity to drugs not
approved for that specific indication.®® Under such newer
scenarios, empathy and humanity are required to let doc-
tors enter into a process aimed at clarifying the context of
the treatment. Negotiating an effective and newer equi-
table partnership with practitioners was the obvious direc-
tion to be followed after hepatitis and human immunode-
ficiency virus transmitted by blood products called for a
newer doctor-patient relationships in the bleeding disor-
der community.”®

e Forging an effective and newer patient-physician
alliance® in the era of precision medicine should be aimed
at precision medicine-oriented information. Major direc-
tions to be pursued are how to handle patients’ expecta-
tions, educate them regarding new medical concepts, and
deliver results to individuals. In this respect, if information
available on the Internet is increasingly generating more
aggressive patients, a surreptitious and coercive interpreta-
tion of guidelines will further and definitely mark the
advent of the age of medical defensiveness, and healthcare
systems will continue to contribute poorly to the well-
being and life expectancy of the least-advantaged people
and the potential for a renewed patient-physician alliance
will fade to become merely virtual. If, instead, through
shared reasoning, strong public health-healthcare partner-
ships ensure that all people have access to the intended
benefits of technology and track efficacy, safety, and effec-
tiveness outcomes in the real world; if dying is accepted as
part of the natural history of each one of us; if patients
consider their doctor as a travel companion whose life and
commitment have been a constant, prolonged challenge to
the power of death, disease, solitude, and pain, then there
is room for hope.

Attempting to remedy a not optimal genome:
perspectives.

Faced with the spread of information from guidelines,
the concept that, when appropriately formulated, every
clinical question can be solved by an approach that
employs the theory of probability has gathered strength
and relevance.” Thus, medical students and patients now
envisage medical practice as relatively simplified problem-
solving. However, although the “one-size fits all”
approach is broadly used in prevention and management
across the vast majority of clinical settings, the need for
the right drug at the right dose in the right patient is being
increasingly recognized in real-life practice,” given that
there are areas in which guidelines cannot be relied on for
how to deal with a specific issue.” In these areas, which
are often very important for the clinician, it remains
imperative to identify in advance which patients are less
likely to benefit from a given intervention. Although it is
still too often a theoretical concept - because of the lack of
convenient diagnostic methods or treatments, and of
drugs corresponding to each subtype of pathology - preci-
sion medicine argues for improved risk predictions, behav-
ioral changes; lower costs, and gains in public health, and
the community should be aware and engaged in its
progress. The promise of precision medicine involves
every aspect of medical care, and calls for active collabora-
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tion between researchers, doctors, patients and other
stakeholders. It demands newer levels of medical educa-
tion and up-to-date diagnostics, informatics and algo-
rithms to assist healthcare providers with information
management and decision making. Integrating efficacy,
safety, and cost-effectiveness is a challenge for precision
medicine and the opportunity for it to generate early
measurable health benefits and to live up to its promise.
Indeed, the investment in precision medicine-based treat-
ment decisions” should be harmonized with information
emerging from evidence-based medicine to help the stan-
dardization of care. Within the framework of open discus-
sions and a supportive institutional environment - to
acknowledge and fulfil the individual roles and responsi-
bilities in decision-making - interests shared by individual
patients, families, and communities, the diagnostics and
pharmaceutical industries, and healthcare providers (gov-
ernments, industry, payers, and other stakeholders) should
be aligned.” Major advances in medical practice lend cre-
dence to the possibility that we are heading towards hos-
pitals that ban relatives and visitors (mobile telephones
and webcams will keep patients in touch with their rela-
tives and friends), where hospital files are e-files, where
remote consultations will be the rule, and where nursing
will be based on the least possible contact — a virtually
total “asepsis”. While some might suppose that doctors
will no longer have to stumble to find the right words for
the unavoidable, it is highly likely that in the near future
medical decisions will have to be taken by integrating
patients’ “omics” with characteristics and preferences and
other individual-level data. The number of genes that
presently confer susceptibility to (or protection from) dis-
eases is steadily increasing. The availability of molecular
profiling tests calls for new school curricula to educate cli-
nicians of the 21* century to the knowledge needed to
assist them in taking actions based on genetic test results.
Precision prevention (Figure 3) implies that doctors will
become advisers for individuals who are not ill. With
appropriate protections (see the "unpatients’ issue” in the
Table 1), each individual will have full knowledge of
his/her health capital and will be able to manage it as
his/her banking account. Longevity will, it is to be hoped,
continue to increase each year, not only in industrialized
countries. Whether, in addition to definitely changing the
ethical dimensions of the relation among patients, their
doctors and other healthcare providers, precision preven-
tion-based health systems will also lower costs of future
medical practice is so far unknown.

In addition to the search for drugs and medical devices
that are unique to a patient or to a limited group of
patients (e.g. the use of mobile technology to serve as an
effective reminder to monitor medication adherence such
as the international normalized ratio), the future in hemo-
stasis and thrombosis is expected to help physicians to
classify patients into sub-populations that differ by their
susceptibility to bleeding and/or thrombosis, by the biolo-
gy/prognosis of those diseases they may develop, and/or
by their response to a treatment. According to one meta-
analysis, genotype-guided treatment schemes have so far
been less informative than clinical dosing for warfarin and
its analogues.* However, a prolonged period of observa-
tion would be needed to address this issue properly.
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Follow-ups ranged from 4 weeks to 6 months (median, 12
weeks) for both the genotype-guided and clinical-dosing
algorithm studies evaluated in that meta-analysis.*” These
are the early days of precision medicine. It has long been
known that much of cancer biology is based on the central
tenet that it is a genetic disease.” However, the concept
that our treatments should be more precisely tailored to
specific molecular targets contributed little to cancer treat-
ment until the 21* century. Major achievements some-
times take more time than anticipated by the original
hype.” To obtain sufficient funding, researchers need to
create hype, and this may lead to unrealistic expectations
on the part of patients and clinicians.”

References

1. Kurnik K, Kreuz W, Homeff S, et al. Effects of the factor V G1691A muta-
tion and the factor I G20210A variant on the clinical expression of severe
hemophilia A in children--results of a multicenter study. Haematologica.
2007,92(7):982-985.

2. Franchini M, Lippi G. Factor V Leiden and hemophilia. Thromb Res.
2010;125(2):119-128.

3. Shaw JA, Cooper ME. Guidelines and their use in clinical practice. Diab
Vasc Dis Res. 2014;11(1):3-4.

4. Tlling PT, Mifsud NA, Purcell AW. Allotype specific interactions of drugs
and HLA molecules in hypersensitivity reactions. Curr Opin Immunol.
2016;42:31-40.

5. Reach G. Clinical inertia, uncertainty and individualized guidelines.
Diabetes Metab. 2014;40(4):241-245.

6. Phillips LS, Branch WT, Cook CB, et al. Clinical inertia. Ann Intern Med.
2001;185(9):825-834.

7. Kerr EA, Zikmund-Fisher B], Klamerus ML, Subramanian U, Hogan MM,
Hofer TP. The role of clinical uncertainty in treatment decisions for dia-
betic patients with uncontrolled blood pressure. Ann Intern Med.
2008;148(10):717-727.

8. Inzucchi SE, Bergenstal RM, Buse JB, et al. Management of hypergly-
caemia in type 2 diabetes: a patient-centered approach. Position state-
ment of the American Diabetes Association (ADA) and the European
Association for the Study of Diabetes (EASD). Diabetologia.
2012;55(6):1577-1596.

9. Spertus JA, Decker C, Gialde E, et al. Precision medicine to improve use
of bleeding avoidance strategies and reduce bleeding in patients under-
going percutaneous coronary intervention: prospective cohort study
before and after implementation of personalized bleeding risks. BMJ.
2015;350:h1302.

10. Antman EM, Loscalzo J. Precision medicine in cardiology. Nat Rev
Cardiol. 2016;13(10):591-602.

11. Jameson JL, Longo DL. Precision medicine--personalized, problematic,
and promising. N Engl ] Med. 2015;372(23):2229-2234.

12. Shah SH, Amett D, Houser SR, et al. Opportunities for the cardiovascular
community in the precision medicine initiative. circulation.
2016;133(2):226-231.

13. Hayden EC. Technology: the $1,000 genome. Nature. 2014;507
(7492):294-295.

14. Baker M. Big biology: the 'omes puzzle. Nature. 2013;494(7438):416-
419.

15. Evens AM, Kostakoglu L. The role of FDG-PET in defining prognosis of
Hodgkin lymphoma for early-stage disease. Blood. 2014;124(28):3356-
3364.

16. Ziegelstein RC. Personomics. JAMA Intern Med. 2015;175(6):888-889.

17. Ashley EA. The precision medicine initiative: a new national effort.
JAMA. 2015;313(21):2119-2120.

18. Dausset J. Journal of Biomedicine and Biotechnology. ] Biomed
Biotechnol. 2001;1(1):1-2.

19. Collins FS, Varmus H. A new initiative on precision medicine. N Engl J
Med. 2015;372(9):793-795.

20. Slamon DJ, Leyland-Jones B, Shak S, et al. Use of chemotherapy plus a
monoclonal antibody against HER2 for metastatic breast cancer that
overexpresses HER2. N Engl ] Med. 2001;344(11):783-792.

21. Hughes TP, Kaeda ], Branford S, et al. Frequency of major molecular
responses to imatinib or interferon alfa plus cytarabine in newly diag-
nosed chronic myeloid leukemia. N Engl ] Med. 2003;349(15):1423-1432.

22. Davies H, Bignell GR, Cox C, et al. Mutations of the BRAF gene in
human cancer. Nature. 2002;417(6892):949-954.

23. Haherty KT, Puzanov I, Kim KB, et al. Inhibition of mutated, activated

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

BRAF in metastatic melanoma. N Engl ] Med. 2010;363(9):809-819.
Garraway LA, Lander ES. Lessons from the cancer genome. Cell.
2013;153(1):17-37.

Stratton MR. Journeys into the genome of cancer cells. EMBO Mol Med.
2013;5(2):169-172.

Di Minno MN, Di Minno G, Di Capua M, Cerbone AM, Coppola A.
Cost of care of haemophilia with inhibitors. Haemophilia.
2010;16(1):e190-201.

Valentino LA, Mamonov V, Hellmann A, et al. A randomized compari-
son of two prophylaxis regimens and a paired comparison of on-demand
and prophylaxis treatments in hemophilia A management. ] Thromb
Haemost. 2012;10(3):359-367.

Pipe SW. The hope and reality of long-acting hemophilia products. Am ]
Hematol. 2012;87 (Suppl 1):533-39.

Angiolillo DJ. Variability in responsiveness to oral antiplatelet therapy.
Am ] Cardiol. 2009;103(3 Suppl):27A-34A.

Heras M, Bueno H, Bardaji A, Fernandez-Ortiz A, Marti H, Marrugat J.
Magnitude and consequences of undertreatment of high-risk patients
with non-ST segment elevation acute coronary syndromes: insights from
the DESCARTES Registry. Heart. 2006;92(11):1571-1576.

Krasopoulos G, Brister SJ, Beattie WS, Buchanan MR. Aspirin "resis-
tance" and risk of cardiovascular morbidity: systematic review and meta-
analysis. BMJ. 2008;336(7637):195-198.

Sofi F Marcucci R, Gori AM, Giusti B, Abbate R, Gensini GE Clopidogrel
non-responsiveness and risk of cardiovascular morbidity. An updated
meta-analysis. Thromb Haemost. 2010;103(4):841-848.

Maree AO, Curtin R], Chubb A, et al. Cyclooxygenase-1 haplotype
modulates platelet response to aspirin. J Thromb Haemost.
2005;3(10):2340-2345.

Wang L, McLeod HL, Weinshilboum RM. Genomics and drug response.
N Engl ] Med. 2011;364(12):1144-1153.

Simon T, Verstuyft C, Mary-Krause M, et al. Genetic determinants of
response to clopidogrel and cardiovascular events. N Engl J Med.
2009;360(4):363-375.

Di Minno MN, Guida A, Camera M, Colli S, Di Minno G, Tremoli E.
Overcoming limitations of current antiplatelet drugs: a concerted effort
for more profitable strategies of intervention. Ann Med. 2011;43(7):531-
544.

Price MJ, Berger PB, Teirstein PS, et al. Standard- vs high-dose clopidogrel
based on platelet function testing after percutaneous coronary interven-
tion: the GRAVITAS randomized trial. JAMA. 2011;305(11):1097-1105.
Trenk D, Stone GW, Gawaz M, et al. A randomized trial of prasugrel ver-
sus clopidogrel in patients with high platelet reactivity on clopidogrel
after elective percutaneous coronary intervention with implantation of
drug-eluting stents: results of the TRIGGER-PCI (Testing Platelet
Reactivity In Patients Undergoing Elective Stent Placement on
Clopidogrel to Guide Alternative Therapy With Prasugrel) study. ] Am
Coll Cardiol. 2012;59(24):2159-2164.

Collet JB, Cuisset T, Range G, et al. Bedside monitoring to adjust
antiplatelet therapy for coronary stenting. N Engl ] Med. 2012;367
(22):2100-2109.

Altman RB. PharmGKB: a logical home for knowledge relating genotype
to drug response phenotype. Nat Genet. 2007;39(4):426.

Hiatt WR, Fowkes FG, Heizer G, et al; EUCLID Trial Steering
Committee and Investigators. Ticagrelor versus clopidogrel in sympto-
matic peripheral artery disease. N Engl ] Med. 2016 Nov 13. [Epub ahead
of print]

Khoury MJ, Evans JP. A public health perspective on a national precision
medicine cohort: balancing long-term knowledge generation with early
health benefit. JAMA. 2015;313(21):2117-2118.

Joyner MJ, Paneth N. Seven questions for personalized medicine. Jama.
2015;314(10):999-1000.

Mannucci PM. Treatment of haemophilia: building on strength in the
third millennium. Haemophilia. 2011;17 (Suppl 3):1-24.

Onarheim KH, Iversen JH, Bloom DE. Economic benefits of investing in
women's health: a systematic review. PloS One. 2016;11(3):e0150120.
Martinoli C, Della Casa Alberighi O, Di Minno G, et al. Development
and definition of a simplified scanning procedure and scoring method for
haemophilia early arthropathy detection with ultrasound (HEAD-US).
Thromb Haemost. 2013;109(6):1170-1179.

Di Minno MN, lervolino S, Soscia E, et al. Magnetic resonance imaging
and ultrasound evaluation of "healthy" joints in young subjects with
severe haemophilia A. Haemophilia. 2013;19(3):e167-173.

Lander ES. Cutting the Gordian helix--regulating genomic testing in the
era of precision medicine. N Engl ] Med. 2015;372(13):1185-1186.
Nathwani AC, Reiss UM, Tuddenham EG, et al. Long-term safety and
efficacy of factor IX gene therapy in hemophilia B. N Engl ] Med.
2014;371(21):1994-2004.

Lheriteau E, Davidoff AM, Nathwani AC. Haemophilia gene therapy:
progress and challenges. Blood Rev. 2015;29(5):321-328.

Li H, Malani N, Hamilton SR, et al. Assessing the potential for AAV vec-

Editorials e

haematologica | 2017; 102(3) 417 -



] Editorials

- 418 haematologica | 2017; 102(3)

tor genotoxicity in a murine model. Blood. 2011;117(12):3311-3319.

52. MegaJL, Close SL, Wiviott SD, et al. PON1 Q192R genetic variant and
response to clopidogrel and prasugrel: pharmacokinetics, pharmacody-
namics, and a meta-analysis of clinical outcomes. ] Thromb
Thrombolysis. 2016;41(3):374-383.

53. Bhatt DL, Pare G, Eikelboom JW, et al. The relationship between
CYP2C19 polymorphisms and ischaemic and bleeding outcomes in sta-
ble outpatients: the CHARISMA genetics study. Eur Heart J.
2012;33(17):2143-2150.

54. Munshi A, Sharma V. Genetic signatures in the treatment of stroke. Curr
Pharm Des. 2015;21(3):343-354.

55. Block L, Habicht R, Wu AW, et al. In the wake of the 2003 and 2011 duty
hours regulations, how do internal medicine interns spend their time¢ J
Gen Intern Med. 2013;28(8):1042-1047.

56. Oxentenko AS, Manohar CU, McCoy CE, et al. Internal medicine resi-
dents' computer use in the inpatient setting. J Grad Med Educ.
2012;4(4):529-532.

57. Verghese A. Culture shock--patient as icon, icon as patient. N Engl J Med.
2008;359(26):2748-2751.

58. Rubin R. Precision medicine: the future or simply politicst JAMA.
2015;313(11):1089-1091.

59. Steinhart B. Patient autonomy: evolution of the doctor-patient relation-
ship. Haemophilia. 2002;8(3):441-446.

60. Aledort LM. The evolution of comprehensive haemophilia care in the
United States: perspectives from the frontline. Haemophilia.
2016;22(5):676-683.

61. Balint ], Shelton W. Regaining the initiative. Forging a new model of the
patient-physician relationship. JAMA. 1996;275(11):887-891.

62. Paneni E 2013 ESC/EASD guidelines on the management of diabetes and
cardiovascular disease: established knowledge and evidence gaps. Diab
Vasc Dis Res. 2014;11(1):5-10.

63. Dzau V], Ginsburg GS, Van Nuys K, Agus D, Goldman D. Aligning
incentives to fulfil the promise of personalised medicine. Lancet.
2015;385(9982):2118-2119.

64. Stergiopoulos K, Brown DL. Genotype-guided vs clinical dosing of war-
farin and its analogues: meta-analysis of randomized clinical trials. JAMA
Intern Med. 2014;174(8):1330-1338.

65. Ciardiello E Amold D, Casali PG, et al. Delivering precision medicine in
oncology today and in future-the promise and challenges of personalised
cancer medicine: a position paper by the European Society for Medical
Oncology (ESMO). Ann Oncol. 2014;25(9):1673-1678.

66. Pitt GS. Cardiovascular precision medicine: hope or hypeé¢ Eur Heart J.
2015;36(29):1842-1843.

67. DiMinno G, de Gaetano G. Human genome, environment and medical
practice. Intern Emerg Med. 2013;8(8):645-649.

68. Huser V, Sincan M, Cimino JJ. Developing genomic knowledge bases
and databases to support clinical management: current perspectives.
Pharmgenomics Pers Med. 2014;7:275-283.

69. Bayer R, Galea S. Public health in the precision-medicine era. N Engl |
Med. 2015:373(6):499-501.

70. Robinson-Cohen C, Hoofnagle AN, Ix JH, et al. Racial differences in the
association of serum 25-hydroxyvitamin D concentration with coronary
heart disease events. JAMA. 2013;310(2):179-188.

71. Michos ED, Reis JP, Post WS, et al. 25-Hydroxyvitamin D deficiency is
associated with fatal stroke among whites but not blacks: the NHANES-
III linked mortality files. Nutrition. 2012;28(4):367-371.

72. Jonsen AR, Durfy SJ, Burke W, Motulsky AG. The advent of the "unpa-
tients'. Nat Med. 1996;2(6):622-624.

73. Bloss CS, Schork NJ, Topol EJ. Direct-to-consumer pharmacogenomic
testing is associated with increased physician utilisation. ] Med Genet.
2014;51(2):83-89.

74. National Research Council (US) Committee on A Framework for
Developing a New Taxonomy of Disease. Toward Precision Medicine:
Building a Knowledge Network for Biomedical Research and a New
Taxonomy of Disease. Washington (DC), 2011.

75. Ashley EA, Butte AJ, Wheeler MT, et al. Clinical assessment incorporat-
ing a personal genome. Lancet. 2010;375(9725):1525-1535.

76. Nherera L, Marks D, Minhas R, Thorogood M, Humphries SE.
Probabilistic cost-effectiveness analysis of cascade screening for familial
hypercholesterolaemia using alternative diagnostic and identification
strategies. Heart. 2011;97(14):1175-1181.

77. Ahima RS. Rethinking the definition of diabetes for precision medicine.
Mol Endocrinol. 2015;29(3):335-337.

78. Marquet P, Longeray PH, Barlesi E et al. Translational research: precision
medicine, personalized medicine, targeted therapies: marketing or sci-
ence¢ Therapie. 2015;70(1):1-19.

79. Punja S, Xu D, Schmid CH, et al. N-of-1 trials can be aggregated to gen-
erate group mean treatment effects: a systematic review and meta-analy-
sis. ] Clin Epidemiol. 2016;76:65-75.

80. Vohra S. N-of-1 trials to enhance patient outcomes: identifying effective
therapies and reducing harms, one patient at a time. J Clin Epidemiol.
2016;76:6-8.

Research in the heart of hematology: chronic myeloid leukemia 2017

Riidiger Hehlmann

Medizinische Fakultit Mannheim, Universitit Heidelberg, Germany

E-mail: v.hehlmann@urz.uni-heidelberg.de

ne of the great success stories of modern hematol-

ogy is reaching its next and possibly final phase:

the achievement of treatment-free remissions in
stable deep molecular responders with chronic myeloid
leukemia (CML) which may well be equivalent to cure.
Although only the minority of patients achieve treatment-
free remissions, the absolute numbers of patients currently
in discontinuation studies (Table 1) and in durable treat-
ment-free remissions (40- 60%) are impressive and argue
for a change in the treatment strategy for CML. The
progress since last year cannot be overlooked.' The goal is
to define patients in whom treatment can be stopped safe-
ly and to establish a strategy for treatment discontinua-
tion.”

This is not the first amazing success in some 50 years of
basic and clinical research underlying the success story of
CML: the detection of oncogenes and of kinase activity in
many of them was fortuitous, since it was a byproduct of
the search for human leukemia viruses. In realization that
most animal leukemias could be induced by viruses, this
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was a high priority research field in the late 1960s and
early 1970s. Large national programs funded with billions
of dollars, such as the Special Virus Cancer Program and
the National Cancer Act for the “conquest of cancer”, had
been started in the USA. With modern molecular biology
methods, so-called footsteps of viruses were looked for.
The detection of reverse transcriptase in human leukemic
cells® and of virus-related RNA and DNA in human cells
and in the human genome*® were at the time interpreted
as breakthroughs on the path to detection of human
leukemia viruses. Whereas ultimately no such viruses
were found associated with common human leukemias,
oncogenes proved central in human carcinogenesis. An
example is the role in CML of the ABL oncogene which, in
1980, was detected in the acutely transforming defective
Abelson leukemia virus in which parts of the virus
genome had been replaced by cellular sequences.® It was
shown that most retroviral oncogenes were present as so
called protooncogenes in the human genome pointing
early to ubiquity and important functions of these genes in



