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Abstract

The AmpliChip™ CYP450 Test, which analyzes patient genotypes for cytochrome P450 (CYP) genes
CYP2D6 and CYP2C19, is a major step toward introducing personalized prescribing into the clinical environ-
ment. Interest in adverse drug reactions (ADRs), the genetic revolution, and pharmacogenetics have converged
with the introduction of this tool, which is anticipated to be the first of a new wave of such tools to follow over
the next 5-10 years. The AmpliChip™ CYP450 Test is based on microarray technology, which combines
hybridization in precise locations on a glass microarray and a fluorescent labeling system. It classifies
individuals into two CYP2C19 phenotypes (extensive metabolizers [EMs] and poor metabolizers [PMs]) by
testing three alleles, and into four CYP2D6 phenotypes (ultrarapid metabolizers [UMs], EMs, intermediate
metabolizers [IMs], and PMs) by testing 27 alleles, including seven duplications.

CYP2D6 is a metabolic enzyme with four activity levels (or phenotypes): UMs with unusually high activity;
normal subjects, known as EMs; IMs with low activity; and PMs with no CYP2D6 activity (7% of Caucasians
and 1-3% in other ethnic groups). Levels of evidence for the association between CYP2D6 PMs and ADRs are
relatively reasonable and include systematic reviews of case-control studies of some typical antipsychotics and
tricyclic antidepressants (TCAs). Evidence for other phenotypes is considerably more limited. The CYP2D6 PM
phenotype may be associated with risperidone ADRs and discontinuation due to ADRs. Venlafaxine,
aripiprazole, duloxetine, and atomoxetine are newer drugs metabolized by CYP2D6 but studies of the clinical
relevance of CYP2D6 genotypes are needed. Non-psychiatric drugs metabolized by CYP2D6 include
metoprolol, tamoxifen, and codeine-like drugs.

CYP2C19 PMs (3-4% of Caucasians and African Americans, and 14-21% of Asians) may require dose
adjustment for some TCAs, moclobemide, and citalopram. Other drugs metabolized by CYP2C19 are diazepam
and omeprazole.

The future of pharmacogenetics depends on the ability to overcome serious obstacles, including the
difficulties of conducting and publishing studies in light of resistance from grant agencies, pharmaceutical
companies, and some scientific reviewers. Assuming more studies are published, pharmacogenetic clinical
applications may be compromised by economic factors and the lack of physician education. The combination of
a US FDA-approved test, such as the AmpliChip™ CYP450 Test, and an FDA definition of CYP2D6 as a ‘valid
biomarker’ makes CYP2D6 genotyping a prime candidate to be the first successful pharmacogenetic test in the
clinical environment. One can use microarray technology to test for hundreds of single nucleotide polymorph-
isms (SNPs) but, taking into account the difficulties for single gene approaches such as CYP2D6, it is unlikely
that very complex pharmacogenetic approaches will reach the clinical market in the next 5-10 years.

This article describes the AmpliChip™ CYP450 Test, the first
commercially available clinical tool based on microarray technol-
ogy. The introduction of this new technology is a major step
toward introducing ‘personalized prescription’ into the clinical
environment. We present a view of the main historical events

leading to the development of the AmpliChip™ CYP450 Test, its
current status and potential use, and finally an opinion on its future
potential, focusing on obstacles and suggesting how to overcome
them so that this tool and similar new technologies can be intro-
duced into standard clinical practice. Obviously, of the three
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sections of this article (past, present, and future) the future is least
supported by objective data and more tainted by our personal
views and biases. These biases include a research clinician work-
ing for 10 years on integrating pharmacogenetics into clinical
practice to improve his psychiatric patients’ treatment, and two of
his research team members, a laboratory technician and a clinical
research nurse, who are helping him accomplish this task.

1. The Past

The development of the first commercially available clinical
application of microarray technology reflects the intersection of
three major historical interests: adverse drug reactions (ADRs), the
genetic revolution, and pharmacogenetics. These roads are finally
converging with the approval and marketing of the AmpliChip™
CYP450 Test. It is anticipated that this tool is only the first of a
new wave of pharmacogenetic tools that may reach the clinic in
the next 5-10 years. A second pharmacogenetic test, the Invader®
UGT1A1 Molecular Assay, has already been approved by the
FDA.

1.1 Adverse Drug Reactions

Several studies and meta-analyses have focused on the mone-
tary costs of ADRs.!!3 In both the US and Europe, ADRs account
for an estimated 3—7% of all hospitalizations.[*! ADR classification
methods vary,'>®! but from the pharmacogenetics viewpoint, it
seems prudent to utilize the current knowledge available to clini-
cians to distinguish those that are preventable from those that are
not.[) According to Classen et al.,/”) almost half of ADRs, result-
ing from medication errors, overdose and drug-drug interactions,
are preventable, and prevention programs have been en-
couraged.® Among ADRs that are not easily prevented,
pharmacogenetics may have a role in prevention of some types,
which may be associated with relatively frequent gene variations
such as those expected based on pharmacological action and that
are usually well characterized in pre-marketing studies (typically
~1500 patients). More difficult to prevent are the unusual or
unexpected ADRs that are typically detected in post-marketing
surveillance, although pharmacogenetics may have some role in
those associated with rare gene variants. The major potential of
pharmacogenetics can be understood if one considers that 10% of
the new drugs introduced to the US market in the last 25 years
were withdrawn or labeled with a ‘black box” warning.”!

Drug-related problems!!%! include any deviation from the in-
tended beneficial effect, thus including both ADRs and also lack
of response to typical doses. Drug-related problems fit even better
than ADRs with the economic benefit of pharmacogenetic testing
and the idea that genetics may mean that individuals require
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treatment with lower or higher than the standard recommended
doses of a drug. Using this concept, Ernst and Grizzle!'! estimated
that in the year 2000 the mean cost in the US ambulatory care
environment for a drug treatment failure was $US977, the mean
cost for ADRs was $US1105, and the combination cost $US1488.
The overall cost of drug-related problems in the US was estimated
to be $US177.4 billion. Furthermore, our pilot pharmacogenetic
study in a psychiatric hospital suggested that CYP2D6 genetic
variations that are probably associated with both lack of response
and ADRs may increase costs.[!?]

1.2 The Genetic Revolution

The genetic revolution has been the result of the development
of new technologies permitting genetic testing in an automated,
efficient way, and enabling the sequencing of the entire human
genome. It has been stressed in both scientific!'¥ and lay jour-
nals!'4 that the Human Genome Project has been a major and
potentially revolutionary medical advance. Moreover, McKu-
sick!3! compared it with an anatomy textbook written in 1543 that
played a leading role in the development of modern medicine.

One major technological advance in genetic testing has been
the development of DNA microarrays, also known as DNA chips
or GeneChips®. The latter name was given by Fodor,!'® who
developed this technology for massive parallel genotyping. Its
biological base is the hybridization process, the capacity that each
DNA strand carries to recognize its uniquely complementary
sequence through base pairing. In developing the GeneChip®,
Affymetrix, Inc., which was co-founded by Fodor in 1993, com-
bined two key technologies: (i) a light-directed combinatorial
chemistry enabling the synthesis of over 15 000 oligonucleotide
sequences in precise locations on a glass microarray, and (ii) a
laser fluorescence scanning system permitting identification of
molecular interactions in some areas of the array and excluding
inactive areas.['®) The GeneChip® originally allowed simultaneous
testing of hundreds of DNA sequences in a relatively simple,
inexpensive way by placing specific oligonucleotide sequences in
different specific areas of a glass microarray. This has evolved to
inserting other gene products including proteins in chips, such that
the tissue microarrays permit simultaneous protein, RNA, and
DNA expression testing in multiple tissue samples, changing basic
medical and biological research.!'”]

1.3 Pharmacogenetics and Personalized Prescription

The development of genomic medicine and genetic testing has
helped in diagnosing some relatively rare and unusual disorders.
Of potentially greater importance is the field of pharmacogenetics
or pharmacogenomics, possibly the driving force for the imple-
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mentation of genetic medicine in primary care.l'8291 Vogel?!l
coined the term ‘pharmacogenetics’ in 1959; it is usually defined
as the study of variability in drug response due to heredity.?* For
historical reasons, pharmacogenetics is frequently used to describe
studies of the genes determining drug metabolism, as they are the
best known group of genes involved in drug response, but the field
also includes the study of the lesser known genes involved in drug
pharmacodynamics. More recently, the term ‘pharmacogenomics’
is being used, a broader term encompassing all genes in the
genome that may determine drug response.'??! The distinction is
arbitrary, as both terms are used interchangeably.??!

Other related terms are ‘personalized or individualized pre-
scription.” In 1997, the journal Science!?) included ‘personalized
prescription’ or ‘tailoring drugs to a patient’s genetic makeup’ in
the six research horizons for 1998. In 1999, the lay journal Time
predicted that in 2015 a GeneChip® would be used to tailor
medications to each patient’s genes and prevent ADRs.?*1 In 2001,
Collins and McKusick!®! predicted in JAMA that “By 2020 ... The
pharmacogenomic approach for predicting drug responsiveness
will be standard practice for quite a number of disorders and
drugs”.

The idea that ‘personalized prescription’ is coming soon is
reflected by the fact that almost all pharmacological or general
medical journals have published optimistic reviews on the subject
since 1999. Similarly, reflecting the promise of the field, several
pharmacogenomics-focused journals were created between 2000
and 2001. Although the literature is saturated with reviews promis-
ing that ‘personalized prescription’ is imminent, there is a lack of
sufficient pharmacogenetic studies in the clinical environment.
Dissenting views on the promise of pharmacogenetics/
pharmacogenomics have only started to appear recently.?%27! In
section 1.3.1 we review the CYP2D6 pharmacogenetic story,
leading to the application for US FDA approval of the first
pharmacogenetic test using the microarray technology.

Table I. History of cytochrome P450 (CYP) 2D6 discoveries
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1.3.1 The Cytochrome P450 (CYP) 2Dé Story

The cytochrome P450 (CYP) enzyme CYP2D6 is a metabolic
liver enzyme accounting for only 2-4% of hepatic CYPs.!?8
CYP2D6 may be important for metabolizing plant toxins such as
alkaloids and is estimated to be responsible for metabolizing
approximately 25% of drugs known to be metabolized by
CYPs.[?1 Many of these drugs are antipsychotic or antidepressant
drugs, making it an important metabolic enzyme for psychiatry.
The gene encoding this enzyme (CYP2D6) is located on chromo-
some 22. The CYP2D6 enzyme is expressed constitutively in
several tissues, particularly the liver, and enzyme activity (i.e.
drug metabolism phenotype) is mainly determined by the type of
CYP2D6 gene variant. The only significant environmental factor
possibly modifying the phenotype is the intake of potent inhibitors
such as quinidine, paroxetine, bupropion, or fluoxetine. This
makes CYP2D6 a good candidate for pharmacogenetic testing,
because the fewer important environmental influences there are on
a metabolic enzyme, the easier it is to detect the effects of a genetic
polymorphism.

Historical advances in our understanding of CYP2D6 are close-
ly related to pharmacogenetic advances?®’ since CYP2D6 has
been one of the most important success stories in pharmacogenet-
ics (table I).'%30-331 More than 50 polymorphic alleles have been
described in CYP2D6; the most frequent of these are described in
table II. The activity of the CYP2D6 enzyme is extremely variable
because of these polymorphisms and can be expressed as four
main levels of activity (phenotypes).1*! In the traditional view, the
ultrarapid metabolizer (UM) has three or more copies of the active
CYP2D6 gene and exhibits extremely high CYP2D6 activity.
Some authors suggest that only some UMs have additional copies.
Lovlie et al.’"! proposed that current genotyping methods identi-
fied only approximately 20% of CYP2D6 UMs (80% are currently
missed by genetic testing) and that upstream polymorphisms may
also be associated with unusually high activity in some individu-
als. The normal subject, or extensive metabolizer (EM), has one or
two functional copies of the CYP2D6 gene and displays typical

Author (year) Discovery

Hammer and Sjoqvist (1967)'°]
Mahgoub et al. (1977)9
Eichelbaum et al. (1979)1
Skoda et al. (1988)[2]

Heim and Meyer (1990)]
Bertilsson et al. (1993)34
Johansson et al. (1994)3]

Two phenotypes of tricyclic antidepressant metabolism?

Two phenotypes of debrisoquine metabolism?

Two phenotypes of sparteine metabolism?

Identified some altered genetic patterns in poor metabolizers
First report describing an inactive allele in detail

Description of the ultrarapid metabolizers

Identified the most frequent allele with low activity in East Asians

a This initial distinction separated CYP2D6 poor metabolizers from the rest, including the three other phenotypes in the current terminology.
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Table Il. Most frequent CYP2D6 alleles

de Leon et al.

Allele Mutation Enzyme effects Ethnic group with highest frequency
Several Duplication or multi-duplication Increased activity North African and Middle Eastern
*4 Defective splicing Inactive Caucasian

*5 Gene deletion No enzyme Caucasian

*10 P34S, S486T Unstable and low activity East Asians (half of them)

*17 T1071, R296C, S486T Altered affinity; frequently low activity Black Africans

CYP2D6 activity. Intermediate metabolizer (IM) usually refers to
a subject with one non-functional CYP2D6 allele and an allele that
expresses as an enzyme with low activity. Other groups consider
individuals with one functional copy of CYP2D6 as IM instead of
EM. 38 In reality, with our current limited knowledge, this distinc-
tion between IMs and EMs is more important for researchers than
for clinicians since their clinical relevance needs to be demonstrat-
ed. Poor metabolizers (PMs) are individuals with two non-func-
tional CYP2D6 alleles and no CYP2D6 activity.

The level of evidence for the association between the CYP2D6
PM phenotype and ADRs is relatively reasonable and includes
systematic reviews of case-control studies of antipsychotics and
antidepressants®®*1. Information on the clinical meaning of the
CYP2D6 IM phenotype and various EM phenotypes is very limit-
ed. Most information on CYP2D6 UMs comes from case reports.
The identification of CYP2D6 PM phenotype is more reliable than
the identification of other phenotypes and there is good and
consistent agreement on the definition of a CYP2D6 PM. Thus, the
presence or absence of a CYP2D6 PM phenotype after CYP2D6
genotyping is currently the most important clinical distinction.
Moreover, although clinical laboratories do not currently test for
all known alleles, a subject classified as a CYP2D6 PM today is
unlikely to be reclassified as another CYP2D6 phenotype in 10
years. Similarly, a subject classified as another CYP2D6 pheno-
type today is unlikely to be reclassified as a CYP2D6 PM in 10
years. Unfortunately, patients in the other subgroups (CYP2D6
IMs, EMs, or UMs) may be subject to some classification instabili-
ty because of advances in knowledge or in the genotyping technol-
ogy. It will take several years to fully understand the clinical
implications of UM, EM, and IM phenotypes.

European studies suggest that close to 90% of the Caucasian
population are EMs, 7% are PMs, and 1-10% are UMs.*"! The
proportion of PMs in other ethnic groups is 1-3%. The proportion
of UMs is much higher in other populations; it is approximately
one of four in North Africa and the Middle East. IMs are much
more frequent in East Asian populations where the PM phenotype
is rare. In the author’s area of the US (Kentucky), with approxi-
mately 88% Caucasians and 12% African Americans, we find
approximately 6% CYP2D6 PMs and 3-4% CYP2D6 UMs.B!
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1.3.2 CYP2D6 Genotyping in Psychiatiric Research in the 1990s

An increasing number of studies focused on the association of
CYP2D6 allelic variations with therapeutic or toxic effects after
psychopharmacological treatments for both antipsychotics!4-43]
and antidepressants.[**8] A small group of European pharmacolo-
gists and psychiatrists developed guidelines for antidepressant
administration according to CYP genotyping;*>*%! more recently,
a systematic review has been completed of all available data on
antipsychotics and antidepressants.38! As far as we can tell, there
are few systematic attempts to test these guidelines in the clinical
environment and they are not widely used by prescribing psychia-
trists. A new, simpler guide for clinicians has recently been
developed.?!

Although all CYP2D6 phenotypes may have some effects on
response to drugs dependent on CYP2D6 metabolism, it is reason-
able to focus on CYP2D6 PMs first, since these individuals are
most likely to show differences and increased risk of ADRs.
However, in order to conduct such studies, one must recruit >400
Caucasians to get a reasonable number of CYP2D6 PMs (n = 30);
other ethnic populations are not good study candidates, as
thousands of subjects would be required in order to obtain a large
number of CYP2D6 PMs. Thus far, most studies have included too
few CYP2D6 PMs to rule out or firmly establish that CYP2D6 has
a significant role in drug responses. The methodological difficul-
ties are obvious: (i) randomized prospective studies using
pharmacogenetics pose ethical difficulties in psychiatric popula-
tions; and (ii) naturalistic studies require even larger samples
(several hundred patients) with corrections necessary for con-
founders using statistical methods.

Our interest has been in testing CYP2D6 genotyping in the real
world. Our pilot study® included 100 consecutive psychiatric
admissions genotyped using a primitive version of the CYP2D6
DNA microarray. The study suggested that the CYP2D6 PM
phenotype was associated with a greater incidence of ADRs, and
that both CYP2D6 PM and UM phenotypes appear to be associat-
ed with the potential for higher treatment costs due to the extended
length of hospitalization.!'?! The use of tricyclic antidepressants
(TCAs) and typical antipsychotics has declined in US psychiatric
clinical practice, so we focused on risperidone.[*! Studies from the
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marketer of risperidone have suggested that risperidone and its
main metabolite 9-hydroxyrisperidone have similar pharmacody-
namics, and implied that total plasma risperidone moiety (the sum
of plasma risperidone and 9-hydroxyrisperidone concentrations)
determines the clinical activity.®?! If this is correct, it would be
very helpful for marketing purposes since CYP2D6 metabolizes
risperidone to 9-hydroxyrisperidone; the equal activity of risper-
idone and 9-hydroxyrisperidone eliminates any concerns regard-
ing the CYP2D6 polymorphism. The pharmaceutical company
defended the idea of the irrelevance of CYP2D6 polymorphism
based on one study using single doses, measuring prolactin levels
and plasma levels where PMs and EMs had similar total plasma
concentrations of the total risperidone moiety. Unfortunately, only
12 subjects (two PMs, one IM and nine EMs) were studied by
CYP2D6 phenotyping;®?! furthermore, taking single risperidone
doses by different routes can hardly be considered similar to
clinical practice. This initial study led to the package insert for
risperidone proposing that CYP2D6 expression polymorphism
and CYP drug-drug interactions (DDIs) were therapeutically un-
important for risperidone. We were puzzled by the finding that
DDI indicated that CYP3A also metabolized risperidonel®? (this
was later verified by an in vitro study®*), and, second, by the
finding that all five CYP2D6 PMs we identified had problems with
risperidone.

2. The Present

This section includes a discussion on the current status of
genotyping in oncology, then focuses on two genes included on
the AmpliChip™ CYP450 (CYP2D6 and CYP2C19), and finishes
with the current status of genotyping methods, focusing on the
AmpliChip™ CYP450.

2.1 Current Status of Genotyping in Oncology and
AIDS Therapy

Oncology is the medical specialty where molecularly targeted
drugs appear most advanced and promising!®!. The availability of
tumor tissue samples allows testing for very specific drug targets
(expressed proteins) within the tumor cells and the use of
monoclonal antibodies to treat the tumor. This has led to specific
treatments, the first of which was trastuzumab, a humanized
monoclonal antibody specific for HER2/neu, which has revolu-
tionized the management of metastatic HER2-overexpressing
breast cancers.”®! Other monoclonal antibodies are being tested.7!
Because oncology involves treating very lethal diseases with very
toxic and expensive medications, new tests are welcome and often
readily accepted.
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Oncology as a focus of pharmacogenetic testing is also rapidly
moving forward. A polymorphic glucuronidation enzyme (uridine
diphosphate [UDP]-glucuronosyltransferase 1A1, UGT1A1) plays
a role in detoxification of the active metabolite of irinotecan, a
drug used to treat colorectal cancer.® In August of 2005, the FDA
approved the Invader® UGT1A1 Molecular Assay by Third Wave
Technologies, Inc., the first UGT1A1 pharmacogenetic test.!

Another genotyping testing used in medicine is the
TRUGENE™ HIV-1 Genotyping Kit (Visible Genetics Inc.) that
allows for detecting genetic variations that would make the virus
resistant to some antiretroviral drugs. Recent review articles dis-
cuss whether this test is helpful or makes treatment more diffi-
cult.[6061]

2.2 The Current Status of CYP2D6 and
CYP2C19 Knowledge

2.2.1 Recent Psychiatric Studies Using CYP2D6 Genotyping

In their excellent and comprehensive review, Kirchheiner et
al.1’® recommended the following doses for CYP2D6 PMs: (i) half
of the average TCA dose; and (ii) approximately half to two-thirds
of the dose for several typical antipsychotics (thioridazine,
perphenazine, haloperidol, and zuclopenthixol). They reported
that the CYP2D6 PM phenotype may have more potential to be
associated with cardiotoxic events in patients receiving venlafax-
ine, and commented that CYP2D6 UM phenotypes may negative-
ly impact TCA or haloperidol response, probably due to very high
clearance.

We found in a large case-control risperidone study!®? that
CYP2D6 may have clinical relevance. This was a naturalistic non-
controlled study; the patients were classified in two non-overlap-
ping groups — risperidone treated (325 subjects) and discontinued
from risperidone (212 subjects). Statistical analyses were correct-
ed for confounders and established that the CYP2D6 PM pheno-
type determined by genotyping (including using the AmpliChip™
CYP450) predicted the risk of risperidone-associated ADRs, and
whether the CYP2D6 PM phenotype predicted the risk of risper-
idone discontinuation due to ADRs. It was surprising that the
CYP2D6 PM phenotype effect was detected in both groups,
amidst the noise associated with multiple doctors prescribing
different risperidone dosages, different co-medications, and for
different indications. More importantly, the CYP2D6 PM pheno-
type obtained by genotyping was the only significant variable in
the two patient groups.

The clinical relevance of the CYP2D6 PM phenotype can be
addressed from two points of view: that of the individual and that
of the population as a whole (i.e. public health approach). The
individual point of view addresses the rhetorical question: if I (or
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Table Ill. Risk of risperidone adverse drug reactions (ADRs) in a case-control risperidone study.®? Relative importance of the CYP2D6 poor metabolizer
(PM) phenotype compared with other significant causes in the analyses and with patients with no known cause of ADRs or discontinuation due to ADRs.
This provides an idea of the importance of the cytochrome P450 (CYP) 2D6 PM phenotype for the individual.

Statistics reflecting

Patients taking risperidone (n = 325) Patients discontinued from risperidone due to ADRs (n = 212)

importance for baseline concomitant typical CYP2D6 PM phenotype baseline concomitant CYP- CYP2D6 PM phenotype
individuals antipsychotics inhibiting drugs

Univariate odds 1 2.4 (95% Cl 1.1,5.0) 3.1 (95% Cl 1.4,7.0) 1 2.5 (95% Cl 1.4, 4.7) 3.0 (95% CI 0.85, 10.6)
ratios?

Adjusted odds ratios® 1
Patients with ADRs®

2.4 (95% Cl 1.1,5.2) 3.4 (95% Cl 1.5, 8.0) 1 2.4 (95% CI 1.3, 4.7) 6.0 (95% CI 1.4, 25.4)
19% 33% 44% 30% 53% 64%

a

In patients taking risperidone, univariate odds ratios indicate the relationship between the presence or absence of risperidone ADRs (dependent
variable) and taking typical antipsychotics or not, or being a CYP2D6 PM or not (independent variables). In patients discontinued from risperidone,
univariate odds ratios indicate the relationship between risperidone discontinuation due to ADRs or not (dependent variable) and taking CYP
inhibitors or not, or being a CYP2D6 PM or not (independent variables).

The adjusted odds ratio indicates the relationship between the presence or absence of risperidone ADRs, or risperidone discontinuation due to
ADRs or not (dependent variables) and two independent variables after adjusting for other significant variables in a logistic regression analysis.

In patients taking risperidone, the percentages indicate that 19% (51/268) of patients with no concomitant atypical antipsychotics and no CYP2D6
PM phenotype had ADRs, 33% (10/30) of patients with concomitant atypical antipsychotics and no CYP2D6 PM phenotype had ADRs, and 44%
(12/27) of patients with the CYP2D6 PM phenotype had ADRs. ADRs were defined using a standardized scale blind to genotyping and including
any type of ADR that appeared to be clinically relevant; mild ADRs were not considered. In patients discontinued from risperidone, the
percentages indicate that 30% (43/143) of patients with no concomitant CYP-inhibiting drugs and no CYP2D6 PM phenotype were discontinued
due to ADRs, 53% (31/58) of patients with concomitant CYP-inhibiting drugs and no CYP2D6 PM phenotype were discontinued due to ADRs, and

64% (7/11) of patients with the CYP2D6 PM phenotype were discontinued due to ADRs.

my family member) am a CYP2D6 PM, is it important to have a
CYP2D6 genotype test? The data suggest that it is, since the
risperidone ADR risk appears to increase 2.5- to 6-fold (table III)
for this phenotype. Moreover, the CYP2D6 PM phenotype was the
best, most consistent predictor of ADRs since it was the only
significant variable in the two sample sets. From the public health
perspective (e.g. how important is CYP2D6 genotyping for a
psychiatric hospital administrator who wants to reduce risperidone
ADRs?), one must examine the group data of patients with ADRs.
The data appear to suggest that only 10-20% of risperidone
problems may be explained by CYP2D6 PM phenotypes (figure 1
and figure 2). However, there was an identified cause of risper-

idone ADRs in only about half of the cases.

This idea that CYP2D6 PMs are more prone to toxicity during
risperidone treatment does not fit well with the idea defended by
the risperidone marketer®?! that in in vitro studies, risperidone and
its CYP2D6 metabolite (9-hydroxyrisperidone) have similar phar-
macodynamic activity. Barnhill et al.[ suspected that the
CYP2D6 PM profile with higher relative plasma risperidone con-
centrations may be more ‘toxic.” Although it has not been studied
in humans, a recent rat study suggested that risperidone may cross
the blood-brain barrier more easily than 9-hydoxyrisperidone, [
which may contribute to major toxicity.

© 2006 Adis Data Information BV. All rights reserved.

2.2.2 CYP2Dé6 Genotyping in Other Areas of Medicine

Codeine, oxycodone, hydrocodone, and possibly tramadol as
well as dihydrocodeine are prodrugs activated by CYP2D6 (e.g.
codeine is transformed to morphine by CYP2D6; morphine is the
analgesic). It was initially reported that CYP2D6 PMs may be less
prone to abuse codeine.[®! CYP2D6 PMs may have no analgesic
effects from codeine-like drugs, while CYP2D6 UMs may have
unusual responses to codeine-like drugs.[°®! Metoprolol, a 3-adre-
noceptor antagonist, is metabolized by CYP2D6; CYP2D6 PMs
appear to have a 4- to 5-fold increase in risk of metoprolol-
associated ADRs.[ In patients with breast cancer, tamoxifen
response may be influenced by the CYP2D6 genotype, and by
selective serotonin reuptake inhibitors (SSRIs) that inhibit
CYP2D6.[8!

2.2.3 CYP2C19 Genotyping

CYP2C19 was initially described as S-mephenytoin hydroxy-
lase. Caucasians and African Americans comprise approximately
3-4% of CYP2C19 PMs (with no enzyme) versus 14-21% of
Asians.[®

Kirchheiner et al.*8! recommend adjusting the dose by approxi-
mately half (60%) in CYP2C19 PMs for some TCAs (ami-
triptyline, clomipramine, doxepin, imipramine, and trimipramine)
and for two other antidepressants, moclobemide and citalopram.
Diazepam is another psychiatric drug whose metabolism depends
on CYP2C19. A non-psychiatric drug, omeprazole, is dependent
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O Unknown

[l CYP2D6 PM

O Typical AP

H Typical AP and organic
B Organic

1%
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Fig. 1. Causes of clinically relevant risperidone adverse drug reactions
(ADRs) in 72 patients. This provides an idea of the public health (or group)
importance of the cytochrome P450 (CYP) 2D6 poor metabolizer (PM)
phenotype according to this case-control risperidone study of 325 patients
taking risperidone.%? Three variables were associated with an increase of
ADRs in risperidone: (i) CYP2D6 PM phenotype, (ii) taking typical antipsy-
chotics (APs) along with risperidone; and (iii) having an organic central
nervous system (CNS) disorder. From the 72 with risperidone ADRs, 16%
(12/72) had a CYP2D6 PM phenotype, 7% (5/72) were taking typical APs,
7% (5/72) were taking typical APs and had a CNS disorder, 29% (30/72)
had a CNS disorder, and 41% (30/72) had no known cause.

on CYP2C19; low doses appear to be very effective in curing
peptic ulcers in CYP2C19 PMs, but not in CYP2C19 EMs.[7!

2.2.4 Clinical Value of Combined CYP2Dé6 and
CYP2C19 Genotyping

Steimer et al.”’!! conducted a very interesting prospective blind
study in 50 Caucasians with depression who received a fixed dose
of amitriptyline. They propose combining CYP2D6 and CYP2C19
genotyping, and recommend using amitriptyline in the two-thirds
of patients with low ADR risk, which may be much more cost
effective than using new antidepressants as the first line of treat-
ment. Unfortunately, in the US, this approach is not realistic.
Physicians, including psychiatrists, have mostly abandoned the old
TCAs (which tend to be CYP2D6-dependent) for new drugs,
particularly the SSRIs. This limits the value of the strategy of
combining amitriptyline with CYP2D6 and CYP2C19 genotyping.

2.3 Current Status of Genotyping Methods

Traditionally most genotype assays are conducted in research
laboratories and involve the use of polymerase chain reaction
(PCR) to amplify the DNA, followed by specific detection steps
including restriction fragment length polymorphism-PCR (RFLP-
PCR) analysis, single-strand conformational polymorphism
(SSCP) analysis, or allele-specific PCR analysis.!"?
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2.3.1 Development of the AmpliChip™ CYP450

The AmpliChip™ CYP450 Test is based on five major process-
es: (i) PCR amplification of purified DNA, (ii) fragmenting and
labeling of the amplified products, (iii) hybridization of the ampli-
fied products to the microarray and staining of the bound products,
(iv) scanning of the microarray; and (v) determination of the
CYP2D6and CYP2CI9 genotypes and predicted phenotype.l3]
The two first steps are relatively similar to allele-specific PCR
conducted in a research laboratory. The microarray has many
specific oligonucleotide probes synthesized on specific areas of
the microarray that allow simultaneous multiple allele testing. The
alleles are described in table IV. The AmpliChip™ CYP450 Test
classifies individuals on two CYP2C19 phenotypes, EMs and
PMs, and four CYP2D6 phenotypes: UMs, EMs, IMs, and PMs.
For CYP2D6 UMs, the test does not determine the number of
multiplied copies.[”!

According to the manufacturer’s instructions for the
AmpliChip™ CYP450 Test for in vitro diagnostic use (the
equivalent of a package insert),!”?! the lowest level of genomic
DNA input to determine a correct genotype with a positivity rate
295% is 25ng for CYP2D6 and 2.5ng for CYP2C19. At first
glance, this number seems to be irrelevant for clinicians, but it has
major practical implications. In the past, a blood collection was
used to complete the CYP2D6 genotype. The AmpliChip™
CYP450 Test’s low DNA concentration detection limit remarka-
bly simplifies the process, using buccal swabs to collect DNA.
DNA collection is similar to brushing the cheek with a toothbrush

O Unknown

[l CYP2D6 PM
O CYP inhibitors

38%

53%

9%
Fig. 2. Causes of risperidone adverse drug reactions (ADRs) in 81 patients
discontinued from risperidone due to ADRs.!®? This provides an idea of the
public health (or group) importance of the cytochrome P450 (CYP) 2D6
poor metabolizer (PM) phenotype according to this case-control risper-
idone study of 212 patients discontinued from risperidone. Two variables
were significantly associated with an increase of discontinuation of risper-
idone due to ADRs: CYP2D6 PM phenotype and taking CYP-inhibiting
drugs. Of this subset of patients, 9% (7/81) had a CYP2D6 PM phenotype,
38% (31/81) were taking CYP-inhibiting drugs, and 53% (43/81) had no
known cause of the ADRs.
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Table IV. Alleles tested by AmpliChip™ CYP450 Test”!

de Leon et al.

Test parameters CYP2D6 CYP2C19
no. alleles no. alleles
Tested alleles? 20 *1, *2, *3, *4, *5, *6, *7, *8, *9, *10, *11, *15, *17, 3 1, *2,*3

*19, *20, *29,*35, *36, *40, *41

Untested alleles 26 *12, *18, *14, *16, *18, *21, *22, *283, *24, *25, 13 *4, *5, *6, *7, *8, *9, *10, *11,"12, *13, *14, *15,
*26, *27, *28, *30, *31, *32, *33, *34, *37, *38, *16
*39, *42, *43, *44, *45, *46
Tested duplications 7 *1xn,*2xn, *4xn, *10xn, *17xn, *35xn, *41xn Do not
exist

a The traditional pharmacogenetic systems call the allele *1 by default when the rest of the tested alleles are not detected. The AmpliChip™
CYP450 Test does not call the allele *1 by default since it queries directly for either the wild-type or mutant sequence at a particular
polymorphism. The AmpliChip™ CYP450 Test recognizes more than one variant in some of the CYP2D6 alleles: *2ABD, *4ABDJK, *6ABC and

*10AB
CYP = cytochrome P450.

and is more readily accepted by patients than venipuncture. The
buccal swab is also easier to mail to genotyping laboratories if
needed. This comment is based on the authors’ personal experi-
ence with buccal swabs, since Roche Molecular Systems, Inc.,
recommends genotyping patients with the AmpliChip™ CYP450
using blood.3!

Using the AmpliChip™ CYP450 Test for in vitro diagnostic
use, the overall genotype call rate (correct call and miscalls) for
403 CYP2D6-tested samples was 99.3%.[73!

2.3.2 AmpliChip™ CYP450 versus Traditional
Genotyping Methods

In 232 volunteers, five CYP2D6 alleles (*3, *4, *6, *7, and *9)
were tested by both allele-specific PCR and a prior version of the
CYP450 GeneChip® assay in an independent and blind fashion.
The CYP2D6%3, *4, *6, *7, and *9 alleles showed a high degree of
concordance between the CYP450 GeneChip® and allele-specific
PCR methods (>99% concordance).!3%!

Clinicians will easily understand the AmpliChip™ CYP450
Test advantage when they realize that the test simultaneously
analyzes one sample for 27 CYP2D6 alleles and three CYP2C19
alleles. If we used our research laboratory to test for the same
alleles tested by the AmpliChip™ CYP450 Test with traditional
allele-specific PCR methods, that sample would have to be tested
21 times: testing for 19 mutant CYP2D6 alleles and, if absent,
assuming the default active (*1) allele; and testing for two
CYP2C19 alleles and, if absent, assuming the default active (*1)
allele. Testing the sample 21 times in our research laboratory
would not even test for the seven CYP2D6 allele duplications.
Thus, the AmpliChip™ CYP450 Test allows for multiple simulta-
neous testing of many alleles, and substantially reduces technician
time by automating the process. The CYP2D6 literature has not
yet definitively established the absolute minimal number of alleles
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to test in order to detect most clinically relevant variations in
different races, or which other genetic variations may explain UMs
that do not have duplications. However, as more advances in this
area occur, and more genetic variants need to be tested, it becomes
more obvious that new technologies allowing parallel testing of
multiple genes (the AmpliChip™ CYP450 Test and other new
technologies to be marketed) will have the advantage when com-
pared with laboratories using conventional technologies.

2.3.3 Pharmacogenetic Testing versus Other Laboratory Testing

The best laboratory test to compare with pharmacogenetic
testing is a drug blood level, technically called therapeutic drug
monitoring (TDM),# which could be considered a phenotypic
test of metabolic enzymes. Surprisingly, there are almost no stud-
ies on TDM cost effectiveness except for some studies on an-
tibacterials.”> However, TDM appears to be standard clinical
practice (medical insurers pay routinely) for classic antiepileptic
drugs, theophylline, digoxin, immunosuppressants, and some psy-
chiatric drugs. Although samples for CYP2D6 genotyping may be
easier to collect, risperidone TDM may offer additional informa-
tion on some DDIs. However, DDIs may also contaminate risper-
idone TDM (table V). When compared in our risperidone study,
the genotype-obtained CYP2D6 PM phenotype appeared to be a
much more robust and meaningful predictor of ADRs than
TDM.B

2.3.4 Sensitivity and Specificity of CYP2D6 Genotype and Other
Clinical Variables

Obviously, CYP2D6 genotyping needs to be interpreted in the
clinical context of all factors influencing drug response. Table VI
compares the sensitivity and specificity of CYP2D6 genotyping
and other relevant clinical variables in our CYP2D6 PM/risper-
idone ADR association study.[®”) Some of the relevant clinical
predictors of ADRs were environmental factors such as DDIs.
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Table V. Comparison of genotyping for cytochrome P450 (CYP) 2D6 poor metabolizer (PM) phenotype with risperidone therapeutic drug monitoring
(TDM). TDM offers more information that can be both an advantage and a difficulty.

Advantages and difficulties

Genotyping for CYP2D6 PM phenotype

Risperidone TDM

Economic issues

Type Genetic test once per lifetime
Expense Three to seven times more expensive
Collection

Invasiveness Not invasive if using buccal swab
Time of day Any

Waiting period None

Processing Let buccal swab dry2
Storage

Confounders

Risperidone compliance Irrelevant

DDIs Irrelevant

Need for another test Need TDM for assessing DDI
Influence of CYP3A metabolism No

Interpretation

Difficulty in teaching Moderate: CYP2D6 function

No freezer storage if mailed soon after collection?

Phenotypic testing (reflects the combination of
genotype and DDI)

May need to be repeated when dose or co-
medication is changed

Always blood collection

Early morning before medications
After 5 days on same dose
Centrifugation to get plasma

Freezer

Needed: noncompliance nullifies the test
Important
Need genotype in complex cases

Total risperidone moiety is influenced by CYP3A
metabolism

High: complex understanding including CYP2D8,
CYP3A, and DDI

a Buccal swabs may not need to be frozen if mailed soon after collection. Some European researchers report mailing bloods for CYP2D6
genotyping without using dry ice for short trips; we have always frozen blood samples and then used dry ice to mail them for genotyping.

DDI = drug-drug interaction.

Other ADR clinical predictors are likely to be independent of
CYP2D6 genotyping and can be used complementarily as indepen-
dent predictors. There were three clinical variables that were
associated with risperidone ADRs or risperidone discontinuation
due to ADRs. Knowledge of the three variables (taking typical
antipsychotics, having any organic brain disorders (such as
seizures, strokes, etc.), and taking CYP inhibitors (such as paroxe-
tine or fluoxetine) was obtained by reviewing the chart and/or
asking the patient. Unfortunately none of the three variables was
significantly associated with both ADRs during risperidone treat-
ment and risperidone discontinuation due to ADRs; they were only
significant in one of the two non-overlapping patient groups.
Taking CYP inhibitors, for example, was significantly associated
with risperidone discontinuation due to ADRs, but it was not
significantly associated with risperidone ADRs. It is likely that the
latter lack of significance may reflect confounding factors.

Table VI describes sensitivity (true positive rate, or how good
the test is for identifying people with ADRs or who discontinued
due to ADRs), specificity (true negative rate, or how good the test
is for correctly excluding people without ADRs or who discontin-
ued for other reasons), accuracy (what proportion of all tests have
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given the correct result), the likelihood ratio of a positive test (the
likelihood of a positive test being found in a person with ADRs
compared to a person without them, or in a person who discontin-
ued due to ADRs compared to a person who discontinued for other
reasons), and the likelihood ratio of a negative test (the likelihood
of a negative test being found in a person without ADRs compared
to a person with ADRs, or in a person who discontinued for other
reasons compared to a person who discontinued due to ADRs).[7°!
Genotyping for the CYP2D6 PM phenotype was the only variable
significant in both samples; it had low sensitivity (<16%) but very
high accuracy (294%). Specificity was 263% and the likelihood
ratio of a positive test was 22.5). Thus, the accuracy of genotyping
for the CYP2D6 PM phenotype in order to predict ADRs was
similar or better than that of the three clinical variables, but the
likelihood ratio of a positive test was always better. For comparing
performance in predicting ADRs, risperidone TDM is probably a
better test than the clinical variables described in table VI. Howev-
er, TDM samples are harder to collect and analyze than DNA
samples, and even when missing risperidone levels were excluded
from calculations, genotyping for the CYP2D6 PM phenotype
appeared to be a better test than risperidone TDM.[62!
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Table VI. Sensitivity, accuracy, specificity and likelihood ratios of predicting risperidone adverse drug reactions (ADRs) in a case-control study:[2
Comparing genotyping for the cytochrome P450 (CYP) 2D6 poor metabolizer (PM) phenotype with other variables

Clinical variable ADRs in 325 patients taking risperidone

ADRs in 212 discontinued patients

assessed sensitivity ~ accuracy specificity likelihood ratio sensitivity accuracy specificity likelihood ratio
(%) (%) (%) positive negative (%) (%) (%) positive negative

Genotyping for 16 94 77 2.7 0.89 9 97 63 3 0.94

CYP2D6 PM

phenotype

Taking typical 16 92 75 2 0.91 Non-significant; not a good test

antipsychotics

Organic problems 40 71 64 1.4 0.85 Non-significant; not a good test

Taking CYP Non-significant; not a good test 40 79 64 1.9 0.76

inhibitors

Risperidone TDM? 25 72 61 0.89 1.0 NAP

Excluding missing 28 84 71 1.8 0.86 NAP

TDM samples®

a Risperidone TDM can be used to establish a measure of CYP2D6 activity. The plasma concentration ratio of risperidone/9-hydroxyrisperidone is
an index of CYP2D6 and is usually <1 (or risperidone <9-hydroxyrisperidone). An inverted ratio >1 (or risperidone >9-hydroxyrisperidone) indicates

a CYP2D6 PM, or treatment with powerful CYP2D6 inhibitors.[3!

b Risperidone TDM was not available since patients were no longer on risperidone and were not studied with TDM by their physicians before

risperidone discontinuation.

¢ Of the 325 patients taking risperidone, only 87% (281/325) had usable risperidone TDM results. Of the 325 patients, 2% (7/325) did not provide
enough blood, 2% (7/325) had undetectable levels, and 9% (30/325) had interfering substances. After excluding missing subjects, these
calculations account for only 281 subjects, which is equivalent to considering the 44 missing subjects as non-existent. This row reflects how
risperidone TDM would provide the test results in the best of all possible worlds.

NA = not available; TDM = therapeutic drug monitoring.

To conclude, a genotyping test should not be a substitute for
clinical wisdom or collecting clinical information; in our experi-
ence it provides additional information about subjects with unusu-
al response to medications that cannot easily be obtained in other
ways, but it has to be interpreted in the clinical context. Basic
pharmacological knowledge needs to be used to apply CYP2D6
genotyping in each patient.

2.3.5 Cost of CYP2D6 Genotyping

The AmpliChip™ CYP450 Test was approved in Europe in
September 2004 with the Conformité Européene (CE) mark and
by the FDA in January 2005, and laboratories are now starting to
consider using this new technology. The definitive costs to the
patient are not known to us. Two major cost determinants are the
equipment and the use of one DNA chip for each DNA sample
tested. Laboratories will have to buy the Affymetrix GeneChip®
3000 Dx platform needed to run the test; the approximate retail
value is $US200 000 (the actual sale price is unknown to us as it is
the result of the discussion between Affymetrix and its customers).
Each DNA chip may cost approximately $US400 (the actual sale
price is unknown to us as it is the result of the discussion between
Roche Molecular Systems, Inc., and its customers). These costs
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are difficult to compare since no other technology using massively
parallel CYP genetic testing has yet been completely developed or
approved by the FDA. Other companies are developing CYP
testing, probably for research or clinical purposes!””! including
General Electric Health Care (CodeLink™ P450 SNP Bioarray);
Tm Bioscience (Tag-ItT Mutation Detection Kit), which uses the
microsphere-based universal array genotyping platform developed
by Luminex;!”® Third Wave Technologies Inc. (Invader® Tech-
nology); and Jurilab Ltd (DrugMetT™ Genotyping Test). Finally,
we know that two US academic laboratories and several commer-
cial pharmacogenetic companies offer physicians the opportunity
to genotype their patients for CYP genes (costs for an individual
sample range from $US250 to $US500 depending on the number
of genes tested). In some cases, the web pages do not explain what
equipment is being used for the CYP2D6 genotyping and what
alleles are tested. Frequently, CYP2D6 alleles with low activity are
not tested.

Currently it is not known whether the AmpliChip™ CYP450
Test and/or any other system in development will become the most
widely used systems for completing CYP testing or when these
technologies will become less expensive and more readily availa-
ble worldwide.
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3. The Future

Wolf et al.l” predicted in 2000 that in the future it may be
considered unethical not to perform pharmacogenetic testing to
avoid exposing individuals to ADRs. But before we reach that
promising future, a number of obstacles need to be overcome. This
section reviews the obstacles and explores the potential of
pharmacogenetic testing in medical practice in the near (next 10 or
15 years) and more distant future.

3.1 Obstacles for the Future Implementation of
Pharmacogenetic Testing

We are unaware of articles focused on obstacles in implement-
ing pharmacogenetic testing in the real world. Our opinion ex-
pressed here may be somewhat biased by our limited success in
advancing pharmacogenetic research during the last 10 years. We
describe obstacles in conducting and publishing pharmacogenetic
studies that may have been impacted by the different perspectives
of grant agencies, pharmaceutical companies, and scientific re-
viewers. Even if more studies are completed and published,
pharmacogenetic clinical applications may be compromised by
economic factors and lack of physician education.

3.1.1 Obstacles in Conducting and Publishing Pharmacogenetic
Research Studies

Funding Agencies

The US National Institute of Health (NIH) does not seem to see
its role as stimulating the translation of pharmacogenomics into
the clinical world, but rather envisions this role for the pharmaceu-
tical industry and drug regulatory agencies.®) A recent editorial
comment in Nature®! stressed the need for good clinical data,
stating, “Weakness in clinical data collection is universally ac-
knowledged as a serious hindrance to pharmacogenetics”. Good
clinical data collection is expensive and cannot easily be done
unless supported by large grants such as those coming from the
NIH. Unfortunately, physician-proposed clinical studies have not
traditionally fared well in the NIH review process.3?!

Pharmaceutical Companies

Applying Pharmacogenetic Tests to Approved Drugs

There are no positive incentives for pharmaceutical companies
to incorporate new CYP knowledge, concerning pharmacogenet-
ics and/or DDIs, on already marketed drugs. Such knowledge
would complicate package inserts and may reduce sales. This
disincentive can be readily demonstrated by comparing amount of
the package insert quality for atypical antipsychotics introduced
into the US market in the last 15 years. Those approved in the early
1990s had poor package inserts not reflecting current pharmacoki-
netic knowledge.!®3! The realization of deaths associated with
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terfenadine treatment in 1996 led to the withdrawal of the drug in
1998 and to the FDA request to progressively increase CYP
study requirements before any new drugs were approved. Since
then the new approved atypical antipsychotics have progressively
more informative package inserts. A major problem arises when
pharmaceutical companies lose drug patents and drugs become
generic; at that time drug companies seem to lose interest in
updating package inserts almost completely.

Three psychiatric medications (aripiprazole, duloxetine, and
atomoxatine) that include CYP2D6 genotype information in their
package inserts were approved in the last 3—4 years. The described
effects of the CYP2D6 PM phenotype are very limited; CYP2D6
studies relating the CYP2D6 PM phenotype and ADRs from these
drugs, if completed, have never been published in peer-reviewed
scientific journals. Unfortunately, it takes several years and much
effort from clinicians and researchers to publish independent
pharmacokinetic and/or pharmacogenetic studies that are not sup-
ported by the pharmaceutical companies.

Developing Future Drugs

Pharmaceutical companies have been slow to implement
pharmacogenetics into future drug development, sometimes opt-
ing to eliminate drugs metabolized mainly by CYP2D6 as market-
ing candidates,®! or taking a ‘wait and see’ stance regarding
incorporating pharmacogenetic studies into pre-marketing trials.
Completing prospective, randomized, placebo-controlled studies
is a very expensive task that requires major economic investments
from pharmaceutical companies. No drug has yet been approved
with recommendations for pharmacogenetic testing (although the
HER?2 gene amplification or protein overexpression tests for pre-
scribing trastuzumab may be a form of personalized prescription,
but not a *pharmacogenetic test’ in the strictest sense). Thus, the
first drug approved with pharmacogenetic limitations or recom-
mendations may be a more expensive prescription with great
marketing risk, since prescribing physicians may hesitate to pre-
scribe a drug that requires pharmacogenetic testing while another
drug from the same family would not. A drug approved with such
a requirement may be at a disadvantage for marketing compared
with rival drugs that do not require a test. Moreover, pharmaceuti-
cal companies may fear that pharmacogenetic testing can only lead
to a reduced market share for their drug.®! Danzon and Towsel3°!
stressed that issue, recommending public policy decisions at the
regulatory agency level, since pharmacogenetic testing may in-
crease development costs and reduce population eligibility, thus
decreasing pharmaceutical company interest. It appears that only
enforcement by government agencies may be able to expedite the
use of pharmacogenetic testing; however, the FDA has only re-
cently (2005) developed guidelines for pharmaceutical companies
on collecting and including genetic information for drug applica-
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tions.”) According to the FDA, CYP2D6 and thiopurine S-
methyltransferase (TPMT) are ‘valid biomarkers.” When submit-
ting an investigational new drug (IND) application to the FDA,
pharmaceutical companies need to send relevant data on valid
biomarkers, while other pharmacogenetic data will be submitted
voluntarily.

Publication of Real-World Pharmacogenetic Studies in
Scientific Journals

Our experience indicates that real-world pharmacogenetic stud-
ies, in comparison with laboratory research studies, are difficult to
advance through grant agencies and scientific reviewers of jour-
nals. Laboratory research is usually considered the gold standard
for scientific research, wherein an experiment is designed to test a
unique hypothesis by controlling one variable and using signifi-
cance testing to rule out chance as the explanation for the hypothe-
sis. Pharmacogenetic research, like other biomedical research, can
be seen as a scientific discipline following the methods of ‘basic’
biomedical sciences or ‘applied’ science. However, each approach
has a substantially different way of thinking, associated with its
own cognitive style for interpreting reality.

Basic scientists may be surprised to know that most daily
decisions made by physicians are not based on evidence or scien-
tific studies. Most physicians doing clinical work are ‘applied’
scientists with some scientific knowledge, using their interpreta-
tion of the complex world to make personal clinical judgments. In
a first approximation, the clinical judgments appear to be al-
gorithmic dichotomous decisions with a final outcome of yes or
no. However, physicians may frequently use their experience to
make balanced (probabilistic) decisions regarding positive and
negative aspects (the Bayesian approach, vs the typical approach
of drawing statistical inferences using p-values, called the frequen-
tist approach).!® In pharmacological treatment, the physician’s
decision may reflect a balance between risks and benefits to the
patient. If the benefit outweighs the risk, the drug is continued; if
the risk outweighs the benefit, the drug is discontinued. Physicians
do not, however, make all their pharmacological decisions using
‘applied’ scientific concepts. Arbitrary decisions, including per-
sonal or group biases, frequently play a role in pharmacological
decisions; that is part of the ‘noise’ of the clinical environment.

The differences in approach used by basic and applied scientists
are fundamental to understanding why pharmacogenetic studies
may have difficulty in being implemented and published. The
basic scientist approach is characterized by smaller, well-con-
trolled experiments with only one dependent variable, use of the
design to control for confounding variables, and the belief that
lack of statistical significance represents failure. The applied sci-
entist approach is characterized by larger studies of many uncon-
trolled variables, use of statistics to control for confounding vari-
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ables, and the beliefs that lack of statistical significance is not
failure but reflects relative lack of relevance, and effect sizes being
more important than statistical significance. The reliance of the
basic approach in pharmacogenetic studies on the use of very
controlled designs may lead to pharmacogenetic results that can-
not be replicated in less-controlled clinical environments. The
reliance of the applied scientist approach in pharmacogenetics
may lead to lack of significance, due to effect sizes that are too
small to be detected in the midst of the 'noise’ of the clinical
environment. The differences in approach between basic and
applied scientists are fundamental to understanding the difficulties
of taking pharmacogenetics from the laboratory to the real world
(an example of ‘translational research’), or to understanding the
problems involved in extrapolation from pre-marketing to post-
marketing drug studies. The first author has worked over 10 years
in pharmacogenetic research of atypical antipsychotics, yet has
been unable to predict the variables associated with using high
dosages of atypical antipsychotics in the clinical environment (the
applied scientist approach) by using the variables that predict high
dosing in controlled clinical trials information (the basic scientist
approach).

Predicting the variables associated with the clinician’s use of
high doses of any drug is a fundamental issue in pharmacogenetic
research, since high doses may reflect the presence of rapid
metabolism explained by environmental or genetic causes (e.g.,
CYP2D6 UMs). Based on risperidone placebo-controlled random-
ized studies, one would easily predict that high risperidone doses
produce more ADRs. Thus, one would think that high risperidone
doses would be associated with ADRs in a naturalistic study.
Surprisingly, in our study high risperidone doses were not associ-
ated with ADRs.[%? In hindsight, the lack of significant association
between high risperidone doses and ADRs is not so unreasonable.
Physicians may correct doses in patients who experience ADRs by
avoiding doses that were too high in patients that they have treated
previously, or that may appear too high for a specific patient. In
summary, the lack of association between high risperidone dosage
and ADRSs in this naturalistic study®?! may only reflect physician
ability to learn how to avoid ADRs. Similarly, based on controlled
studies, the first author predicted that two known pharmacokinetic
factors (smoking and gender) would be associated with high
olanzapine dose in the clinical environment. Neither gender nor
smoking was associated with requirement for high olanzapine
dose in a large naturalistic study, but individual physician practice
and hospital unit type had some influence.®! These two pharma-
cological examples of real world prescription of high atypical
antipsychotic doses point out extrapolation difficulties from con-
trolled clinical trials to the clinical arena, and from studies based
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on the basic scientist approach to the clinical environment where
applied scientists conduct research.

The two prior examples clearly show that we are far from
understanding how to extrapolate from pre-marketing studies to
understand how physicians prescribe medications in the real
world. Unless the differences between basic and applied
pharmacogenetic research are better understood, pharmacogenetic
progress will be delayed. Basic CYP2D6 knowledge is relatively
well developed, but studies about its real-world applications are
missing. It is obvious that one needs a very well-controlled and
sufficiently powered study with negative results to rule out the
effect of a gene. Uncontrolled, clinical real-world studies with
negative results cannot rule out effects because negative results
may be caused by confounding factors. A positive, strong
pharmacogenetic finding in an uncontrolled study suggests a real
effect that may be easily replicable; however, a positive
pharmacogenetic finding in an experimental design may not be
replicated in the clinical environment or in another experimental
design.

3.1.2 Obstacles at the Clinician Level

Financial Obstacles

It is a complicated task in the present climate of increasing
health costs to convince a hospital director of the need to purchase
new and expensive pharmacogenetic equipment for the hospital
laboratory, and to cover the cost of each patient’s test (a few
hundred dollars per patient). One needs to study a few thousand
patients looking into the cost and savings in the real-world hospital
setting. Completing such an expensive study requires surmounting
the first and most formidable barrier: finding a funding agency
willing to fund such a large naturalistic study. Starting such
pharmacogenetic studies in hospitals may be a good first step, but
the information must also extend to outpatient physicians and
pharmacies so that pharmacogenetic testing may help future pre-
scribing.

The fragmented nature of the US healthcare system compli-
cates cost-effectiveness studies of pharmacogenetic testing.
Pharmacogenetic testing may be cost effective if one considers the
patient’s long-term outcome; it may predict response to some
specific drugs for the patient’s lifetime. However, managed care
agencies with short-term (e.g. 5-year) contracts may not find this
cost effective. On the other hand, the US healthcare system is open
to new biomedical advances and emphasizes quality improvement,
possibly making the US more receptive to implementing
pharmacogenetics in the clinical environment than other countries.
Once patients and families understand the potential of pharmaco-
genetics to improve patient care and reduce ADR risks, we suspect

© 2006 Adis Data Information BV. All rights reserved.

147

they will demand its use. However, cost issues will need to be
addressed.

Physician-Level Obstacles

The principle behind ‘individualized prescription’ appears sim-
ple and appealing, but currently pharmaceutical companies base
their marketing and continuing medical education on conducted
placebo-controlled studies, and recommend that physicians pre-
scribe ‘average’ doses for the ‘average’ patient. Unfortunately,
some patients experience ADRs with average doses. From our
experience, these patients and their families favor the idea of
‘individualized prescription’ and feel relief when a genetic condi-
tion explains their long-term history of medication problems.
However, our experience in providing pharmacogenetic recom-
mendations to physicians is mixed: some embrace the idea of
individualized prescription, whereas others resist modifying their
longstanding methods of prescribing medications.

The differences between ‘old’ and ‘new’ ways of practicing
medicine may have a major impact on implementing pharmacoge-
netic testing in the clinical environment. Medical practice has
radically changed in the last 10—15 years due to rapid advances in
biomedical research. Younger physicians may be more up-to-date
with recent medical guidelines, providing the best medicine ac-
cordingly.l®® In the traditional medical system, experience was
most valued, whereas now the ability to assimilate new concepts is
fundamental to the rapidly changing medical system. Recently,
several authors recommended including pharmacogenetics early
in medical school so that physicians in practice 10 years from now
may be more receptive to pharmacogenetic advances.°!

3.2 Future Potential of Pharmacogenetic Testing in
Medical Practice

3.2.1 Potential of Pharmacogenetic Testing in Medical Practice
for the Next 10-15 Years

Will pharmacogenetic testing be widely used in clinical
medicine in 2015 as Time predicted,” or in 2020 as JAMA
predicted?'> It is unclear. We believe the key to timely incorpora-
tion of pharmacogenetics into clinical practice depends on two
issues: (i) the ability to integrate basic and applied science knowl-
edge into new pharmacogenetic studies so that the basic knowl-
edge ‘translation’ to the clinical world is smooth and successful;
and (ii) the finding of one or more cases in which a drug combina-
tion (or a group of drugs) and a pharmacogenetic test become
widely used in clinical practice. One or more successful examples
of combining a test with a drug may catalyze pharmacogenetics,
an area that appears close to exploding. Developing a successful
combination of a pharmacogenetic test and drug group or combi-
nation is not an easy task in light of the obstacles we described.
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Pharmacological obstacles may add to the human obstacles.
Proving the clinical relevance of pharmacogenetic testing in drugs
with limited ADR liability or wide therapeutic windows may be
difficult. On the other hand, a widely prescribed drug with a
narrow therapeutic window and sufficient clinically relevant
ADREs is probably the best choice to launch pharmacogenetics into
the clinical world.

Potential for CYP2D6 Genotyping in Medical Practice for the
Next 10-15 Years

CYP2D6 genotyping certainly is a prime candidate for the first
successful pharmacogenetic testing in the clinical environment.
Basic and applied knowledge is sufficiently integrated and ad-
vanced to the point that the FDA defines CYP2D6 genotyping as
one of two “valid biomarkers” in pharmacogenetics,’?®! an FDA-
approved test is available, and other microarray devices are being
developed.

By chance, many CYP2D6-dependent drugs are psychiatric
drugs; thus, pharmacogenetics may move faster in psychiatry than
in other areas of medicine, but it is difficult to predict which drug
will become the first to include pharmacogenetic testing as stan-
dard practice. Our experience with risperidone, and the fact that
generic forms will soon reach the market, lead us to believe that
generic risperidone with CYP2D6 genotyping for best dose selec-
tion may be a very reasonable first-choice antipsychotic and a way
to introduce pharmacogenetic testing in psychiatry. New risper-
idone studies are needed to prove that CYP2D6 genotyping may
help dose selection. Other relatively new psychiatric drugs, such
as venlafaxine, aripiprazole, duloxetine, and atomoxetine, may
also benefit from CYP2D6 genotyping, but almost no published
knowledge supports CYP2D6 genotyping use; thus studies are
needed.

Kirchheiner et al.?8! developed a dosing guideline focused on
the use of some typical antipsychotics and TCAs according to the
four CYP2D6 phenotypes. In the US typical antipsychotics are no
longer frequently used. Likewise, TCAs are rarely used and will
never again become first choice antidepressants in the US. One
reason is that pharmaceutical marketing encourages the use of new
antidepressants as first-line antidepressants. Even pharmacogenet-
ic testing cannot prevent TCAs’ narrow therapeutic range and
lethal overdose potential, which is a major concern in patients with
depression, who have higher suicide risk. Although fluoxetine and
paroxetine are extensively metabolized by CYP2D6, they are poor
candidates for CYP2D6 genotyping, as they are also CYP2D6
inhibitors. After multiple doses, one-half to two-thirds of CYP2D6
EMs became CYP2D6 PMs in phenotypical tests with these
drugs."? Thus, large fluoxetine and paroxetine studies are needed
to prove statistical differences between CYP2D6 PMs and EMs
(which include many EMs who appear to behave as PMs).
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CYP2D6 auto-inhibition may make CY2PD6 polymorphism ef-
fects hard to detect in the already ‘noisy’ clinical environment.

A new guideline for psychiatrists interested in using CYP2D6
and CYP2C19 in the clinical world has recently been devel-
oped.® This new guideline tries to expand and simplify for
clinicians the guidelines by Kirchheiner et al.*! The potential of
CYP2DG6 in other medical subspecialties is smaller than in psychi-
atry. Codeine-like drugs may also be highly dependent on
CYP2D6 for their action.[®® Thus, although there is a lack of
published studies in the literature, pain clinics using TCAs and
codeine-like drugs may be a good environment for studying the
potential of CYP2D6 genotyping.

Potential for Other Gene Genotyping in Medical Practice for the
Next 10-15 Years

CYP2C109 has less potential than CYP2D6 as a pharmacogenet-
ic test candidate, since fewer drugs appear dependent on
CYP2C19. The ethnic/racial differences in CYP2CI9 genotype
frequencies may increase the potential of CYP2C19 in East Asian
countries. The current potential for a genotype test for another
CYP gene, CYP2C9Y, is focused on warfarin, acenocoumarol, and
phenytoin. To make CYP2C9 genotyping successful as a
pharmacogenetic test, cost-effectiveness studies are needed in
patients taking warfarin, the most important CYP2C9-metabolized
drug.®*%1 Other potential drugs include some antihyperglycemic
agents and anti-inflammatory drugs.[¥

TPMT is another ‘valid biomarker’ according to the FDA, but
the clinical uses of TPMT genotyping are limited by the scarcity of
drugs this metabolized by this enzyme. Azathioprine and mer-
captopurine are inactive prodrugs that require activation by
TPMT. Although the number of individuals with low TMTP
activity is low (<5% in Caucasians), leading hospitals treating
children with childhood leukemia routinely phenotype by measur-
ing the patient’s TMTP activity before starting treatment with
mercaptopurine. This is not a genetic test, but a phenotypic test
measuring red blood cell enzyme activity.®®! A genetic test to
detect the UGTIAI%28 allele as a marker of irinotecan-induced
toxicity in colorectal cancer patients (the recently FDA-approved
Invader® UGT1A1 Molecular AssayP®!) has already been de-
scribed.

3.2.2 Role of Pharmacogenetic Testing in the More Distant Future
(Beyond 10-15 Years)

Based on current genetic technology developments, one can use
microarrays to test several functional genetic variations of a single
well known gene (e.g. CYP2D6 and AmpliChip™ CYP450 Test)
or to test multiple single nucleotide polymorphisms (SNPs) from
multiple genes!®°7! that help identify a complex pattern predicting
drug response. Pharmacodynamic gene variations such as those
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occurring on the serotonin transporter or the dopamine receptor
genes have been studied in psychiatry,® but the use of these gene
variations as pharmacogenetic markers may be many years away
from incorporation into clinical practice.

The progression of pharmacogenetic testing of single genes
from bench to bedside has been described,®® but the development
of tests for multiple SNPs seems much more complex. Basic
scientists use microarrays to study hundreds or thousands of genes
in one of a few biological samples.['”! Similarly, one can test for
thousands of SNPs of known genes (some of these SNPs may be
functional and others may not be) by including them in one
microarray to explore ADR associations in a pharmacogenetic
study. Then, complex statistical analyses (which are not well
validated or established) can be used to determine SNP patterns
associated with drug response in a group of patients. Knowing the
multiple factors affecting drug response in the clinical environ-
ment, it is unlikely that this type of pharmacogenetic result will be
easily replicated in different clinical settings. Difficulties are based
on ‘noise’ associated with (i) testing hundreds of SNPs with
unknown meaning and using complex (and not well validated)
statistical analyses; and (ii) those resulting from variability in the
clinical environment.

Kirchheiner et al.l®® stress that pharmacogenetics will only be
used as a diagnostic tool in clinical practice if precise and specific
treatment options and guidelines based on genetic tests can be
provided. It is difficult to do that with well-known polymorphic
variations of one well-known gene (e.g. CYP2D6) and appears a
nearly insurmountable task if one attempts to use microarray data
including hundreds or thousands of SNPs from hundreds or
thousands of genes. It is unknown if translating a complex statisti-
cal pattern from a microarray with thousands of SNPs to a clear
recommendation for clinicians is even possible.

4. Conclusions

The AmpliChip™ CYP450 Test for CYP2D6 and CYP2C9
genotypes is the first pharmacogenetic clinical tool based on
microarray technology that has been introduced into clinical prac-
tice. The introduction of this new technology is a major step in
ushering ‘personalized prescription’ into the clinical environment.
Because of the large number of CYP2D6 drugs in psychiatry,
pharmacogenetics may move faster in psychiatry than in other
areas of medicine, but it is difficult to predict which drug will
become the first to be prescribed in conjunction with pharmacoge-
netic testing as standard practice.

Proving that pharmacogenetics works in the real world requires
completing large pharmacogenetic studies in real-world condi-
tions. Reviewers from grant agencies and scientific journals stress
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the need for well controlled experimental designs, which are
difficult in the naturalistic clinical setting. Pharmaceutical compa-
nies have yet to fully embrace the pharmacogenetic approach.
Even if more studies are completed and published, pharmacoge-
netic clinical applications may be compromised by economic
factors and lack of physician education.

The next 5-10 years will identify new genes and polymorph-
isms that may be relevant to pharmacogenetic response. Prior
pharmacology history and current experience with pharmacoge-
netics have led us to predict that finding genetic variations that
help minimize ADRs may be easier than finding the genetic
variations predicting the best drug response. In summary,
pharmacogenetics may be more helpful in recommending the
appropriate dosage or determining which specific drugs a patient
should not take, than it may be in recommending the best drug for
a particular patient. Based on current genetic technology develop-
ments, microarrays could test multiple SNPs from multiple genes
that help identify a complex pattern predicting drug response.
However, considering how difficult it is to take a well understood
polymorphic gene such as CYP2D6 to the clinical environment, it
is unlikely that an approach using multiple SNPs of multiple genes
may reach the market in the near future.
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