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HLA and pharmacogenetics of drug hypersensitivity

Immunologically mediated drug reactions have been traditionally classified as unpredictable based on the
fact that they cannot be predicted strictly on the pharmacological action of the drug. Such adverse drug
reactions are associated with considerable morbidity and include severe cutaneous adverse reactions such
as Stevens—Johnson syndrome/toxic epidermal necrolysis and the drug hypersensitivity syndromes (drug
reaction with eosinophilia and systemic symptoms/drug-induced hypersensitivity syndrome). Over the last
decade there have been many associations between these syndromes and Class | and Il HLA alleles of the
MHC, which have enriched and driven our knowledge of theirimmunopathogenesis. Significant translation
has also occurred in the case of HLA-B*5701 screening being used to exclude at risk patients from abacavir
and prevent abacavir hypersensitivity. The ultimate translation of the knowledge of how drugs interact
with HLA would be applicable to preclinical drug screening programs to improve the safety and
cost—effectiveness of drug design and development.
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Drug hypersensitivity syndromes

Adverse drug reactions (ADRs), cause signifi-
cant morbidity and mortality for patients and
are an expense to the healthcare system. They
are clinically and epidemiologically classified
as either the prevalent ‘type A’ reactions, which
are predictable based on the pharmacological
action of the drug, or ‘type B’ reactions, which
are often allergic reactions that are less com-
mon, not as dependent on dose, not predictable
based on drug pharmacology and more recently
related to host pharmacogenetic factors. Delayed
hypersensitivity reactions include the hypersen-
sitivity syndromes, drug-induced hypersensitiv-
ity syndrome (DIHS), which is also referred
to as drug reaction with eosinophilia and sys-
temic symptoms (DRESS) or hypersensitivity
syndrome (HSS); and Stevens—Johnson syn-
drome (§]S)/toxic epidermal necrolysis (TEN),
which are sometimes included under the collec-
tive classification of severe cutaneous adverse
reactions (SCAR). Single-organ involvement
can also occur with the most common being

drug-induced liver disease (DILI).

DIHS/DRESS/HSS
DIHS is the most common of the ADRs, con-
stituting 13% of all ADRs and can be charac-
terized by a minimum criteria of fever, rash,
hepatitis and white cell abnormalities [1-3]. The
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reaction typically occurs within 3 months of
drug treatment with a prolonged recovery phase
after withdrawal of the drug. The skin is most
commonly affected by the syndrome although
this may be accompanied by failure of other
organs including the liver, kidneys, lungs and/
or heart. Reactivation of human herpes virus,
mainly human herpes virus -6, and less fre-
quently cytomegalovirus, has been described
during the course of DIHS [2-4]. These viral
reactivations have been reported in associa-
tion with recurrence of symptoms more than 2
weeks after the drug was discontinued [2.4]. The
most commonly implicated drugs associated
with DIHS across all populations are the anti-
retrovirals (abacavir [ABC], nevirapine [NVP]
and fosamprenavir), allopurinol, the anticon-
vulsants (carbamazepine [CBZ], phenytoin,
phenobarbital and lamotrigine), B-lactam anti-
microbials, NSAIDs and sulfa antimicrobials
(aromatic sulfonamides).

Single-organ drug hypersensitivity

syndromes

Drug hypersensitivity syndromes (DHS)
affecting single organs that are distinct from
DIHS/DRESS are most commonly DILI.
DILI is a single-organ disease, which can be
associated with fulminant hepatic failure, and
may be associated with genes regulating drug
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transport, metabolism, bile acid homeostasis
or immunologic mechanisms [5]. DILI is most
often associated with flucloxacillin or amoxi-
cillin—clavulanate or the tetracycline antimi-
crobials [67]. Other examples of single-organ
drug-induced diseases include pancreatitis and
tubulointerstitial nephritis.

SJS/TEN
SJS/TEN share some clinical and laboratory fea-
tures with DIHS/DRESS, also having a delayed
onset, and an association with fever and inter-
nal organ involvement. However, in addition,
these syndromes are characterized by blistering
skin disease and mucosal involvement [8]. These
diseases are classified according to the presence
of skin separation and the percentage of body
surface area that is involved, representing the
same condition at different severities across the
spectrum. SJS occurs when 10% of body surface
area is involved, TEN when more than 30% of
total body surface area is affected, leaving an
SJS/TEN overlap between 10 and 30%. More
recently, drug-induced skin injury has been
proposed as an overarching term for all drug-
induced skin diseases [8]. Although SJS/TEN are
relatively uncommon, with a prevalence of two
to six cases per million per year, both syndromes
are associated with high morbidity and mortal-
ity (1-5% mortality for SJS and 30-50% for
TEN). The drugs causing SJS/TEN generally
overlap with those driving DIHS/DRESS, with
the most common being allopurinol, aromatic
amine anticonvulsants, antiretrovirals (particu-

larly NVP), NSAIDS and sulfa antimicrobials.

Models for drug-induced
hypersensitivity reactions

Given the severity of various ADRs, knowl-
edge of the immune mechanisms driving their
pathogenesis is highly desirable. In delayed-type
hypersensitivity reactions (or type IV reactions)
symptoms typically occur after at least 3 days
of exposure to the antigen or drug. It has been
long proposed that T cells are primed on initial
exposure and a memory pool is restimulated on
repeat exposure. This concept has been rein-
forced by the observation that these reactions
resolve upon removal of the drug and occur
more rapidly on drug reintroduction. The key
proteins that mediate T-cell responses are the
HLA molecules encoded within the MHC,
located on chromosome 6. MHC Class I mole-
cules (HLA-A, HLA-B and HLA-C) and MHC
Class IT molecules (HLA-DR and HLA-DQ)
are responsible for presenting peptides to CD8*
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and CD4* T cells, respectively. Studies exam-
ining drug-induced hypersensitivity reaction
(HSR) mechanisms ex vivo have demonstrated
the activation of T cells by drugs driving DHS
and their metabolites [9-12] and delineated the
role of antigen-presenting cells (APCs) in hyper-
sensitive patients [13,14]. Since the advent of more
accurate and higher-resolution HLA typing and
more precise clinical phenotyping of drug reac-
tions, a number of strong associations between
HLA allele carriage and the development of
various ADRs and DHS have been reported
(Tasie 1 & Box 1). Taken together, the knowledge
provided by these studies makes it reasonable
to assume that in the future at least some of the
classically unpredictable ‘type B> ADRs may in
fact become predictable and preventable due to
their strong genetic associations.

Several nonmutually exclusive models have
been proposed to explain how small molecular
synthetic compounds are recognized by T cells
in an MHC-dependent fashion. These include
the hapten concept/prohapten model, the p-i
model, and the altered repertoire model.

The hapten/prohapten model
Haptens/prohaptens are small chemically reac-
tive molecules that undergo a stable, covalent
binding to a larger protein or peptide, which
modifies the side chain of the bound residue.
Through binding to the higher-molecular-
weight proteins the small molecules then become
antigenic. Theoretically, this modification can
affect any kind of autologous protein and known
examples are derivatives of penicillin that bind
covalently to the lysine residue of serum albu-
min [15] and nitrosulfamethoxazole-modified
peptides produced during sulfamethoxazole
treatment [16]. The haptenated product is then
hypothesized to undergo antigen processing by
APCs to produce haptenated peptides (novel
MHC ligands) that are presented on MHC mol-
ecules and subsequently activate antigen-specific
T cells (17]. Re-exposure of sensitized individu-
als will then result in proliferation of memory
T cells and an inflammatory response within
24-72 h. In the case of a prohapten, a chemically
inert drug is first metabolized to gain reactivity
before it is haptenated.

The p-i model: pharmacological
interaction of drugs with immune
receptors
Several aspects of DHS cannot be explained by
the hapten—prohapten model. There are cases
where a specific immune response to a drug can
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Table 1. Pharmacogenetics of HLA-associated drug hypersensitivity and related drug-induced syndromes.

SJS/TEN (SCAR)

Allopurinol

Carbamazepine

Oxcarbazepine

Lamotrigine

Phenytoin

Sulfamethoxazole

Methazolamide

Sulphonamides

Oxicam

HSS/DIHS/DRESS
Abacavir

Allopurinol

Nevirapine (hepatitis
and low CD4+)

Nevirapine
(DIHS/DRESS)

Carbamazepine

Efavirenz

Nevirapine

Syndrome and drug Alleles

B*5801 (or B*58 haplotype)

B*1502

B*1511

B*1518, B*5901 and C*0704
A*3101

B*1502 and B*1518

B*1502 — positive

B*1502 no association found
B*38

B*1502, B*1301, Cw*0801 and
DRB1*1602

B*38

B*5901, Cw*0102 alleles and
B*5901-Cw*0102-A*2402 haplotype

A*29, B*12 and DR7
B*73
A*2 and B*12

B*5701
B*5801 (or B*58 haplotype)

DRB1*0101 and DRB1*0102

Cw*8 or CW*8-B*14 haplotype

Cw*4 and DRB1*15
B*3505
B*3501 and B*15/DRB1*15

8.1 AH (HLA A*0101, Cw*0701,
B*0801, DRB1*0301, DQAT*0501,
DQB1*0207)

A*3101

A*11 and B*57 (weak)

Delayed rash (nonsystemic)

DRB1*01
DRB1*01
w*04

B*3505; rs1576*G CCHCRT status
(GWAS)

Populations

Han Chinese, Thai, European, Italian,
Korean

Han Chinese, Thai, Malaysian, Indian
Korean, Japanese

Japanese

Japanese, northern European, Korean
Han Chinese, Taiwanese

Han Chinese

Han Chinese

European

Han Chinese

European

Korean and Japanese

European
European

European

European, African

Han Chinese, Korean, Japanese, Thai,
European

Australian, European, South African
ltalian, Japanese

Han Chinese
Asian
Australian

Caucasians

Northern European, Japanese, Korean

Japanese

French

French

African, Asian, European, Thai
Thai

Strontium ranelate a compound derived from a natural earth metal similar to beryllium has also recently been described in association with MPE, DRESS and SIS/TEN
although no HLA associations have been described as of yet [175,176].
DIHS: Drug-induced hypersensitivity syndrome; DILI: Drug-induced liver disease;, DRESS: Drug reaction with eosinophilia and systemic symptoms;

GWAS: Genome-wide association study; HSS: Hypersensitivity syndrome; MPE: Maculopapular eruption, SCAR: Severe cutaneous adverse reaction;
SJS: Stevens—Johnson syndrome; TEN: Toxic epidermal necrolysis.
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Table 1. Pharmacogenetics of HLA-associated drug hypersensitivity and related drug-induced syndromes

(cont.).

Syndrome and drug

Alleles

Delayed rash (nonsystemic) (cont.)

Aminopenicillins

Carbamazepine (or
MPE)

Oxcarbazepine-induced
MPE

DILI

Amoxicillin—
clavulanate;
coamoxiclav DILI

Lumiracoxib

Ximelagatran

Diclofenac

Isoniazid

Flucloxacillin

Lapatinib

Ximelagatran
Fixed-drug eruption
Feprazone
Sulfamethoxazole
Agranuloytosis

Clozapine

Levamisole

A*2 and DR*52
A*3101

B*1502

DRB1*1501, DRB107 protective,
HLA-A*0201, HLA-DQB1*0602 and
rs3135388, a tag SNP of
HLA-DRB1*1501-DQB1*0602

HLA-DRB1*1501-HLA-DQB1*0602—
HLA-DRB5*0101-HLA-DQAT1*0102
haplotype

DRB1(*)07 and DQAT1(*)02

ABCB11, CG-24T, UGT2B77*2, IL-4
C-590-A

NAT2 slow acetylator, CYP2ET*5 and

*1B
B*5701, DRB1*0107-DQB1*0103

DRB1*0701-DQA2*0201-
DOB1*0202/0202

DRB1*07 and DQAT*02

B*22
A*30-B*13—-Cw*6 haploytpe

B*38, DR*4 and DQw*3
(6672G>C) in HLA-DQBT
Cw7/B*18 or B*39 or B*44/DRB*5
B*27

Drug-induced lupus erythematosis

Hydralazine

Procainamide,
Isoniazid, Methyldopa
and Quinidine

Other drug reactions
Aspirin
(urticaria/angioedema)
Aspirin (asthma)

Gold sodium
thiomalate
(mucocutaneous
reaction)

Strontium ranelate a compound derived from a natural earth metal similar to beryllium has also recently been described in association with MPE, DRESS and SJS/TEN

DR*4
DR*4

DRB1*1302-DQB1*0609-DPB1*0201

haplotype
DPB1*0301
DR*5

although no HLA associations have been described as of yet [175,176].

DIHS: Drug-induced hypersensitivity syndrome, DILI: Drug-induced liver disease; DRESS: Drug reaction with eosinophilia and systemic symptoms;
GWAS: Genome-wide association study, HSS: Hypersensitivity syndrome; MPE: Maculopapular eruption, SCAR: Severe cutaneous adverse reaction;

SJS: Stevens—Johnson syndrome; TEN: Toxic epidermal necrolysis.

Populations

[talian

Han Chinese, northern European

Han Chinese

European

International, multicenter

Swedish

European

European

European

International, multicenter

European

[talian
Turkish

Jewish
North American
Caucasian

South American

European

[talian

Korean

Korean

Spanish

Ref.

[147]

[47,59]

(63]

[148-150]

[151]

[152]

[6,7,153]

[6.7]

[7,154]

[155]

[152]

[156,157]

[158]

[159,160]
[161]
(162]

[163]

[164]
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[168]
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Table 1. Pharmacogenetics of HLA associated drug hypersensitivity and related drug-induced syndromes

(cont.).

Syndrome and drug Alleles
Other drug reactions (cont.)

Gold sodium B*8 and DR*3
thiomalate (proteinuria,
thrombocytopenia or

leukopenia)

NSAIDS (anaphylactoid DR*11
and cutaneous

disease)’

Populations

European

Spanish

reactions)

p-penicillamine DR*1 Mixed Caucasian
(myasthenia gravis)

p-penicillamine B*8 and DR*3 European
(proteinuria)

Berylium HLA-DPBT gene and DPRT gene North American

(granulomatous lung polymorphisms, DRB1*13 and DQB1*06

"Strontium ranelate a compound derived from a natural earth metal similar to beryllium has also recently been described in association with MPE, DRESS and SIS/TEN
although no HLA associations have been described as of yet [175,176].
DIHS: Drug-induced hypersensitivity syndrome; DILI: Drug-induced liver disease, DRESS: Drug reaction with eosinophilia and systemic symptoms;

GWAS: Genome-wide association study, HSS: Hypersensitivity syndrome,; MPE: Maculopapular eruption, SCAR: Severe cutaneous adverse reaction;
SJS: Stevens—Johnson syndrome, TEN: Toxic epidermal necrolysis.

[173,174]

Ref.

[169]

[170]

[171]

[172]

be elicited at the first encounter without a sen-
sitization phase. In addition, there are several
examples of DHS caused by drugs that are not
known to be metabolized to a reactive compound
that can stimulate T-cell clones % vitro via the
T-cell receptor (TCR) in an MHC-dependent
fashion. Examples include drug-specific T-cell
responses generated for lidocaine, lamotrigine
and sulfamethoxazole in their nonreactive forms
(16,18-20]. The p-i concept hypothesizes that drugs
are able to activate T cells by direct binding to
the TCR or via the formation of HLA—drug com-
plexes that can activate T-cell immune responses
without the requirement for a specific peptide
ligand. The p-i-stimulated T cells are thought
to arise from previously primed effector cells and
memory T cells.

M The altered repertoire model

There are many known associations between spe-
cific HLA molecules and drug hypersensitivity
reactions. Key interacting residues in the HLA
peptide-binding cleft for particular alleles allow
formation of noncovalent bonds with the drugs
in question [21,22]. Therefore, strong MHC allele
drug specificity can be explained by a steric com-
plimentarity together with other strong nonco-
valent interactions between the drug molecule
and the antigen presentation groove. The altered
repertoire concept proposes that drugs occupy
a specific site within the antigen-binding cleft,
thereby altering the repertoire of self-peptide
ligands that can be bound and presented to T

cells (13,23]. These concepts of noncovalent inter-
action of the drugs and MHC-TCR molecules
may occur with the parent drug or its metabo-
lites. More recent evidence from three indepen-
dent groups provides strong evidence that this
model may be key in the development of ABC
hypersensitivity (Ficure 1) [24-26]. Accumulating
evidence also supports the altered peptide model
as important in the pathogenesis of CBZ-
induced SJS/TEN [21,24].

Specific examples of HLA-driven HSR
Over the last decade, there has been a significant
increase in the volume of publications associ-
ating various HLA alleles with different DHS
(Tase 1). In general, different ethnic populations
have different genetic associations. These dif-
ferences may be a reflection of different allele
frequencies as well as the presence of other
important genes that contribute to the develop-
ment of the various disease syndromes, such as
genes involved in drug metabolism. It appears
that each unique phenotypic DHS is associ-
ated with a set of pharmacogenetic markers and
should be considered to have its own pathogenic
mechanisms. To date, the best characterized
HLA-associated DHS are to ABC, NVP, CBZ

and allopurinol.

= ABC

ABC is a guanosine analogue that works by com-
petitively inhibiting the reverse transcription of
HIV, and has been in use in most developed
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Box 1. Highlights of the chronology of HLA-associated drug hypersensitivity syndromes.

1980s
= Ex vivo studies

= Several two-digit associations; for example, delayed hypersensitivity to aminopenicillins, A*2 and DR*52 (1998) [143]; allopurinol skin

reactions and B58/AW33 in southern Chinese (1989) [92]

1990s

= Classification and epidemiology of serious cutaneous adverse drug reactions (e.g., SCAR)

= HHV-6 infection/reactivation noted in association with DIHS (1997) [173]
= Amoxycillin—clavulanate DILI and HLA-DRB1*1507 association (1999) [144]

2002

= HLA-B*5701 and abacavir hypersensitivity studies [27,28]

= Abacavir patch testing [37]
2004

= CBZ-induced SJS/TEN and HLA-B*1502 In Han Chinese [42]

2005

= Allopurinol SJS/TEN and DIHS and HLA-B*5801 [93]
= NVP rash/hepatitis and HLA-DRB1*0107 [81]
= Aspirin-induced urticaria and haplotype DRB1*1302-DQB1*0609-DPB1*0201 [162]

2006-2007

= US FDA recommends HLA-B*1502 screening before CBZ use
= NVP HSR and HLA-B*1402 and Cw8 [84,141]
= HLA-B*1502 and SJS/TEN with other aromatic AEDs [44]

2008

= Randomized double-blind screening study (PREDICT-1) shows that HLA-B*5701 screening eliminates immunologically mediated ABC

HSR [31]

= HLA-B*5701 screening for ABC HSR routine clinical use

2009

= Flucloxacillin DILI and HLA-B*5701 [150]

= NVP rash and HLA-B*3505 [8¢]
2010

= B75 serotype and CBZ-induced SJS/TEN [68,69]
= Methazolamide and HLA-B*5901 in Koreans [137)

2011/2012

= HLA-A*0201/DRB1*1501/DQB1*0602 and amoxicillin—clavulanate DILI [145]

= HLA-A*3107 with CBZ-induced SJS/TEN, DIHS and MPE in northern Europeans and Japanese [56,58,69]

= Standardization of SCARs

= First GWAS in NVP-induced rash and allopurinol HSR confirm HLA associations [87,101,102]

ABC: Abacavir; AED: Antiepileptic drug; CBZ: Carbamazepine; DIHS: Drug-induced hypersensitivity syndrome; DILI: Drug-induced liver disease; GWAS: Genome-wide
association study; HHV: Human herpes virus; HSR: Hypersensitivity reaction, MPE: Maculopapular eruption; NVP: Nevirapine; SCAR: Severe cutaneous adverse

reaction, SJS: Stevens—Johnson syndrome,; TEN: Toxic epidermal necrolysis.

counties since 1998. ABC can be associated with
a DHS characterized by fever, malaise, gastro-
intestinal symptoms and internal organ involve-
ment in approximately 5-8% of patients who
begin therapy with the drug [27]. The syndrome
can be accompanied by a mild-to-moderate rash
in 70% of patients with ABC hypersensitivity
and is associated with severe hypotension and
possible death upon re-challenge, in contrast to
the complete abrogation of symptoms 72 h after
withdrawal of the drug [23).

The ABC example provides a model roadmap
for how genetic investigations, together with
supportive clinical and basic science and labo-
ratory systems, can lead to successful translation

of pharmacogenetics to the clinic. The first sug-
gestion of a potential genetic association with
ABC HSR was in 2001, during the postmar-
keting phase of the drug in a study that showed
a lower frequency of ABC HSR in both black
and Asian populations when compared with
Caucasians [29].

Following the initial observations of racial
variations in ABC HSR incidence, two groups
independently described a strong association
between the HLA Class I allele, HLA-B*5701,
and ABC HSR in 2002 3031]. Early studies
showed a low sensitivity of HLA-B*5701 for
clinically suspected ABC hypersensitivity, par-
ticularly apparent in black patients that had a
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low carriage rate for HLA-B*5701 [3132]. The
ABC example illustrates how overassignment
of the HSR syndrome and low allele frequency
in certain population groups can wrongly lead
to the assumption that a HLA association to a
particular drug HSR is restricted to race. HLA-
B*5701 is most prevalent in Europeans (5-8%),
when compared with African—Americans (2.4%)
and even less in other ethnic groups [33]. Later
work improved the clinical diagnosis of true
immunologically mediated ABC hypersensitiv-
ity through the use of patch testing [34-36] and
included an American study that examined sub-
jects of European and African origin (3¢6]. The
PREDICT-1 was a randomized double-blind
controlled study enrolling almost 2000 patients
of predominately Caucasian ethnicity and

HLA & pharmacogenetics of drug hypersensitivity

randomized patients to either receive real-time
HLA-B*5701 screening and exclusion of ABC for
those positive for HLA-B*5701 or ABC initiation
and clinical monitoring with retrospective HLA-
B*5701 analysis. The study demonstrated the
100% negative-predictive value of HLA-B*5701
for ABC HSR and supported a HLA-B*5701
screening test to effectively eliminate immuno-
logically confirmed ABC hypersensitivity [34].
Following PREDICT, SHAPE, a case—control
study of black and white patients in the USA,
demonstrated that 100% of both white and black
patch test-positive patients with a clinical history
consistent with ABC HSR carried HLA-B*5701
(36]. These studies provide strong evidence for
the clinical utility of HLA-B*5701 to prevent
ABC HSR, generalizable across race. Another

Y
I ‘
/

Figure 1. Crystal structure of the abacavir-MHC-peptide complex solved to a resolution
limit of 2.0 A. (A) Diagram of HLA-B*57:01 in gray. The peptide HSITYLLPV is shown in cyan
carbons. Abacavir is shown as spheres, orange for carbon, blue for nitrogen and red for oxygen.

(B) Drug binding influences the peptide backbone conformation by shifting the main chain. Peptide
bound to abacavir and HLA-B*57:01 is shown in cyan. Peptide bound in the absence of abacavir is
shown in yellow. (C) Abacavir forms H-bond interactions (black dashes) with both the peptide and
HLAB*57:01. The residues that distinguish the abacavir-sensitive allele HLAB*57:01 from abacavir-
insensitive HLA-B*57:03 are shown in magenta for carbon, blue for nitrogen and red for oxygen.
(D) Experimental electron density corresponding to abacavir in a Fo-Fc difference map contoured at
5c (red mesh) following molecular replacement. Blue mesh depicts the final 2Fo-Fc electron density
map of abacavir in the antigen-binding cleft of HLA-B*57:01 (contour level 1.5c). H-bond
interactions between abacavir and HLA-B*57:01 are shown as yellow dashed lines.

Reproduced with permission from [26].
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important aspect of the PREDICT-1 study was
that 45% of HLA-B*5701 carriers were able to
tolerate ABC. The study of ABC-exposed HLA-
B*5701-positive subjects hold the key to under-
standing the additional factors required for the

development of the syndrome in hypersensitive

patients or, conversely, the protective factors in

tolerant patients.

In parallel to the generation of a high level

of clinical evidence, there was a consider-

able amount of work necessary to prepare for

laboratory implementation. A specific quality

assurance program for HLA-B*5701 screening

was validated and is currently actively admin-
istered by the Asia—Pacific Histocompatibility
and Immunogenetics Association [37]. US FDA
guidelines now recommend HLA-B*5701 test-
ing in advance of ABC prescription. Testing

results in a reduction in the incidence of ABC

HSR and is cost effective [34,38,39].

Strong scientific evidence strengthened the
conclusions that the development of ABC

hypersensitivity is HLA-B*5701 restricted

and

mediated by CD8* T lymphocytes. Infiltrating
CD8* T cells are present within the skin of
ABC HSR patients with a rash [40] and TNF-a
and IFN-y are produced by ABC HSR patient
peripheral blood mononuclear cells (PBMCs)
in vitro [14.41]. In addition, CD8* T cells from
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ABC-naive patients carrying the HLA-B*5701
allele proliferate in response to ABC in long-
term culture and are specifically activated by
the drug. Until recently, this activation was
thought to be dependent upon peptide process-
ing via the conventional MHC Class-I presenta-
tion pathway [13], although the exact mechanism
has remained unclear. Furthermore, cells from
individuals with HLA allotypes closely related to
ABC (HLA-B*5801 and HLA-B*5703), which
exhibit polymorphism in the antigen-binding
F pocket, do not react with ABC, and substitu-
tion of the aspartate residue at position 114 or the
serine at position 116 results in a >50% reduc-
tion in the number of IFN-y-producing CD8*
T cells or complete abrogation of recognition by
ABC-specific CD8* T cells, respectively 13]. The
serine at position 116 is particularly important
in determining the structure of the F pocket and
thus controls selection of the dominant anchor
residue at the C terminus of bound peptides
(FIGURE 2) [42,43].

Several new studies have presented evi-
dence that ABC can undergo a metabolism-
independent, direct and noncovalent interac-
tion with the HLA-B*5701 molecule, which
forms an antigenic structure that is able to
induce or restimulate a T-cell response. Adam
and coauthors generated ABC-specific T-cell
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Figure 2. Alignments of HLA-B alleles associated with drug hypersensitivity indicating key residues for HLA drug
hypersensitivity syndromes associated alleles aligned with the most similar nonassociated HLA-B alleles. The most similar
nonassociated HLA-B alleles are underlined. HLA-B*07:02:01 is used as the reference allele sequence. Key anchoring residues in the
MHC binding pockets are highlighted. Red highlighting shows published regions of significance in HLA drug interaction or regions that
are similar in the drug hypersensitivity syndromes associated alleles, yet differ to the most similar non-drug hypersensitivity syndromes
associated alleles for a particular drug. Significant positions as published are 114 and 116 for abacavir, 62, 95 and 156 for carbamazepine.
Allele comparisons suggest that residues 95-97 may be of importance in allopurinol and HLA-B*58:01 binding and 63, 114, 116 or 156
may affect the interaction between nevirapine and HLA-B*35:01 and HLA-B*35:05.
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clones (ABC-TCC) from HLA-B*5701 positive
individuals and showed that proteasome inhi-
bition in APCs did not affect the TCC reac-
tivity to ABC [44]. Furthermore, ABC-reactive
TCCs were shown to be heterogenous and their
ABC-specific activation was dependent on the
TCR avidity and drug concentration and was
proportional to the level of HLA-B*5701 mol-
ecules expressed on APCs, which is in keeping
with rapid and noncovalent interactions between
ABC and HLA-B*5701 [44]. The effect of ABC
concentration has been further investigated by
others and shown to enhance binding of some
self-peptides to HLA-B*570! in a dose-depen-
dent manner [2426]. Furthermore, investiga-
tion of peptides eluted from ABC-treated or
-untreated HLA-B*5701 B cells show variation
in peptide sequence [24-26]. Novel drug-induced
peptides lacked typical carboxyl (C) terminal
aromatic hydrophobic amino acids characteristic
of the HLA-B-5701 peptide motif such as phe-
nylalanine and tyrosine and instead contained
predominantly hydrophobic aliphatic amino
acids such as isoleucine, leucine or valine residues
(24-26]. These differences can be explained by the
binding of ABC within the floor of the HLA-
B*5701 F pocket peptide-binding groove, which
results in altered specificity due to a change in
the shape and chemistry of the antigen-binding
cleft [24-26]. Two groups were able to resolve the
crystal structure of the ABC-MHC-peptide
complex based on an endogenous [24] and syn-
thetic peptide [26], respectively (Ficure 1). Taken
together, these new studies support the ‘altered
repertoire model” that ABC can alter the rep-
ertoire of self-peptides presented to T cells and
result in an immune response akin to an allo-
reactive T-cell response. Indeed, these specific
self-peptides presented only in the presence of
ABC are recognized by T cells of hypersensitive
patients [26].

CBz
CBZ is an aromatic amine anticonvulsant associ-
ated with DIHS/DRESS that usually occurs 2-8
weeks following drug initiation [45]. These reac-
tions present as fever, rash, internal organ devel-
opment and lymphadenopathy. It has been tra-
ditionally thought that pathophysiology of this
syndrome may be mediated through metabolism
of the drug to its arene oxide metabolites, result-
ing in direct cellular toxicity [45]. In addition,
CBZ also frequently causes cutaneous adverse
drug reactions (cADRs), including a mild-to-
moderate nonspecific exanthema without fever
or internal organ involvement sometimes referred
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to as maculopapular eruption, as well as the life-
threatening diseases SJS and TEN. Although rare
in Europeans, CBZ-induced SJS/TEN occurs
with a prevalence of one to six in 10,000 indi-
viduals and occurs with an almost tenfold higher
frequency in Han Chinese and other southeast
Asian populations. Several HLA alleles have
been associated with CBZ-related DHS in dis-
tinct ethnic groups, with the two most frequently
observed being HLA-B*1502 and, more recently,
HILA-B*3101. The first report of a strong HLA
association with CBZ-induced hypersensitivity
was between the HLA-B*I1502 allele and SJS/
TEN in Han Chinese populations where these
reactions are most prevalent [46.47]. Since the ini-
tial studies, the association has been replicated
several times in the Chinese population [48-51]
and has also been observed in individuals of
Thai, Malaysian and Indian ethnicities [52-55].
A study by Lonjou et al. examined the HLA-
B*1502 allele in 12 European patients with CBZ-
induced SJS/TEN. Of these 12, four carried the
HLA-B*1502 and had Asian ancestry and the
other eight did not carry the allele [s¢]. As this
study would indicate, the HLA-B*1502 allele has
an extremely low frequency in European popula-
tions and its expression is essentially restricted to
populations with ancestries derived from south-
east Asia, India and Mexico [57,201].

The HLA-A*3101 allele was first reported
in a Han Chinese population associated with
CBZ-induced maculopapular eruption/DIHS/
DRESS/HSS together with SNPs from the
motilin gene (rs2894342) located terminal to
MHC Class II genes [47]. More recently, the
HLA-A*3101 allele has also been linked to CBZ-
induced ADR (including SJS/TEN and DIHS)
in Japanese and Caucasian populations [s8,59]. A
recent genome-wide association study (GWAS) in
the Japanese examined CBZ ADRs including SJS,
TEN and DIHS/DRESS/HSS. The most signifi-
cant SNP identified was rs1633021 (p = 1.18 x
10°13), located within a genome block in link-
age disequilibrium (LD) with the HLA-A locus.
Subsequent examination of HLA-A found that
HLA-A*3101 was present in 60.7% of the patients
with CBZ-induced cADRs, but in only 12.5%
of the CBZ-tolerant controls (p = 3.64 x 107),
implying that this allele has 60.7% sensitivity and
87.5% specificity when applied as a risk predic-
tor for CBZ-induced cADRs in this population
(60]. Similarly, in Koreans, the HLA-A*3101 allele
has been associated with CBZ-induced DIHS/
DRESS/HSS and SCAR e1].

The HLA-A*3101 allele, which is present in
approximately 7% of Han Chinese, 7-12% of
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Japanese and 5% of Koreans, also has a rea-
sonably high prevalence in northern European
populations of 2-5% [201] and may similarly
be expected to be linked to CBZ HSRs in this
population. Recently, this has been shown to be
the case. Genome-wide analysis revealed that the
SNP rs1061235, a marker for HLA-A*3101 in
people of European descent, was most strongly
associated with the CBZ HSRs and this was
confirmed with sequence-based HLA typing.
The presence of HLA-A*3101 had a sensitivity
of 26% and a specificity of 96% as a predictor
of CBZ-associated hypersensitivity [59].

An extension of the HLA-B*1502 and -A*3101
associations with CBZ-induced SJS/TEN have
examined the association with other aromatic
amine anticonvulsants including oxcarbazepine,
phenytoin and lamotrigine. As expected, oxcar-
bazepine- and phenytoin-induced SJS has been
associated with the HLA-B*1502 allele in the
Han Chinese [48.62-65]. Studies into lamotrigine
associated DHS however, have produced con-
flicting results. Several studies could not show a
link between lamotrigine-induced SJS and the
carriage of HLA-B*I1502 in the Han Chinese
(66,67]. Others, which have examined oxcar-
bazepine-, phenytoin- and lamotrigine-induced
SJS/TEN together, have reported expression of
HILA-B*I502 in 33% of lamotrigine SJS cases,
yet the reported differences from controls did
not reach statistical significance [64]. Similarly, in
Europeans, no single major HLA-related genetic
risk factor has been identified for lamotrigine-
induced SCARs [68], although suggestive evi-
dence was obtained for HLA-B*5801, HLA-
A¥6801, HLA-Cw*0718, HLA-DQBI1*0609 and
HILA-DRBI*1301, with significantly higher fre-
quencies in the cases compared with the treated
controls in one study [69]. Interestingly, the
HILA-B*5801 genotype has also been observed
in a Chinese case of lamotrigine-induced HSR,
but, given the prevalence of this allele in the
Chinese population, further investigation is
needed (70]. Taken together, these studies sug-
gest that the aromatic anticonvulsants causing
SJS/TEN in HLA-B*I1502 carriers may act on a
similar pathogenetic mechanism, although other
genetic/nongenetic factor(s) may also contribute
to the development of the disease. HLA-B*1502
carriers should avoid CBZ, oxcarbazepine and
phenytoin, and caution should also be exercised
for lamotrigine.

Although strong associations of HLA-B*1502
with CBZ-induced SJS/TEN have been found in
the Han Chinese and other Asian populations,
these results have not been reproduced in the
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Japanese. However, SJS patients carrying HLA-
B*1508, HLA-B*1511 or HLA-B*1521, which
are members of the HLA-B75 serotype along
with HLA-B*1502, were detected in studies in
India and Thailand [s354]. Further support for
risks associated with the HLA-B75 group has
been produced by a study in Korean patients,
which found B*I511 was much higher in those
with CBZ-S]S than in the CBZ-tolerant control
group (p = 0.011) (61]. A case of HLA-B*I518
in association with oxcarbazepine-induced SJS
has also been reported in a Taiwanese patient
(¢s]. Similarly, HLA-B*1511 has been reported
as a risk factor for CBZ-induced SJS/TEN in
the Japanese (71]. Another study that examined
CBZ-induced cADRs in the Japanese have also
reported a higher relative risk for those carrying
the HLA-B*1518 allele, as well as HLA-B*5901
and HLA-C*0704 [72]. In addition, the haplo-
type (HLA-A*2402—-B*5901-C*0102) also had
a higher relative risk for severe cADRs cases,
suggesting HLA-B*5901 may be a candidate
marker for CBZ-induced SJS in the Japanese
population [72].

Despite strong genetic predispositions, most
HLA-B*1502 or HLA-A*3101 carriers are in fact
able to tolerate CBZ. Ko et /. examined the
TCR repertoire in CD8* T cells derived from
patients with CBZ-induced SJS/TEN in HLA-
B*1502-positive patients to identify other factors
that are involved in the T-cell-mediated immune
reactions to CBZ-induced SJS/TEN (73]. After
isolating and culturing CBZ-specific T cells
from patients, drug stimulation was found to
expand the cell population 77 vitro and activate
granulysin release. A dominant T-cell clone,
VB-11-ISGSY, was present in blister cells and
PBMC:s of several patients with HLA-B*1502
associated CBZ-induced SJS/TEN at different
disease stages and most highly expressed during
the active phase. This clonotype was detected
in 84% of patients with SJS/TEN, absent in
all CBZ-tolerant patients (including two HLA-
B*1502 patients) and detected in 14% of healthy
controls. CBZ-specific cytotoxicity could be
primed in vitro in PBMCs from healthy indi-
viduals who carried HLA-B*1502 and VB-11-
ISGSY and then blocked by anti-TCR-Vb-11
antibodies. Furthermore, both a VB-11-ISGSY
clone and specific VB-11-ISGSY transfectants
displayed cytotoxicity against HLA-B*1502 posi-
tive APCs in the presence of CBZ [73]. This study
shows that the TCR usage provides important
clues to the pathogenic mechanism of SJS/TEN
caused by CBZ, and that the available TCR rep-
ertoire of an individual, together with the HLA
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genotype will determine whether they will elicit
an immune response to the drug. However, it
is important to note that the identified drug-
specific clonotypes were not present in all of
the CBZ HSR patients and further studies are
required to examine the role of whole drug-
specific TCR clonotypes in the pathogenesis of
hypersensitivity reactions.

Further insight into the interaction between
CBZ and HLA-B*1502 (and other members of
the B75 serotype) has been provided by another
recent study with findings supporting either the
p-i or altered peptide model [2174]. The study
showed that CBZ cocultured with SJS/TEN
patient PBMCs stimulated a specific popula-
tion of cytotoxic T lymphocytes (CTLs) that
exhibited cytotoxicity against B lymphoblastoid
cell lines or keratinocyte transfectants express-
ing the HLA-B*1502 allele and this could be
blocked by anti-HLA-B antibodies. The study
showed that endogenous peptide-loaded HLA-
B*1502 molecules presented CBZ to CTLs
without the involvement of intracellular drug
metabolism or antigen processing, yet endog-
enous peptide binding was required to stabilize
the HLA Class I complex on the cell surface.
Furthermore, CBZ binding was shown to be
specific to members of the HLA-B75 serotype
and modifications of the ring structure of
CBZ altered HLA-B*1502 binding and CTL
response. Finally, site-directed mutagenesis was
used to show that the residues (Asn63, Ile95 and
Leul56) in the peptide-binding groove of HLA-
B*1502 were involved in CBZ presentation and
CTL activation. In particular, Asn63 shared by
members of the B75 family was the key residue
(Ficure 2). Supporting this, computational model-
ling showed that CBZ compounds were prefer-
entially bound in the B pocket and consistently
observed in the binding groove near Arg62 [21].
This suggests that CBZ preferentially binds to
specific residues within host HLA molecules
without a requirement for drug metabolism.
These findings have been supported by another
study that has additionally shown that CBZ
binding produces alterations in the repertoire
of presented self-peptides in HLA-B*1502 posi-
tive individuals [24]. The particular alleles asso-
ciated with each drug appear to be dependent
on noncovalent steric interactions between the
HLA peptide-binding groove and the chemical
structure of the drug in question. Further stud-
ies in other well-characterized HLA-associated
drug HSR syndromes will illustrate whether this
is a general mechanism in the pathogenesis of

drug HSR.
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NVP
NVP is a non-nucleoside reverse transcriptase
inhibitor that noncompetitively inhibits reverse
transcriptase with known efficacy in combina-
tion with other drugs for the treatment of HIV
infection. Approximately 5% of patients initi-
ating NVP may experience a HSR within the
first 6 weeks that is characterized by a combina-
tion of rash, fever and/or hepatitis [75], and can
be fatal in rare cases. Most NVP HSR occurs
within 12-21 days after initiation of treatment
and is more rapid and severe with NVP rechal-
lenge [75.76]. In addition, lower pretreatment
CD4* T-cell counts are protective against the
development of rash-associated hepatitis reac-
tions, which are more severe and frequent in
non-HIV-infected individuals receiving NVP
treatment [77]. Other known associations with
the development of NVP HSR include pro-
longed exposure to any antiretroviral therapy,
hepatitis B virus or C coinfection and ALT or
AST results at baseline [78-83]. As with CBZ,
NVP HSR has been associated with different
HLA alleles across different population groups,
suggesting several HLA-mediated avenues for
pathogenesis of the HSRs. However, the NVP
case is somewhat more complex, as associations
appear to be phenotype specific and involve both
Class I and Class II HLA alleles.

A CD4* T-cell dependent MHC
Class Il-restricted immune response directed
against NVP or its metabolites was first reported
as the association of hepatic symptoms with a
combination of CD4* T cells >25% and HLA-
DRBI*0I01 in the Western Australian popula-
tion [84], and has since been observed in hepatic
and cutaneous reactions in other Caucasian
populations [ss.86]. In addition, involvement of
an MHC Class I response has also been impli-
cated in NVP HSRs. The HLA-Cw8—HLA-
B*1402 haplotype has been shown to be asso-
ciated with NVP HSR in Sardinians [87] and
HILA-CwS8is also implicated in the Japanese (8s].
Cutaneous specific adverse events due to NVP
treatment are associated with HLA-B*3505 and
HLA-Cw*04 in African—Americans and the
Han Chinese [86,89], and these alleles are also
associated with NVP-induced rash in Thai pop-
ulations [86,90-92]. The varied Class I and Class II
HLA associations with NVP rash and DIHS/
DRESS across different populations suggest that
varying genetic, immunological and metabolic
pathways may lead to the development of these
syndromes and, in particular, differences in drug
metabolism that are ethnicity specific may trig-
ger Class I-restricted CD8*-mediated immune
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responses or Class II restricted CD4*-mediated
immune responses in the presence of the relevant
Class I and IT MHC alleles, respectively.

To further characterize the subphenotypes
of NVP HSR, our group recently updated and
reanalyzed cases from the Western Australian
population (Taste 1) [84.93].

Two studies have recently implicated genes
outside of the MHC as additional factors that
are associated with the development of particular
NVP HSR phenotypes. In a GWAS examining
NVP-induced rash in Thai patients, two non-
coding SNPs (rs1265112 and rs746647) within
CCHCRI were identified that are in complete
LD with nonsynonymous SNP rs1576, which
has been associated with psoriasis [91]. The
CCHCRI gene regulates keratinocyte prolifera-
tion and regulation of skin steroid metabolism
(94.95]. In addition, the study by Yuan ez 4/. found
that in African—Americans, the risk for cutane-
ous adverse events was highest for individuals
carrying both HLA-Cw*04 and CYP2B6516TT
(86]. CYP2B6 is the main isoenzyme involved
in the major metabolic pathway 8-hydroxyl-
ation (and to a lesser extent in 7-hydroxylation)
and is associated with plasma concentrations
of NVP [9¢]. CYP2B6 516TT is a marker for
the slow metabolizing haplotypes containing
alleles CYP2B6*6, *7, *9 and *13. These alleles
result in a pronounced decrease in CYP2B6
expression and activity. Therefore, in addition
to the immune mechanisms required to elicit a
response to NVDP, genes within local tissues, such
as CCHRI in the skin, as well as other systemic
factors, such as metabolism by CYP2B6, and
their allele frequencies in various populations,
will all impact on the development on NVP
HSR in a phenotype-specific manner.

More recent work suggests that combinations
of NVP-reactive Class I-restricted CD8* T cells
and Class II-restricted CD4* T cells are impor-
tant in explaining the pathophysiology of NVP
HSR [93].

Allopurinol
Allopurinol is a xanthine oxidase inhibitor, used
to prevent the common disorders gout and hyper-
uricemia, which may cause DIHS/DRESS and
SJS/TEN. The first report of the HLA-associated
haplotype AW33—BW58 with SCARs was from
a serological study in southern Chinese patients
experiencing skin eruptions (Taete 1 & Box 1) [97].
This was followed by a case—control extensive
study in the Han Chinese population that exam-
ined 823 SNPs in genes related to drug metabo-

lism and immune response. Strong associations
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were revealed within the MHC, and subsequent
HLA typing determined that the HLA-B*5801
allele was present in 100% of patients with allo-
purinol SCAR, but only 15% of tolerant patients
(98]. As with the CBZ-associated HSRs, since
these initial observations in the Han Chinese,
the same alleles have been implicated in other
ethnic groups. The first report in the Japanese
was based on the detection of HLA-B*58 in three
case studies of a SJS, DIHS/DRESS and TEN
patient, respectively [99], and this HLA-B*5801
association was later confirmed in a case—con-
trol study of 58 SJS/TEN patients from across
Japan [100). The Thai population also has a high
frequency of HLA-B*5801, and 100% of allo-
purinol-induced SJS/TEN patients were found
to carry the allele, in contrast to only 12.96% of
the control patients in one study [101]. Similarly,
recently in Koreans a strong positive association
of HLA-B*5801 has been reported, together
with a negative association of HLA-A*0201 with
the development of allopurinol-induced SCARs
[102,103].

In Caucasians, the association of allopurinol
induced SCARs and HLA-B*5801 has been
lower than in the Asian populations. This may
reflect differences in the carriage rate of HLA-
B*5801, which, in the Han Chinese population,
is about 15% compared with less than 6% in
Caucasians. The first study in Europeans found
that 55% of patients with European ancestry and
SJS/TEN carried HLA-B*5801 and concluded
that HLA-B*5801 is neither sufficient nor neces-
sary to explain the disease [104]. Similarly, in an
Australian study, all patients who carried HLA-
B*5801 and had allopurinol-induced SJS/TEN
were from a southeast Asian background [10s].
This is in marked contrast to the high percent-
ages reported in Han Chinese, Thai and Korean
populations [99,101,103].

Two recent GWAS studies that have exam-
ined both European and Japanese cases of
SJS/TEN have confirmed the association with
HLA-B*5801 and concluded that all identified
SNPDPs that are associated with the disease are
closely linked to HLA-B and HLA-C [106,107].
In the European cohort, 424 European cases of
SJS/TEN included 57 allopurinol patients and,
from a subset of HLA typed patients, 11 car-
ried HLA-B*58 and all had allopurinol-induced
disease [106]. The most significant SNP identi-
fied was 159469003, located 85 kb upstream
of the HLA-B locus; however, five other SNPs
located 250 kb telomeric from rs9469003
were also significant. Taking the six SNPs into
account, the haplotype CACGAC was much
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stronger in the subgroup of patients with an
allopurinol-induced disease and the associated
haplotype is in LD with the HLA-B*5801 allele
(106]. Interestingly, the region spanned by the
haplotype SNPs encoded several genes, includ-
ing CCHCRI and the PSORSICI (SEEK1)
gene known to be in LD with HLA-C. Both
CCHCRI and HLA-C have been associated with
psoriasis and a recent study has identified haplo-
types from SNPs within these genes that are
associated with the disease [108]. Similarly in the
Japanese, in a GWAS that examined SJS/TEN,
SNPs within or very near the genes PSORSICI
and CCHCRI (rs9267445 and rs9263726) were
significantly associated with allopurinol-induced
SJS/TEN and these were in almost complete LD
with HLA-B*5801 [107). Additional significant
SNPs were also identified in BATT (rs2734583)
and HCP5 (rs3099844). BAT1I has a role in the
regulation of TNF-a and has been associated
with rheumatoid arthritis [109.110], while ZCP5 is
in strong LD with HLA-B*5701 has been linked
to HIV progression and ABC HSR [111-114]. It
is intriguing that in GWAS of both NVP- and
allopurinol-induced adverse skin reactions the
same susceptibility genes have been identified
in unrelated populations and that they are also
associated with other inflammatory-based skin
disorders [91,106,108].

A recent meta-analysis has looked at all
studies from databases including MEDLINE,
Pre-MEDLINE, Cochrane Library, EMBASE,
International Pharmaceutical Abstracts (IPA),
CINAHL, Psychlnfo, the WHO International,
Clinical Trial Registry and ClinicalTrial.gov
from their inceptions to June 2011 to investi-
gate the association between HLA-B*5801 and
allopurinol-induced SJS/TEN. Four studies
used case-matched controls (allopurinol-toler-
ant patients) and five included controls from the
general population. SJS/TEN cases were found
to be significantly associated with HLA-B*5801
allele in both groups of studies and subgroup
analysis for Asian and non-Asian populations
yielded similar findings [115]. This study suggests
that the low associations seen in European popu-
lations may be due to the decreased frequency
of the HLA-B*5801 allele in combination with
other as-yet-unknown factors that may predis-
pose to allopurinol-induced SJS/TEN in these
populations.

The evidence for ABC, NVP, CBZ and
allopurinol ADRs strongly support MHC-
dependent stimulation of both CD4* and/or
CD8* T cells. It appears that the HLA alleles

involved are specific to both the nature of the

future science group

HLA & pharmacogenetics of drug hypersensitivity

drug and the phenotype of the DHS. Despite
very strong associations between these HLA
alleles and specific DHS, a high proportion of
subjects carrying the susceptibility alleles are
able to tolerate the drugs. The positive-predictive
value is highest for ABC, where 55% of those
carrying HLA-B*5701 will develop ABC HSR.
In addition, unlike the other syndromes, the
100% negative-predictive value of HLA-B*5701
for ABC HSR has held up and there has yet to
be another HLA allele associated with ABC
HSR. From work to date, it is clear that other
mechanisms must play a role in the development
of these DHS and that these may be popula-
tion specific and allele frequency dependent, or
their role may be restricted to particular disease
phenotypes, like the HLA alleles. For example,
early evidence from the GWAS in NVP- and
allopurinol-induced SCARs indicate that other
genes controlling keratinocyte proliferation may
contribute to the development of these cases
[91,106,108], while the CBZ story focuses on TCR
clonotype selection and availability [73].

HLA pharmacogenetic screening in
clinical practice

Regardless of the underlying mechanism, a
large number of hurdles need to be overcome
to translate an HLA association into clinical
practice [116,117]. The FDA has recently recom-
mended genetic testing before starting ABC
and CBZ therapies. Successful implementation
of pharmacogenetic screening requires that a
range of criteria be adequately addressed and
these examples can be used to illustrate the
requirements that must be met when consid-
ering a HLA-based screening program for a
particular drug. Successful clinical translation
requires evidence of the test’s predictive value
and generalizibility, accurate clinical diagnostic
criteria for the drug DHS, widespread availabil-
ity and ease of adapting laboratory tests, and
consideration for pharmaceutical factors such
as alternative treatments to the drug in question
that may provide improved cost—effectiveness,
safety or efficacy [116,117].

Although many HLA DHS associations are
now reported, as in the case for ABC or CBZ,
the genetic association must be established in
a large population with a diverse genetic back-
ground, and, crucially from a drug-safety stand-
point, negative-predictive value of the test must
be 100%. This data will provide an indication of
the cases of hypersensitivity that would be pre-
vented compared with the number of individuals
inappropriately denied the drug treatment. In
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some cases of HLA-associated DHS, however,
the target population may be more selective. The
FDA’s recommendation for HLA-B*1502 test-
ing is restricted to all Asians beginning CBZ
therapy given the extremely low prevalence of
HILA-B*1502 in Caucasian populations [57]. The
situation is less clear for ABC, where general-
izability of HLA-B*5701 for ABC HSR occurs
across populations. However, the ancestry of
patients is often not easily discernible based on
their phenotype, and global population admix-
ture will mean that the carriage of HLA-B*5701
is simply a marker of Caucasian admixture and
carriage of HLA-B*1502 a marker of Asian
ancestry. Experience with ABC usage in coun-
tries with a low carriage rate of HLA-B*5701
has been limited [36,118,119,201]. In addition, since
ABC may be used in combination with other
drugs that cause DHS, such as NVDP, particu-
larly in these countries, the ability to screen
may have the benefit of making the decision to
continue ABC in the face of a likely NVP HSR
more feasible. Ultimately, the decision to screen
needs to be made on the ground by clinicians
weighing up the potential cost—benefit relation-
ship as determined by prevalence of diagnosed
DHS, resource constraints and availability of
alternate safe and efficacious medications that
do not require genetic screening.

Since the implementation of HLA-B*5701
screening prior to ABC treatment and its
endorsement in international HIV treatment
guidelines [202], reports from several different
countries have validated and supported the test.
HLA-B*5701 genotyping has demonstrated high
sensitivity, specificity and positive-predictive val-
ues in Australia, Canada, Germany, France and
Poland among others [34,116,120-126]. Therefore,
cost—effectiveness has clearly been demon-
strated in predominantly Caucasian popula-
tions, although HLA-B*5701 screening may be
less cost effective in diverse ethnic groups with
lower rates of ABC HSR [38,39].

The avoidance of CBZ for HLA-B*1502
carriers was first recommended by the FDA
in December 2007. This was later updated to
also warn against using phenytoin and fosphe-
nytoin as alternatives for CBZ patients who
test positive for HLA-B*1502 [127]. In support
of this recommendation, a retrospective study
has demonstrated that the cost of HLA-B*1502
screening is less than SJS treatment in Thailand
(127]. Similarly, in a multicenter single-armed
prospective study from Taiwan, 4877 candidate
subjects who were CBZ naive were genotyped
for HLA-B*1502 and 7.7% who tested positive
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were advised not to take CBZ. SJS/TEN did
not develop in any of the HLA-B*1502-negative
subjects receiving CBZ, while the histori-
cal incidence (0.23%) would have translated
into approximately ten cases among the study
subjects [128]. The implications for potential
cross-reactivity with other aromatic amine anti-
convulsants was not clear from this large study;
however, without further knowledge of factors
driving the positive-predictive value of CBZ-
associated SJS/TEN in this population, the col-
lective clinical and basic science of CBZ-induced
SJS/TEN suggest it is prudent for all patients
known to carry HLA-B*1502 to avoid phenytoin
and oxcarbazepine [129].

A key to the successful global implementa-
tion of HLA screening for ABC and CBZ is the
availability and adaptability of cost-effective,
user-friendly testing methodologies. When
considering the laboratory designation of HLA
typing, several alternative approaches can suc-
cessfully be adopted. In the case of HLA-B*5701
for example, simple PCR methods including
simple sequence-specific (SSP)-PCR, sequence-
based typing or real-time PCR melt curve ana-
lysis are all applicable (37.130-133]. Sequence-
based typing or allele-specific PCR are the most
definitive means of identifying the presence of
HLA-B*5701; however, due to greater ease of
use some clinical laboratories choose to per-
form SNP testing over allele-specific PCR. This
method involves SNP typing of rs2395029, a
SNP located in the nearby HLA complex P5
gene (HCP5) approximately 100 kb away from
HLA-B and has been shown to significantly
correlate with the presence of HLA-B*5701 in
Caucasians [111,134] and Hispanics 135]. However,
it is currently known that HLA-B*5701 is nec-
essary for the development of ABC HSR and
therefore caution should be used when using
HCP5 152395029 as a screening test as there is
strong but incomplete LD between HLA-B*5701
and this HCP5 SNP leading to a lower posi-
tive-predictive value and also a less than 100%
negative-predictive value when compared to
HLA-B*5701 specific tests [136]. A similar test
has been developed for screening HLA-B*5801
before initiating allopurinol, in which a PCR-
RFLP assay has been successfully used for the
genotyping of 19263726 in the (PSORSICI)
gene, in LD with HLA-B*5801 (137]. Although
this is validated in the Japanese, the linkage ana-
lysis is not confirmed in other populations.

Such molecular methods may be preceded by
simple monoclonal antibody screening (a B17
antibody would screen for both HLA-B*57 and
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HLA-B*58) for a more rapid ascertainment
of low-risk patients who can begin immedi-
ate therapy and do not require further test-
ing (132]. For HLA-B*1502 screening, faster
and cheaper approaches to conventional PCR
and sequencing methods have been suggested
to make the screening more suitable for an
outpatient setting. A 1-h loop-mediated iso-
thermal amplification procedure-based DNA
amplification technique, and 4 h PCR test kit
have been developed in response [127]. These
methods are readily adaptable for determining
other HLA types in most molecular biology
laboratories. Such adaptability to allele desig-
nation testing is critical to provide the ability
to rapidly achieve global distribution and com-
mercialization of the allele-specific test and
accompanying quality assurance programs.
Unlike ABC and CBZ, not all DHS with
identified HLA associations will be directly
amenable to pharmacogenetic testing. The NVP
example demonstrates that the complexity of
both hypersensitivity phenotypes and Class I and
II associations across individuals of varied ances-
try may make implementation of HLA screen-
ing challenging in most settings. Patch testing
was a very useful research tool to improve the
specificity of ABC HSR diagnosis by identify-
ing those with true immunologically mediated
ABC HSR and provide compelling clinical trial
evidence that the negative-predictive value of
HLA-B*5701 testing for immunologically medi-
ated patch test-positive ABC HSR was 100%.
(31,34,138]. ABC patch testing is a useful research
tool, however, it has a diagnostic sensitivity of
87% and should not be used as a standalone test
to de-label patients with suspected ABC HSR.
Phenotype standardization of various HSR syn-
dromes with the goal to facilitating adequate and
accurate patient recruitment in order to advance
research in pharmacogenomic, immunologi-
cal, mechanistic and epidemiological studies
has recently been proposed by an international
drug-induced skin injury working group and
will prove to be important in the international
collaboration of multiple groups to define phar-
macogenomics associations of low prevalence,

but life-threatening diseases such as SJS/TEN [s].

Conclusion & future perspective

Many more HLA-associated ADRs will be elu-
cidated in the upcoming years and, as in the
example of ABC, CBZ and other drugs, these
will facilitate our understanding of biochemical
and structural relationships between drugs and
HLA and the functional consequences of these
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interactions. Indeed, with a heightened under-
standing of HLA drug interactions, one could
envision the next stage to be preclinical high-
throughput ‘pharmacogenomics’ screening
processes using a combination of 7z silico and
biological approaches to inform drug design
and screen out drugs at high risk for causing
clinically significant immunologically medi-
ated drug reactions based on their interaction
with HLA and demonstrable functional conse-
quences. The ABC and CBZ models strongly
support a specific allele-restricted response,
mediated by CD8* T lymphocytes [13,21.73],
whereby ABC and CBZ noncovalently bind to
particular residues within the binding pockets
of HLA molecules. Other examples of Class
I-associated DHS, such as allopurinol, may
potentially be further characterized by adopt-
ing similar approaches. The NVP example also
illustrate the importance of both MHC Class
I and II and the role of CD8* and CD4* T-cell
interactions.

The history of ABC HSR false-positive clini-
cal diagnosis and the role of ABC patch testing
and the complicated NVP HSR phenotypes
highlight the importance of precise clinical
diagnosis and phenotypic characterization in
the consideration of patient cohorts for genetic
investigation of the DHS. The true heterogeneity
seen in the clinic will be influenced by cofactors
such as individual medical history, coadmin-
istered drugs, underlying diseases or autoim-
mune disorders, viral infections and regulatory
T-cell population/function, all of which have the
potential to influence association studies. Early
GWAS with NVP and allopurinol-associated
HSR with rash have uncovered little outside of
the MHC [91.106,107]. Extended haplotype ana-
lysis in these cases may provide some insight into
the true variation observed in the clinical set-
ting. Given the dominant role of HLA in DHS
it has proven best to characterize HLA associa-
tions using ancestral haplotype mapping before
looking at associations outside of the MHC by
GWAS or other techniques. Others have shown
that, in the case of DILI, nonimmune mecha-
nisms may play a role and hence genes of drug
metabolism may also be significant (s¢].

Several international consortia have been
established to undertake GWAS across vari-
ous populations, considering specifically char-
acterized drug DHS phenotypes. Examples
include the International Serious Adverse Event
Consortium (iISAEC; International Consortium
on Hypersensitivity; Drug-induced Liver Injury)
(203] and the RegiSCAR [204] projects, which are

www.futuremedicine.com

1299



S45V1500 Pavlos, Mallal & Phillips

working with academic collaborators to collect
well defined cases of drug-induced skin and
hypersensitivity reactions. These consortia are
successfully establishing a scientific network of
experts and establishing a multinational regis-
try of biological samples from the various DHS
with the ultimate goal to identify DNA variants
useful in predicting the risk of drug-related seri-
ous adverse events. The work of these groups,
together with continued dedicated laboratory
investigations with well-characterized drug
DHS models, will greatly enhance our under-
standing of the pathomechanisms driving DHS

and inform drug design and development in the
future.
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Executive summary

(p-i model).

less-common DHS.

diseases.

Drug hypersensitivity syndromes & models for theirimmunopathogenesis
= Different phenotypes of drug hypersensitivity syndromes including eosinophilia and systemic symptoms (DRESS)/drug-induced

hypersensitivity syndrome and Stevens—Johnson syndrome (SJS)/toxic epidermal necrolysis (TEN) have unique characteristics, although

they are often classified collectively as severe cutaneous adverse reactions.

= Knowledge of the immunopathogenetic basis of these syndromes has become more highly developed with different hypotheses that

are not necessarily mutually exclusive to a particular drug:

— The drug or a reactive metabolite of the drug may covalently bind to and modify an endogenous peptide (hapten model) leading to

immune recognition of a neoantigen.

— Certain drugs may directly activate T cells through noncovalent interaction between the drug and HLA and/or the T-cell receptor

— Drug may noncovalently bind and occupy anchor sites within the HLA antigen-binding cleft and alter the repertoire of endogenous
peptides that can be bound and presented to T cells (altered peptide repertoire model). There is currently evidence that this model
is important in the pathogenesis of abacavir hypersensitivity and carbamazepine (CBZ)-induced SJS/TEN.

HLA-associated drug hypersensitivity

= Recent associations between HLA and drug hypersensitivity syndromes have underscored that these are often phenotype specific
(e.g., HLA-B*1502 associated with CBZ-induced SJS/TEN but not CBZ-induced DRESS).

= A common theme emerging is specific regions within HLA-B that have been associated with many of these syndromes.

= Defining an association between a specific HLA and drug hypersensitivity syndromes (DHS) can be used as the platform to gain further
insights into the immunopathogenesis of these syndromes.

= International consortia and collaborations will facilitate the discovery of a number of new HLA and pharmacogenetic associations with

Pharmacogenetic screening in clinical practice & future perspective
= Delineation of associations between HLA and DHS has large-scale implications for defining the immunopathogenetic basis for these

= The feasibility of translating HLA testing into routine care to prevent a specific DHS will depend on a number of characteristics of the
test, the drug, the drug toxicity, the clinical and academic environment, supporting evidence and appropriate clinical and laboratory
support. The translation of HLA-B*5701 and abacavir hypersensitivity from discovery to a guideline-based test used routinely in HIV
clinical practice in the developed world is a notable example.

= Increasing knowledge with regards to HLA associations, drug—HLA interactions (altered peptide model) and the immunopathogenetic

basis of DHS will pave the way for the development of preclinical pharmacogenomic screening strategies that would both inform drug
design and lead to safer and cost-effective drug design and development.

References

Papers of special note have been highlighted as:

= of interest
== of considerable interest

1 Eshki M, Allanore L, Musette P ez al.
Twelve-year analysis of severe cases of drug
reaction with eosinophilia and systemic

symptoms: a cause of unpredictable

multiorgan failure. Arch. Dermatol. 145,

67-72 (2009).

systemic symptoms in relation to the

eliciting drug. Immunol. Allergy Clin. North

Am. 29, 481-501 (2009).
Shiohara T, Inaoka M, Kano Y. Drug-

among herpesviruses and antiviral and

2 Kano Y, Shiohara T. The variable clinical
picture of drug-induced hypersensitivity
syndrome/drug rash with eosinophilia and 4

induced hypersensitivity syndrome (DIHS): 5
a reaction induced by a complex interplay

antidrug immune responses. Allergol. Inz.

55, 1-8 (20006).
Tohyama M, Hashimoto K, Yasukawa M

et al. Association of human herpesvirus 6
reactivation with the flaring and severity of
drug-induced hypersensitivity syndrome.
Br. ]. Dermatol. 157, 934-940 (2007).

Andrews E, Daly AK. Flucloxacillin-
induced liver injury. Toxicology 254,
158-163 (2008).

1300

Pharmacogenomics (2012) 13(11)

future science group



Daly AK, Day CP. Genetic association studies
in drug-induced liver injury. Semin. Liver Dis.

29, 400—411 (2009).

Daly AK, Day CP. Genetic association studies
in drug-induced liver injury. Drug Metab. Rev.
44, 116-126 (2012).

Pirmohamed M, Aithal GP, Behr E, Daly A,
Roden D. The phenotype standardization
project: improving pharmacogenetic studies of

serious adverse drug reactions. Clin. Pharmacol.

Ther. 89, 784785 (2011).

The first publication from The Phenotype
Standardization Project (PSP) initiated to
standardize phenotypic definitions of adverse
drug reactions. Three phenotypes that have
been considered are drug-induced liver injury,
drug-induced skin injury and drug-induced

torsade de pointes.

Castrejon JL, Lavergne SN, El-Sheikh A ez al.
Metabolic and chemical origins of cross-reactive
immunological reactions to arylamine
benzenesulfonamides. T-cell responses to

hydroxylamine and nitroso derivatives. Chem.

Res. Toxicol. 23, 184-192 (2010).
Naisbitt DJ, Britschgi M, Wong G ez 4l.

Hypersensitivity reactions to carbamazepine.
characterization of the specificity, phenotype,
and cytokine profile of drug-specific T cell

clones. Mol. Pharmacol. 63, 732-741 (2003).

Naisbitt DJ, Farrell ], Wong G ez al.
Characterization of drug-specific T cells in
lamotrigine hypersensitivity. /. Allergy Clin.
Immunol. 111, 1393-1403 (2003).

Wu'Y, Sanderson JP, Farrell ] ez al. Activation
of T cells by carbamazepine and carbamazepine
metabolites. /. Allergy Clin. Immunol. 118,
233-241 (2006).

Chessman D, Kostenko L, Lethborg T ez al.
Human leukocyte antigen Class I-restricted
activation of CD8* T cells provides the
immunogenetic basis of a systemic drug
hypersensitivity. Immunity 28, 822-832
(2008).

Martin AM, Almeida CA, Cameron P et al.
Immune responses to abacavir in antigen-
presenting cells from hypersensitive patients.

AIDS 21, 12331244 (2007).

Padovan E, Mauri-Hellweg D, Pichler W],
Weltzien HU. T cell recognition of penicillin G:
structural features determining antigenic

specificity. Eur. J. Immunol. 26, 42—48 (1996).

Naisbitt DJ, Gordon SF, Pirmohamed M ez a/.
Antigenicity and immunogenicity of
sulphamethoxazole: demonstration of
metabolism-dependent haptenation and T-cell
proliferation in vivo. Br. J. Pharmacol. 133,
295-305 (2001).

Pichler W, Yawalkar N, Schmid S, Helbling A.
Pathogenesis of drug-induced exanthems.

Allergy 57, 884—893 (2002).

future science group

18

19

20

21

22

23

24

25

HLA & pharmacogenetics of drug hypersensitivity

Schnyder B, Mauri-Hellweg D, Zanni M,
Bettens F, Pichler WJ. Direct, MHC-
dependent presentation of the drug
sulfamethoxazole to human alphabeta T cell

clones. /. Clin. Invest. 100, 136—141 (1997).

Sieben S, Kawakubo Y, Al Masaoudi T, Merk
HF, Blomeke B. Delayed-type hypersensitivity
reaction to paraphenylenediamine is mediated
by 2 different pathways of antigen recognition
by specific alphabeta human T-cell clones.

J. Allergy Clin. Immunol. 109, 1005-1011
(2002).

Zanni MP, von Greyerz S, Schnyder B,
Wendland T, Pichler W]J. Allele-unrestricted
presentation of lidocaine by HLA-DR
molecules to specific alphabeta’ T cell clones.

Int. Immunol. 10, 507515 (1998).

Wei CY, Chung WH, Huang HW, Chen YT,
Hung SI. Direct interaction between HLA-B
and carbamazepine activates T cells in
patients with Stevens—Johnson syndrome.

J. Allergy Clin. Immunol. 129(6), 1562-1569.
e5 (2012).

Demonstrates a direct interaction of HLA
with drugs and evidence for a detailed
molecular mechanism of HLA-associated
drug hypersensitivity.

Yang CW, Hung SI, Juo CG ez al. HLA-
B*1502-bound peptides: implications for the
pathogenesis of carbamazepine-induced
Stevens—Johnson syndrome. /. Allergy Clin.
Immunol. 120, 870—877 (2007).

Bharadwaj M, Illing P, Theodossis A ez al.
Drug hypersensitivity and human leukocyte
antigens of the major histocompatibility
complex. Annu. Rev. Pharmacol. Toxicol. 52,
401-431 (2012).

Illing PT, Vivian JP, Dudek NL ez al.
Immune self-reactivity triggered by
drug-modified HLA-peptide repertoire.
Nature 486(7404), 554-548 (2012).

Provides evidence for the altered peptide
repertoire model for abacavir and
preliminary data for carbamazepine.
Abacavir is shown to noncovalently bind to
HLA-B*5701 and alter the shape and
chemistry of the antigen-binding cleft,
leading to an altered repertoire of
endogenous peptides binding HLA-B*5701.
The crystal structure of abacavir-MHC-
peptide was resolved based on an
endogenous peptide.

Norcross MA, Luo S, Lu L ez /. Abacavir
induces loading of novel self-peptides into
HLA-B*57.01: an autoimmune model for
HLA-associated drug hypersensitivity. AIDS
26(11), F21-F29 (2012).

The authors demonstrate an alterated
repertoire of peptide binding to
HLA-B*5701I in the presence of abacavir and

www.futuremedicine.com

26

27

28

29

30

31

32

33

amino acid sequence differences in
endogenous peptides eluted from abacavir-
treated HLA-B*5701 B-cell lines, which did
not occur with flucloxacillin, a drug which
causes an HLA-B*5701 associated

drug-induced liver disease.

Ostrov DA, Grant BJ, Pompeu YA ez al. Drug
hypersensitivity caused by alteration of the
MHC-presented self-peptide repertoire. Proc.
Natl Acad. Sci. USA 109(25), 9959-9964
(2012).

Another key paper providing evidence for
the altered peptide repertoire model for
abacavir. Synthetic peptides that bind to
HLA-B*5701 only in the presence of
abacavir were identified and the crystal
structure of abacavir-MHC-peptide was
resolved using a synthetic peptide.
Endogenous peptides were eluted from
HLA-B*5701 homozygous cells lines with
and without abacavir and showed an altered
repertoire of peptides in the presence of
abacavir. These endogenous peptides were
also shown to be presented only in the
presence of abacavir and recognized by the
T cells of patients with abacavir
hypersensitivity.

Cutrell AG, Hernandez JE, Fleming JW ez al.
Updated clinical risk factor analysis of
suspected hypersensitivity reactions to
abacavir. Ann. Pharmacother. 38, 2171-2172
(2004).

Shapiro M, Ward KM, Stern JJ. A near-fatal
hypersensitivity reaction to abacavir: case
report and literature review. AIDS Read. 11,
222-226 (2001).

Symonds W, Cutrell A, Edwards M ez al. Risk
factor analysis of hypersensitivity reactions to

abacavir. Clin. Ther. 24, 565-573 (2002).
Hetherington S, Hughes AR, Mosteller M

et al. Genetic variations in HLA-B region and
hypersensitivity reactions to abacavir. Lancet

359, 1121-1122 (2002).

Mallal S, Nolan D, Witt C ez al. Association
between presence of HLA-B*5701, HLA-DR?,
and HLA-DQ3 and hypersensitivity to HIV-1
reverse-transcriptase inhibitor abacavir. Lancet

359, 727-732 (2002).

Hughes AR, Mosteller M, Bansal AT ez al.
Association of genetic variations in HLA-B
region with hypersensitivity to abacavir in
some, but not all, populations.
Pharmacogenomics 5, 203-211 (2004).

Cao K, Hollenbach J, Shi X ez a/. Analysis of
the frequencies of HLA-A, B, and C alleles
and haplotypes in the five major ethnic groups
of the United States reveals high levels of
diversity in these loci and contrasting
distribution patterns in these populations.
Hum. Immunol. 62, 1009-1030 (2001).

1301



34

35

36

37

38

39

40

41

42

43

44

Pavlos, Mallal & Phillips

Mallal S, Phillips E, Carosi G ez al.
HLA-B*5701 screening for hypersensitivity to
abacavir. N. Engl. ]. Med. 358, 568-579
(2008).

Phillips EJ, Arribas ], Fitch N, Givens N.
Characteristics of abacavir hypersensitivity
diagnoses according to HLA-B*5701 status
and subsequent abacavir patch test result.
Presented at: 11th European AIDS Conference.
Madrid, Spain, October 24-27 2007
(P9.7/04).

Saag M, Balu R, Phillips E ¢z a/. High
sensitivity of human leukocyte antigen-b*5701
as a marker for immunologically confirmed
abacavir hypersensitivity in white and black
patients. Clin. Infect. Dis. 46, 1111-1118
(2008).

Hammond E, Almeida CA, Mamotte C et al.
External quality assessment of HLA-B*5701
reporting: an international multicentre survey.
Antivir. Ther. 12, 1027-1032 (2007).

Hughes DA, Vilar FJ, Ward CC ez al.
Cost—effectiveness analysis of HLA B*5701
genotyping in preventing abacavir
hypersensitivity. Pharmacogenetics 14, 335-342
(2004).

Schackman BR, Scott CA, Walensky RP ez al.
The cost—effectiveness of HLA-B*5701 genetic
screening to guide initial antiretroviral therapy
for HIV. AIDS 22, 2025-2033 (2008).

Phillips EJ, Sullivan JR, Knowles SR, Shear
NH. Utility of patch testing in patients with
hypersensitivity syndromes associated with

abacavir. AIDS 16, 2223-2225 (2002).

Almeida CA, Martin AM, Nolan D et al.
Cytokine profiling in abacavir hypersensitivity
patients. Antivir. Ther. 13, 281-288 (2008).

Gomez P, Montserrat V, Marcilla M, Paradela
A, de Castro JA. B*2707 differs in peptide
specificity from B*2705 and B*2704 as much
as from HLA-B27 subtypes not associated to
spondyloarthritis. Eur. J. Immunol. 36,
1867-1881 (2006).

Zernich D, Purcell AW, Macdonald WA ez al.
Natural HLA Class I polymorphism controls
the pathway of antigen presentation and
susceptibility to viral evasion. /. Exp. Med.
200, 13-24 (2004).

Adam ], Eriksson KK, Schnyder B ez al.
Avidity determines T-cell reactivity in abacavir
hypersensitivity. Eur. J. Immunol. 42(7),
1706-1716 (2012).

Key paper suggesting that abacavir interacts
with HLA-B*5701 in a noncovalent and
metabolism-independent fashion and, in
keeping with this, that abacavir-reactive
T-cell clones are dependent on the T-cell
receptor avidity, drug concentration and level
of HLA-B*5701 molecules expressed on

antigen-presenting cells.

1302

45

46

47

48

49

50

51

52

53

54

55

56

Knowles SR, Shapiro LE, Shear NH.
Anticonvulsant hypersensitivity syndrome:
incidence, prevention and management. Drug

Saf. 21, 489-501 (1999).
Chung WH, Hung SI, Hong HS ez al.

Medical genetics: a marker for
Stevens—Johnson syndrome. Nature 428, 486
(2004).

Hung SI, Chung WH, Jee SH ez al. Genetic
susceptibility to carbamazepine-induced
cutaneous adverse drug reactions.
Pharmacogenet. Genomics 16, 297-306
(2000).

Man CB, Kwan P, Baum L ez a/. Association
between HLA-B*1502 allele and antiepileptic
drug-induced cutaneous reactions in Han

Chinese. Epilepsia 48, 1015-1018 (2007).

Wang Q, Zhou JQ, Zhou LM ez al.
Association between HLA-B*1502 allele and
carbamazepine-induced severe cutaneous
adverse reactions in Han people of southern
China mainland. Seizure 20, 446448
2011).

Wu XT, Hu FY, An DM ez al. Association
between carbamazepine-induced cutaneous
adverse drug reactions and the HLA-B*1502
allele among patients in central China.

Epilepsy Behav. 19, 405-408 (2010).

Zhang Y, Wang J, Zhao LM et al. Strong
association between HLA-B*1502 and
carbamazepine-induced Stevens—Johnson
syndrome and toxic epidermal necrolysis in

mainland Han Chinese patients. Eur. J. Clin.
Pharmacol. 67, 885-887 (2011).

Kulkantrakorn K, Tassaneeyakul W,
Tiamkao S ez a/. HLA-B*1502 strongly
predicts carbamazepine-induced
Stevens—Johnson syndrome and toxic
epidermal necrolysis in Thai patients with
neuropathic pain. Pain Pract. 12(3), 202-208
(2011).

Mehta TY, Prajapati LM, Mittal B ez al.
Association of HLA-B*1502 allele and
carbamazepine-induced Stevens—Johnson
syndrome among Indians. Indian J. Dermatol.

Venereol. Leprol. 75, 579582 (2009).

Tassaneeyakul W, Tiamkao S,
Jantararoungtong T ez al. Association
between HLA-B*1502 and carbamazepine-
induced severe cutaneous adverse drug

reactions in a Thai population. Epilepsia 51,
926-930 (2010).

Then SM, Rani ZZ, Raymond AA,
Ratnaningrum S, Jamal R. Frequency of the
HLA-B*I1502 allele contributing to
carbamazepine-induced hypersensitivity
reactions in a cohort of Malaysian epilepsy
patients. Asian Pac. ]. Allergy Immunol. 29,
290-293 (2011).

Lonjou C, Thomas L, Borot N ez al. A marker

for Stevens—Johnson syndrome ...: ethnicity

Pharmacogenomics (2012) 13(11)

57

58

59

60

61

62

63

64

matters. Pharmacogenomics J. 6, 265-268
(20006).

Ferrell PB Jr, McLeod HL. Carbamazepine,
HLA-B*1502 and risk of Stevens—Johnson
syndrome and toxic epidermal necrolysis:
US FDA recommendations.
Pharmacogenomics 9, 1543-1546 (2008).

Niihara H, Kakamu T, Fujita Y, Kaneko S,
Morita E. HLA-A31 strongly associates with
carbamazepine-induced adverse drug
reactions but not with carbamazepine-
induced lymphocyte proliferation in a
Japanese population. /. Dermatol. 39(7),
594-601 (2011).

McCormack M, Alfirevic A, Bourgeois S ez al.
HLA-A*3101 and carbamazepine-induced
hypersensitivity reactions in Europeans.

N. Engl. . Med. 364, 1134-1143 (2011).

First genome-wide association study for
carbamazepine in Europeans that identified
the association of HLA-A*3101 with
carbamazepine-induced hypersensitivity
reactions among subjects of northern

European ancestry.

Ozeki T, Mushiroda T, Yowang A ez al.
Genome-wide association study identifies
HLA-A*3101 allele as a genetic risk factor for
carbamazepine-induced cutaneous adverse
drug reactions in Japanese population. Hum.
Mol. Genet. 20, 1034-1041 (2011).

One of the first genome-wide association
studies conducted for carbamazepine-
induced adverse drug reactions that confirms
the association with HLA-A*3101 in the
Japanese for drug-induced hypersensitivity
syndrome and Stevens—Johnson syndrome

(SJS)/toxic epidermal necrolysis (TEN).
Kim SH, Lee KW, Song W] ez al.

Carbamazepine-induced severe cutaneous
adverse reactions and HLA genotypes in

Koreans. Epilepsy Res. 97, 190-197 (2011).
Chen YC, Chu CY, Hsiao CH.

Oxcarbazepine-induced Stevens—Johnson
syndrome in a patient with HLA-B*1502
genotype. J. Eur. Acad. Dermatol. Venereol.
23,702-703 (2009).

Hu FY, Wu XT, An DM et al. Phenytoin-
induced Stevens—Johnson syndrome with
negative HLA-B*1502 allele in mainland
China: two cases. Sezzure 20, 431-432
(2011).

Hung SI, Chung WH, Liu ZS ez al. Common
risk allele in aromatic antiepileptic-drug
induced Stevens—Johnson syndrome and toxic

epidermal necrolysis in Han Chinese.

Pharmacogenomics 11, 349-356 (2010).

A comprehensive study confirming
HLA-B*1502 as a risk factor for SJS/TEN
associated with aromatic antiepileptic drugs,

phenytoin, lamotrigine and oxcarbazepine.

fsg

future science group



65

66

67

68

69

70

71

72

73

74

75

Lin LC, Lai PC, Yang SF, Yang RC.
Oxcarbazepine-induced Stevens—Johnson
syndrome: a case report. Kaohsiung J. Med.
Sei. 25, 82-86 (2009).

An DM, Wu XT, Hu FY ez al. Association
study of lamotrigine-induced cutaneous
adverse reactions and HLA-B*1502 in a Han
Chinese population. Epilepsy Res. 92,
226-230 (2010).

Shi YW, Min FL, Liu XR ez a/. Hla-B alleles
and lamotrigine-induced cutaneous adverse
drug reactions in the Han Chinese

population. Basic Clin. Pharmacol. Toxicol.
109, 42-46 (2011).

McCormack M, Urban TJ, Shianna KV ez al.
Genome-wide mapping for clinically relevant
predictors of lamotrigine- and phenytoin-
induced hypersensitivity reactions.

Pharmacogenomics 13, 399-405 (2012).

Kazeem GR, Cox C, Aponte ] ez al.
High-resolution HLA genotyping and severe
cutaneous adverse reactions in lamotrigine-

treated patients. Pharmacogenet. Genomics 19,

661-665 (2009).
Chow JC, Huang CW, Fang CW, Wu Y],

Tsai JJ. Lamotrigine-induced hypersensitivity
syndrome in a Han Chinese patient with the
HLA-B*5801 genotype. Neurol. Sci.
doi:10.1007/510072-012-0947-7 (2012)
(Epub ahead of print).

Kaniwa N, Saito Y, Aihara M et al.
HLA-B*I511 is a risk factor for
carbamazepine-induced Stevens—Johnson
syndrome and toxic epidermal necrolysis in
Japanese patients. Epilepsia 51, 2461-2465
(2010).

Ikeda H, Takahashi Y, Yamazaki E ez al.
HLA Class I markers in Japanese patients
with carbamazepine-induced cutaneous
adverse reactions. Epilepsia 51, 297-300
(2010).

Ko TM, Chung WH, Wei CY et al. Shared
and restricted T-cell receptor use is crucial for
carbamazepine-induced Stevens—Johnson
syndrome. /. Allergy Clin. Immunol. 128,
1266-1276.e11 (2011).

Key in vitro study that establishes the key
role of the T-cell receptor in the pathogenic
mechanism of SJS/TEN and explains why
some HLA-B*1502 carriers are tolerant to

carbamazepine.

Pichler W], Naisbitt DJ, Park BK. Immune
pathomechanism of drug hypersensitivity
reactions. J. Allergy Clin. Immunol. 127,
S74-S81 (2011).

Pollard RB, Robinson P, Dransfield K. Safety
profile of nevirapine, a nonnucleoside reverse
transcriptase inhibitor for the treatment of
human immunodeficiency virus infection.

Clin. Ther. 20, 1071-1092 (1998).

future science group

76

77

78

79

80

81

82

83

84

85

86

87

88

HLA & pharmacogenetics of drug hypersensitivity

Gangar M, Arias G, O’Brien JG, Kemper CA.
Frequency of cutaneous reactions on
rechallenge with nevirapine and delavirdine.
Ann. Pharmacother. 34, 839-842 (2000).

Taiwo BO. Nevirapine toxicity. /nz. J. STD
AIDS 17, 364-369; quiz 70 (20006).

Bersoff-Matcha SJ, Miller WC, Aberg JA et al.
Sex differences in nevirapine rash. Clin.

Infect. Dis. 32, 124-129 (2001).

Bonjoch A, Paredes R, Domingo P ez al.
Long-term safety and efficacy of nevirapine-
based approaches in HIV type 1-infected
patients. AIDS Res. Hum. Retroviruses 22,
321-329 (2006).

Gonzalez de Requena D, Nunez M,
Jimenez-Nacher I, Soriano V. Liver toxicity
caused by nevirapine. A/DS 16, 290-291
(2002).

Manfredi R, Calza L. Safety issues about
nevirapine administration in HIV-infected
pregnant women. /. Acquir. Immune. Defic.

Syndr. 45, 365-368 (2007).

Peters PJ, Stringer ], McConnell MS ez al.
Nevirapine-associated hepatotoxicity was not
predicted by CD4 count >250 cells/pl among
women in Zambia, Thailand and Kenya. HIV
Med. 11, 650-660 (2010).

Torti C, Costarelli S, De Silvestri A ez al.
Analysis of severe hepatic events associated
with nevirapine-containing regimens. CD4*
T-cell count and gender in hepatitis C
seropositive and seronegative patients. Drug

Saf- 30, 1161-1169 (2007).
Martin AM, Nolan D, James I ez al.

Predisposition to nevirapine hypersensitivity
associated with HLA-DRB1*0101 and
abrogated by low CD4 T-cell counts. AIDS
19, 97-99 (2005).

Vitezica ZG, Milpied B, Lonjou C et al.
HLA-DRBI1*01 associated with cutaneous

hypersensitivity induced by nevirapine and
efavirenz. AIDS 22, 540-541 (2008).

Yuan J, Guo S, Hall D ez al. Toxicogenomics
of nevirapine-associated cutaneous and
hepatic adverse events among populations of
African, Asian, and European descent. A/DS
25(10), 1271-1280 (2011).

Comprehensive genetic study investigating
different phenotypes of nevirapine
hypersensitivty, reporting several new
population- and phenotype-specific
associations with specific HLA alleles.
Littera R, Carcassi C, Masala A et al.
HLA-dependent hypersensitivity to
nevirapine in Sardinian HIV patients. A/DS
20, 1621-1626 (2006).

Gatanaga H, Yazaki H, Tanuma J ez al.
HLA-Cw8 primarily associated with
hypersensitivity to nevirapine. AIDS 21,
264-265 (2007).

www.futuremedicine.com

89

90

91

92

93

94

95

96

97

98

929

Gao S, Gui XE, Liang K ez al. HLA-
Dependent hypersensitivity reaction to
nevirapine in Chinese Han HIV-infected
patients. AIDS Res. Hum. Retroviruses 28(6),
540-543 (2011).

Chantarangsu S, Mushiroda T,
Mahasirimongkol S ez al. HLA-B*3505 allele
is a strong predictor for nevirapine-induced
skin adverse drug reactions in HIV-infected

Thai patients. Pharmacogenet. Genomics 19,

139-146 (2009).
Chantarangsu S, Mushiroda T,

Mahasirimongkol S ¢z al. Genome-wide
association study identifies variations in
6p21.3 associated with nevirapine-induced

rash. Clin. Infect. Dis. 53, 341-348 (2011).

The genome-wide association study
investigating nevirapine-induced rash, which
confirms the association with HLA-B*35 and
reports that polymorphism of the gene
CCHCRI are strongly associated with

nevirapine-induced rash.

Likanonsakul S, Rattanatham T, Feangvad S
et al. HLA-Cw*04 allele associated with
nevirapine-induced rash in HIV-infected Thai
patients. AIDS Res. Ther. 6,22 (2009).

Phillips E, Keane N, Blyth C ez a/. Both HLA
Class I restricted CD8" and Class II Restricted
CD4" T cells are implicated in the
pathogenesis of nevirapine hypersensitivity.
Presented at: 515t ICAAC, Chicago, IL, USA,
17-20 September 2011 (H1-1399¢).

Tiala I, Wakkinen J, Suomela S e a/. The
PSORSI locus gene CCHCRI affects
keratinocyte proliferation in transgenic mice.
Hum. Mol. Genet. 17, 1043-1051 (2008).

Tiala I, Suomela S, Huuhtanen J e 2/. The
CCHCRI (HCR) gene is relevant for skin
steroidogenesis and downregulated in cultured
psoriatic keratinocytes. J. Mol. Med. (Berl.)
85, 589-601 (2007).

Mahungu T, Smith C, Turner F ez al.
Cytochrome P450 2B6 516G-->T is associated
with plasma concentrations of nevirapine at
both 200 mg twice daily and 400 mg once
daily in an ethnically diverse population. H1V'
Med. 10, 310-317 (2009).

Chan SH, Tan T. HLA and allopurinol drug
eruption. Dermatologica 179, 32-33 (1989).

Hung SI, Chung WH, Liou LB ez al.
HLA-B*5801 allele as a genetic marker for
severe cutaneous adverse reactions caused by
allopurinol. Proc. Natl Acad. Sci. USA 102,
4134-4139 (2005).

Dainichi T, Uchi H, Moroi Y, Furue M.
Stevens—Johnson syndrome, drug-induced
hypersensitivity syndrome and toxic epidermal
necrolysis caused by allopurinol in patients
with a common HLA allele: what causes the

diversity? Dermatology 215, 86—88 (2007).

1303



100

101

102

103

104

105

106

107

108

109

110

Pavlos, Mallal & Phillips

Kaniwa N, Saito Y, Aihara M et al. HLA-B
locus in Japanese patients with anti-epileptics
and allopurinol-related Stevens—Johnson
syndrome and toxic epidermal necrolysis.

Pharmacogenomics 9, 1617-1622 (2008).

Tassaneeyakul W, Jantararoungtong T, Chen
P et al. Strong association between
HLA-B*5801 and allopurinol-induced
Stevens—Johnson syndrome and toxic
epidermal necrolysis in a Thai population.
Pharmacogenet. Genomics 19, 704—709
(2009).

Jung JW, Song W], Kim YS ez /. HLA-B58
can help the clinical decision on starting
allopurinol in patients with chronic renal
insufficiency. Nephrol. Dial. Transplant. 26,
3567-3572 (2011).

Kang HR, Jee YK, Kim YS ez al. Positive and
negative associations of HLA Class I alleles
with allopurinol-induced SCARs in Koreans.
Pharmacogenet. Genomics 21, 303-307
2011).

Lonjou C, Borot N, Sekula P ez al. A
European study of HLA-B in
Stevens—Johnson syndrome and toxic
epidermal necrolysis related to five high-risk
drugs. Pharmacogenet. Genomics 18, 99-107
(2008).

Lee MH, Stocker SL, Anderson J et al.
Initiating allopurinol therapy: do we need to
know the patient’s HLA status? Intern.
Med. ]. 42(4), 411-416 (2011).

Genin E, Schumacher M, Roujeau JC ez al.
Genome-wide association study of
Stevens—Johnson syndrome and toxic

epidermal necrolysis in Europe. Orphanet.

J. Rare Dis. 6,52 (2011).

Tohkin M, Kaniwa N, Saito Y ez al. A
whole-genome association study of major
determinants for allopurinol-related
Stevens—Johnson syndrome and toxic
epidermal necrolysis in Japanese patients.
Pharmacogenomics J. doi:10.1038/tpj.2011.41
(2011) (Epub ahead of print).

Gandhi G, Buttar BS, Albert L, Hasan Q,
Aggarwal RK. Psoriasis-associated genetic
polymorphism in North Indian population in
the CCHCRI gene and in a genomic segment
flanking the HLA-C region. Dis. Markers 31,
361-370 (2011).

Quinones-Lombrana A, Lopez-Soto A,
Ballina-Garcia FJ ez al. BAT1 promoter
polymorphism is associated with rheumatoid
arthritis susceptibility. /. Rheumatol. 35,
741-744 (2008).

Shibue T, Tsuchiya N, Komata T et al.
Tumor necrosis factor alpha 5’-flanking
region, tumor necrosis factor receptor II, and
HLA-DRBI polymorphisms in Japanese
patients with rheumatoid arthritis. Arthritis

Rheum. 43, 753-757 (2000).

1304

111

112

113

114

115

116

117

118

119

120

121

Colombo S, Rauch A, Rotger M ez al. The
HCP5 single-nucleotide polymorphism. a
simple screening tool for prediction of
hypersensitivity reaction to abacavir. /. Infect.

Dis. 198, 864-867 (2008).

Fellay J, Shianna KV, Ge D ezal. A
whole-genome association study of major
determinants for host control of HIV-1.
Science 317, 944—947 (2007).

Galvan CA, Elbarcha OC, Fernandez EJ,
Beltramo DM, Soria NW. Rapid HCP5
single-nucleotide polymorphism genotyping:
a simple allele-specific PCR method for
prediction of hypersensitivity reaction to
abacavir. Clin. Chim. Acta 412, 1382-1384
(011).

Migueles SA, Rood JE, Berkley AM ez al.
Trivalent adenovirus type 5 HIV recombinant
vaccine primes for modest cytotoxic capacity
that is greatest in humans with protective
HLA Class I alleles. PLoS Pathog. 7, 1002002
(2011).

Somkrua R, Eickman EE, Saokaew S,
Lohitnavy M, Chaiyakunapruk N.
Association of HLA-B*5801 allele and
allopurinol-induced Stevens Johnson
syndrome and toxic epidermal necrolysis: a
systematic review and meta-analysis. BMC

Med. Genet. 12, 118 (2011).

Nolan D. HLA-B*5701 screening prior to
abacavir prescription: clinical and laboratory
aspects. Crit. Rev. Clin. Lab. Sci. 46, 153-165
(2009).

Phillips EJ, Mallal SA. Pharmacogenetics of
drug hypersensitivity. Pharmacogenomics 11,
973-987 (2010).

Useful review outlining the prerequisites for
successful widespread integration of HLA
pharmacogenetic testing into routine

clinical care.

Park WB, Choe PG, Song KH ez al. Should
HLA-B*5701 screening be performed in every
ethnic group before starting abacavir? Clin.

Infect. Dis. 48, 365-367 (2009).

Sun HY, Hung CC, Lin PH ¢t 4/. Incidence
of abacavir hypersensitivity and its
relationship with HLA-B*5701 in HIV-
infected patients in Taiwan. /. Antimicrob.

Chemother. 60, 599—-604 (2007).
Martin MA, Klein TE, Dong BJ ez al.

Clinical pharmacogenetics implementation
consortium guidelines for HLA-B genotype
and abacavir dosing. Clin. Pharmacol. Ther.
91, 734-738 (2012).

Berka N, Gill JM, Liacini A, O’Bryan T,
Khan FM. Human leukocyte antigen (HLA)
and pharmacogenetics: screening for
HLA-B*57:01 among human
immunodeficiency virus-positive patients
from southern Alberta. Hum. Immunol. 73,
164-167 (2012).

Pharmacogenomics (2012) 13(11)

122

123

124

125

126

127

128

129

130

131

132

133

134

Parczewski M, Leszczyszyn-Pynka M, Wnuk
A et al. Introduction of pharmacogenetic
screening for the human leucocyte antigen
(HLA) B*5701 variant in Polish HIV-infected
patients. HIV Med. 11, 345-348 (2010).

Rauch A, Nolan D, Thurnheer C et al.
Refining abacavir hypersensitivity diagnoses
using a structured clinical assessment and
genetic testing in the Swiss HIV Cohort
Study. Antivir. Ther. 13, 1019-1028 (2008).

Wolf E, Blankenburg M, Bogner JR ¢z al.
Cost impact of prospective HLA-B*5701-
screening prior to abacavir/lamivudine fixed

dose combination use in Germany. Eur.

J. Med. Res. 15, 145-151 (2010).
Zucman D, Truchis P, Majerholc C, Stegman

S, Caillat-Zucman S. Prospective screening for
human leukocyte antigen-B*5701 avoids
abacavir hypersensitivity reaction in the
ethnically mixed French HIV population.

J. Acquir. Immune. Defic. Syndr. 45, 1-3
(2007).

Young B, Squires K, Patel P ez al. First large,
multicenter, open-label study utilizing
HLA-B*5701 screening for abacavir
hypersensitivity in North America. AIDS 22,
1673-1675 (2008).

Locharernkul C, Shotelersuk V, Hirankarn N.
Pharmacogenetic screening of carbamazepine-
induced severe cutaneous allergic reactions.

J. Clin. Neurosci. 18, 1289-1294 (2011).

Chen P, Lin JJ, Lu CS ¢z al. Carbamazepine-
induced toxic effects and HLA-B*1502
screening in Taiwan. N. Engl. J. Med. 364,
1126-1133 (2011).

Phillips EJ, Mallal SA. HLA-B*1502 screening
and toxic effects of carbamazepine. N. Engl.

J. Med. 365, 672; author reply 3 (2011).

Airo P, Scarsi M, Malagoli A ¢t al. The
convenience of flow cytometry for
HLA-B*5701 screening to prevent abacavir
hypersensitivity reactions. /. Acquir. Immune

Defic. Syndr. 51, 361-362 (2009).

Hammond E, Mamotte C, Nolan D, Mallal
S. HLA-B*5701 typing: evaluation of an
allele-specific polymerase chain reaction
melting assay. Tissue Antigens 70, 58—61
(2007).

Kostenko L, Kjer-Nielsen L, Nicholson I ez a/.
Rapid screening for the detection of HLA-B57
and HLA-B58 in prevention of drug
hypersensitivity. Tissue Antigens 78, 11-20
(2011).

Martin AM, Nolan D, Mallal S. HLA-B*5701
typing by sequence-specific amplification:
validation and comparison with sequence-
based typing. Tissue Antigens 65, 571-574
(2005).

Rodriguez-Névoa S, Cuenca L, Morello ]

et al. Use of the HCP5 single nucleotide
polymorphism to predict hypersensitivity

future science group



135

136

137

138

139

140

141

142

143

144

145

reactions to abacavir: correlation with
HLA-B*5701. ]. Antimicrob. Chemother. 65,
1567-1569 (2010).

Sanchez-Giron F, Villegas-Torres B,
Jaramillo-Villafuerte K ez al. Association of
the genetic marker for abacavir
hypersensitivity HLA-B*5701 with HCP5
1rs2395029 in Mexican Mestizos.
Pharmacogenomics 12, 809-814 (2011).

Badulli C, Sestini R, Sbarsi I ez al. Tag SNPs
of the ancestral haplotype 57.1 do not
substitute HLA-B*57.01 typing for eligibility
to abacavir treatment in the Italian population.

Pharmacogenomics 13, 247-249 (2012).
Maekawa K, Nishikawa J, Kaniwa N ez a/.

Development of a rapid and inexpensive assay
for detecting a surrogate genetic
polymorphism of HLA-B*58.01: a partially
predictive but useful biomarker for
allopurinol-related Stevens—Johnson
syndrome/toxic epidermal necrolysis in
Japanese. Drug Metab. Pharmacokinet.
doi:http://dx.doi.org/10.2133/dmpk.
DMPK-11-NT-120 (2012) (Epub ahead of
print).

Shear NH, Milpied B, Bruynzeel DP, Phillips
EJ. A review of drug patch testing and
implications for HIV clinicians. AIDS 22,
999-1007 (2008).

Ciristallo AF, Schroeder ], Citterio A e al. A
study of HLA Class I and Class II 4-digit allele
level in Stevens—Johnson syndrome and toxic
epidermal necrolysis. Int. J. Immunogenet. 38,

303-309 (2011).

Locharernkul C, Loplumlert J, Limotai C

et al. Carbamazepine and phenytoin induced
Stevens—Johnson syndrome is associated with
HLA-B*1502 allele in Thai population.
Epilepsia 49, 2087-2091 (2008).

Chang CC, Too CL, Murad S, Hussein SH.
Association of HLA-B*1502 allele with
carbamazepine-induced toxic epidermal
necrolysis and Stevens—Johnson syndrome in

the multi-ethnic Malaysian population. /nz.
J. Dermatol. 50, 221-224 (2011).

Kim SH, Kim M, Lee KW et al. HLA-B*5901
is strongly associated with methazolamide-
induced Stevens—Johnson syndrome/toxic

epidermal necrolysis. Pharmacogenomics 11,

879-884 (2010).

Roujeau JC, Huynh TN, Bracq C ez al.
Genetic susceptibility to toxic epidermal
necrolysis. Arch. Dermatol. 123, 11711173
(1987).

Chiu L, Hu M, Ng M ¢t al. Association
between HLA-B*58.01 allele and severe
cutaneous adverse reactions with allopurinol
in Han Chinese in Hong Kong. Br. /.
Dermatol. 167(1), 44—49 (2012).

Phillips EJ, Sanne I, Lederman M et al.
Associations between HLA-DRBA*0102,

future science group

146

147

148

149

150

151

152

153

154

155

156

157

HLA & pharmacogenetics of drug hypersensitivity

HLA-B*5801 and hepatotoxicity in patients
who initiated nevirapine containing regimens
in South Africa. Presented at: 18th Conference
on Retroviruses and Opportunistic Infections.
MA, USA 27 February—1 March 2011

(Paper #949).

Alfirevic A, Jorgensen AL, Williamson PR

et al. HLA-B locus in Caucasian patients with
carbamazepine hypersensitivity.
Pharmacogenomics 7, 813—818 (2006).

Romano A, De Santis A, Romito A ez al.
Delayed hypersensitivity to aminopenicillins
is related to major histocompatibility complex
genes. Ann. Allergy Asthma Immunol. 80,
433-437 (1998).

Hautekeete ML, Horsmans Y, Van
Waeyenberge C ez al. HLA association of
amoxicillin—clavulanate-induced hepatitis.

Guastroenterology 117, 1181-1186 (1999).

Lucena MI, Molokhia M, Shen Y ez al.
Susceptibility to amoxicillin-clavulanate-
induced liver injury is influenced by multiple
HLA Class I and II alleles. Gastroenterology
141, 338-347 (2011).

O’Donohue J, Oien KA, Donaldson P et al.
Co-amoxiclav jaundice. clinical and
histological features and HLA Class II
association. Gut 47, 717-720 (2000).

Singer JB, Lewitzky S, Leroy E ez al. A
genome-wide study identifies HLA alleles
associated with lumiracoxib-related liver
injury. Nat. Genet. 42, 711-714 (2010).

Kindmark A, Jawaid A, Harbron CG ez al.
Genome-wide pharmacogenetic investigation
of a hepatic adverse event without clinical
signs of immunopathology suggests an
underlying immune pathogenesis.
Pharmacogenomics J. 8, 186195 (2008).

Daly AK, Aithal GP, Leathart JB ez 4l.
Genetic susceptibility to diclofenac-induced
hepatotoxicity. contribution of UGT2B7,
CYP2C8, and ABCC2 genotypes.
Gastroenterology 132, 272281 (2007).

Daly AK, Donaldson PT, Bhatnagar P ez al.
HLA-B*5701 genotype is a major determinant
of drug-induced liver injury due to
flucloxacillin. Nat. Genet. 41, 816—819
(2009).

Spraggs CF, Budde LR, Briley LP ¢z al.
HLA-DQAI*02.01 is a major risk factor for
lapatinib-induced hepatotoxicity in women
with advanced breast cancer. /. Clin. Oncol.
29, 667-673 (2011).

Pellicano R, Ciavarella G, Lomuto M, Di
Giorgio G. Genetic susceptibility to fixed drug
eruption: evidence for a link with HLA-B22.
J. Am. Acad. Dermatol. 30, 52-54 (1994).
Pellicano R, Lomuto M, Ciavarella G, Di
Giorgio G, Gasparini P. Fixed drug eruptions
with feprazone are linked to HLA-B22. J. Am.
Acad. Dermatol. 36, 782-784 (1997).

www.futuremedicine.com

158

159

160

161

162

163

164

165

166

167

168

169

170

Ozkaya-Bayazit E, Akar U. Fixed drug
eruption induced by trimethoprim-
sulfamethoxazole: evidence for a link to
HLA-A30B13 Cwo6 haplotype. J. Am. Acad.
Dermatol. 45, 712—717 (2001).

Lieberman JA, Yunis ], Egea E ez al.
HLA-B38, DR4, DQw3 and clozapine-
induced agranulocytosis in Jewish patients
with schizophrenia. Arch. Gen. Psychiatry 47,
945-948 (1990).

Valevski A, Klein T, Gazit E ez al. HLA-B38
and clozapine-induced agranulocytosis in
Israeli Jewish schizophrenic patients. Eur.

J. Immunogenet. 25, 11-13 (1998).

Athanasiou MC, Dettling M, Cascorbi I ez al.
Candidate gene analysis identifies a
polymorphism in HLA-DQBI associated with
clozapine-induced agranulocytosis. /. Clin.

Psychiarry 72, 458—463 (2011).
Dettling M, Cascorbi I, Opgen-Rhein C,

Schaub R. Clozapine-induced agranulocytosis
in schizophrenic Caucasians: confirming clues
for associations with human leukocyte Class I

and II antigens. Pharmacogenomics J. 7,

325-332 (2007).

Diez RA. HLA-B27 and agranulocytosis by
levamisole. /mmunol. Today 11, 270 (1990).

Batchelor JR, Welsh KI, Tinoco RM ez al.
Hydralazine-induced systemic lupus
erythematosus: influence of HLA-DR and sex
on susceptibility. Lancer 1, 1107-1109 (1980).

Vedove CD, Del Giglio M, Schena D,
Girolomoni G. Drug-induced lupus
erythematosus. Arch. Dermatol. Res. 301,
99-105 (2009).

Kim SH, Choi JH, Lee KW ¢f a/. The human
leucocyte antigen-DRBI*1302-DQBI*0609-
DPBI*0201 haplotype may be a strong
genetic marker for aspirin-induced urticaria.

Clin. Exp. Allergy 35, 339-344 (2005).
Kim SH, Hur GY, Choi JH, Park HS.

Pharmacogenetics of aspirin-intolerant
asthma. Pharmacogenomics 9, 85-91 (2008).

Rodriguez-Perez M, Gonzalez-Dominguez J,
Mataran L, Garcia-Perez S, Salvatierra D.
Association of HLA-DR5 with
mucocutaneous lesions in patients with
rheumatoid arthritis receiving gold sodium

thiomalate. /. Rheumatol. 21, 41-43 (1994).

Speerstra F, Reekers P, van de Putte LB,
Vandenbroucke JP. HLA associations in
aurothioglucose- and p-penicillamine-
induced haematotoxic reactions in
rheumatoid arthritis. Zissue Antigens 26,
35-40 (1985).

Quiralte J, Sanchez-Garcia F, Torres M] ez al.
Association of HLA-DRI1 with the
anaphylactoid reaction caused by nonsteroidal
anti-inflammatory drugs. /. Allergy Clin.
Immunol. 103, 685-689 (1999).

1305



171

172

173

S45V1200 Pavlos, Mallal & Phillips

Garlepp M1, Dawkins RL, Christiansen FT.
HLA antigens and acetylcholine receptor
antibodies in penicillamine induced
myasthenia gravis. Br. Med. J. 286,
1442-1443 (1983).

Pachoula-Papasteriades C, Boki K, Varla-
Leftherioti M et /. HLA-A,-B, and -DR
antigens in relation to gold and
D-penicillamine toxicity in Greek patients
with RA. Dis. Markers 4, 35—41 (1986).
Maier LA, McGrath DS, Sato H ez al.
Influence of MHC Class I in susceptibility to

beryllium sensitization and chronic beryllium

disease. . Immunol. 171, 6910-6918 (2003).

174

Rosenman KD, Rossman M, Hertzberg V
et al. HLA Class II DPBI and DRBI
polymorphisms associated with genetic
susceptibility to beryllium toxicity. Occup.
Environ. Med. 68, 487—493 (2011).

175 Jonville-Bera AP, Crickx B, Aaron L,

176

Hartingh I, Autret-Leca E. Strontium
ranelate-induced DRESS syndrome: first two
case reports. Allergy 64, 658—659 (2009).

Musette P, Brandi ML, Cacoub P ez 4l.
Treatment of osteoporosis. recognizing and
managing cutaneous adverse reactions and

drug-induced hypersensitivity. Oszeoporos. Inz.

21, 723-732 (2010).

= Websites

201 Allele frequencies in worldwide populations.
www.allelefrequencies.net
(Accessed February 2012)

202 AIDS info.

www.aidsinfo.nih.gov

(Accessed February 2012)

iSAEC.

www.sacconsortium.org

(Accessed February 2012)

RegiSCAR.
http://regiscar.uni-freiburg.de/index.html
(Accessed February 2012)

203

204

1306

Pharmacogenomics (2012) 13(11)

future science group



