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Preface

With its roots in immunology and pharmacology, advancement in the science
of drug allergy and its application to clinical medicine has ultimately always
been heavily reliant on application of a broad range of investigative method-
ologies in humans rather than laboratory animal models. The variety of
chemically diverse pharmacological agents administered to patients is large
and continues to expand and with every new drug released, there is always
potential for adverse reactions, some of them allergic. This diversity in chem-
ical structure and pharmacological action together with the range of observed
adverse clinical responses; the need to access sufficient numbers of ade-
quately phenotyped patients to study; the necessity of collaborative inputs
from laboratory and clinic; and the variety of chemical, cellular, and clinical
methodologies needed ensured that progress in the field has generally fallen
short of the hoped-for insights. In fact, post the penicillin era when drug
allergy was given a much-needed structural perspective, at both the research
level and in terms of patient benefits this specialized section of allergic dis-
eases could not be said to have made great advances. There are a number of
reasons for this. In the first place, the seemingly perpetual confusion over
what constitutes an allergic reaction is something that affects many clinicians
as well as the public and the mass media. The term “allergy” continues to be
used inappropriately to refer to all sorts of nonimmune-based reactions to a
drug and, for many in the medical profession, this reflects a state of mind that
is not conducive to reporting/recording, diagnosing, and seeking to under-
stand the true nature of many drug-induced reactions. To reinforce this point,
attention is drawn to the 1970s and 1980s when the value of skin testing—
prick, intradermal, and patch—although widely advocated and promoted by
a few practitioners and aficionados, was not widely understood, appreciated,
and applied. Examples were the neglect of the skin test in the diagnosis of
drug allergies to anesthetic agents, drugs used in surgery, antibiotics, and
other antimicrobial drugs where attitudes to the test sometimes ranged from
the uninformed to cynicism of its scientific and clinical relevance. One only
needs to talk to anesthetists from that period who were aware of anaphylaxis
to neuromuscular blocking drugs to learn of the skepticism of skin testing by
many of their professional colleagues. To help overcome this problem,
research findings and leadership and instruction, for example, in the form of
issued practice parameters and standard operating procedures by the relevant
professional bodies, were needed. In anesthesia, this is, in fact, now being
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undertaken by Societe Francaises d’Anesthesie et de Reanimation, the
Association of Anaesthetists of Great Britain and Ireland, the British Society
of Allergy and Clinical Immunology, and the Scandinavian Society of
Anaesthesiology and Intensive Care Medicine, all of whom have issued clini-
cal practice guidelines. Over the whole broad area of drug allergy, the
European Network for Drug Allergy under the aegis of the European
Academy of Allergology and Clinical Immunology has published numerous
position papers on allergy practice over the last decade with emphasis, for
example, on standardization of methods for the diagnosis of drug allergies.

While acknowledging the sometimes under-appreciation of the problem of
drug allergy and the inadequacy of its diagnosis, a third inhibitory factor to
progress was probably inevitable. This relates to research directed at identify-
ing underlying mechanisms and improving patient outcomes for cell-mediated
drug-induced hypersensitivities such as the various cutaneous reactions rang-
ing from mild exanthemas to severe bullous eruptions. Knowledge of the
intricate cellular immune processes involved in antigen recognition, lympho-
cyte receptor repertoires, and the adaptive immune response as well as recog-
nition of the value and application of a pharmacogenetic approach needed to
progress to somewhere near their present levels of understanding before sig-
nificant inroads could begin to occur. In particular, understanding the role of
MHC restriction, drug-specific T cells, and the availability of improved geno-
typing technologies should significantly increase the chances of advancing
knowledge of the cellular hypersensitivity mechanisms and developing new
diagnostic and predictive tests. As advantage is increasingly being taken of
the results obtained from the extraordinary investigative activity directed at
defining cellular and molecular mechanisms of immune processes, chemical
approaches, used so effectively in the studies on penicillin and neuromuscu-
lar blocking drugs, are being less often utilized as biological and clinical
emphases dominate research efforts. The results of this neglect can be seen in
the dearth of detail available on the structures recognized by the cellular
immune system in delayed hypersensitivity responses. With increasing
employment of mass spectrometric characterizations, carefully selected syn-
thetic drug conjugates, and the realization that drugs may be recognized or
participate in immune processes in their free state, we can expect that this
situation may soon be remedied as investigators seek to expand their current
cellular preoccupation, much of it often speculative in nature, with a deeper
understanding of the fine structural features that determine allergenic recog-
nition in cell-mediated drug reactions.

With this background and perspective in mind, we set out here to identify
the most important culprit drugs implicated in immediate and delayed drug
hypersensitivities and to collate up-to-date information on classifications,
clinical features, diagnoses, underlying mechanisms, and structure—activity
relationships. Chapters dealing with the molecular and cellular mechanisms
of drug hypersensitivities, nonimmune-mediated sensitivities, and diagnostic
methods are presented as introductory material for in-depth treatises on the
B-lactam antibiotics, other antibiotics and antimicrobials, drugs used in anes-
thesia and surgery, opioid analgesics, corticosteroids, monoclonal antibodies
and other biologics, drugs used in chemotherapy, proton pump inhibitors,
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iodinated and gadolinium-based contrast media, and nonsteroidal anti-
inflammatory drugs. For the latter two groups of drugs where only some of
the adverse reactions are truly allergic in nature, discussions have been
extended to cover the more dominant and more often seen drug-induced sen-
sitivities or intolerances.

Readers with a historical perspective may be able to detect in this book the
influence of two past investigators who made important contributions to
hypersensitivity research. Each had widely different professional training,
research backgrounds, and clinical involvement, but both were well known
for their infectious, unrelenting enthusiasm and the pleasure they derived
from pursuing, over many years, original ideas and observations that were
very much their own. Time spent by the author in the 1970s in both laborato-
ries left a career-long imprint. In so many ways, the difficult Elvin Kabat in
the Columbia University College of Physicians and Surgeons, New York
Presbyterian Hospital, and the urbane Jack Pepys at the Brompton Hospital,
London, could not have been more different but both were undoubtedly
exceptional investigators, one in the laboratory relentlessly applying his
quantitative approaches and the other in the world of patients, exploiting the
diagnostic potential of, and promoting, one of the simplest technical proce-
dures ever employed in clinical work. The quantitative immunochemical
methodologies introduced and developed by the Landsteiner-Heidelberger
school of immunochemistry and so expertly applied and propagated by Kabat
in his classic text Kabat and Mayer’s Experimental Immunochemistry (C. C.
Thomas, Springfield, 1l) influenced a generation of immunologists and main-
tained a direct line back to Landsteiner and the origins of immunochemistry.
By the early 1950s in studies backed by the Office of the Surgeon General,
U.S. Army, Kabat had demonstrated a relationship between dextran struc-
tures and molecular weight and the propensity of the polysaccharides to pro-
voke systemic allergic reactions. This work ultimately led to a dramatic
90-fold reduction in dextran-induced anaphylactic reactions by pre-dosing
with a dextran monovalent hapten. Application of this competitive hapten
inhibition strategy, straight out of the Landsteiner—Heidelberger—Kabat quan-
titative immunochemical protocols, made dextrans easily the safest of all the
plasma volume expanders in use. Likewise, Pepys’ championing and applica-
tion of the specificity, sensitivity, and wide applicability of skin prick and
provocation testing, despite their apparent simplicity, aided understanding of
some important fungal-induced hypersensitivity diseases of the chest,
increased appreciation of the clinical value of the procedures, and empha-
sized their utility for research, diagnosis, and studies of mechanisms in clini-
cal immunology and allergology. Together with his original contributions
over many years in the field of occupational allergic diseases studying hyper-
sensitivity pneumonitis (extrinsic allergic alveolitis), his early contributions
to our understanding of the late reaction and the training of a constant stream
of visiting clinicians from all over the world, Pepys was also fascinated by
what often appeared to be hypersensitive responses to “small” molecules
including drugs and in his later years he began studies in this area. This was
after his earlier pioneering investigations into the sensitizing and allergenic
properties of platinum in refinery workers. This work, including the detection
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of IgE antibodies to platinum salts, was to prove a forerunner of later interest
in patient reactions to the important and heavily used platinum chemothera-
peutic drugs. The legacies of Elvin Kabat and Jack Pepys remain apparent
today in the originality of their scientific research and value of their clinical
contributions. To that can be added the many practitioners in laboratories and
clinics who pass on what they themselves learned from the enthusiastic tute-
lage of these too-often forgotten important early contributors to our knowl-
edge of hypersensitivity states.

In pursuing the authors’ own interests and research in drug allergies, some
of it recounted in this volume, we would like to acknowledge our enduring
collaboration with Dr Malcolm M. Fisher who introduced one of us to the
then mechanistically poorly understood problem of perioperative anaphy-
laxis to what, at the time, were called muscle relaxants. The long-standing
clinical interest by Dr Fisher provided all the necessary clinical background
and patient material for successful investigations of underlying mechanisms,
led on to the study of a range of other drug allergies, and ultimately the devel-
opment of a useful battery of routine in vitro drug allergy tests. In what was
aremarkably small manpower input over many years, we are indebted to Gail
Knowland in particular for her long-standing, versatile, and always reliable
input into all of the projects, to Dr David Harle for his sustained careful inves-
tigations and technical expertise, and, in later years, to Dr. Zhenjun Zhao
who, like all his fellow investigators, assiduously pursued the laboratory’s
quantitative approaches to mechanistic and diagnostic studies on a wide
range of poorly understood adverse drug reactions. Dr. John Redmond,
Dr. Mary Smal, Dr. Sue Cooney, and Dr. Alistair McCaskill had key roles in
the laboratory’s research on PAF mentioned here and the development of a
sensitive, high-throughput immunoassay for the mediator.

The inclusion in this book of some important photographs and figures was
greatly assisted by the generosity and cooperation of Professor S. R. Durham,
Dr. D. G. Ebo, Dr. J. S. Fok, Dr. D. Gin, Dr. F. Hasdenteufel, Professor R. J.
Heddle, Dr. A. Mar, Dr. P. A. J. Russo, Dr. R. Spiewak, Dr. F. C. K. Thien, and
Dr. S. Van Nunen.

Our intention has been to provide a scientifically based textbook with the
relevant chemical, immunological, pharmacological, biochemical, and,
where appropriate, pharmacogenomic information without losing the clinical
perspective that is, in any case, the stimulus and the need for studying drug
allergies in the first place. In addition to clinicians, other healthcare profes-
sionals, and researchers, the book has been aimed at undergraduate and grad-
uate courses in the biomedical sciences and to serve as a text for students of
medicine, pharmacy, nursing, and dentistry.

Finally, as with any subject still beset by many questions, alternative inter-
pretations and different priorities, some analyses, arguments, or conclusions
expressed here may not find universal acceptance. In such cases, we remain
open and ready to consider all comments in an ongoing effort to improve the
book and correct any errors.

Sydney, Australia Brian A. Baldo
Nghia H. Pham
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Adverse Reactions to Drugs
and Drug Allergy: Scope
of This Book

Abstract

In what is essentially a pharmacologically based classification of adverse
drug reactions (ADRs), unpredictable and dose-independent drug reac-
tions, designated type B reactions, include hypersensitivity responses
while those reactions designated as type A are predictable, dose-dependent,
and make up about 80 % of all ADRs. Previous exposure is not always a
prerequisite for allergic sensitization, and there are many instances where
reactions occur after initial contact with poorly reactive drugs that do not
bind to proteins. Risk factors for drug allergy can be divided into those that
are patient-related (age, sex, current diseases, previous exposure, genetic
factors) and those that are drug-related (nature and cross-reactivity of
drug, degree of exposure, route of administration). Genomic studies are
already helping to explain some ADRs, for example, the association in
Han Chinese of carbamazepine-induced Stevens—Johnson syndrome with
HLA-B*15:02 and the association of abacavir hypersensitivity in abacavir
hypersensitivity syndrome with HLA-B*57:01. It seems likely that mul-
tiple rather than single genes are involved in ADRs. Drug allergy studies
promise to provide significant insights into important areas of biomedical
investigation including cell recognition and interaction processes, rela-
tionships between receptors and effector pathways and mechanisms of
mediator actions.

severe and even life-threatening, necessitating

1.1 Adverse Drug Reactions

1.1.1 Definition

A major and seemingly ever-present risk of
pharmacotherapy is adverse drug reactions
(ADRs). Drug reactions occur frequently and
may need expert management. Reactions can be

the substitution or discontinuation of preferred
medications. An additional unwanted clinical
response in a sick patient already under treat-
ment constitutes extra burdens for the patient
and the managing physician. With approximately
5 % of patients developing adverse reactions
during drug therapy and up to 10 % said to react
in hospitals, this adds up to a significant public

B.A. Baldo and N.H. Pham, Drug Allergy: Clinical Aspects, Diagnosis, Mechanisms, Structure-Activity 1
Relationships, DOI 10.1007/978-1-4614-7261-2_1, © Springer Science+Business Media, LLC 2013
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health problem. The often quoted WHO
definition of an ADR, published 40 years ago, is
“a response to a drug that is noxious and unin-
tended and occurs at doses normally used in man
for the prophylaxis, diagnosis or therapy of dis-
ease, or for modification of physiological func-
tion.” Questioning this definition and in particular
the inclusiveness of the wording for minor reac-
tions, Laurence and Carpenter in A dictionary of
pharmacology and allied topics: Elsevier, 1998,
suggested: “A harmful or significantly unpleas-
ant effect caused by a drug at doses intended for
therapeutic effect (or prophylaxis or diagnosis)
which warrants reduction of dose or withdrawal
of the drug and/or foretells hazard from future
administration.” I.LR. Edwards of the Uppsala
Monitoring Centre, a WHO collaborating centre
for international drug monitoring, and J.K.
Aronson of the Radcliffe Infirmary, Oxford,
regard the WHO definition as vague, especially
with regard to the term “noxious,” ask just how
minor can an adverse reaction be, query the nar-
rowness of the term “drug” and disagree with
what they regarded as ambiguities in other pub-
lished definitions. To cover these perceived defi-
ciencies, Edwards and Aronson proposed their
own succinct definition: “An appreciably harm-
ful or unpleasant reaction, resulting from an
intervention related to the use of a medicinal
product, which predicts hazard from future
administration and warrants prevention or spe-
cific treatment, or alteration of the dosage regi-
men, or withdrawal of the product.”

The United States Food and Drug
Administration (FDA) states that any serious
adverse event should be reported to the FDA and
defines such an event as “any undesirable experi-
ence associated with the use of a medical prod-
uct in a patient.” The event is said to be serious
when the patient outcome is death, life-threatening,
hospitalization (initial or prolonged), disability
or permanent damage, congenital anomaly/birth
defect, required intervention to prevent perma-
nent impairment or damage (devices), and other
serious important medical events (e.g., allergic
bronchospasm, serious blood dyscrasias, or sei-
zures or convulsions that do not result in
hospitalization).

Adverse Reactions to Drugs and Drug Allergy: Scope of This Book

1.1.2 Terminology: Classification
of Adverse Drug Reactions
and the terms Hypersensitivity,
and Allergy

The study of ADRs falls within the discipline of
pharmacovigilance. In an early pharmacological
classification, ADRs were distinguished primar-
ily on the basis of dose-related and non-dose-
related reactions. These two types of reactions
were sometimes called types A and B, respec-
tively. Approximately 80 % or more of ADRs are
predictable, can be anticipated from the drug’s
pharmacological actions, are dose-dependent,
and resolve when the dose is reduced or with-
drawn. Unpredictable reactions, sometimes
called idiosyncratic drug reactions, are generally
unrelated to the drug’s pharmacological actions,
are independent of dose, and, even though they
usually resolve when treatment is stopped, reac-
tions sometimes progress. From about the early
1980s, three further reaction categories were
recognized, one related to dose and time and one
classified as delayed but divided into time-
related and withdrawal reactions. More recently,
a sixth category, “unexpected failure of therapy”
has been added. In some classifications of ADRs,
a seventh category G, “genetic reactions,” is
included. This essentially pharmacologically
based overall classification of ADRs, together
with some distinguishing features and examples
of drug reactions, are shown in Table 1.1.

For drug allergy, and for our purposes, an
immunological classification is more informative
and useful. The unpredictable and dose-
independent drug reactions, that is, type B reac-
tions, include the reactions that are said to be
hypersensitivity responses but also three catego-
ries of nonimmune drug sensitivities termed
pseudoallergy, idiosyncratic reactions and type B
intolerances. In Fig. 1.1, the four different cate-
gories of allergic reactions are referred to as
hypersensitivity reactions while the nonimmune
(or nonallergic) type B adverse drug reactions are
referred to simply as sensitivities. The term
“hypersensitivity” is somewhat problematic since
it has a long and well-established usage in
immunology and allergy but also a history of
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1.1 Adverse Drug Reactions

Table 1.1 Classification of adverse drug reactions

Reaction type

A. Augmented
pharmacologic effects®

B. Bizarre® (see Fig. 1.1)

C. Chronic (continuous)
effects

D. Delayed effects

E. End-of-treatment effects
(withdrawal effects)

F. Failure of therapy

G. Genetic reactions™?

Examples of reaction

Toxic (intolerant) reactions—e.g.,
serotonin syndrome to opioids,
antidepressants; digoxin toxicity
Side effects—e.g., bronchospasm to
B-blocker in hypertensive patient; dry
mouth to antidepressants

Immunologic reactions
Idiosyncratic reactions
Pseudoallergy
Intolerance

Corticosteroid-induced suppression
of hypothalmic—pituitary—adrenal axis
Renal papillary necrosis caused by
phenacetin

Carcinogenesis
Teratogenesis—e.g., vaginal
adenocarcinoma induced by
diethylstilbestrol

Opiate withdrawal syndrome
B-Blocker withdrawal

Resistance to drug action—e.g.,
resistant bacteria to antibiotic or
tumor to chemotherapy

Oral contraceptive dose too low

Abnormal drug metabolism due

to inherited factors (alleles

of P450 (CYP), N-acetyltransferase,
pseudocholin-esterase)

HLA-drug hypersensitivity
associations (e.g., abacavir,
carbamazepine, allopurinol)
Succinylcholine sensitivity
Porphyria

Said to account for ~80 % of ADRs
"There is evidence that some type B reactions are under genetic control
‘Exceptions exist, e.g., with type IV hypersensitivity skin reactions; responses to vaccines; desensitization with increas-

ing dosages of drug

4ADRSs likely to be multigenetic phenomena

Main features of reaction

— Majority of ADRs

— Common

— Predictable

— Usually dose dependent

— Related to pharmacologic reaction
of drug

— Low mortality

— Relatively uncommon

— Unpredictable

— Rarely dose dependent®

— Unrelated to drug’s pharmacologic
action

— High mortality

—  Uncommon

— Cumulative dose and long-term
exposure required

— Time-related. Apparent some time
after drug exposure

— Uncommon

— Usually dose-related

— Occurs with little or no delay after
withdrawal of drug

— Uncommon

— Common

— Usually dose-related

— May be caused by drug
interactions

— Abnormal drug metabolism
appears to be uncommon

— Pharmacogenomic studies still in
early stages

— Ethnicity seems to matter for some
drugs, e.g., carbamazepine

meaning different things to different people, and
this confusion is still apparent today. In 2001, the
European Academy of Allergology and Clinical
Immunology (EAACI) published a EAACI
Position Statement entitled, in part, “A revised
nomenclature for allergy.” After setting up a
Nomenclature Review Committee to review the
EAACI position statement, the World Allergy
Organization (WAO) set about promoting globally

what was described as acceptable nomenclature
for allergic diseases with the ultimate goal of
improving communication in the field of allergy.
Acknowledging that the nomenclature proposed
by the EAACI was based on reaction mecha-
nisms causing the signs and symptoms of allergic
disease and these mechanisms were usually
inflammatory, the WAO Nomenclature Review
Committee issued a revised nomenclature for
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Adverse Reactions to Drugs and Drug Allergy: Scope of This Book

ADVERSE DRUG REACTIONS

TYPE B
ALLERGIC NONIMMUNE DRUG SENSITIVITIES
Type I Type 1T Type 11T Type IV Pseudoaller Idiosyncratic Intolerence
hypersensitivity [ | hypersensitivity | | hypersensitivity | [ hypersensitivity &y reactions
Immediate . Immune Delayed Most reactions Malignant Tinnitus
IgE-mediated Cytotoxic complex Cell-mediated to NSAIDs hypothermia induced by
: . § . small doses
Penicillins Cephalosporins  Penicillins NSAIDs l?ilgeigr?:x?;:igflll }l;ledl;)[til:;ne aspirin
Cephalosporins  Penicillins Cephalosporins  Anti-microbials (m gl relaxants P
Antibacterials Quinine Sulfonamides Anti-convulsants uscle relaxants, Drug-induced

Neuromuscular
blocking drugs

Tetracycline

(carbamazepine)
Local anesthetics

opioids,
vancomycin,

Glu-6-PO,

dehydrogenase

Fig. 1.1 Classification of immune (allergic) and nonim-
mune sensitivities to drugs. The former are referred to
here as hypersensitivities and the latter as nonimmune or

allergy in 2003. Of its proposed definitions and
explanations, those dealing with the terms, hyper-
sensitivity, nonallergic hypersensitivity, and ana-
phylaxis can be considered contentious.
Anaphylaxis, and the proposed definition of it, is
discussed in Chap. 2. “Hypersensitivity” was
defined as “objectively reproducible symptoms
and signs initiated by exposure to a defined stim-
ulus at a dose tolerated by normal persons.”
“Sensitivity” was said to be an acceptable alter-
native in special circumstances. This definition of
hypersensitivity is inadequate. Apart from the
absence of any reference to the adverse nature of
a reaction, by omitting any mention of an immu-
nologic mechanism, the description flies in the
face of well entrenched, widely accepted, and
long-term usage. Firmly established, if not
ingrained, use of the labels “immediate hypersen-
sitivity” for IgE antibody-mediated, type I aller-
gic reactions and “delayed hypersensitivity” for
delayed-type, type 1V, or cell-mediated reactions
illustrates how the term hypersensitivity has
become synonymous with an immune reaction.
This is reinforced by the still accepted and com-
monly used classification where two other immune
mechanisms, antibody-dependent cytotoxic type

contrast media) deficiency anemia
(antimalarials,
sulfonamides)

nonallergic sensitivities or intolerances. Some drugs com-
monly involved in allergic reactions and a few examples
of nonimmune sensitivities are shown

II and immune complex-mediated type III hyper-
sensitivities, are included with the type I and type
IV hypersensitivities in the Gell and Coombs
classification of hypersensitivity reactions (see
Chap. 2). However, while this classification has
served allergists, clinical immunologists, and
researchers well for half a century, it is clear that
for some adverse drug reactions there are
responses that simply do not fit into the four Gell
and Coombs categories. Some reactions to con-
trast media and nonsteroidal anti-inflammatory
drugs (NSAIDs) are two examples that readily
spring to mind as well as skin reactions such as
alopecia, folliculitis, and hyperpigmentation.
With some of these drugs, reactions occur that
have an immune basis (viz., type I or type IV),
that is, they are true hypersensitivities, but in
other responses to drugs no immune mechanism
can be identified. For NSAIDs, the mechanism
underlying most adverse patient responses
appears to be drug-induced redirection of media-
tor synthesis in the arachidonic acid cascade from
the cyclooxygenase to the lipoxygenase pathway
with no antibody or immune cell involvement
(see Chap. 9). Showing some features of a hyper-
sensitivity response and usually presented to an
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1.1 Adverse Drug Reactions

allergist, clinical immunologist, or dermatologist,
it is not difficult to see why such responses are
commonly viewed as hypersensitive reactions,
but should the long-standing definition of
hypersensitivity be changed to accommodate
diverse drugs that exert their effects by a num-
ber of different mechanisms and where no com-
mon humoral or cellular immune basis of action
exists?

In defining “allergy,” the WAO describe it as “a
hypersensitivity reaction initiated by specific
immunologic mechanisms.” “Drug allergy” should
therefore only be used for an ADR where an
immunologic mechanism has been established. It
was further stated that: “When other mechanisms
can be proven, as in hypersensitivity to aspirin, the
term nonallergic hypersensitivity should be used.”
If a contrast medium, a NSAID, or any other agent
is known not to act via an immune mechanism or
if an immune basis of the reaction cannot be estab-
lished, the NSAID aspirin can indeed help in pro-
viding the appropriate terminology, not by the
suggested use of “nonallergic hypersensitivity”
but by the already commonly employed and clear
terms “aspirin sensitivity,” “aspirin-intolerant,” or
“aspirin-induced” (as in asthma). Thus, a patient
with asthma induced by (say) celecoxib would
simply be described as celecoxib-sensitive, or
intolerant to celecoxib, and the condition referred
to as celecoxib-induced asthma, celecoxib-intoler-
ant asthma, or celecoxib-exacerbated asthma.
A number of late, polymorphic reactions to drugs
with mechanisms still to be fully worked out occur
several days after administration. Reactions may
take the form of maculopapular eruptions, urti-
caria, fixed drug eruptions, acute generalized
exanthematic pustulosis, drug reaction (rash) with
eosinophilia and systemic symptoms (DRESS),
Stevens—Johnson syndrome, toxic epidermal
necrolysis, and vasculitis. Temporal relationships,
together with accumulating evidence for activated
CD4+ and CDS8+ activated lymphocytes from
lesions and the generation of drug-specific T cell
clones, suggest that these reactions are allergic
rather than due to direct toxicity.

In summary, and simply put, there seems to be
no compelling reason to alter an established and
widely understood definition that is fundamental

to the accepted scheme of classification of hyper-
sensitivity states. At present, the common feature
for grouping many different reactions with a
wide range of signs and symptoms into a broad
but unifying classification scheme is the immune
basis of each of the responses. Employment of
the terminology used for these responses should
not be stretched to accommodate reactions that
proceed by an entirely different mechanism. It
seems likely, however, that many currently inad-
equately researched and poorly understood drug
reactions will probably be shown to be allergic.
In the meantime, for reactions to drugs such as
NSAIDs, contrast media and many adverse skin
responses where it is already clear that immune
mechanisms are not involved, or where evidence
one way or the other is not yet available, the terms
“sensitivity” or “intolerance” should be used
instead of “hypersensitivity.”

1.1.3 Usage of the Term “Allergy”

Derived from the Greek words allos, meaning
other and ergon, meaning work, task, purpose
(or ergein, to work), the term allergy was intro-
duced in 1906 by the Austrian pediatrician
C.P. von Pirquet who seems to have thought of it
as a state of changed reactivity by the host, cov-
ering both an increase (hypersensitivity) and a
decrease (hyposensitivity) in the allergic
response. However, the word was not used to
mean hypersensitivity or immunity but as a term
for the response that could produce protective
immunity on the one hand or hypersensitivity
with its detrimental effects on the other. This is
different to today’s use where the word “allergy”
is restricted to specific hypersensitivity to for-
eign antigens, some of which are also toxic in
their own right (such as venoms) and some not
(such as foods). It is often said that the medical
profession, as well as the public and the media,
uses the term allergy inappropriately, loosely, or
too casually, and nothing short of a concentrated
educational campaign (which is unlikely to hap-
pen) will help to overcome this misuse. There is
a widespread tendency to consider a large variety
of drug-induced adverse systemic and local effects
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as allergic in nature due to lazy use of terminol-
ogy or lack of medical understanding of what
constitutes a true allergic response. It is not
uncommon, for example, to hear a wide range of
different responses to an administered drug,
from minor afflictions such as headache, dry
mouth, nausea, or syncope to cardiovascular and
CNS reactions, described as an “allergic reac-
tion.” This needs to be taken into account in any
analysis or consideration of drug allergy where a
wide coverage of many different drugs of differ-
ent pharmacological actions may need to be
reviewed. In addition to this pharmacological
diversity and nonallergic adverse responses, the
spectrum of true allergic reactions elicited by
drugs can range from a clear type I immediate
hypersensitivity reactions manifesting as cata-
strophic anaphylaxis with all or some of urti-
caria, angioedema, bronchospasm, and
cardiovascular collapse to mild IgE antibody-
mediated rhinitis or a mild and transient T cell-
mediated rash.

1.2 DrugAllergy

1.2.1 The Early Years

For the still incomplete construct of “Drug
Allergy,” activity can be seen to have been initi-
ated in 1907 when Wolff-Eisner surveyed the
site with the prediction that nonantigenic sub-
stances can induce dermatological sensitization
after combination with patients’ “self” proteins.
In the 1920s, Bloch and Steiner-Wourlisch,
Wedroff, Mayer, and then Landsteiner and
Jacobs (1935, 1936) subsequently cleared the
ground and put down the footings by demon-
strating sensitization of guinea pigs and humans
with simple chemicals. Although the explana-
tion for the formation of antigens from simple
reactive chemicals such as acyl chlorides and
acid anhydrides seemed satisfying, Landsteiner
was aware that for less reactive compounds, for
example, quinine, “a chemical interpretation is
not immediately to hand.” Two explanations
were advanced—conversion of unreactive
chemicals in vivo to reactive compounds able to
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combine covalently with protein and what
Landsteiner described as a “loose attachment”
to protein seen with, for example, salts of heavy
metals. Despite the contemporary demonstra-
tion of passive sensitization of normal animals
to simple chemicals with serum antibodies, the
existence of drug-reactive antibodies in subjects
allergic to drugs was generally discounted. The
prevailing view seemed to be that there was no
clear division between drug allergy and other
immunological manifestations. It took almost a
quarter of a century before the chemist and phy-
sician, Bernard Levine and others with their
work on penicillins (see Chap. 5), laid solid
foundations substantial enough to ultimately
support the necessary scientific chemical frame-
work that was to come. Progress was initially
slow but now the “finished” edifice promises to
be far more complex than Landsteiner and his
contemporaries could have imagined as special-
ist workers with specialized tools of the modern
era move in to expand structures and add the
necessary, and sometimes surprising, detail.

1.2.2 Drugs, Haptens, and Prior
Exposure

From the time of immunology’s earliest practitio-
ners, how the immune system recognizes and
deals with “small” molecules with molecular
weights less than 1 kDa has intrigued researchers.
Following earlier suggestions and results indicat-
ing that some small molecular weight chemicals
can sensitize skin after combination with host
proteins, Landsteiner and Jacobs demonstrated a
clear relationship between skin sensitizing capac-
ity and the chemical reactivity of haptens to cova-
lently bind to a carrier protein. While
Landsteiner’s landmark studies on hapten recog-
nition influenced generations of subsequent
investigators, recent progress in elucidating
mechanisms, both immune and pharmacological,
of some different drug intolerances promises to
expand our understanding of the body’s responses
to small antigens free of a macromolecular car-
rier. Note also the doubtful relevance of delayed
(contact) hypersensitivity studies in laboratory
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animals to human allergies, especially immediate
reactions. In addition, rodents are far from being
an ideal animal model for the human allergic
state since, apart from the guinea pig, they are not
always easy to sensitize and make allergic, the
spectra of mediators released and the end organ
responses to these mediators often differ from the
human responses, and homocytotropic antibodies
may differ and are not always of the IgE class.
The conundrum of previous exposure is also still
with us, and there are numerous examples of
allergic reactions to poorly reactive drugs where
no protein binding, either by the parent molecule
or any putative metabolite or degradation prod-
uct, can be demonstrated. Landsteiner believed
that previous exposure to an antigen is a prereq-
uisite for sensitization and an allergic response
but, even acknowledging the possibility of cross-
reactions, it is clear that this dogma of prior con-
tact does not always hold. Examples of this keep
cropping up as subsequent pages in this book
reveal. There seems to be little information on
what could be termed innate allergic sensitivity,
for example, “natural” IgE antibodies to some
allergens (including drugs) but its involvement in
some cases seems likely. For drug allergy, the
question of whether the allergic sensitivity to a
“small” organic molecule (usually prepared by
total synthesis and therefore not “natural” in any
sense) is genetically determined or derived from
natural exposure, remains of great intellectual
and practical medical interest. There are already
signs, however, that with application of modern
genetic technical approaches and insights, includ-
ing identification of HLA markers for drug-
induced hypersensitivities, progress in this area is
well underway in an atmosphere of significant,
but seemingly justified, expectation.

Just as conjugation of a small nonantigenic
molecule such as a drug to a macromolecular car-
rier is said to be a requirement for allergic sensi-
tization and subsequent reaction, multivalency of
the small molecule or hapten is said to be neces-
sary for detecting skin test sensitivity to drugs. In
practice, this is not always the case—drugs such
as trimethoprim, sulfamethoxazole, opioids
(diluted beyond their histamine-liberating con-
centrations), some contrast media, thiopentone

and particularly neuromuscular blocking drugs,
and sometimes f-lactams produce positive skin
reactions in allergic patients. In fact, the former
drugs are routinely used as free drugs in routine
diagnosis and some penicillins and cephalospo-
rins sometimes elicit clearer and more specific
skin reactions than the corresponding drugs in
conjugated form. This subject is considered in
forthcoming chapters.

1.2.3 Drug Allergies,
Hypersensitivities,
and Sensitivities (Intolerances)

In accordance with the definition of allergies pos-
sessing an immune basis, an allergic reaction to a
drug is mediated by antibody or cells of the
immune system. Thus, immediate type I IgE
antibody-mediated and delayed-type, type IV T
cell-mediated reactions to a drug are considered
true drug allergies. Type II antibody-mediated
(generally IgG or IgM) cytotoxic reactions with
complement involvement to drugs such as peni-
cillins, cephalosporins, quinine, and pyrazolones
and type III reactions mediated by soluble
immune complexes with antibodies mostly of the
IgG class to drugs such as penicillins, sulfon-
amides, and quinolones are seen as true drug
hypersensitivities. Where reactions to drugs pro-
ceed with no identifiable immune mediation,
such as occurs with nonsteroidal anti-inflammable
drugs and contrast media and with direct hista-
mine releasing agents such as opioids and neuro-
muscular blockers, responses are viewed here as
sensitivities or intolerances, not as hypersensi-
tivities and, therefore, not true allergic responses.

With true drug allergies defined as reactions
involving immune mechanisms, and bearing in
mind the ADRs covering the wide range of
reaction types set out in Table 1.1, it is to be
expected that the two lists of drugs (immune- verse
nonimmune-based) will be significantly different.
From a recent survey of nearly 3,700 patient
episodes analyzed for ADRs in hospital inpatients
in the UK, the drugs most frequently implicated in
provoking the reactions were, in order: loop diuret-
ics, opioids, systemic corticosteroids, inhaled
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RISK
FACTORS FOR DRUG ALLERGY
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DRUG-RELATED
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ciations first contact strepto-
kinase etc)

Fig.1.2 Patient-related and drug-related risk factors for drug allergies

beta-agonists, penicillins, oral anticoagulants,
cephalosporins, compound analgesics with opioid,
macrolide antibiotics, and low molecular weight
heparins. From the above list, a top ten compila-
tion of drugs causing true allergic reactions would
include only the penicillins, cephalosporins, pos-
sibly heparins, and the compound analgesics with
opioid if the analgesics were nonsteroidal anti-
inflammatory drugs, and perhaps, but not likely,
macrolide antibiotics and opioids.

1.2.4 Risk Factors for Drug Allergy

Risk factors for most patients and for most drugs
are not always identified or, at best, only vaguely
defined, and there is usually little certainty in try-
ing to anticipate a drug reaction. In recent years,
significant progress has been made with a very
small number of drugs (see, for example, abaca-
vir, Sects. 1.3 and 3.4.2), but these remain the
exception. In most cases, some broad risk factors
related to the patient and the drug (Fig. 1.2) are
considered, but this highlights our ignorance of the
subject and represents an early stage in the under-
standing of the subject of drugs and patient risk.
Hypersensitivity reactions appear to be less fre-
quent in children than adults and, in some surveys,
less frequent in the elderly. Epidemiological data

seem to indicate that female gender is a risk for
adverse drug reactions, especially cutaneous reac-
tions, but other surveys dispute this. Asthma is
associated with increased risk but the claim that
hypersensitivity iS more common in systemic
lupus erythematosus has not been confirmed.
Some drugs, particularly f-lactams like ampicillin
and amoxicillin and particularly in children, show
a temporal association between drug exposure
and rashes. It seems likely, however, that in most
cases the reaction is produced by the infectious
agent (e.g., in infectious mononucleosis) or by
interaction between the drug and the infectious
agent. Such responses do not appear to be immu-
nologically mediated. An increased risk of reac-
tions is seen in patients infected with herpesviridae
and HIV viruses, good examples being reactions
to cotrimoxazole, abacavir, or nevirapine in
patients with HIV infection. Atopic patients do
not show a higher rate of sensitization to drugs
but, once a reaction occurs, they are at increased
risk of it being serious, and this is also true for
uncontrolled asthmatics and patients with food
allergies. A few studies indicate that genetics and
ethnicity can be important in certain drug aller-
gies but the situation is certain to be complex with
multiple genes as well as environmental factors
involved. The search for associations between
drug allergies and human leukocyte antigens
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(HLA) of the major histocompatibility complex
(MHC) on chromosome 6 remains an active area
of investigation, and one might expect further dis-
coveries that help to distinguish at risk patients
before administration of a potential harmful drug
(see example of abacavir below). As so often seen
in immune responses, previous exposure to drugs
can also induce increased sensitivity and here the
question of cross-reactivity needs to be kept in
mind (see below). Note, however, as already
pointed out, there are many examples of reactions
occurring on first exposure as witnessed by reac-
tions to cotrimoxazole, quinolones, muscle relax-
ants, contrast media, and so on.

When examining drug-related risks, the nature
of the drug itself is the first and most obvious
consideration. A drug’s chemical properties, in
particular its molecular weight, structural com-
plexity, and chemical reactivity are relevant.
Protein reactivity of a drug is a special consider-
ation, and drugs that are themselves proteins such
as insulin, vaccines, biologics such as monoclo-
nal antibodies, interferons, etanercept, afliber-
cept, anakinra, streptokinase and the anticancer
agent L-asparaginase are already potential immu-
nogens and allergens. The dose of drug and the
duration and frequency of treatment with the
drug can affect the risk of reaction. High dosage
and prolonged administration may lead to higher
risk but again, this is not a hard and fast rule. If
anything, intermittent dosage seems more likely
to lead to sensitization and hence increased risk.
The route of administration of drug can have a
marked effect exemplified by the higher inci-
dence of anaphylaxis to a particular drug when
given intravenously. Intramuscular administra-
tion also carries a higher risk than subcutaneous
injection with the oral route being the safest.
However, sensitization and severe reactions can
also follow oral dosage. Topical application is
associated with a high incidence of sensitization
and should be completely avoided with some
drugs such as the antibiotics chloramphenicol,
penicillins, and neomycin. The same is true for
sulfonamides. Lastly, cross-reactivity generally
has a structural basis and it is unwise to prescribe
drugs or change medications without at least a
basic knowledge of the chemical structures of the

agents. This is particularly important with, for
example, the neuromuscular blocking drugs, the
B-lactams, sulfonamides, and pyrazolones where
clearly similar or identical structural groupings
have been implicated as allergenic determinants
in allergic recognition. Cross-sensitization may
also be important not only from an immuno-
chemical basis but also from the pharmacological
action of drugs, for example, NSAIDs where
structurally different drugs such as aspirin and
oxicams provoke sensitivity to COX-1 inhibitors
even though their chemical structures show
marked differences.

1.3 The Promise of
Pharmacogenomics for
understanding and managing
Adverse Drug Reactions
Including Drug Allergies

The application of genomics, the study of the
entire genome of an organism, together with
molecular genetics, promises to reduce some
adverse drug reactions in the future, improve
therapeutic outcomes, and help tailor individual
therapies. The variable clinical response to a drug
by different individuals is a major problem in
medicine since it can lead to both clinical failure
and adverse effects in individuals and subpopula-
tions of patients. The study of pharmacogenom-
ics is concerned with the relationship between
patients’ genes and their responses to drugs.
Pharmacogenomics offers one avenue toward
personalized medicine aimed at prescribing the
optimum drug at the optimum dose for each
patient. Pharmacogenetics had its initial impact
on drug therapy when the prolonged muscle
relaxation of succinylcholine experienced by
some patients was explained by an inherited
deficiency of a serum cholinesterase, and anti-
malarial-induced hemolysis was shown to be due
to inherited variants of glucose-6-phosphate
dehydrogenase (Fig. 1.1). More recently, the dis-
covery of genetic polymorphisms of the drug-
metabolizing enzyme cytochrome P450 2D6 or
CYP2D6 has led to the discovery of numerous
variant alleles at the CYP2D6 locus, many of
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which are associated with marked differences in
enzyme function. Almost 25 % of drugs are
metabolized by CYP2D6 and differences in
CYP2D6 activity and drug clearance of up to
40-fold can lead to severe adverse effects and
patients who do not respond to their drug
therapy.

Some examples of how pharmacogenomic
studies can provide invaluable insights into ADRs
are provided by the discoveries of the strong
association in Han Chinese of carbamazepine-
induced Stevens—Johnson syndrome and the
HLA-B*15:02 allele and myelotoxicity seen in
thiopurine methyltransferase-deficient patients on
azothioprine. Such discoveries have led to the US
FDA recommending genetic testing of patients
prescribed certain drugs and the employment of
labels containing pharmacogenomic information.
Abacavir hypersensitivity syndrome (AHS) pro-
vides another fascinating example of the contribu-
tion of genetic factors to the predisposition of
some individuals to drug-induced hypersensitiv-
ity reactions. Abacavir, a reverse transcriptase
inhibitor administered to patients infected with
human immunodeficiency virus-1 (HIV-1), can
provoke a potentially fatal multiorgan response,
AHS, involving fever, skin rash, and gastrointesti-
nal and respiratory symptoms in about 2-8 % of
patients. Investigations revealed a strong associa-
tion between abacavir hypersensitivity and the
well-defined 57.1 MHC ancestral haplotype
which comprises HLA-B*57:01, HLA-DR7, and
HLA-DQ3 with an odds ratio greater than 100.
Although early results indicated that HLA-
B*57:01 held promise as a screening test to pre-
vent AHS, some cases of AHS proved negative for
the HLA allele and low sensitivities of it for AHS
were seen in nonwhites. However, screening stud-
ies suggested that HLA-B*57:01 screening can
largely eliminate AHS, and patch testing was
found to distinguish patients with true immuno-
logically mediated AHS from false positives. It is
now known that HLA-B*57:01 has a negative
predictive value of 100 % for AHS confirmed by
patch testing across both white and black popula-
tions, and HIV treatment guidelines recommend
HLA-B*57:01 screening as part of the routine
care of patients before being prescribed abacavir.

Adverse Reactions to Drugs and Drug Allergy: Scope of This Book

An explanation of why abacavir is tolerated by
45 % of patients positive for HLA-B*57:01 is still
to be found but, in the meantime, a genetic screen-
ing test has been implemented globally as part of
primary HIV clinical practice. Basic studies in the
laboratory have revealed that AHS is specifically
restricted by HLA-B*57:01 and mediated by
CD8+ lymphocytes. This classic example of what
has become a successful translation of pharma-
cogenomics into the clinic under the direction of
lead investigator Simon Mallal in Western
Australia serves as a prototype study for other
drugs where genetic testing might be utilized for
the prevention of drug reactions. The recently elu-
cidated molecular basis of AHS is covered in
Chap. 3, Sect. 3.4.3.

In an interesting evaluation of the potential
role of pharmacogenomics in reducing the inci-
dence of ADRs, 22 variant allele articles were
reviewed and matched with 27 drugs frequently
implicated in ADRs from 18 ADR studies. Fifty
nine percent of the drugs are known to be metab-
olized by at least one enzyme with a variant allele
that causes poor metabolism whereas only
7-22 % of drugs randomly selected are metabo-
lized by a variant allele. The authors concluded
that drug therapy suited to an individual’s genetic
makeup might lead to significant reductions in
ADRs. As a logical extension of such findings, a
proposal to collect and utilize pharmacogenomic
information after regulatory approval of a drug
has been put forward. As part of surveillance
after a drug’s launch, patients taking the drug
would lodge a biological specimen (e.g., a blood
spot) and undergo a genetic scan. DNA compari-
sons between patients with and without ADRs
would then identify genetic markers that could
be used to identify patients at risk of an ADR to
the drug. The pharmacogenomic approach to
ADRs is now extending to some of the most
important medications with, for example, new
information on the frequently prescribed statin
drugs and warfarin, the anticoagulant widely
used to prevent thrombosis and thromboembolism.
The SLCO1B1 gene on chromosome 12 encodes
a transporting polypeptide that regulates hepatic
uptake of statins. Recently, common variants in
SLCOI1BI that are strongly associated with an
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increased risk of statin-myopathy have been
identified and an algorithm for estimating the
appropriate warfarin dose on both clinical and
genetic data has been developed.

Note, however, that it now seems more likely
that multiple rather than single genes are involved
in ADRs, and this may add greatly to the difficul-
ties of ultimately successfully applying these
approaches to the everyday clinical situation.

1.4 Improvements In Drug
Delivery and the Allergenicity

of Drugs

With increasing usage of different carrier sys-
tems to improve drug solubility, delivery, or sta-
bility, selected drug modifications may give rise
to some unanticipated and unwanted conse-
quences as well as the hoped-for improvement(s).
As more drug carriers such as cyclodextrins,
dendrimers, vesicles like liposomes and nio-
somes, liquid crystals, soluble polymers, and
micelles formed by self-assembly of amphiphi-
lic block copolymers, cell ghosts, and hydrogels
are employed for a wider variety of drugs,
carrier-induced changes including chemical
modifications, exposure, masking of structural
groupings, and altered orientation of groups may
occur. This will carry with it the possibility of
antigenic and allergenic changes as well as the
possibility of an additional allergenic contribu-
tion by the carrier molecule. Widely and heavily
used drugs such as p-lactams, neuromuscular
blockers, and many other commonly used oral,
injected, and topical medicaments are already
being formulated and/or marketed as drug-car-
rier complexes. With the cyclodextrins alone,
there were more than 45 drug-cyclodextrin
inclusion complexes approved in 2010.
Allergenic modification of the neuromuscular
blocker rocuronium by a chemically modified
y-cyclodextrin used to sequester the drug from
the neuromuscular junction to reverse neuro-
muscular blockade is discussed in Sect. 7.4.6.
The possibility of change in the allergic recogni-
tion of a known allergenic drug as well as appear-
ance of allergenic activity in drugs previously

n

not known to provoke allergic reactions needs to
be kept in mind in the planning of preclinical
drug safety assessments of those drugs modified
by efforts to improve drug delivery.

1.5 Scope of This Book
1.5.1 The Place of Drug Allergy
in Inmunology

Drug allergy has never been a topic given much
coverage by textbooks of immunology and the
subject, if considered at all by general allergy
texts, is often restricted to penicillin with no, or
scant, details provided on other drug allergies. In
two of the currently most widely studied and
respected immunology textbooks used at under-
graduate and graduate level and by medical stu-
dents, coverage in one is restricted to three
sentences on anaphylaxis to penicillin and, in the
other, to a short paragraph on the involvement of
penicillin in IgE-mediated reactions and type II
hypersensitivity responses. In the latter case, the
name of the only other drug mentioned is found
in the sentence: “Another drug that is known to
provoke anaphylaxis is the anesthetic hexame-
thonium.” To some extent, this situation can be
understood since many insights into mechanisms
of the allergic responses to a whole range of dif-
ferent drugs have occurred only in recent years.
Many of the well-established advances, even
simply the names of important culprit allergenic
drugs (e.g., cephalosporins, anesthetic agents,
and chimeric monoclonal antibodies), let alone
details of their allergenic properties, have yet to
find their way into the general immunological
and even some of the allergological literature.
Ultimately, improvements in diagnosis and treat-
ment should result from increased understanding
of the mechanisms underlying immediate and
delayed reactions and some nonimmune drug
intolerances. In the process, fundamental insights
into the recognition and handling by the immune
system of small (<1 kDa) usually synthesized,
nonprotein, non-carbohydrate molecules are
likely to be gained and to enter the mainstream
immunological literature.
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1.5.2 The Need for a Single Text
Book on Drug Allergy

At the research level, drug allergy is a mixture of
chemistry, immunology, pharmacology, and bio-
chemistry with increasing inputs in the labora-
tory from immunochemistry, cell biology,
molecular biology, and molecular genetics.
Although in the early development of research on
the immune response to chemicals, animal mod-
els were instrumental in the discovery and subse-
quent study of contact sensitivity and delayed
type hypersensitivity, allergy research has never
been far removed from human patients and the
clinical application of its findings. Reports of
advances in the understanding of diagnosis and
treatment of allergic reactions to drugs are likely
to be found in journals in any of the above-
mentioned disciplines as well as journals devoted
to allergy and the general medical literature. With
significant recent advances in our understanding
of the mechanisms underlying the induction,
development, and manifestations of the various
allergic and other drug sensitivities, now seems
to be an appropriate time to review, in one vol-
ume, the research and clinical developments
made since the first relevant publications
appeared just over a century ago. In other words,
there is a need for an integrated text that treats the
subject in its own right. In doing this, we have
pursued a straightforward approach that can be
summarized as follows:

e Classification and description of the various
drug-induced hypersensitivity and sensitivity
responses.

e Presentation of current knowledge of the
mechanisms underlying the various systemic
and cutaneous drug reactions including mech-
anisms of immediate, late, and delayed reac-
tions, type II and type III hypersensitivities,
and some important drug-induced sensitivities
lacking an immune basis.

e A comprehensive review of diagnostic
methods.

e In depth discussions of those groups of drugs
most frequently implicated in reactions—the
B-lactams; other antibacterials including
antibiotics, sulfonamides, trimethoprim, and
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chlorhexidine; anesthetic agents and drugs
used in surgery; NSAIDs; opioid analgesics;
iodinated and gadolinium-based contrast
media; therapeutic monoclonal antibodies and
some recombinant biologics used for therapy;
corticosteroids; a wide variety of drugs with
anti-neoplastic properties used in cancer ther-
apy; and proton pump inhibitors.

e Where appropriate, concentrations of drugs
for skin and challenge testing, photographs of
examples of important drug-induced cutane-
ous and cutaneous/systemic reactions, struc-
tural information, and relevant metabolic
pathways are presented. Treatments of drug-
induced reactions are beyond the scope of this
book and are not considered.

* At the conclusion of each chapter a “Further
reading” list of seminal/authoritative/innova-
tive publications is provided. In some cases,
an early seminal work, a particularly informa-
tive and/or comprehensive review, or an
advanced treatment of a subject is included.

Summary

e With approximately 5 % of patients develop-
ing ADRSs during drug therapy and up to 10 %
reacting to drugs in hospitals, ADRs are a sig-
nificant health problem.

e In what is essentially a pharmacologically
based classification of ADRSs, six or seven differ-
ent categories are recognized. Approximately
80 % of reactions are predictable, dose depen-
dent, and resolve upon withdrawal of drug.
Unpredictable reactions are generally unre-
lated to the drug’s pharmacological action,
are independent of dose, and usually resolve
when treatment stops.

e Unpredicted and dose-independent drug reac-
tions, known as type B reactions, include
hypersensitivity responses.

e “Allergy” is a much misused term. The well
entrenched and widely accepted term “hyper-
sensitivity” is reserved here for immune-based
reactions. Some nonimmune reactions such as
adverse reactions to NSAIDs and contrast media
are referred to as sensitivities or intolerances.
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Further Reading

e The foundations of modern allergy research
and practice were laid at the end of the nine-
teenth and first quarter of the twentieth centu-
ries and extended by the work of Landsteiner
and collaborators with their demonstration of
the sensitization of laboratory animals and
humans with simple reactive chemicals.

e Previous exposure is not always a precondi-
tion for allergic sensitization. There are
numerous examples of reactions to poorly
reactive drugs where no protein binding to the
parent drug, metabolites, or degradation prod-
ucts can be demonstrated.

e Type II antibody-mediated cytotoxic reactions
and type III reactions mediated by soluble
immune complexes are seen as true hypersen-
sitivity reactions.

» Risk factors for drug allergies can be divided
into those that are patient-related or drug-
related. The former group covers the influences
of age, sex, current diseases, previous exposure,
and genetic factors; the latter, cross-sensitivity/
reactions of drugs, nature of the drug, the degree
of exposure, and route of administration.

e The application of genomics promises to bet-
ter explain and ultimately reduce some ADRs.
Results so far have demonstrated the associa-
tion in Han Chinese of carbamazepine-
induced Stevens—Johnson syndrome with the
HLA-B*15:02 allele and the association of
abacavir hypersensitivity in AHS with
HLA-B*57:01.

* As a result of the latter findings, genetic
screening is now part of primary HIV clinical
practice.

e It seems likely that multiple rather than single
genes are involved in ADRs.

e Efforts to improve drug delivery may lead to
loss, or enhancement, of a drug’s former aller-
genicity, or the appearance of allergenicity in
a drug previously not implicated in allergic
reactions. This will need to be recognized in
preclinical assessments of drug safety.

e Studies of drug allergies have the potential of
providing insights into some important areas
of biomedical investigation including cell
recognition and interactive processes, rela-
tionships between receptors and effector and
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signaling pathways, mechanisms of action of
a variety of soluble mediators, and the genetic
bases of many adverse reactions to drug
molecules

* Drug allergy has been neglected in text books
of immunology and the time is right for the
subject to be presented in detail and with wide
coverage of its many aspects.
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Classification and Descriptions
of Allergic Reactions to Drugs

Abstract

Four types of hypersensitivities may be distinguished. Type I, or immediate
hypersensitivity, occurs within about 30 min, is IgE antibody-mediated,
and the allergic signs and symptoms are triggered by cross-linking of mast
cell-bound IgE which leads to mast cell degranulation and release of
inflammatory mediators. Drugs well known to cause type I reactions
include p-lactams, neuromuscular blockers, and some NSAIDs.
Anaphylactoid reactions may mimic the signs and symptoms of anaphy-
laxis but, unlike the latter reactions, anaphylactoid reactions are not
immune-mediated. Clinical manifestations of anaphylaxis include ery-
thema, urticaria, angioedema, bronchospasm, and cardiovascular collapse.
Urticaria is often associated with angioedema and anaphylaxis. ACE
inhibitors are responsible for one in six hospital admissions for angio-
edema. Types II and III hypersensitivities are known as antibody-dependent
cytotoxic and immune complex-mediated hypersensitivities, respectively.
Examples of drug-induced type II reactions are hemolytic anemia, throm-
bocytopenia, and granulocytopenia. A serum sickness-like reaction is the
prototype type III drug hypersensitivity. Type IV drug hypersensitivities
are mediated by antigen-specific T cells. Reactions occur 48-72 h after
antigen exposure and are therefore referred to as delayed. Examples of
delayed cutaneous reactions include allergic contact dermatitis, psoriasis,
FDE, AGEP, DRESS, SJS, and TEN.
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16 2 Classification and Descriptions of Allergic Reactions to Drugs

2.1 Hypersensitivity: The Early
Years—From Koch to Gell

and Coombs

The phenomena that constitute the basis of
hypersensitivity reactions were discovered, and
studies initiated, in the approximately 20-year
period between Robert Koch’s demonstration of
adelayed hypersensitivity reaction to the tubercle
bacillus in 1882 and the demonstrations of ana-
phylactic, Arthus, and serum sickness reactions
in the first decade of the twentieth century.
Having discovered the tubercle bacillus, Koch
showed that the delayed inflammatory response
to an intradermal injection of the organism could
indicate previous exposure to Mycobacterium
tuberculosis in an asymptomatic person. This
response became known as the tuberculin reac-
tion and, as the Mantoux test, is recognized today
as the classical and best known example of a
delayed hypersensitivity reaction. Continuing
studies initiated with P. Portier in 1902, Charles
Richet by 1907 had shown that numerous pro-
teins in small doses could provoke not “phylaxis”
or protection, but “anti-protection” or what he
termed “anaphylaxis,” and this state could be
passively transferred to a normal animal by
serum. In the first demonstration of the reaction
which came to bear his name, N.M. Arthus in
1903 produced erythematous and edematous
reactions in rabbits after repeated injections of
horse serum, and in 1906, von Pirquet and Béla
Schick demonstrated the immune complex-
mediated serum sickness reaction (see Sects. 2.2.3
and 3.8) so named because it sometimes occurred
following the administration of antisera prepared
in horses (e.g., anti-pneumococcal antisera).
Despite Landsteiner’s initial conviction that
cell-bound antibody was the cause of contact
sensitivity, Chase’s experiments in 1941-1942
transferring “sticky,” unclarified peritoneal exudate
from guinea pigs sensitized by hapten—stromata
conjugate with Freund’s complete adjuvant led to
the discovery that viable cells from the perito-
neum, lymph nodes, and spleen-mediated contact
sensitivity and tuberculin reactivity. It was then a
further 21 years before Gell and Coombs produced

their classification of hypersensitivity reactions
based on the immune mechanisms underlying
the different reactions, that is, the latency of
reactions, humoral or cellular involvement, com-
plement involvement, and pathophysiological
consequences for the host.

2.2 (lassification
of Hypersensitivity Reactions

A number of arguments have been voiced over the
years against the Gell and Coombs classification
and published criticisms include its alleged too
narrow focus on the deleterious consequences to
the host, that some antigens such as drugs do not
fit well into the categories, and that the classifica-
tion scheme should be simplified to pseudo-
allergic, antibody-mediated, and cell-mediated
reactions. More recently, subdivisions have been
suggested for type IV reactions. We believe that
the existing classification has deficiencies but,
with mechanism-based categories, it remains,
overall, the simplest, most valid, and most logical
way of distinguishing the host’s immune sensitivi-
ties. Four types of hypersensitivity reactions, des-
ignated types L, II, III, and IV, are distinguished.

2.2.1 Type |l Hypersensitivity

Type I hypersensitivity is also known as immedi-
ate, or sometimes anaphylactic, hypersensitivity.
Responses usually occur within 30-60 min but
can be extremely quick (within minutes) and dra-
matic as in anaphylaxis. In some cases a late
onset reaction may occur about 3 or 4 h after
allergen exposure and the immediate reaction.
This late phase reaction generally peaks at about
6—12 h and subsides at about 24 h (see Sect. 3.3).
Immediate reactions can affect a single organ
such as the skin (urticaria, eczema), eyes (con-
junctivitis), nasopharynx (allergic rhinitis),
mucosa of mouth/throat/tongue (angioedema),
bronchopulmonary tissue (asthma), and gastroin-
testinal tract (gastroenteritis) or multiple organs
(anaphylaxis), causing symptoms ranging from
minor itching and inflammation to death.
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Immediate hypersensitivity is mediated by IgE
antibodies interacting with mast cells and baso-
phils (Sect. 3.2) and with eosinophils, platelets,
and neutrophils amplifying the response. IgE
antibodies bind to their complementary FceRI
receptors on mast cells via their Ce3 region leav-
ing both antibody combining sites free to interact
with the complementary allergenic determinants.
This interaction causes cross-linking of the cell-
bound antibodies leading to degranulation of the
anchoring mast cells and release of the variety of
preformed, and then newly formed, mediators of
inflammation and hypersensitivity.

Drugs well known for causing type I allergic
reactions include penicillins, cephalosporins, qui-
nolones, chlorhexidine, neuromuscular blocking
drugs, some nonsteroidal anti-inflammatory drugs
(NSAIDs) such as pyrazolones, trimethoprim,
sulfamethoxazole, proton pump inhibitors, heparin,
insulin, L-asparaginase, etanercept, and chimeric
human—-animal monoclonal antibodies used for
therapy, but it is uncommon to find a drug at least
moderately used that has not provoked an anaphy-
lactic reaction in at least one rare individual.

2.2.1.1 Anaphylaxis to Drugs

It seems that every new drug administered to
humans has the potential to provoke an anaphy-
lactic response, and the likelihood of such a
response therefore increases with increased
administration. Unfortunately, while the signs
and symptoms of what is commonly termed
“anaphylactic shock™” seem clear enough, inci-
dences of anaphylaxis in different countries and
to different drugs, as well as the terminology
used for reactions is often far from consistent.

2.2.1.1.1 Terminology

For many years, two terms, “anaphylaxis” and
“anaphylactoid,” have been used to describe rela-
tively rare reactions that have features commonly
associated with severe immediate, often life-
threatening, allergic reactions. These two terms
are distinguished by the underlying mechanisms
of the reactions. The term anaphylaxis is used by
many for an immune IgE antibody-mediated,
systemic immediate type I hypersensitivity reac-
tion, often occurring within seconds or minutes,
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involving the release of potent allergic and
inflammatory mediators from mast cells and
basophils and producing at least some of the
signs and symptoms of severe immediate reac-
tions such as cardiovascular symptoms (tachy-
cardia, hypotension, cardiovascular collapse),
respiratory involvement (dyspnea, broncho-
spasm, wheeze), gastrointestinal symptoms (nau-
sea, vomiting, abdominal pain), and cutaneous
manifestations (urticaria, angioedema, erythema,
pruritus). With the knowledge that some agents
induce anaphylaxis via an IgG antibody-mediated
mechanism, for example, as occurs in some
responses to dextrans (and an IgG-mediated
pathway to anaphylaxis is known in some labora-
tory animals such as mice), the wording “IgE
antibody-mediated” in the definition above is
more correctly replaced by, simply, “antibody-
mediated.” The term anaphylactoid is used for
reactions that may show clinically similar or even
identical signs and symptoms but where no
immune-mediated mechanism can be shown, for
example, reactions caused by direct mast cell
degranulation induced by drugs such as vanco-
mycin, opioids, or contrast media.

In 1998 in the USA, a Joint Task Force on
Practice Parameters for Allergy and Immunology
defined anaphylaxis as an “immediate systemic
reaction caused by rapid, IgE-mediated immune
release of potent mediators from tissue mast cells
and peripheral basophils.” Anaphylactoid reac-
tions were seen as mechanistically different and
said to “mimic signs and symptoms of anaphy-
laxis, but are caused by non-IgE-mediated release
of potent mediators from mast cells and baso-
phils.” By 2004 when the National Institute of
Allergy and Infectious Diseases (NIAID) and the
Food Allergy and Anaphylaxis Network (FAAN)
cosponsored a symposium on the definition and
management of anaphylaxis, the existing mecha-
nistic definition of anaphylaxis was judged to be
“of marginal utility” to the physician and other
health care personnel when faced with “the vari-
able constellation of signs and symptoms of this
disorder.” In a second symposium in 2005 the
NIAID and FAAN brought together allergists,
immunologists, pediatricians, emergency and inten-
sive care physicians, internists, and pathologists
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together with representatives from the profes-
sional bodies in Canada, Europe, and Australia to
(among other aims) work toward a universally
accepted definition of anaphylaxis and establish
clinical criteria to accurately identify cases of
anaphylaxis. The definition of anaphylaxis that
emerged from this gathering was: “Anaphylaxis
is a severe, potentially fatal, systemic allergic
reaction that occurs suddenly after contact with
an allergy-causing substance.” For a definition
that would be useful to both the medical and lay
communities, anaphylaxis was defined as “a seri-
ous allergic reaction that is rapid in onset and
may cause death.” For the researcher, and those
practicing clinical medicine but perhaps not for
the layman, it is hard to see how these definitions
are an improvement or more useful than the for-
mer ones.

As mentioned in Chap. 1, in 2003, the
Nomenclature Review Committee of the World
Allergy Organization (WAO) defined anaphy-
laxis (which they referred to as an “umbrella
term”) as “a severe, life-threatening generalized
or systemic hypersensitivity reaction.” It was fur-
ther stated that “the term allergic anaphylaxis
should be used when the reaction is mediated by
an immunological mechanism, e.g., IgE, IgG,
and immune complex complement related” and,
“an anaphylactic reaction mediated by IgE anti-
bodies, such as peanut-induced food anaphylaxis,
may be referred to as IgE-mediated allergic ana-
phylaxis.” Lastly, “anaphylaxis from whatever
nonimmunologic cause should be referred to as
nonallergic anaphylaxis.” As with the WAO sug-
gested changes to the definition of hypersensitiv-
ity and introduction of the term “non-allergic
hypersensitivity,” (see Chap. 1, Sect. 1.1.2), the
proposed definition of anaphylaxis is not only
unnecessary but inadequate and the distinction of
anaphylaxis into “IgE-mediated allergic” and
“nonallergic” is needlessly complicating, cum-
bersome, and redundant. To move away from a
mechanistic definition in defining anaphylaxis
for professionally trained workers in medicine
and science in an age when scientific progress is
influencing clinical medicine to an unprecedented
extent, seems to be a step backward. There seems
to be much to gain by encouraging physicians to

think more mechanistically of their art. If ana-
phylaxis is defined in terms of being a systemic,
rapidly proceeding, immune-based immediate
reaction involving potent mediators released
from mast cells and basophils and producing a
range of clearly defined profound clinical effects,
the addition of descriptors such as “allergic,”
“IgE-mediated allergic,” and “nonallergic” to the
word anaphylaxis becomes completely unneces-
sary. Anaphylaxis has, over many years, come to
be known as an allergic reaction mediated by
IgE. Hence, the terms “allergic anaphylaxis,”
“IgE-mediated allergic anaphylaxis” and “nonal-
lergic anaphylaxis” each have added words that
are redundant or are a contradiction in terms. It
then follows that “anaphylactoid” is a suitable
and convenient term to cover those immediate
systemic reactions that mimic anaphylaxis but
are not immune-mediated and, with the stipula-
tions and distinctions outlined above in mind,
reactions will be referred to either as anaphylac-
tic or anaphylactoid throughout this book.

2.2.1.1.2 Incidence of Anaphylaxis

The incidence of all causes of anaphylaxis in
Western countries is estimated to be from about
8 to 50 per 100,000 persons per year with 3—4 %
hospitalized and a lifetime prevalence of
0.05-2 %. In one retrospective Danish study of
anaphylaxis over a 13-year period outside hospi-
tal in a catchment area of 48,000 subjects, an
incidence of 3.2 cases per 100,000 persons per
year was found. Of the 20 cases of anaphylaxis
identified, seven were provoked by oral penicil-
lin and three by oral aspirin, indicating that ana-
phylaxis to penicillin in the non-hospital
environment was more common than thought.
A retrospective population-based cohort study of
1,255 US residents in one county over a 5-year
period revealed an incidence of anaphylaxis of
30 per 100,000 persons per year with an average
annual incidence rate of 21 per 100,000 person-
years. Drugs, along with foods and insect stings,
were the main causes. In a prospective study of
432 Australian patients, medication was the
cause in 8.3 % of cases. Minimum occurrence
and incidence of new cases were estimated to be
12.6 and 9.9 episodes per 100,000 patient-years,
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respectively. An analysis of anaphylaxis admis-
sions to UK critical care units between 2005 and
2009 revealed 1,269 adult and 81 pediatric
admissions representing 0.3 % of admissions to
adult units and 0.1 % of admissions to pediatric
units. The data showed that hospital admission
rates for anaphylaxis have increased sevenfold in
the last two decades and the absolute numbers of
both adults and children rose year-on-year. The
authors remarked that drug-triggered reactions
are more common in older people and concluded
that each UK critical care unit is likely to see at
least one anaphylaxis case per year.

A large proportion of anaphylactic reactions is
due to drugs. In hospitalized patients the preva-
lence is said to be 3 in 10,000 with deaths
occurring in 3-9 % of patients. The overall inci-
dence and the mortality of anaphylaxis induced
by drugs are not known but figures are available
for some individual drugs or groups of drugs in
some localities. Most data over the years for inci-
dences of anaphylaxis to a single drug (or group
of drugs) have been for penicillins with published
estimates of approximately one reaction for every
10,000 prescriptions and 15-40 reactions per
100,000 persons. During the 1960s and 1970s
penicillins were often claimed to be the most
common cause of drug-induced anaphylaxis in
the US and that may still be the case today.
Reactions to contrast media and blood-volume
replacement fluids have been reported in one of
every 600 and 400 persons, respectively, receiv-
ing the drugs. More detail of incidences of ana-
phylaxis to other drugs are to be found in the
chapters on the different drug groups. In a
population-based case—cohort study in The
Netherlands, a drug was found to be the causative
agent in 107 of 252 cases of suspected anaphy-
laxis classified as “causal relationship certain” or
“causal relationship probable.” Of the 107 cases,
19 % were caused by the NSAID glafenine, 11 %
by amoxicillin, 7 % for each of diclofenac and
acetaminophen and 6 % for propyphenazone. In
fact, at least 42.6 % of the 107 cases of possible/
probable cases of anaphylaxis were due to a
NSAID (27 miscellaneous drugs each causing
one reaction were not named). Perhaps the most
reliable data available on incidences of drug-
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induced anaphylaxis are the figures for drugs
used perioperatively. Published incidences of
anaphylactic and anaphylactoid reactions include
1 in 5,000-13,000 for Australia, 1 in 1,250-5,000
for New Zealand, 1 in 3,500 for England, 1 in
5,000 in Thailand, and 1 in 4,600 in France. By
far the biggest contributor to anaphylaxis alone
(that is, with anaphylactoid reactions not
involved) during anesthesia is the group of neuro-
muscular blocking drugs. Reported incidences to
these drugs are 1 in 10,000-20,000 Australia, 1
in 5,500 France, 1 in 5,200 Norway, 1 in 10,263
Spain, 1 in 5,500 Thailand and approximately
500 cases per year in the UK. Of the drugs impli-
cated in anaphylaxis, the most complete and reli-
able data on incidences of reactions are those
obtained from studies of perioperative anaphy-
laxis in Australia and France. A breakdown of the
main drugs responsible for anaphylaxis during
anesthesia in Australia and France shows the fol-
lowing incidences of reactions (as percentages,
Australian figures first): neuromuscular blockers
61.9, 58.1; induction agents 10.4, 2.3; antibiotics
8.6, 12.9; colloids 4.6, 3.4; opioids 2.6, 1.7 (see
also Table 7.1).

2.2.1.1.3 Clinical Features of Drug-
Induced Anaphylactic Reactions

In the Dutch study discussed above in which 43
different drugs were implicated in causing at
least one anaphylactic reaction, the main symp-
toms seen in the patients admitted to hospitals
were (in decreasing order of occurrence) ery-
thema, angioedema, hypotension, bronchospasm,
pruritus, urticaria, nausea/vomiting, tachycardia,
loss of consciousness, diarrhea, upper airways
symptoms, conjunctivitis, laryngeal edema,
abdominal pain, and bradycardia. Erythema was
seen in 57 % of patients, angioedema in 51 %,
hypotension in 36 %, bronchospasm and pruritus
in 35 %, urticaria in 31 %, tachycardia in 19 %,
and bradycardia in 4 %. For drug-induced ana-
phylactic and anaphylactoid reactions, however,
it is the perioperative data accumulated over
many years by Fisher and Baldo in Australia and
by the Laxenaire and Mertes groups in France
(see Fig. 7.2) that is the most informative. As
emphasized by the former workers, the list of
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Table 2.1 Clinical features in 315 patients with life-threatening anaphylaxis to anesthetic drugs

Total

Clinical features Number %
Cardiovascular collapse 283 89.8
Bronchospasm

Severe 52 16.5

Transient 50 15.9
Angioedema 73 232
Urticaria 43 13.7
Rash 42 133
Erythema 151 47.9
Gastrointestinal symptoms 30 9.5
Pulmonary edema 11 35
Generalized edema 15 4.8

Worst feature Sole feature

Number % Number %
251 79.7 33 10.5
52 16.5 10 3.2
4 1.3 4 1.3
3 1.0 1 0.3

Other major common features: vomiting, diarrhea, laryngeal edema

Uncommon major features: cardiac failure, disseminated intravascular coagulation, hemoptysis, melena
Minor features: rash, flush, rhinitis, cough, lacrimation, urticaria, pruritus, aura, conjunctivitis

Late features: headache, thromboembolism, edema, wound hematoma, vaginal discharge

Data adapted from Fisher M, Baldo BA. Eur J Anaesthesiol 1994;11:263 and Med J Aust 1988;149:43

complete signs and symptoms (Table 2.1) does
not appear in every patient; cardiovascular col-
lapse is the most common symptom and usually
the worst; in addition to cardiovascular collapse
there is usually at least one other sign; asthmatic
patients who experience anaphylaxis usually get
bronchospasm; and a transient bronchospasm or
difficulty in inflating the lungs is often seen as the
first sign of a reaction. Note that when the prob-
lem of lung inflation persists, it is often the most
difficult feature to reverse. Cardiovascular col-
lapse, the most common life-threatening feature,
is due to vasodilation and the pooling of periph-
eral blood which reduces the venous return and
the cardiac output. Whether the heart is a target
organ in anaphylaxis in humans as it is in some
other animals is still not clear. Cardiac failure
occurs in anaphylactic patients with cardiac
disease but rarely in patients with normal cardiac
function. Table 2.1 indicates that when broncho-
spasm is severe, it is usually the worst feature and
the sole feature in about 20 % of the cases.
Bronchospasm may be critical since the high
pressures needed for inflation reduce venous
return and may increase ventricular compliance.
Angioedema, which involves the head, neck, and
upper airways, usually progresses slowly and it is
therefore prudent to observe the patient for at

least 12 h. Gastrointestinal symptoms include
severe abdominal pain, vomiting, diarrhea,
hematemesis, and melena and last up to 6 h. Non-
cardiogenic pulmonary edema, which occasionally
occurs as a single clinical feature of anaphylaxis
and is a common postmortem finding in resultant
deaths, has been reported as a sole delayed reaction
to protamine after cardiac bypass surgery.

2.2.1.1.4 Clinical Grading System
for Anaphylaxis

Definitions of anaphylaxis vary, sometimes mak-
ing it difficult to interpret and compare clinical
findings. Classification of anaphylactic reactions
on the bases of clinical features observed and their
severity is obviously needed, but there has been
no uniformity or agreement on the relevance and
importance of the parameters to be included in
any grading system. Some grading systems are
simple descriptions of common and/or important
symptoms while others are based on statistical
analyses of individual reaction features, sums of
allotted scores, the appearance of “two or more”
clinical features, or cardiovascular compromise.
From case records of over 1,100 acute generalized
hypersensitivity reactions, logistic regression
analyses of associations between reaction features
and hypotension and hypoxia were used to con-
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Table 2.2 Grading system for hypersensitivity reactions including anaphylaxis

Grade Broad clinical features

1 Cutaneous and subcutaneous only
MILD

2 Cardiovascular, respiratory, or
MODERATE gastrointestinal involvement

3 Hypoxia, hypotension, or
SEVERE neurologic compromise

Defining symptoms and signs

Generalized erythema, periorbital edema, urticaria,

or angioedema

Dyspnea, stridor, wheeze, nausea, vomiting, dizziness,
diaphoresis, chest or throat tightness, or abdominal pain
Cyanosis or Sp0, <92 % at any stage, hypotension
(systolic BP<90 mmHg in adults), confusion, collapse,
loss of consciousness, or incontinence

Adapted from Brown SGA. Clinical features and severity grading of anaphylaxis. J Allergy Clin Immunol 2004;114:317

with kind permission from Elsevier Limited

struct a grading system suitable for defining reac-
tion severity in clinical and research settings.
Three grades that correlated with epinephrine
usage, mild, moderate, and severe (Table 2.2),
were discerned from the clinical features of con-
fusion, collapse, unconsciousness, incontinence,
diaphoresis, vomiting, presyncope, dyspnea, stri-
dor, wheeze, and nausea, all of which were associ-
ated with documented hypotension and hypoxia.
The clinical features in the moderate and severe
grades fit in with a definition of anaphylaxis.
A major difference between this and other grad-
ing systems is the identified importance of gastro-
intestinal symptoms. A possible limitation of this
study and its conclusions is that clinical assess-
ments were undertaken by emergency medicine
clinicians rather than allergists, so confirmatory
skin and IgE antibody tests are lacking.

2.2.1.2 Urticaria and Angioedema

Urticaria or hives, the second most common cuta-
neous reaction induced by drugs after exanthem-
atous reactions, occurs often in association with
angioedema, in cases of anaphylaxis and in serum
sickness. Virtually any drug can cause urticaria.
Hives are generally raised, circumscribed, ery-
thematous papules and plaques (Fig. 2.1) with a
central area of pallor, often round in shape and of
variable size. Erythematous areas may be
smooth surfaced, patchy, or confluent and gener-
alized (Fig. 2.2). Outbreaks that may occur any-
where on the skin are extremely pruritic and
transient, usually appearing within 36 h of drug
exposure and resolving without sequelae within
24 h. On rechallenge with drug, lesions may
appear within minutes. Lesions that persist lon-

Fig. 2.1 A case of severe generalized chronic urticaria
and nonlife-threatening angioedema unresponsive to anti-
histamines. From Fox R, Lieberman P, Blaiss M.
Centralized urticarial and angioedema and angioedema of
the face. Atlas of allergic diseases; 2002;1S:08. With kind
permission from Springer Science+Business Media B.V

ger than 24 h and which are painful, burning, or
leave bruising and/or pigmentation changes may
indicate urticarial vasculitis. Acute urticaria that
is more common in children, may appear early
after exposure (perhaps minutes) and can last
several weeks; chronic urticaria, more common
in adults, occurs in episodes that last longer than
6 weeks. Drugs are only infrequently implicated
in cases of chronic urticaria and, in fact, no exter-
nal agent or disease state has been implicated in
80-90 % of patients with chronic urticaria. The
incidence of chronic urticaria is said to be as
high as 1 % in the USA and several other coun-
tries, but the figure is likely to be closer to about
0.1-0.3 %. The mechanisms involved in the
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Fig. 2.2 An example of generalized urticaria (hives)
showing smooth, erythematous, and pruritic confluent
papules and plaques. Aspirin and other nonsteroidal anti-
inflammatory drugs are a frequent cause of hives but vir-
tually any drug can precipitate the condition. From
Anderson J, Lieberman P, Blaiss M. Allergic drug reac-
tions. Atlas of allergic diseases; 2002;1S;26. With kind
permission from Springer Science+Business Media B.V

spectrum of urticarial reactions are reviewed in
Sect. 3.2.8. Drugs implicated in reactions include
those that provoke type I IgE-mediated reactions
(e.g., B-lactams, other antibiotics, antimicrobials
such as sulfonamides and trimethoprim, neuro-
muscular blockers, pyrazolones); direct mast cell
degranulation (e.g., opioids, contrast media, van-
comycin, quinine, pentamidine, atropine); drugs
that promote or exacerbate urticaria due to their
pharmacological effects on metabolic pathways
(angiotensin-converting enzyme [ACE] inhibitors,
e.g., captopril, enalopril, lisinopril; NSAIDs, e.g.,
aspirin, indomethacin, ibuprofen); drugs involved
in type III immune complex formation as in serum
sickness (e.g., amoxicillin, cefaclor, ciprofloxacin,
monoclonal antibodies); excipients, preservatives,
coloring agents, antioxidants (e.g., benzoic acid,
sulfites, tartrazine, butylated hydroxytoluene).
Note that evidence for adverse effects, including
the induction of urticaria, is often lacking for
implicated agents in the latter group.
Angioedema (Quincke’s edema), which is seen
less often than urticaria but often accompanies it,
is a vascular reaction resulting in swelling of the
face (Fig. 2.3) around the mouth, in the mucosa of
the mouth, throat and tongue, eyelids, genitalia,
and occasionally involving the hands and else-
where (Fig. 2.1). Swelling, which can be itchy and
painful, is the result of increased permeability and

Fig. 2.3 Angioedema of the face showing non-pruritic
swelling of the cutaneous tissues with some erythema.
Angioedema persists longer than urticaria due to the accu-
mulated fluid in the tissues. From Fox R, Lieberman P,
Blaiss M. Centralized urticarial and angioedema and
angioedema of the face. Atlas of allergic diseases;
2002;IS:08. With kind permission from Springer
Science+Business Media B.V

leakage of fluid which produces edema of the sub-
mucosal tissues, deep dermis, and subcutaneous
tissues. As a result of compression of nerves,
patients may experience decreased sensation in
the affected areas. In severe reactions involving
the airways, stridor, gasping, and wheezing may
indicate the need for tracheal intubation. As with
urticaria, angioedema is often an IgE
antibody-mediated reaction to a drug and one of
its main causes is the ACE inhibitor group of
drugs which induce reactions with an incidence of
0.1-0.5 %. For black Americans and Afro-
Caribbeans this incidence is three times higher.
ACE inhibitors are the responsible agents for
approximately one in six patients admitted to hos-
pital for treatment of angioedema. It is thought the
drugs increase bradykinin levels in peripheral tis-
sues, and this leads to the rapid fluid accumulation
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seen in angioedema (Sect. 3.2.8.5.2). Angioedema
to ACE inhibitors usually occurs within the first
week of treatment and the drug should be with-
drawn immediately in the patients who experience
a reaction. Aspirin and other NSAIDs are other
common causes of angioedema generally involv-
ing the face. Responses to the NSAIDs may be
complex with mixed cutaneous and respiratory
symptoms (Sect. 9.5.2).

Unlike the other types of hypersensitivity
caused by antibodies, namely types II and III,
only a proportion of the population, the so-called
atopics, have a predisposition to developing a
type I hypersensitivity reaction when exposed to
the allergen in question. Atopy may have a
genetic component but type II and III reactions
like, for example, penicillin-induced hemolytic
anemia and serum sickness, may occur in all indi-
viduals, and this may result without a prior sensi-
tization phase.

2.2.2 Type ll Hypersensitivity

Type II hypersensitivity, also known as cytotoxic
hypersensitivity and antibody-dependent cytotoxi-
city, causes reactions that are serious and poten-
tially life-threatening. A number of different
organs and tissues may be affected with the
involvement of multiple underlying mechanisms.
The antigens involved are often endogenous but
drugs can attach to cell membranes provoking
drug-induced immune hemolytic anemia, throm-
bocytopenia, and granulocytopenia, all examples
of type II reactions. Reaction times can range
from minutes to hours; IgM or IgG antibodies
mediate the reactions and in antibody-dependent
cellular cytotoxicity, target cells coated with anti-
body are killed by a non-phagocytic process
involving Fc receptor-bound leukocytes (NK
cells, monocytes, neutrophils, and eosinophils).
Drug-induced hemolytic anemias with IgG anti-
bodies and complement-mediated cytotoxicity (or
an autoantibody) implicated may occur after treat-
ment with penicillins, quinidine, a-methyldopa,
and some cephalosporins. In the penicillin-
induced condition, an atypical anti-penicillin
antibody (perhaps with drug-surface protein spec-
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ificity) appears to be involved. Drug-induced
thrombocytopenia with quinine, quinidine, pro-
pylthiouracil, gold salts, acetaminophen, vanco-
mycin, and sulfonamides in immune complexes
adsorbed onto platelet membranes is well docu-
mented. Other mechanisms are also operative in
immune-mediated thrombocytopenia. Cytotoxic
antibodies to pyrazolone drugs, thiouracil, sulfon-
amides, anticonvulsives, and phenothiazines may
produce granulocytopenia by the destruction of
peripheral neutrophils. For more detail, including
mechanisms, of each of these reactions, the reader
is referred to Chap. 3, Sect. 3.7.

2.2.3 Type lll Hypersensitivity

Type III hypersensitivity, also called immune
complex hypersensitivity, is mediated by soluble
immune complexes of antigen with antibodies
mostly of the IgG class but sometimes IgM.
Deposition of immune complexes in tissues
results in a tissue reaction initiated by comple-
ment activation that may lead to mast cell degran-
ulation, leukocyte chemotaxis, and inflammation
induced by the cell influx. After exposure, reac-
tions may develop over a period of about 3—10 h
against antigens that can be endogenous as in
DNA/anti-DNA/complement deposits in the kidneys
of patients with systemic lupus erythematosus or,
more often, exogenous as in the Arthus reaction in
rabbits to intradermal injection of soluble antigen
or intrapulmonary Arthus-like reactions in humans
to inhaled antigen associated with farmer’s lung
and extrinsic allergic alveolitis. Other exogenous
antigens eliciting type III responses include those
from organisms such as filarial worms, dengue
virus, and microbial antigens abruptly released
following chemotherapy in patients with high
antibody levels. More importantly for our pur-
poses are type Il reactions with drug involvement
where examples include erythema nodosum lep-
rosum in the skin of leprosy patients treated with
dapsone, the Jarisch-Herxheimer reaction in
syphilitic patients treated with penicillins,
and serum sickness-like reactions caused by a
number of different drugs including penicillins,
cephalosporins, sulfonamides, ciprofloxacin,
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tetracycline, lincomycin, NSAIDs, carbamazepine,
phenytoin, allopurinol, thiouracil, propanolol,
griseofulvin, captopril, gold salts, barbiturates,
and monoclonal antibodies.

For a description of the immunological events
central to the mechanism of serum sickness, see
Sect. 3.8. As well as the most common cause of
classical serum sickness reactions, namely
equine antisera given as an antitoxin, other for-
eign proteins such as vaccines, anti-lymphocyte
globulins, streptokinase, and hymenoptera ven-
oms have also been implicated in reactions.
Drugs can cause a reaction that is clinically sim-
ilar to the protein-induced condition although
nonprotein antigens generally do not induce the
response. Symptoms typically show up 6-21
days after drug administration and are
similar to those seen in the classical reaction.
Lymphadenopathy is common and fever, one of
the earliest signs of serum sickness, tends to per-
sist throughout the illness. Note, however, that
lymphadenopathy has not been reported in peni-
cillin-induced serum sickness. Cutaneous symp-
toms occur in up to 95 % of patients with
urticarial and morbilliform eruptions being the
most common and erythema and petechiae some-
times appearing. Angioedema may be seen and
arthritis or arthralgia and gastrointestinal symp-
toms of cramping, nausea, vomiting, or diarrhea
occur in up to 67 % of patients. Joints (knee,
ankle, shoulder, elbow, wrist, spine, jaw) may be
severely affected; respiratory symptoms and
splenomegaly occurs; and hepatomegaly, periph-
eral neuropathies, encephalomyelitis, and peri-
carditis have been reported. With few if any
laboratory-detected changes to help with the
diagnosis, serum sickness-like reactions, as with
classic serum sickness, tend to be diagnosed
clinically. Although the drug-induced reaction
can be severe, most are mild and usually resolve
spontaneously within a few days or weeks after
discontinuing the drug. True incidences of the
reaction to various drugs are not known although
amoxicillin and amoxicillin—clavulanic acid were
involved in 18 % of serum sickness-like reactions
examined in a pediatric emergency department,
and there are numerous reports implicating cefa-
clor in children. Serum sickness-like reactions

are said to make up 4 % of all adverse drug
reactions to amoxicillin. Hypersensitivity vascu-
litis is another example of a type III hypersensi-
tivity response that may be induced by drugs.
Drugs most commonly implicated include
p-lactams, cotrimoxazole, NSAIDs and some
monoclonal antibodies (see Chap. 11, Fig. 11.1).

2.2.4 Delayed-Type (Type V)
Hypersensitivity

Unlike types I, II, and III hypersensitivities that
proceed with the involvement of antibodies,
type IV hypersensitivity reactions are cell-medi-
ated, in particular, by antigen-specific effector T
cells. The term “delayed” refers to the cellular
response that generally becomes apparent
48-72 h after antigen exposure and distin-
guishes the response from type I or immediate
reactions that often appear within minutes and
peak in a matter of minutes or just a few hours.
Type IV hypersensitivity is not represented by a
single reaction. Rather, it is a number of related
responses seen in a variety of reactions that may
have beneficial or undesirable consequences for
the host and which, at first sight, do not seem to
have a lot in common except for their cellular
immune base. Apart from the prototypic tuber-
culin test, these different reactions include cel-
lular responses to intracellular pathogens such
as mycobacteria, fungi, and parasites; graft
rejection; graft verse host reactions; granuloma-
tous inflammation as occurs in Crohn’s disease
and sarcoidosis; tumor immunity; some autoim-
mune reactions; and in contact allergy and aller-
gic contact dermatitis. Other infectious diseases
in which type IV reactions play a part include
leprosy, histoplasmosis, toxoplasmosis, blasto-
mycosis, and leishmaniasis. A well-known
example of allergic contact dermatitis is the
reaction provoked by the lipid-soluble chemi-
cals, mixed pentadecacatechols in urushiol oil
present in plants of the Rhus genus, namely, poi-
son ivy, poison oak, and poison sumac. After
crossing the cell membrane, the catechol deriva-
tives interact with intracellular proteins before
binding with MHC (major histocompatibility

worldclimbs@gmail.com


http://dx.doi.org/10.1007/978-1-4614-7261-2_3#Sec000359
http://dx.doi.org/10.1007/978-1-4614-7261-2_11
http://dx.doi.org/10.1007/978-1-4614-7261-2_11#Fig000111_11

2.2 Classification of Hypersensitivity Reactions

complex) class I molecules. These modified

peptides are recognized by CD8+ T cells which

respond with the secretion of cytokines such as

IFN-y and cell destruction.

In some classifications, type IV reactions are
subdivided into three categories based on the
time of onset, the clinical manifestations, and the
cells involved. The main features of the different
categories in one such classification include:

1. Tuberculin type reaction (seen as local indura-
tion): antigen presented intradermally; reac-
tion time 48—72 h; cells involved, lymphocytes,
monocytes, and macrophages

2. Contact type reaction (seen as eczema): cuta-
neous contact (e.g., with chemicals, poison
ivy, nickel); reaction time 48-72 h; cells
involved, lymphocytes, macrophages

3. Granulomatous type reaction (as in leprosy):
antigen persists in the host; reaction time
21-28 days; cells involved, macrophages, epi-
theloid, and giant cells
Another subdivision of type IV hypersensitivity

reactions has categories distinguished by the

effector cells and mediators involved together
with the resulting associated cutaneous reactions.

Four subdivisions are defined: type IVa, medi-

ated by monocytes with IFN-y as dominant

cytokine; type IVb, mediated by eosinophils
with IL-5 and IL-4 involvement; type IVc,
mediated by T cells with perforin and granzyme

B as important effector molecules; and type

IVd, mediated by neutrophils with IL-8 involve-

ment. Representative skin reactions for the so-

called types IVa, b, ¢, and d are, respectively,
maculopapular rash, maculopapular rash with
eosinophilia, Stevens—Johnson syndrome (SJS),
toxic epidermal necrolysis (TEN), and acute
generalized exanthematous pustulosis (AGEP).

It should be remembered that for delayed,
type IV cutaneous allergic drug reactions (and
sometimes for type I reactions as well), the aller-
gic response is generally heterogeneous with
overlapping reactions and with the involvement
of different effector cells including various T
cells with separate functions. Naturally, this het-
erogeneity affects the clinical picture and adds to
the difficulties of the clinician in coming to a
confident diagnostic conclusion.
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Table 2.3 presents a side-by-side summary of
all four hypersensitivities according to the Gell
and Coombs classification viewed from the per-
spective of the responses to drugs in humans.

Delayed cutaneous hypersensitivity reactions
to drugs generally begin from about 7 to 21 days
after contact with the drug. Subsequent reactions
may appear only 1 or 2 days after reexposure.
Identification and specificity of the drug is estab-
lished from oral challenge studies, patch tests,
and intradermal tests read after a delay of at least
48 h. Different T cell subsets with their individ-
ual profiles of cytokines and chemokines are
associated with different skin hypersensitivity
reactions although there is often overlapping
cytokine involvement.

Summarized descriptions of the most impor-
tant immune-mediated delayed cutaneous
adverse drug reactions follow. Readers should
refer to Sect. 3.6.3 for details of the mechanisms
involved in these reactions.
2.2.4.1 Allergic Contact
Dermatitis
Contact hypersensitivity may result from sensiti-
zation to chemicals such as chromates and picryl
chloride in industrial settings; from chemicals
such as p-phenylenediamine in hair dyes; nickel
in jewelry, glasses, and devices (Fig. 2.4); urishiol
in Rhus plants; and drugs such as neomycin (Sect.
6.1.5.1; Fig. 6.7) and bacitracin (Sect. 6.1.5.2)
used in topical applications. Contact dermatitis is
the most common occupational disease although
it should be remembered that not all contact der-
matitis has an immune basis; some irritants such
as detergents, solvents, acids, and alkalis may
provoke irritant contact dermatitis. Allergic con-
tact dermatitis may appear at any age. The time
between the initial exposure to the offending
agent and the development of skin sensitivity
may only be 2-3 days while the interval between
exposure and the first symptoms may be as early
as 12 h but is usually closer to 48 h. The reaction
is generally confined to the contact site but gener-
alized reactions may occur. When the face is
involved, swelling of the eyelids is common. Other
skin sites may become involved by the patient
touching other areas of skin after touching the
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Table 2.3 Hypersensitivities to drugs according to the Gell and Coombs classification®

Type of
hypersensitivity I
Other designations ~ Immediate; anaphylactic
Time for reaction Seconds to 30 min®
to reach maximum

Immune reactant(s) IgE antibody
Effector mechanism Mast cell and basophil
activation

Intradermal ‘Wheal and flare

response to antigen

Histology Degranulated mast cells;
Cellular infiltrates
including neutrophils®

Sensitivity Serum IgE antibody

transferred by

Examples
of disease states

Erythema; urticaria;
angioedema;
respiratory symptoms;
GI symptoms;
anaphylaxis

Drugs implicated f-Lactams; other

antibacterials; NMBDs;

some NSAIDs;
quinolones; mAbs; proton
pump inhib’s

I
Cytotoxic

Hours (~1 day)

IgG (and IgM)
antibodies

Complement fixation

Phagocytes, NK cells

(Fc receptor cells)
Lysis and necrosis

Immunofluorescence
shows antibody,
complement,
neutrophils

Serum antibody

Drug-induced
hemolytic anemia,
thrombocytopenia,
agranulocytosis
(immune form)

B-Lactams; quinine;
quinidine; sulfon-
amides; NSAIDs;
procainamide;

gold; carbamazepine;
propylthiouracil;
ticlopidine

I

Immune complex
3-10h

IgG antibody
(and/or IgM)

Complement
Phagocytes

Erythema and edema

Acute inflammatory
reaction;
Mainly neutrophils

Serum antibody

Serum sickness;
Drug-induced
vasculitis

f-Lactams; cipro-
floxacin; sulfon-
amides; lincomycin;
tetracycline; NSAIDs;
carbamazepine;
allopurinol; gold;
methyldopa; mAbs

v

Delayed; cell-mediated;
T cell mediated

24-72h

Th1, Th2 and/
or Th17 cells
Cytotoxic lymphocytes

Macrophage activation
Cytotoxic lymphocytes
Eosinophil activation
Erythema and
induration
Perivascular
inflammation;

Mainly mononuclear
cells

Lymphoid cells

Allergic contact
dermatitis; Psoriasis;
Maculopapular
exanthema; AGEP;
FDE; DRESS; SJS;
TEN; EM

NSAIDs; B-lactams;
other antibiotics;
anti-convulsants;
antimalarials; local
anesthetics; barbitu-
rates; quinolones;
dapsone

*Coombs RRA, Gell PGH. In: Gell PGH et al. (eds.) Clinical Aspects of Immunology. Oxford: Blackwells. 1975, p. 761-81
"Late reaction may occur ~3—4 h after immediate reaction, peak at ~12 h and subside by ~24 h

AGEP acute generalized exanthematous pustulosis, DRESS drug reaction with eosinophilia and systemic symptoms, EM
erythema multiforme, FDE fixed drug eruption, mAbs monoclonal antibodies, NMBDs neuromuscular blocking drugs, NSAIDs
nonsteroidal anti-inflammatory drugs, SJS Stevens—Johnson syndrome, TEN toxic epidermal necrolysis

affected area. The skin may be red, swollen, and
show blistering or be dry and bumpy but in the
active stage, the skin usually shows redness, with
raised areas and blisters (Fig. 2.5).

2.2.4.2 Psoriasis

Psoriasis is a chronic, immune-mediated inflam-
matory skin disease with a prevalence generally
stated to be around 2 % but, depending on the
population, this figure can range from zero in
Samoa to as high as 4.8 % in the USA (US range
0.6—4.8 %). Ethnicity appears to be involved, for
example, American blacks show a prevalence of
only 0.45-0.7 % and, likewise, there appears to be

a genetic predisposition to psoriasis illustrated by
a concordance rate of 70 % in monozygotic twins
and prevalences of 50 % and 16 % respectively
when both parents or only one has psoriasis.
Several genetic susceptibility loci have been
reported, particularly the so-called psoriasis sus-
ceptibility 1 (PSORS1) locus on chromosome 6
which appears to be associated with up to 50 % of
cases of psoriasis. As well as drugs, psoriasis may
be triggered by smoking, alcohol, and withdrawal
of systemic or topical corticosteroids. One study
showed 23 % of patients were taking more
than three medications and 11 % of these were
taking more than ten medications. The clinical
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Fig.2.4 Allergic nickel contact dermatitis caused by (a)
reading glasses and (b) a multifunction key on a cell
phone. From Veien NK, in: Johansen JD, Frosch PJ,
Lepoittevin J-P, editors. Contact Dermatitis. 5th ed.
Berlin: Springer-Verlag; 201 1. With kind permission from
Springer Science+Business Media

Fig. 2.5 Acute allergic contact dermatitis to the topical
antiviral tromantadine hydrochloride showing blistering.

From Brandio FM, in: Johansen JD, Frosch PJ,
Lepoittevin J-P, editors. Contact Dermatitis. 5th ed.
Berlin: Springer-Verlag; 2011. With kind permission from
Springer Science+Business Media

presentation of the disease is, typically, sharply
demarcated erythematous papules and rounded
plaques covered by silvery micaceous scales most
commonly on the scalp, elbows, umbilicus, lum-
bar region, and knees (Fig. 2.6). Lesions of pso-
riasis vulgaris may show small pustules but
various forms of pustular psoriasis including gen-
eralized and localized variants have been
described. Both the more common vulgar form
and the pustular form may progress to psoriatic
erythroderma affecting the whole body.
Fingernails and toenails can also be affected in all
types of psoriasis.

A relationship between psoriasis and certain
drugs is well recognized. The authors of one
study, for example, suggested that acute general-
ized exanthematous pustulosis (AGEP) is a cuta-
neous reaction pattern that might be favored by a
“psoriatic background,” and medications could
be responsible for psoriasis in up to 83 % of
cases. Drugs can affect psoriasis in a number of
ways—they may induce the disease, cause skin
eruptions, induce lesions in previously unaffected
skin in patients with psoriasis, and induce a form
of psoriasis that is resistant to treatment. Drugs
that provoke psoriasis can be divided into two
categories—drugs that induce psoriasis but with-
drawal of the drug stops further progression of
the disease and drugs that aggravate psoriasis but
the disease still progresses even after drug with-
drawal. Lithium, p-blockers, and synthetic anti-
malarials are the drugs most commonly
mentioned in triggering or worsening psoriasis,
but there are many other drugs that have been
implicated either as inducers of the disease or for
provoking eruptions. In the former case, the list
includes acetazolamide, aminoglutethimide, ami-
odarone, amoxicillin, ampicillin, aspirin, chloro-
quine, cimetidine, corticosteroids, cyclosporin,
diclofenac, diltiazem, hydroxychloroquine, indo-
methacin, lithium, methicillin, propranolol, and
terbinafine. According to Litt (2006), there are at
least 125 different drugs known to be responsible
for the eruption or induction of psoriasis. Psoriatic
eruptions occur in 3.4—45 % of patients treated
with lithium. The mechanism is currently
believed to be by inhibition of the intracellular
release of calcium as a result of lithium-induced
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Fig. 2.6 Psoriasis of the elbows showing irregular red
patches covered by dry, scaly hyperkeratotic stratum cor-

depletion of inositol = monophosphatase.
Supporting this is the beneficial effect of inositol
supplementation in lithium-provoked psoriasis.
The administration of the antimalarials chloro-
quine and hydroxychloroquine to patients with
psoriasis is considered to be contraindicated by
some. Exacerbation of psoriatic lesions and the
induction of the disease have been found after
use of these drugs and chloroquine has been
implicated in resistance to treatment when given
as an antimalarial. Clinical improvement is seen
after withdrawal of B-blockers in cases where the
drugs have induced or exacerbated psoriasis. The
reactions to P-blockers usually manifest 1-18
months after initiation of therapy although,
because of some histological findings and clini-
cal features (such as absence of elbow and knee
involvement and lesions that are less thick and
scaly), some believe that the condition induced
by these drugs is not true psoriasis. The mecha-
nism underlying the reactions induced by
f-blockers is thought to involve blockade of epi-
dermal B, receptors, which leads to decreased
cAMP levels in the epidermis and ultimately
keratinocyte hyper-proliferation. NSAIDs, many

neum (image by courtesy of the Center for Disease
Control and Richard S. Hibbets)

of which are available over the counter, are fre-
quently used by patients with psoriasis or psori-
atic arthritis, but it has been claimed that the
NSAIDs are the most common cause of both the
induction and exacerbation of psoriasis. Naproxen
in particular has been implicated. NSAIDs
exhibit a short latency period of only about 1.6
weeks. Leukotrienes, which increase due to
NSAID-induced redirection of the arachidonic
acid prostanoid pathway to the lipoxygenase
pathway (see Chap. 9. Sects. 9.4.1 and 9.5.2.1.2),
are thought to aggravate psoriasis. Other drugs
for which there is enough data to be sure that they
are a significant problem for psoriasis include
ACE inhibitors, amiodarone, benzodiazepines,
cimetidine, clonidine, digoxin, fluoxetine, gemfi-
brozil, gold, interferons, quinidine, and tumor
necrosis factor. ACE inhibitors appear to be a
problem in patients over 50 years of age.
Although the treatment and management of
drug reactions are beyond the scope of this book,
it is worth noting that a number of biological
agents are currently being used either in the clinic
or experimentally to treat psoriasis. These include
etanercept, a fusion protein inhibitor of tumor
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necrosis factor (see Sect. 11.2), and the chimeric
and human monoclonal antibodies adalimumab,
brodalumab, infliximab, ixekizumab, and
ustekinumab (Sect. 11.1).

2.2.4.3 Maculopapular Exanthema
Maculopapular exanthema, also called morbilli-
form drug reaction, morbilliform exanthem, and
maculopapular drug eruption, is the most fre-
quently seen pattern of drug-induced skin erup-
tion. Clinical presentation is diverse and can vary
from an erythematous rash mimicking a viral or
bacterial exanthem to generalized symmetric
eruptions of both isolated and confluent erythem-
atous plaques. These often start on the trunk and
then spread to the extremities and neck without
involvement of the mucosa. The pink to red mac-
ules or papules tend to blanch when pressed and
purple, non-blanchable spots (purpura) may
appear on the lower legs. Reactions appear 7-14
days after exposure to drug but after only 1 or 2
days in already sensitized patients. Reactions usu-
ally tend to progress over a few days before
regressing over a 2-week period often with accom-
panying desquamation. This may be the course of
events even if the drug has been withdrawn.
Reactions may be associated with a mild fever and
itch. Histologically, lymphocytes are seen in pap-
illary dermis and at the junction of the dermis and
epidermis while degenerated, necrotic and some
dyskeratotic keratinocytes and spongiosis are vis-
ible in early lesions. Maculopapular exanthema
can be caused by a wide variety of drugs. Those
commonly implicated are chiefly antibiotics,
especially aminopenicillins (Fig. 2.7) and cepha-
losporins, but also sulfonamides, anticonvulsants
like carbamazepine, allopurinol, and NSAIDs.

2.2.4.4 Acute Generalized
Exanthematous Pustulosis

AGEP, also termed toxic pustuloderma and pustu-
lar drug eruption, is induced in 90 % of cases by
drugs and characterized by fever and acute non-
follicular pustular eruptions that overlay erythro-
dermic skin. The incidence of the disease is said
to be about three to five cases per million per year
with a mortality rate of about 5 %. Reactions gen-
erally begin with a rash on the face or in armpits

8 & IPYN

Fig. 2.7 Generalized maculopapular exanthema follow-
ing the introduction of amoxicillin therapy showing
lesions on the trunk (a) and targeted lesions on the hands
and forearms (b). The patient had positive patch tests to
amoxicillin and ampicillin and negative tests to benzyl-
penicillin, dicloxacillin, and a number of cephalosporins.
From Gongalo M, in: Johansen JD, Frosch PJ, Lepoittevin
J-P, editors. Contact Dermatitis. S5th ed. Berlin: Springer-
Verlag; 2011. With kind permission from Springer
Science+Business Media

and groin a few days after administration of the
offending drug before becoming widespread.
Time of onset after drug administration can be
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Fig.2.8 A case of acute generalized erythematous pustu-
losis (AGEP) to hydroxychloroquine sulfate (photograph
courtesy of Dr. Adrian Mar)

remarkably short—even as little as 24 h in some
cases. The rash lasts about 2 weeks, and the reac-
tion regresses with skin desquamation as it
resolves 5-10 days after drug withdrawal, often
with rapid spontaneous healing. AGEP is charac-
terized by symmetrical widespread edematous
erythema with small non-follicular sterile pus-
tules (Fig. 2.8) due to neutrophil accumulation
predominating in body folds. Recruitment of neu-
trophils occurs in the late phase of development
of lesions. Histopathology shows spongiosis, sub-
corneal pustules, leukocytoclastic vasculitis, dis-
crete vacuolar keratinocyte degeneration, and
dermal and intradermal infiltration of lympho-
cytes. AGEP is also characterized by the great
predominance (over 80 % of cases) of antibiotics
(including amoxicillin, ampicillin, tetracycline,
spiramycin, pristinamycin, and metronidazole) as
causative agents. Other implicated drugs include
hydroxychloroquine, cotrimoxazole, diltiazem,
terbinafine, and carbamazepine.

2.2.4.5 Drug Reaction (Rash) with
Eosinophilia and Systemic
Symptoms
Drug reaction (or rash) with eosinophilia and sys-
temic symptoms (DRESS), also referred to as
hypersensitivity syndrome or drug-induced hyper-
sensitivity syndrome, is a severe life-threatening
adverse drug reaction with an incidence reported to
be between 1 in 1,000 and 1 in 10,000 depending

Fig. 2.9 A patient with drug reaction (or rash) with
eosinophilia and systemic symptoms (DRESS), also
referred to as hypersensitivity syndrome or drug-induced
hypersensitivity syndrome. The patient experienced sys-
temic symptoms, skin reactions with nonspecific maculo-
papular rash, and exfoliative dermatitis with facial edema
(photograph courtesy of Dr. Adrian Mar)

on the drug. DRESS involves systemic symptoms
and skin reactions with nonspecific maculopapular
rash or a more generalized exfoliative dermatitis
and facial edema (Fig. 2.9). Symptoms consist of
fever, malaise, arthralgia, enlarged lymph nodes,
hepatitis, renal impairment, pneumonitis, and
hematological abnormalities with atypical acti-
vated lymphocytes and elevated levels of eosino-
phils that infiltrate the skin and other organs and
are thought to cause tissue damage. Visceral
involvement differentiates DRESS from other
exanthematous serious acute drug reactions.
Another distinguishing feature is the extended
interval between drug exposure and the onset of
symptoms, which is usually about 2-8 weeks.
DRESS also tends to regress more slowly and the
disease may sometimes reactivate after exposure to
an unrelated drug or even without drug exposure.
Viruses may have a role in the development of the
symptoms of DRESS. This is suggested by reacti-
vation of the Herpesviridae viruses, cytomegalovi-
rus, EBV, and human herpes virus 6 (HHV-6), the
latter evidenced by the rise of anti-HHV-6 IgG
titers and the presence of HHV-6 DNA 2-3 weeks
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after the onset of rash. The main drugs involved
in eliciting reactions are the anticonvulsants
carbamazepine, lamotrigine and phenytoin, pheno-
barbitone, dapsone, sulfonamides, allopurinol,
minocycline, and mexiletine. In a retrospective
analysis of 1,544 DRESS cases reported to the
United States Food and Drug Administration
between 2004 and 2010, 137 cases (8.9 %) had a
fatal outcome; the sex ratio was five females to
four males and the most frequently involved age
range was the 60—69 group. Those older than 70
had a higher incidence of fatalities. Approximately
60 % of cases developed DRESS within 4 weeks
but some late-onset cases developed after 6 months
exposure to the drug. The top 20 drugs most fre-
quently implicated in provoking DRESS, in order
of highest to lowest frequency, were: carbamaze-
pine, sulfasalazine, allopurinol, vancomycin,
amoxicillin, lamotrigine, phenytoin, minocycline,
zonisamide, abacavir, ciprofloxacin, piperacillin,
rifampicin, ibuprofen, diclofenac, valproate, acet-
aminophen, phenobarbital, lamivudine, omepra-
zole. Increased reporting of DRESS is apparent,
although this increase is not related to newly mar-
keted drugs but rather the already well-known
causes. Only 12 % of the 1,544 cases reported to
the FDA were from the USA whereas 527 cases
(34 %) were reported from France, 286 (19 %)
from Japan, 79 (5 %) from the UK, and 135 cases
(9 %) unknown. It is clear that there is underre-
porting to the extent, as some have claimed, that
the reports received by the FDA are only 1-10 %
of the real number. Finally, there is some disagree-
ment over the variability of the clinical pattern of
cutaneous symptoms and the classification of
some patients as having DRESS. Some claim that
use of the term DRESS in not consistent; cutane-
ous and systemic signs vary and eosinophilia is
not a constant finding. With this in mind, the des-
ignation DIHS/DRESS to include DRESS and
drug-induced hypersensitivity syndrome (DIHS)
has been suggested.

2.2.4.6 Fixed Drug Eruption

Fixed drug eruption (FDE) is due to drug hyper-
sensitivity in more than 95 % of cases. Patients
may complain of burning in the affected area
before the appearance of lesions but systemic

Fig.2.10 A fixed drug eruption showing the characteristic,
often-seen circular shape. Lesions often resolve with post-
inflammatory pigmentation (photograph courtesy of
Dr. Adrian Mar)

Fig. 2.11 An example of a well-circumscribed bullous
fixed drug eruption. The reaction was induced by carbam-
azepine, a drug implicated in some severe drug-induced
delayed hypersensitivity responses (photograph courtesy
of Dr. Adrian Mar)

symptoms are usually absent. The period
required for sensitization ranges from weeks to
years and the time between drug administration
and eruption can be anything from a day or two
to a few weeks. Initially, one or a small number
of round or oval pruritic, well circumscribed,
erythematous macules appear (Fig. 2.10). These
may progress to edematous plaques or bulla
(Fig. 2.11) and may regress over a period of
10-15 days. In a few cases, lesions can be so
widespread that it is difficult to distinguish FDE
from TEN. FDE is so named because the site of
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the eruption is fixed, that is, it occurs in exactly
the same place when the same drug is again
encountered. Upon discontinuation of the drug,
lesions resolve leaving hyperpigmentation
although pigmentation is often absent when the
skin is fair. A FDE can occur anywhere on the
skin or on mucous membranes, but the most
commonly affected sites are the hands, feet,
penis, groin and perianal areas, and the lips.
Drugs implicated in causing FDE include allopu-
rinol, cotrimoxazole, antibiotics (tetracycline,
doxycycline, amoxicillin, ampicillin, cephalo-
sporins, and clindamycin), NSAIDs (aspirin,
ibuprofen, naproxen, and diclofenac), acetamin-
ophen, carbamazepine, dapsone, quinine, phe-
nolphthalein, and benzodiazepines. To confirm
diagnosis of FDE, oral challenge with a single
dose of the suspected drug at one-tenth the nor-
mal therapeutic dose is accepted as safe.
Interestingly, desensitization has been successful
for allopurinol-induced FDE but allopurinol
appears to remain the only drug where desensiti-
zation for FDE has worked.

2.2.4.7 Erythema Multiforme

Erythema multiforme is a self-limiting cutaneous
hypersensitivity reaction to infection (mostly) or
drugs occurring mainly in adults 20-40 years of
age although it can occur in patients at any age.
Prodromal symptoms are either lacking or mild
(itch, burning) and the condition usually resolves
spontaneously in 3-5 weeks without sequelae.
Although considered to be closely related to SJS
and TEN, and with the designation erythema
multiforme major sometimes interchanged with
the former, erythema multiforme is now accepted
as a distinct condition. Major reasons for this are
its lesser severity, minimal involvement with
mucous membranes, and the extent of epidermal
detachment which is usually less than 10 %.
Lesions appear as circumscribed pink-red mac-
ules before progressing to papules which may
enlarge into plaques, the centers of which become
darker or even purpuric (Fig. 2.12). Crusting or
blistering may occur. Several days after onset,
lesions of various morphology are visible, hence
the name “multiforme.” Palms (Fig. 2.13) and
soles may be affected and if the mucosa is

Fig.2.12 Erythema multiforme with circumscribed macu-
lar and papular lesions progressing to plaques with dark and
purpuric centers (photograph courtesy of Dr. Adrian Mar)

Fig. 2.13 Erythema multiforme involving the hands
(photograph courtesy of Dr. Adrian Mar)

involved, it is usually limited to the oral cavity.
Patients may experience multiple outbreaks in a
year. More than half the cases of erythema multi-
forme are due to Herpes simplex (HSV), and
recurrent cases may be secondary to reactivation
of HSV-1 and HSV-2. Acyclovir, famciclovir, or
valacyclovir have been used to treat recurrent
outbreaks. Mycoplasma pneumoniae and fungal
infection are also commonly involved with reac-
tions. Drugs most commonly associated with
erythema multiforme are anticonvulsants, barbi-
turates, ciprofloxacin, NSAIDs, penicillins, phe-
nothiazines, sulfonamides, and tetracyclines.
Some drugs released in more recent years are
now being implicated, for example, the monoclo-
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Fig.2.14 Toxic epidermal necrolysis in an adult patient
covering more than 30 % of the total body surface area.
From Struck MF et al. Severe cutaneous adverse reac-

nal antibody adalimumab, bupropion, candesar-
tan cilexetil, and metformin and reactions to
some vaccines against bacteria (diphtheria—teta-
nus) and viruses (hepatitis B, hepatitis C, cyto-
megalovirus, and HIV) are seen.

2.2.4.8 Stevens-Johnson Syndrome

and Toxic Epidermal

Necrolysis
SJS and TEN are potentially fatal, severe, rare,
adverse cutaneous drug reactions involving both
the skin and mucous membranes. Beginning
with relatively unremarkable signs like fever,
malaise, and perhaps eye discomfort, macular
lesions become symmetrically distributed on the
trunk, face, palms, and soles. Lesions develop a
central bulla and coalesce into large sheets of
necrotic tissue covering at least 30 % of the body
in the case of TEN (Fig. 2.14). For SJS, skin
denudation/detachment is generally less than
10 % of body surface area, and this extent of skin
involvement is the main distinguishing feature
between the two diseases. Skin erythema and
erosions progress to the extremities with more
than 90 % of patients experiencing ocular, buc-

tions: emergency approach to non-burn epidermolytic
syndromes. Intensive Care Medicine 2010;36:22. With
kind permission from Springer Science+Business Media

Fig. 2.15 Lips and facial involvement in a child with
developing drug-induced Stevens—Johnson syndrome
(photograph courtesy of Dr. Adrian Mar)

cal, and genital mucosa involvement. Figure 2.15
shows lip and facial involvement in a child with
developing drug-induced SJS. Respiratory and
gastrointestinal tracts can also be affected.
Ocular effects can include acute conjunctivitis
with discharge, eyelid edema, erythema, and
corneal erosion or ulceration. The collective
clinical features sometimes do not fit neatly into
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either a clear SJS or TEN diagnosis and may be
classified as overlapping SJS or TEN. In the
SJS-TEN overlap group, primary lesions tend to
be dusky red or purpuric macules or flat atypical
targets widely distributed as isolated lesions but
with quite marked confluence on the face and
upper trunk. As with TEN, but not necessarily
with SJS, systemic symptoms are always pres-
ent. Skin detachment occurs on 10-30 % of the
body surface area.

In the second phase of development of the dis-
eases, large areas of epidermis become detached.
Sequelae and late effects are common in SJS and
particularly TEN. These can include changes in
skin pigmentation, nail dystrophies, and ocular
problems. Long-term sequelae in surviving TEN
patients can include eye afflictions like entropion
and symblepharon, on-going mucous membrane
erosion, and cutaneous scarring. Dry mouth and
dry eyes resembling Sjogren syndrome may be a
long-term complication.

Although SJS and TEN are rare with inci-
dences of usually less than two per million per
year (e.g., 1.89 Western Germany, 1.9 USA),
some infectious diseases can have a marked
effect in the incidence. This is seen with HIV
where the annual incidence is approximately
1,000 times higher than in the general popula-
tion. Infections M. pneumoniae and H. simplex
are known to cause SJS and TEN without drug
involvement. A strong association shown
between HLA-B*15:02, SJS, and carbamazepine
in Han Chinese and confirmed in a Thai popula-
tion is a clear demonstration of a relationship
between ethnicity and drug hypersensitivity. This
finding has stimulated interest in the investiga-
tion of genetic factors in drug hypersensitivity
(see Sect. 3.4); one recent demonstration being
the large collaborative European RegiSCAR
project which showed that HLA-B*15:02 is not a
genetic marker for carbamazepine, sulfamethox-
azole, lamotrigine, or NSAIDs of NSAID
oxicam-type-induced SJS/TEN in Europe. The
drugs most commonly responsible for SIS/TEN
have been divided by Roujeau into those that pro-
voke the disease after only a short period of
administration and those that do so after being
taken for longer periods. In the short period group

are trimethoprim—sulfamethoxazole, other sul-
fonamides, aminopenicillins, cephalosporins,
quinolones, and chlormezanone. In the long
period group: carbamazepine, phenytoin, pheno-
barbitone, and valproic acid, NSAIDs of the oxi-
cam type, allopurinol, and corticosteroids.
Allopurinol is the drug most commonly impli-
cated in causing SIS/TEN in Europe and Israel.
Some newer drugs identified as being of increased
comparative risk include nevirapine, lamotrigine,
and sertraline. Because of the fear of provoking a
second episode or aggravating an existing case of
SJS/TEN, skin testing in all its forms and provo-
cation tests are not to be considered although
there are at least two reports of intradermal test-
ing that did not trigger another episode. Patch
testing and the lymphocyte transformation test
(Sect. 4.7.1) have been used but proved to be of
low sensitivity. Clinical features and histology
therefore remain the mainstay of diagnosing
SJS/TEN.

Summary

¢ In the Gell and Coombs classification of aller-
gic reactions, four types of hypersensitivities
designated types I, II, II, and IV are
distinguished.

e Type I, also called immediate or anaphylactic
hypersensitivity, occurs within about 30 min
but reactions can be dramatic and appear
within seconds or minutes as in anaphylaxis.

e Type I reactions are IgE antibody-mediated.
Receptor-bound drug-reactive IgE on the sur-
face of mast cells is cross-linked by comple-
mentary drug determinants causing cell
degranulation and the release of inflammatory
mediators.

e Drugs well known to cause type I reactions
include penicillins, cephalosporins, neuro-
muscular blocking drugs, some NSAIDs,
monoclonal antibodies, quinolones, and pro-
ton pump inhibitors.

e The term “anaphylactic” is used to describe an
immune-mediated immediate systemic reac-
tion involving the release of potent mediators
from mast cells and basophils that produce
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a range of possible symptoms including
erythema, urticaria, angioedema, broncho-
spasm, gastrointestinal symptoms, and cardio-
vascular collapse. The term “anaphylactoid”
is used for reactions that show clinically simi-
lar signs and symptoms but where no immune-
mediated mechanism can be demonstrated.

e [t is important to have a suitable clinical grad-
ing system for anaphylaxis.

e Urticaria is the second most common cutane-
ous reaction induced by drugs, often in associa-
tion with angioedema and anaphylaxis. Many
drugs are implicated including p-lactams,
NSAIDs, sulfonamides, vancomycin, and con-
trast media. ACE inhibitors are responsible for
approximately one in six patients admitted to
hospital with angioedema.

e Type II hypersensitivity is also known as
antibody-dependent cytotoxic hypersensitiv-
ity. Drugs can attach to cell membranes
producing drug-induced hemolytic anemia,
thrombocytopenia, and granulocytopenia.
Drugs implicated: hemolytic anemia—peni-
cillins, quinidine, methyldopa; thrombocyto-
penia—quinine, quinidine, propyl thiouracil,
vancomycin, sulfonamides; granulocytope-
nia—pyrazolones, thiouracil, anticonvulsants,
and sulfonamides.

e Type III hypersensitivity is mediated by solu-
ble immune complexes mostly involving IgG
antibodies. Drug-induced serum sickness-like
reaction is the prototype example of type III
drug hypersensitivity. Hypersensitivity vascu-
litis is another example of a type III hypersen-
sitivity response induced by drugs.

e Type IV hypersensitivity reactions are medi-
ated by antigen-specific effector T cells.
Reactions generally occur 48—72 h after anti-
gen exposure and are therefore referred to as
delayed reactions.

» Important delayed cutaneous reactions include
maculopapular exanthema; allergic contact
dermatitis; psoriasis; acute generalized exan-
thematous pustulosis; drug reaction with
eosinophilia and systemic symptoms; fixed
drug eruption; erythema multiforme; Stevens—
Johnson syndrome; and toxic epidermal
necrolysis.
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Mechanisms of Hypersensitivity

Abstract

Allergic reactions to drugs are not always the result of the drug’s
protein-binding capacity, biotransformation, or degradation. Mediator
release may occur via cross-linking of cell-bound IgE by di-(multi-) valent
free drug. Physiological and pharmacological effects of histamine are
mediated through four receptors, H,, H,, Hs, and H, The H; receptor has a
regulatory role in the release of neurotransmitters such as serotonin and
dopamine; the H, receptor exerts a chemotactic effect on several cell types
associated with allergy and asthma. Cysteinyl leukotrienes and PAF are
powerful mediators of anaphylaxis, asthma, and shock. Sphingosine-1-
phosphate, elevated in the lungs of asthmatics, regulates pulmonary
epithelium permeability and contributes to the pathogenesis of anaphy-
laxis. Urticaria is a heterogeneous disease with many subtypes. Both ACE
inhibitors and angiotensin II receptor blockers may cause angioedema.
Abacavir changes the shape of the HLA antigen-binding cleft producing
an alteration in the repertoire of self-peptides that bind HLA-B*57:01 and
a T cell response to self-proteins. Drug-induced delayed-type cutaneous
hypersensitivity reactions are mediated by CD4+ and CD8+ CD3+ T cells
in the dermis and epidermis. Granulysin appears to be a key molecule for
keratinocyte killing in TEN/SJS. Drugs provide good examples of types II
(immune hemolytic anemia, drug-induced thrombocytopenia) and III
(serum sickness-like) hypersensitivities.

In this chapter, emphasis has been placed on the
core mechanisms underlying the broad categories
of hypersensitivity responses distinguished on
the basis of the Gell and Coombs classification
and based on differences in the immune reactants
(antibodies or cells), the form of the presented
antigen, and the effector mechanisms involved.
Mechanisms involved in individual drug hyper-

sensitivities including, for example, responses to
reactive metabolites from chemically “inert” par-
ent drugs such as sulfamethoxazole; relationships
between chemical structures and immune
responses seen with, for example, anaphylactic
reactions to neuromuscular blocking drugs during
anesthesia;  hypersensitivities and  other
intolerances to nonsteroidal anti-inflammatory
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drugs (NSAIDs); and mechanisms underlying the
killing of malignant cells by some drugs used in
chemotherapy are not confined to this chapter but
presented in the relevant chapters dealing with
pharmacologically different groups of drugs.
Most hypersensitivities to drugs manifest as type
I or type IV reactions. Type II and type III drug
hypersensitive reactions are far less often seen
and are considered after the discussions of the
type I and IV responses. Mechanisms, to the
extent that they are currently understood, of other
types of “hypersensitivity” reactions or intoler-
ances, some mediated by antibodies other than
IgE, and others by cells, are also discussed. We
begin by examining the mechanisms underlying
type I drug-induced IgE antibody allergic sensiti-
zation, regulation and production, and the effec-
tor mechanisms operative in IgE-mediated
allergic reactions.

3.1 Allergic Sensitization to Drugs
and the Dogma of Previous
Exposure

3.1.1 Immunogenicity of Free

and Conjugated Drugs

As well as the chemical nature of a drug, its size
and complexity influence its antigenicity.
Chemicals of molecular mass less than 5 kDa and
sometimes up to about 10 kDa are often poorly or
non-antigenic. From the time of the early immu-
nochemical studies on antigenicity and haptens,
organic chemicals of small molecular mass have
been assumed to be antigenic and capable of
stimulating an immune response only as a com-
plex with a macromolecular carrier, usually pro-
tein. By coupling a wide range of different
chemicals that are not antigenic in their free state,
for example, steroids, sugars, purines, pyrimi-
dines, nucleosides, and aromatic ring compounds
such as phenols, etc., Landsteiner and other early
investigators demonstrated clear and specific
antibody responses in laboratory animals.
Chemicals such as drugs may form hapten—carrier
complexes in vivo in three different ways—by
direct chemical covalent interaction with a

3 Mechanisms of Hypersensitivity

soluble or cell-bound protein, by biotransforma-
tion of the drug to form a reactive metabolite able
to bind to a carrier protein, or by degradative
changes to the parent molecule forming reactive
groupings (Fig. 3.1). In practice, however, it is
often not possible to show protein binding by a
drug or to even offer a satisfying explanation of
how such binding might occur given the known
chemical properties of the drug and the metabolic
processes to which it is exposed. While a number
of allergenic drugs such as the B-lactams undergo
well-known ring-opening and subsequent
protein-binding reactions (Chap. 5), for many
drugs chemical reactivity, protein binding, bio-
transformation, or the involvement of degrada-
tive products and/or reactive impurities has not
been demonstrated. This raises the question of
another possible mechanism(s) to explain the
immune recognition of “small” drug molecules
and the subsequent immunological steps involved
in the drug-induced hypersensitivity responses
(see Sects. 3.1.2, 3.1.3, 3.4, 6.2.3.3, 7.4.2.3, and
7.4.5.3). Over the last few decades, a large num-
ber of drugs have been implicated as provoking
agents for a range of hypersensitivity states, and
although the list of identified drug allergenic
determinants has expanded, this aspect of hyper-
sensitivity research is still in its infancy.
Structures as diverse as substituted ammonium
ions, simple disaccharides, small side chain
groups and ring structures on p-lactams, haloge-
nated isoxazolyl groups, and whole molecules as
seen with trimethoprim and chlorhexidine are
known to be recognized as allergenic determi-
nants in some drug-allergic patients. Of the pres-
ently known drug allergenic determinants, most
have been reliably identified in IgE antibody
recognition studies using quantitative immuno-
chemical hapten inhibition techniques. The
approaches and methods already applied so
successfully to a range of drugs (see Chaps. 5-8)
need to be expanded to cover other yet-to-be-
defined IgE antibody-binding determinants and
extended to T cell-mediated drug hypersensitiv-
ity reactions where progress has been slow.
Results from the IgE studies have demonstrated
that more than one allergenic determinant gener-
ally occurs on drugs and such antigenic
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Fig. 3.1 Diagrammatic representation of possible,
and potentially allergenic, hapten—protein complexes
that may form in vivo from a drug and/or its
metabolite(s) and degradative product(s). From Baldo

heterogeneity is reflected in patients’ IgE anti-
body recognition responses. As more drug aller-
gies and more allergic individuals are studied, the
extent of this heterogeneity will emerge and with
it the possibility of gaining greater insights into
the structural basis of drug allergenicity.

For an allergic reaction to a given drug, immu-
nological dogma requires that the response
occurs on reexposure to the drug after the initial
sensitizing exposure to that drug. However, this
seemingly obvious requirement may not always
hold true or appear to hold true. Some allergic
responses, sometimes even life-threatening as
with anaphylaxis, occur on first exposure to
a drug. Such reactions to the neuromuscular
blocking drugs are well known and there are
numerous other investigations and case studies
involving a variety of pharmacologically differ-
ent drugs including trimethoprim, iodinated con-
trast media, opioids, and some antibiotics that
report the same phenomenon. In some cases, this
might be explained by previous exposure to a
structurally similar drug or to a structurally simi-
lar compound that may not even be administered
as a drug. An example of the former case is a
reaction to a cephalosporin in a patient previ-
ously given a penicillin while a reaction to a drug
may also result from previous exposure to the
drug (e.g., an antibiotic in meat) or an antigeni-
cally cross-reactive chemical in some foods or in
the environment. Although IgE antibodies are
almost invariably thought of as induced humoral

non-allergenic

e

potentially allergenic

BA & Pham NH. Structure—activity studies on drug-
induced anaphylactic reactions. Chem Res Toxicol 1994;
7: 703. Reproduced with permission from American
Chemical Society

responses to allergens, parasites, and fungi, some
of the antibodies are “natural,” that is, antibodies
formed without exposure to foreign antigens via
infection or passive or active immunization.
Examples of such antibodies appear to be those
that are complementary to various cross-reactive
carbohydrate determinants (the so-called CCDs),
and to phosphorylcholine connected by phospho-
diester linkages in some N-linked proteoglycans
and glycolipids and found in pneumococcal tei-
choic acid (“C substance”) and other “C sub-
stances” in bacteria, fungi, arthropods,
helminthes, protozoa, and plants. The curious
connection between IgE natural antibodies to the
D-galactose disaccharide found on cetuximab, a
chimeric mouse-human IgG; monoclonal anti-
body used for cancer treatment, and anaphylaxis
in some treated patients (see Sect. 11.1.3.2) and
the possible cross-reaction of natural anti-
phosphorylcholine IgE antibodies with ammo-
nium groups on neuromuscular blocking drugs
(Sect. 7.4.5.3) are indicators of the likely exis-
tence of other natural IgE antibodies with poten-
tially cross-reactive specificities. Although some
of these antibodies may appear to have no con-
nection whatsoever with a particular drug, struc-
tural features recognized by the antibody
combining site may resemble structures on the
drug molecule resulting in allergenic cross-
reactivity. It should also be kept in mind, how-
ever, that not all exposures to a potentially
sensitizing drug will result in a patient becoming
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sensitized and every sensitized patient will not
necessarily respond with allergic symptoms
following reexposure to the sensitizing drug.

Findings so far on immune recognition of
drugs, especially recognition by IgE antibodies in
cases of type I immediate hypersensitivity and to
a much lesser extent for drug recognition by spe-
cific T cells, have shown that small parts of drug
molecules, sometimes only one or a few chemi-
cal groups that form part of the molecule, consti-
tute the allergenic determinant structures that are
complementary to the immunoglobulin E com-
bining sites and T cell receptors. In addition to
allergic cross-sensitivity to drugs in the same
family, for example, between different f-lactams,
recognition of widely distributed structures com-
monly occurring in many different drugs and
chemicals also represents potentially immuno-
logically cross-reactive determinants. Substituted
ammonium ions identified as the most important
IgE antibody-binding structures in neuromuscu-
lar blocking drugs (Sect. 7.4.2.1) occur in many
drugs and chemicals frequently encountered by
humans. Bioisosteres, that is, groups with similar
physical and/or chemical properties that impart
similar biological properties to a drug, should
also be kept in mind when prior allergic sensiti-
zation is suspected in patients who are first time
reactors to a drug. In this era of so-called rational
drug design, bioisosteres are commonly seen for
example, in the replacement of a six-membered
phenyl ring with a five-membered thiophene ring
in many synthesized drugs. The importance of
bioisosterism in the identification of allergenic
structures and allergic cross-reactivity is dis-
cussed further in Chap. 5.

3.1.2 Mediator Release by Free and
Conjugated Drugs in
Immediate Allergic Reactions

In allergic subjects, IgE antibodies, as well as
being free in serum, are fixed to the extracellular
D1 distil and D2 proximal domains of the FceRI
receptor on mast cells and basophils via the Ce2
and Ce3 domains of the antibody Fc region.

3 Mechanisms of Hypersensitivity

Bridging of adjacent cell-bound IgE molecules
by at least bivalent allergenic determinants react-
ing with their complementary antibody combin-
ing sites (Fig. 3.2a—d) triggers cell degranulation
and release of a variety of mediators that cause
the signs and symptoms of a type I hypersensi-
tivity reaction. In the case of drug—carrier conju-
gates, cross-linking of IgE antibodies is readily
explained by the presence on the conjugates of
multiple reactive drug determinant sites, but for
free, uncomplexed drug molecules both the size
and number of reactive determinants would
appear to be too small for cross-linkage of anti-
body combining sites to occur. Drugs with a
single IgE-binding determinant cannot, of
course, cross-link adjacent cell-bound antibody
molecules (Fig. 3.2e), but even if two or more
determinants are present, they must be separated
by a suitable distance and/or be suitably spatially
arranged if cross-linking via adjacent comple-
mentary antibody combining sites is to occur
(Fig. 3.2f, g). Despite this problem of explaining
the mechanism of apparently monovalent drug-
induced allergic mediator release, there is at
least one group of drugs, the neuromuscular
blockers (and probably more to be identified)
that can specifically elicit antibody-induced mast
cell activation and release without first undergo-
ing coupling to a macromolecular carrier. For
these drugs, di- or multi-valency is an inherent
part of the molecular structure and, even in the
absence of protein binding, cross-linking of cell-
bound antibodies can be effected (Fig. 3.2a). Of
the polymethylene bismethonium compounds,
the 2 nm molecular length of the C-10 congener
decamethonium is optimal for neuromuscular
block, that is, it best fits the distance between the
receptive sites on the muscle nicotinic acetyl-
choline receptor. Interonium distances, however,
are less, for example, 1.4 nm for decametho-
nium, 1.08 nm for d-tubocurarine (molecular
length 1.8 nm), and 1.14 nm for pancuronium
(molecular length 1.9 nm). These distances
appear to be suitable for the neuromuscular
blockers to bridge and thus activate adjacent IgE
molecules on the mast cell surface (see also
Sects. 7.4.2.1 and 7.4.2.3).
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Fig. 3.2 Different ways in which a free drug (shown in
boldin a, b, e, f, and g) and a drug—protein conjugate (c, d)
may cross-link or bridge adjacent cell-bound IgE molecules
which triggers release of the mediators of immediate hyper-
sensitivity. (a) Bridging via an allergenically divalent
unconjugated drug molecule with the same or closely
related allergenic determinants. This is the mechanism
thought to occur in patients who experience anaphylaxis
following administration of a neuromuscular blocking
drug. (b) Bridging via a free, unconjugated drug molecule

3.1.3 Immunological Recognition
of Free, Unconjugated Drug

Molecules

The generally accepted explanation for the rec-
ognition of drugs causing an immune-mediated
hypersensitivity reaction is based on the binding
of drug to a protein carrier molecule, immune
recognition and processing of the drug—protein
complex, presentation of drug—peptide conju-
gates to the T cells, and recognition and reaction
of the T cell with the drug antigen. However,
although there is no evidence that many drugs,
either as the parent compound or as a metabolite,
bind to a suitable carrier, there is evidence that T
cells recognize metal ions such as Ni** and some
drugs like sodium aurothiomalate that do not
require antigen processing. In one explanation,

containing two (or more) different determinants that elicit
an IgE response. (¢) and (d) Bridging via conjugated drug
molecules with cross-linking effected by the same, or dif-
ferent, determinants, respectively. Failure to bridge adja-
cent cell-bound IgE molecules because: (e) drug is
allergenically monovalent; (f) and (g) drug determinants
are not positioned to effect cross-linkage. From Baldo BA
& Pham NH. Structure—activity studies on drug-induced
anaphylactic reactions. Chem Res Toxicol 1994; 7: 703.
Adapted with permission from American Chemical Society

the drug is said to bind directly to self-peptides in
the antigen-binding cleft of the major histocam-
patibility complex (MHC). In another possible
alternative, the drug may couple directly to the
MHC itself on regions involved in binding to the
T cell receptor. In drug interaction with the MHC,
recognition may be restricted to a limited number
of peptides or it may be promiscuous, that is,
independent of peptide. For some drugs at least,
direct stimulation of T cells via the T cell recep-
tor in an MHC-dependent way has been sug-
gested. With sulfamethoxazole for example, a
drug known to be metabolized to its reactive
nitroso derivative, only a minority of T cell clones
reactive with this metabolite were isolated from
sulfamethoxazole-allergic patients. The short
time period for T cell activation to occur with
some free, unmetabolized drugs, T cell clone
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reactivity with glutaraldehyde-fixed antigen-
presenting cells, and removal of free drug by
washing all suggests a drug—T cell receptor inter-
action that is independent of metabolism and pro-
cessing. Further consideration of the recognition
and the immune response to free, unconjugated
drugs is set out in Sect. 3.4 below.

3.2 IgE Antibodies
and IgE-Mediated Drug

Hypersensitivities

The central importance of IgE antibodies in both
the immediate and late phases of an allergic
response involving inflammatory reactions is well
established. IgE mediates the allergic inflamma-
tory response by binding to both its high-affinity
receptor FceRI on mast cells and basophils and its
low-affinity IgE receptor FceRIl (CD23) (on a
number of different hematopoietic cells including
B cells) to augment humoral and cellular responses.

3.2.1 Initiating Events in the

Production of IgE Antibody

IgE is produced by plasma cells at the site of an
allergic reaction generally in mucosal, cutane-
ous, and gut lymphoid tissue. IgE antibody pro-
duction begins with the interaction between
antigen-bearing antigen-presenting cells (APC)
and lymphocytes. APCs can be dendritic cells,
the most important cell in initiating the adaptive
immune response, macrophages, and B cells.
Naive T lymphocytes not only need to have anti-
gen presented in a special way, they also require
precise signals to become activated. Both of
these requirements are fulfilled by the APC
firstly via the membrane-associated MHC that
interacts with the T cell receptor (TCR) (activa-
tion signal 1) and secondly by the provision of
co-stimulatory signals in the form of the mem-
brane protein ligand CD80 (B7-1) working in
tandem with another membrane ligand CD86
(B7-2) (activation signal 2). These ligands inter-
act with their complementary receptor CD28
constitutively expressed on naive T cells to allow
the cells to undergo clonal expansion (Fig. 3.3).

3 Mechanisms of Hypersensitivity

Resting or naive B cells are also nondividing,
and to undergo clonal expansion and differentia-
tion to effector B cells, that is, to produce aller-
gen-reactive IgE antibodies, B cells also require
the participation of a specific receptor, the B cell
receptor or BCR, and co-stimulation from T
helper cells. The BCR has immunoglobulin
anchored in the cell membrane, and, in concert
with the B cell co-receptor complex, it is the
interaction between this surface immunoglobu-
lin and its complementary antigen that initiates
B cell activation. Upon binding to the antigen,
the BCR—antigen complex is internalized within
an endosome, processing follows, and the pro-
cessed antigen is presented back on the surface
by MHC type II molecules. If maturation of the
B cell to a plasma cell or a memory cell is to
continue, interaction with, and co-stimulation
by, an activated T helper cell is required.
Interaction between the B cell and an activated
Th2 cell with the appropriate TCR involves rec-
ognition of the MHC-processed antigen by the
TCR and co-stimulatory CD80/CD86 (B7) sig-
nals. Co-stimulation of the B cell that eventually
leads to clonal expansion and isotype switching
is also enabled through upregulation of the CD40
ligand (CD40L) (Fig. 3.3). If CD40L-CD40
receptor interaction and co-stimulation do not
eventuate, B cells undergo apoptosis and are
eliminated. Cell proliferation and isotype switch-
ing for the synthesis of IgE are aided by the cyto-
kines I1-4 and IL-13 generated by Th2 cells.
These two cytokines initiate transcription of
germ-line mRNA for IgE antibodies and are
regarded as the first of two signals necessary for
class switching from IgM- to IgE-bearing cells.
The second signal is delivered by the interaction
of CD40L on the T cell surface with its receptor
CD40 on the B cell. This interaction results in all
of the elements necessary for the e-heavy chain
being brought into close proximity.

IgE levels influence IgE receptor density on
cells. High levels of antibody increase both the
number of FceRI receptors and the degranulation
of mast cells and basophils. Along with degranu-
lation, increased release of cytokines such as IL-4
occurs and these in turn stimulate increased IgE
levels and receptor density. A reduction of IgE
results in a reduction of receptor levels on mast
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Fig. 3.3 Cellular events in the production of IgE anti-
bodies. Presentation of antigen (usually in peptide form)
to T cells via MHC molecules on dendritic cells. This
results in the T cells undergoing clonal expansion.

cells and decreased degranulation. IgE is also
capable of upregulating the FceRII receptor (see
below). From the therapeutic aspect then, inhibi-
tion of IgE is desirable since it leads to a decrease
in the release of mediators from mast cells and
basophils. This is, in fact, the rationale for the use
of omalizumab, a recombinant humanized IgG1k
monoclonal antibody (see Sect. 11.1.3.1) used for
patients with difficult-to-manage severe persistent
allergic asthma. Omalizumab binds to the Ce3
region of circulating human IgE antibodies inhib-
iting their binding to the FceRI and FceRII recep-
tors and thus ultimately suppressing IgE-mediated
mast cell activation and the allergic inflammatory
response. It does not target receptor-bound IgE on
mast cells and thus does not trigger mast cell
degranulation. Another potential therapeutic
approach to treat allergic disorders is the interfer-
ence with the interaction between IL-4 and its
receptor. Without this interaction, B cells do not

Antigen presentation to activated T cells by activated B
cells ultimately results in co-stimulation of the B cells,
class switching, clonal expansion, and differentiation to
effector cells

differentiate into IgE-secreting plasma cells and
Th2 cells and their functions in the allergic
response are inhibited. Modulation of cytokines
involved in the production of IgE is yet another
therapeutic strategy. For example, IL-12 and
IFN-y inhibit cytokine production by Th2 cells
so interference with the expression of these
cytokines suppresses IgE synthesis. For further
biologic strategies in directing therapies for hyper-
sensitivities, see Chap. 11.

3.2.2 Allergic Release of Mediators
of Hypersensitivity from
Mast Cells

The critical role of IgE in both the immediate
and late phases of the allergic response is well
established and, together with the mast cell, the
resultant humoral and cellular interactions produce

worldclimbs@gmail.com


http://dx.doi.org/10.1007/978-1-4614-7261-2_11#Sec00115
http://dx.doi.org/10.1007/978-1-4614-7261-2_11

44

3 Mechanisms of Hypersensitivity

o~ I8E antibody

electron
dense

granules
\

Resting mast cell containing
granules and inflammatory

Antigen cross-links
¥ adjacent antibodies

granules (less
electron dense)-
contents released
& open to exterior

Mediators of hypersensitivity

/ and inflammation

mediators
o
Contracts  Dilates and increases
airways permeability of blood

smooth muscle vessels

Fig. 3.4 Diagrammatic representation of antigen-
induced degranulation of, and mediator release from, mast

the inflammatory mediators and symptoms
characteristic of allergic reactions. On the basis
of the type of proteases and proteoglycans in
their granules, human mast cells can be divided
into three populations: tryptase-only positive
mast cells in the lungs and intestinal mucosa;
tryptase, chymase, and carboxypeptidase positive
mast cells in the skin, connective tissues, and
intestinal mucosa; and a smaller population of
chymase-only positive cells in the nasal and
intestinal mucosae. For more details of tryptase
and its importance as a diagnostic marker for
anaphylaxis, the reader is referred to Sect. 4.5.1.
The initial event in the activation of mast cells for
mediator release is the binding of IgE antibodies
to the high-affinity FceRI IgE receptor abun-
dantly expressed on the mast cell and basophil

Activates
platelets

Attracts
eosinophils

Stimulates
secretions of
mucous glands

cells by antigen-effected cross-linking of adjacent cell-
bound complementary IgE antibodies

surfaces (Fig. 3.4). The high affinity of the recep-
tor (~K, 1071 M) means that a high proportion of
IgE is bound even in situations where there are
low levels of circulating IgE antibodies. The
FceRI complex is a receptor in tetramer form
made up of a ligand-binding a chain structurally
related to the o chains of FcyR, a tetraspan
chain, and the FcyR v chain dimer. The a chain
has two protruding Ig type domains that bind the
Ce3 region of IgE and in the presence of the anti-
body the receptor is upregulated while the Fc
receptor for IgG is downregulated. The  and y
chains each contain an ITAM (Immunoreceptor
Tyrosine-based Activation Motif) that interact
with the Lyn, Syk, and Fyn protein tyrosine
kinases. The critical event and signal for mediator
release, as occurs in anaphylaxis, is the cross-linking
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of receptor-bound IgE antibodies by allergen
molecules reacting with the bivalent antibody
combining sites. The IgE-FceRI complex is
long-lasting and dissociates exceptionally slowly.
Cross-linking of receptors causes their aggrega-
tion, rapid migration to lipid rafts, activation of
the Lyn and Fyn protein tyrosine kinases, and
ultimately transphosphorylation of the p and y
chains and involvement of the Syk kinase. Mast
cell degranulation (Fig. 3.4), which can occur
within seconds, follows a series of activation
steps induced by phosphorylation reactions dis-
cussed in more detail in Sect. 3.2.6. Some of the
released mediators of inflammation and anaphy-
laxis stored in the cytoplasmic granules including
histamine (see below, Sect. 3.2.5.1), heparin,
platelet-activating factor (PAF) (Sect. 3.2.5.3),
serotonin, the enzymes tryptase, chymase, and
carboxypeptidase, and eosinophil, neutrophil,
and monocyte chemotactic factors are preformed
while others are newly synthesized. The pre-
formed mediators are responsible for the imme-
diate signs and symptoms of vasodilation, edema,
bronchoconstriction, and itching. The newly syn-
thesized group of released mediators includes
prostaglandin D, (PGD,,, thromboxanes, and leu-
kotrienes LTB,, LTC,, and LTD, (Sect. 3.2.5.2).
A host of cytokines (pro- and anti-inflammatory),
chemokines, and chemotactic, stimulating, and
growth factors including interleukins -1, -3, -4,
-5, -6, -8, -9, -10, -11, and -13, tumor necrosis
factor (TNF), granulocyte—macrophage colony-
stimulating factor (GM-CSF), monocyte chemo-
tactic protein-1 (MCP-1), regulated upon
activation normal T cell expressed and secreted
(RANTES; CCLS5), and eotaxin (CCL-11) are
also released.

3.2.3 Amplification of IgE Antibody
Production by Cellular
Interaction

Mast cells, basophils, and even dendritic cells
can accentuate B cell production of IgE antibod-
ies by direct interaction (Fig. 3.5). IgE antibodies
newly synthesized by plasma cells bind to the
FceRlI receptors on the surfaces of mast cells and

basophils. Cross-linkage of antibodies by antigen
that reacts with the combining sites of adjacent
receptor-bound IgE molecules activates the
receptors and triggers the cells to express CD40
ligand (CD40L) and secrete IL-4. These mole-
cules react with their complementary receptors
expressed on the B cell surface, and hence, like
Th2 cells, mast cells and basophils can induce
class switching and increase the production of
IgE antibody.

3.2.4 Low-Affinity IgE Receptor
FceRIl (CD23)

A second receptor for IgE, the low-affinity recep-
tor FceRII also known as CD23, is expressed on
airways smooth muscle cells and several types of
hematopoietic cells including mature B lympho-
cytes, macrophages, monocytes, dendritic cells,
and eosinophils. The designation “low” affinity is
derived from the receptor’s lower affinity
(Kp=~107-107%) than the affinity of the FceRI
receptor (Kp=~1071°-10"!1). CD23 has multiple
functions by virtue of its capacity to bind a range
of different ligands. As well as binding IgE in
both its secreted and B cell-bound form, CD23
binds CD21 (also known as complement receptor
2), CDI18/CD11b (complement receptor 3),
CD18/11c (complement receptor 4), and «,f33, the
vitronectin receptor. CD23 is a 45 kD type II
membrane protein with homology to calcium-
dependent (C-type) lectins. It is involved in both
the up- and downregulation of IgE synthesis by B
cells, augmentation of humoral and cellular
responses, and facilitation of the phagocytosis of
IgE opsonized antigens. Upon antigen-mediated
cross-linking of bound IgE, the low-affinity
receptor on B cells downregulates IgE synthesis.
Augmentation of IgE-mediated responses can be
demonstrated in vivo by the prevention of an
immunogen and antigen-specific IgE-induced
increase in serum IgE titers following pretreat-
ment with anti-CD23 antibodies. As well as its
effects on the FceRI receptor, IgE can also upreg-
ulate CD23 resulting in an increased allergic
response in the bronchial mucosa. This is thought
to occur via enhancement of allergen uptake and
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Fig. 3.5 Amplification of IgE antibody production
by B cells by direct interaction of mast cells express-
ing CD40L and secreting IL-4. These interact with

presentation. Considering the effects of IgE on
the high and low IgE receptors, inhibition of the
antibody leads to downregulation of both recep-
tors and ultimately decreased mediator release
from mast cells and basophils.

Important findings on CD23 control of IgE
antibody synthesis and homeostasis in human B
cells have recently been forthcoming. The endog-
enous metalloprotease, a disintegrin and metal-
loproteinase  domain-containing protein 10
(ADAM10), demonstrated the existence of two
forms of CD23 by releasing its soluble form
(sCD23) from membrane CD23 (mCD23).
Upregulation of mCD23 in tonsil B cells follow-
ing treatment with I1-4 and anti-CD40 led to
accumulation of sCD23 in the medium prior to
class switching to IgE synthesis. Inhibition of
mCD23 cleavage by an inhibitor of ADAMI10 or
small interfering RNA inhibition of CD23 syn-
thesis suppressed IL-4- and anti-CD40-induced
IgE synthesis, but addition of recombinant
sCD23 enhanced IgE synthesis. Since this
occurred even when mCD23 is protected from
cleavage, it seems that IgE synthesis is positively
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their complementary receptors on the B cell surface
inducing class switching and the production of IgE
antibodies

controlled by sCD23, and further, sCD23 binds
to cells co-expressing IgE and membrane CD21.
These results have been interpreted as membrane-
bound IgE and CD21 having a role in the sCD23-
mediated positive regulation of IgE synthesis
with feedback occurring when the concentration
of IgE becomes great enough to allow binding to
mCD23, thus preventing further release of its
soluble form.

3.2.5 Important Mediators of the
Type | Immediate Allergic
Response

3.2.5.1 Histamine

The reader is also referred to Sect. 4.5.2 for a
consideration of the place of histamine in the
diagnosis of drug allergies and to Sect. 8.4.1 for a
summary of histamine receptors and their rele-
vance to opioid analgesics.

Histamine (2-(imidazol-4-yl)ethylamine) is
one of the most intensely studied molecules in
all biological systems. This fact, and its appar-
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ent myriad physiological and pathological
effects, is behind a seemingly ever-expanding
literature on an extraordinarily broad spread of
activities including its role in inflammatory and
allergic reactions; many aspects of the immune
response; differentiation; cell proliferation;
hematopoiesis; neurotransmission; regulation of
circulatory functions, vasodilation, and blood
pressure; wound healing; gastrointestinal func-
tion; and, no doubt, numerous others yet to be
elucidated. In peripheral tissues, more than
90 % of body stores of histamine are found in
mast cells and basophils, although there are two
other main sources in humans—enterochromaf-
fin-like cells of the gut and histaminergic nerves
in the brain. In mast cells and basophils, hista-
mine is stored in granules in association with
different anionic proteoglycans—heparin in
mast cells and condroitin-4-sulfate in basophils.
Upon degranulation elicited by specific IgE
antibodies, cytokines, or histamine releasers
like compound 48/80, calcium ionophore,
N-formyl-met-leu-phe, phorbol 12-myristate
13-acetate, and some drugs such as opioid anal-
gesics and neuromuscular blockers, histamine is
released from the granules in large amounts
with the associated proteoglycan.

3.2.5.1.1 Histamine Biosynthesis and
Metabolism

Histamine is synthesized from L-histidine exclu-
sively by the inducible enzyme L-histidine
decarboxylase located in the cytosol and widely
expressed in the body in various cells including
mast cells, basophils, parietal cells, gastric
mucosa, neurons, and cells of the central nervous
system. The mammalian enzyme requires
pyridoxine-5-phosphate as an active site cofac-
tor (Fig. 3.6). Once synthesized, histamine is
transported from the cytosol to the secretory
granules by vesicular monoamine transporter 2
(VMAT?2). L-Histidine decarboxylase is detect-
able only in cells producing histamine since it is
synthesized only when the mediator is required
and degraded as soon as synthesis is terminated.
Given histamine’s pronounced physiological
actions, its inactivation to metabolites that do not
interact with histamine receptors is a requirement.

This is achieved by methylation and oxida-
tion. In mammals, histamine is inactivated in
two main ways—methylation of the imidazole
ring effected by histamine N-methyltransferase
(HMT) and oxidative deamination of the pri-
mary amino group catalyzed by diamine oxidase
(DAO)—to form  N-methylhistamine and
imidazole-4-acetaldehyde, respectively (Fig. 3.6).
HMT, which is specific for histamine, is present
in most tissues and responsible for the inactiva-
tion of intracellular histamine. The enzyme cata-
lyzes the transfer of a methyl group from
S-adenosyl-L-methionine to the secondary amino
group of the imidazole ring. DAO is stored in
secretory vesicles and expressed mainly in intes-
tinal and kidney epithelial cells. Its release is
stimulated by heparin which is liberated together
with histamine by activated mast cells. Heparin
terminates the action of histamine by inactivat-
ing it locally. DOA is also active in the gut where
it catabolizes histamine present in some foods,
thus preventing it from entering the circulation.
The products of histamine inactivation by the
two different routes are further metabolized
(Fig. 3.6). N-methylhistamine is converted to
N-methylimidazole-4-acetaldehyde by mitochon-
drial monoamine oxidases and this aldehyde, in
turn, is catalyzed by aldehyde dehyrogenases to
N-methylimidazole-4-acetic acid. In the DAO
pathway, the first product from the breakdown of
histamine, imidazole-4-acetaldehyde, is also cata-
lyzed to the acetic acid derivative by aldehyde
dehydogenase before its subsequent ribosylation
for transport and excretion.

3.2.,5.1.2 Histamine Receptors

The physiological and pharmacological effects of
histamine are mediated through four different
receptors H,, H,, H;, and H,, all members of the
7-transmembrane g protein-coupled receptor
(GPCR) family with amino terminal glycosylation
sites and phosphorylation sites for protein kinases
A and C. The receptors are widely expressed on
different tissues that are responsive to histamine.
For the H; receptor these tissues include smooth
muscle cells of the airways and vasculature, the gas-
trointestinal tract, cardiovascular system, neutrophils,
endothelial cells, T and B cells, hepatocytes, nerve

worldclimbs@gmail.com



48

3 Mechanisms of Hypersensitivity

o

N
</ | OH
HN NH,

L-histidine

pyridoxine-5-PO4l L-histidine decarboxylase

N NH,
</ j/\/
HN

histamine

histamine N-methyltransferase (HMT) |

diamine oxidase (DAO)

N NH,
</ jl/\/
N

HaC/ N-methylhistamine

monoamine oxidase (MAO )l

N H
(Y
/

HsC
N-methylimidazole-4-acetaldehyde
aldehyde dehydrogenasel

N OH
</ j/\g/
N
/
HoC

N-methylimidazole-4-acetic acid

Fig.3.6 Biosynthesis of histamine from L-histidine by the
widely expressed enzyme L-histidine decarboxylase

cells, and cells of the genitourinary system sug-
gesting an important role for the autacoid in the
modulation of immune, inflammatory, and allergic
processes. The H, receptor is expressed in gastric
parietal cells, the central nervous system, vascular
smooth muscle, heart, neutrophils, and uterus. H;
receptors appear to be less widely distributed
occurring in the central and peripheral nervous
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and its metabolism by methylation (via histamine
N-methyltransferase) and oxidation (via diamine oxidase)

systems while H, receptors are largely expressed
in hemopoietic cells where they modulate eosino-
phil migration and selective recruitment of mast
cells. For signal transduction, the H; and H, recep-
tors activate G, and G-coupled proteins respec-
tively while both H; and H, are coupled to, and
activate, Gy, proteins.
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Pathophysiological effects resulting from
stimulation of the H,; receptor include those
responses seen in immediate allergic reactions,
viz, redness, itch, swelling, asthma, anaphy-
laxis, bronchoconstriction, and vascular permea-
bility. The primary activation of the H, receptor,
a Gog-coupled protein, proceeds through
phospholipase C which catalyzes the formation
of inositol-1,4,5-triphosphate (IP;) and 1,2-
diacylglycerol (DAG) from phosphatidylinositol
4,5-biphosphate. IP; released into the cytosol,
binds to its receptor in the endoplastic reticulum
causing an increase in cytosolic Ca*" levels.
DAG, acting as a second messenger, activates
protein kinase C (PKC). This pathway is acti-
vated and proceeds in the brain, airways, and
intestinal and vascular smooth muscle. H; recep-
tor activation in some other tissues can stimulate
adenyl cyclase and cAMP formation. The signal-
ing pathways are not yet fully understood, par-
ticularly details of the involvement of Ca®*. Some
of the resultant responses in vascular endothelial
cells after stimulation of the H; receptor and ele-
vated intracellular Ca?* levels are permeability
changes, synthesis of prostacyclin and platelet-
activating factor (PAF), and release of Von
Willebrand factor and nitric oxide (NO).

Whereas H; receptors are involved with posi-
tive effects, H, receptors appear to mainly medi-
ate suppressive activities of histamine including
gastric acid secretion, heart contraction, cell pro-
liferation, differentiation, and some effects on the
immune response. H, receptors are coupled to the
adenylate cyclase as well as the phosphoinositide
second messenger systems via separate GTP-
dependent mechanisms, but H,-dependent
effects, particularly those of the central nervous
system, are predominantly mediated through
cAMP. It has been shown that receptor binding
stimulates activation of c-Fos, c-Jun, PKC, and
P70S6 kinase. Alternative signaling pathways
have been reported (Fig. 3.7). These include a
receptor-mediated increase in intracellular Ca*
and/or IP; levels in HL-60 human promyelocytic
leukemia cells and an increase in cAMP and inhi-
bition of release of arachidonic acid in Chinese
hamster ovary (CHO) cells transfected with rat
cDNA and induced by calcium ionophore.

The Hj receptor regulates the synthesis and
release of histamine and also has a regulatory
role in the release of neurotransmitters such as
serotonin, dopamine, and norepinephrine. The
receptor is expressed in those regions of the cen-
tral nervous system associated with cognition, in
particular, the hippocampus, basal ganglia, and
cortical areas, and in the peripheral nervous sys-
tem, namely, the cardiovascular system, gastroin-
testinal tract, and airways. The Hj; receptor
signals through Gy, proteins and alternative sig-
naling pathways appear to be activated by these
proteins. Stimulation of the receptor results in
adenyl cyclase inhibition and lower levels of
cAMP and PKA. Alternative signaling pathways
may be activated including activation of phos-
pholipase A, (PLA,), stimulation of mitogen-
activated protein kinase (MAPK), the inhibition
of Na*/H* exchange, and K*-induced Ca* mobi-
lization. A study of Hj receptor-mediated attenu-
ation of norepinephrine exocytosis in cardiac
sympathetic nerves identified a novel pathway in
which stimulation of the receptors on nerve end-
ings produces intraneuronal activation of the
MAPK cascade. PLA,, phosphorylated by
MAPK, translocates to the cell membrane where
it acts on membrane phospholipids producing
arachidonic acid, the substrate for cyclooxygen-
ase and the production of prostaglandin E,
(PGE,). PGE, activates prostaglandin E receptor
3 (EP;R) on the cell membrane where the Gpy;
subunit of EP;R inhibits Ca** entry resulting in
attenuation of norepinephrine exocytosis. It is
apparent that with the Hj receptor, different sig-
naling can be employed in different cell systems.
A further illustration of this is the demonstration
of Hj receptor-mediated activation in the inhibi-
tion of the growth of cholangiocarcinoma in vitro
and in vivo. Activation of Hj receptors by a high-
affinity H; agonist decreased cholangiocarci-
noma growth by increasing levels of IP;,
translocation of PKCa, and IP;/Ca**-dependent
dephosphorylation of the extracellular signal-
regulated kinases ERK 1/2.

A new signaling pathway of the H; receptor
involving receptor modulation of the activity of
the serine/threonine-specific protein kinase Akt
(protein kinase B, PKB)/GSK-3p (glycogen
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Fig. 3.7 Summarized comparisons of G protein coupling and main and alternative signaling pathways for the four

histamine receptors H; H, Hs, and H,, (see also Table 3.1)

synthase kinase 3p) axis was recently demon-
strated in SK-N-MC cells from a neuroepitheli-
oma cell line. Receptor stimulation with an H;
agonist induced the phosphorylation of Ser473
and Thr308 on Akt, a kinase important for neuro-
nal development and function. Studies suggested
that the Akt activation occurs via a G;,-mediated
activation of PI3K (see Sect. 3.2.6.1). H; receptor
activation also resulted in phosphorylation of Ser
9 on GSK-3p, a ser/thr kinase which acts down-
stream of Akt. This kinase is important in brain
function and this newly identified signaling path-
way adds important knowledge to our under-
standing of the role of H; receptor-controlled
histamine in brain function. The three above-
outlined alternative pathways are summarized in
Fig. 3.7.

Following the realization that not all of the
biological effects of histamine could be attributed
to histamine receptors H;, H,, and H; a fourth
receptor was postulated and histamine receptor
H, was subsequently cloned in 2000-2001.
Receptor H, shows a 35 % amino acid sequence
homology with the H; receptor and the two are
similar in gene structure. The receptor essentially
confined to hemopoietic cells, exerts a chemotac-
tic effect on several cell types associated with
immune and inflammatory responses such as
allergy, asthma, rheumatoid arthritis, and inflam-
matory bowel disease and this has led to interest
in the development of new agents targeting these
diseases. H, receptors are functionally expressed
on mast cells, eosinophils, monocytes, dendritic
cells, and CD8+ T cells. Although the presence
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Table 3.1 Summarized comparison of function, G protein coupling and signaling pathways of histamine H,, H,, Hs,

and H, receptors?

Receptor H, H, H; H,

Best characterized function Acute allergic Gastric acid secretion Modulation of Immuno-
reaction neurotransmitters modulation

Indications for antagonists Allergy, Gastroesophageal reflux Sleep and cognition Pruritus,
pruritus® disease, peptic ulcer® disorders® asthma®

G protein coupling Gogii Gy Gairo Guiro

Main signaling pathway Ca> 1 cAMP 1 Inhibition of cAMP Ca* 1

aSee also Fig. 3.7
®Approved indications
‘Potential indications

of large amounts of histamine in mast cells and
the cell’s histamine-releasing properties are well
known, expression of histamine receptors on
mast cells had not been convincingly demon-
strated and there has been little information on
the effect of histamine on the cell. It is now
known that mast cells express the H, but not the
Hj; receptor, but exposure to histamine, or hista-
mine in combination with antigen—IgE antibody
complexes, does not lead to degranulation of
mast cells. The H, receptor has, however, been
clearly implicated in inflammation and pruritus
in animal models. In a rat model of carrageenan-
induced acute inflammation, antagonists of the
receptor inhibited edema formation and reversed
the thermal hyperalgesia. In a histamine-induced
itch model in mice, H, antagonists inhibited but
did not abolish scratching and itch was reduced
in Hy-deficient mice. Centrally acting H, receptor
antagonists produced a partial reduction and
combined treatment with both antagonists com-
pletely eliminated itch. Further evidence for the
involvement of both H, and H, receptors in
histamine-induced itch was the production of itch
following administration of agonists of both
receptors. There are many mediators of itch and
mechanisms are complex. With the belief that the
mechanisms underlying itch in chronic condi-
tions such as atopic dermatitis are more likely
those associated with mast cell degranulation, a
mouse model of itch was set up by injecting anti-
gen-specific IgE intradermally and challenging
with antigen 24 h later. H, receptor antagonists
significantly reduced itch and this was also the

result seen in mice deficient in the H, receptor.
Interestingly, expression of the H, receptor on
mast cells or any other cell was not required for
the pruritic activity, leading to the speculation
that H, receptor-mediated pruritus may result
from actions on peripheral neurons. While the
relevance to pruritus in humans of the results
with animal models is uncertain, there is opti-
mism that antihistamines specifically targeting
the H, receptor may lead to more effective treat-
ment of pruritic conditions in humans.

The H, receptor is mainly coupled to Gy, pro-
teins and, in common with the Hj receptor, this
leads to inhibition of adenyl cyclase and
decreased production of cAMP and downstream
effects on cAMP response element-binding
(CREB) gene transcription. As with the other his-
tamine receptors, other signaling pathways have
been reported (Fig. 3.7). From a study of the sig-
naling pathways of the endogenous mouse H,
receptor of bone marrow-derived mast cells, his-
tamine activation of the receptor was shown to
induce chemotaxis without affecting degranula-
tion of the mast cells. The following interpreta-
tions and sequence of events were suggested.
Binding of histamine to the receptor on mast cells
and eosinophils activates the pertussis toxin-
sensitive Goy, proteins triggering PLC possibly
via the G protein fy subunits dissociated from the
Gaoy, proteins. PLC hydrolyzes phosphatidylino-
sitol 4,5-biphosphate to IP; and DAG. IP; dif-
fuses into the cytosol and binds to its receptor on
the endoplastic reticulum where it activates a
Ca?* channel causing the release of intracellular
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Ca?*. The increased Ca?* triggers mast cell che-
motaxis toward histamine by pathways yet to be
worked out. It has been suggested that this mech-
anism might be responsible for mast cell accu-
mulation in allergic tissues.

There is mounting evidence that when the
same receptor can activate more than one path-
way, some agonists can activate one pathway in
preference to another. The need to consider more
than one downstream signaling pathway in
histamine-GPCR studies was again reinforced by
arecent investigation of signaling at the H, recep-
tor using the selective antagonist for G
protein-dependent signaling INJ7777120
(1-[(chloro-1-H-indol-2-yl)carbonyl]-4-methyl-
piperazine). Downstream signaling measure-
ments of G protein activation and f-arrestin
recruitment demonstrated that the antagonist is
what has been described as a biased agonist, act-
ing as an agonist in a non-G protein-dependent
manner to recruit P-arrestin to the receptor.
B-Arrestin is part of the mechanism for regulating
the activity of GPCRs. In stabilizing an alterna-
tive active conformation of the H, receptor that
initiates P-arrestin recruitment but not G protein
activation, that is, agonist-biased signaling,
IJNJ7777120 may be exhibiting the capacity to
exist in multiple active conformations. This may
result in an agonist stabilizing a slightly different
state that preferentially couples to one pathway
and not another.

Summarized comparisons of functions, indi-
cations for antagonists, G protein coupling, and
signaling pathways for the four histamine recep-
tors are shown in Table 3.1 and Fig. 3.7.

3.2.5.2 Cysteinyl Leukotrienes

For a discussion of cysteinyl leukotrienes in rela-
tion to diagnostic investigations of suspected
drug allergies, see Sect. 4.5.3.

Originally isolated after stimulation of lung
tissue by histamine and snake venom and named
over 70 years ago as “slow reacting substance of
anaphylaxis,” (SRS-A), leukotrienes are a family
of bioactive peptide-conjugated eicosanoid lipids
produced by mast cells, basophils, eosinophils,
and macrophages. The name “cysteinyl leukotri-
enes” is derived from the facts that the com-

3 Mechanisms of Hypersensitivity

pounds are synthesized by leukocytes, they
contain three conjugated double bonds or alkenes,
and four members of the group, LTC, LTD,,
LTE,, and LTF,, contain the amino acid cysteine.
Although the leukotrienes were originally identi-
fied by their contractile effect on smooth muscle,
they are now recognized as potent inflammatory
mediators with a range of other biologic effects.
In particular, LTC, and LTD, are powerful medi-
ators of asthma, airway hypersensitivity, and
allergies, inducing bronchoconstriction, increas-
ing vascular permeability, and promoting mucous
secretion. Upon inhalation, both mediators are up
to 1,000 times as potent as histamine whereas
LTE, is only 39 times as potent as histamine in
reducing maximum expiratory flow at 30 % of
vital capacity. LTE,, the most stable of the three
cysteinyl leukotrienes, is present in greatest
amount in vivo where it induces bronchial eosin-
ophilia and airway hyperresponsiveness. Unlike
LTC, and LTD,, LTE, persists longer in serum,
urine, and bronchoalveolar lavage fluid of asth-
matics. Urinary excretion of LTE, is therefore
sometimes used as an indicator of asthma. The
bronchoconstriction provoked by LTE, is strong
in patients with aspirin-sensitive asthma but
much weaker in other asthmatics, whereas LTD,
is much more pronounced in asthmatic patients
not sensitive to aspirin (see Chap. 9). Another
difference between the two mediators in their
effects on asthmatics is the recruitment into spu-
tum of basophils, mast cells, and eosoniphils by
LTE, but not by LTD,. LTD, aids the adhesion
and migration of some cancer cells and increases
proliferation of mast cells. All three cysteinyl
leukotrienes produce an equiactive wheal and
flare reaction characteristic of an allergic response
when injected intradermally at a concentration of
1 nmol per site.

3.2.5.2.1 Biosynthesis

As part of the response to leukocyte cell activa-
tion, cysteinyl leukotrienes are generated de novo
from arachidonic acid liberated from cell mem-
brane phospholipid by cytosolic phospholipase
A2 (Fig. 3.8). In concert with 5-lipoxygenase-
activating  protein (FLAP), the enzyme
5-lipoxygenase (5-LO) converts arachidonic
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Fig.3.8 Biosynthesis of cysteinyl leukotrienes from arachidonic acid showing the pathways to the formation of LTA,,

LTB,, LTC,, LTD,, and LTE,

acid to S5-hydroxyperoxyeicosatetraenoic acid
(5-HPETE) which spontaneously reduces to
5-hydroxyeicosatetraenoic acid (5-HETE). 5-LO
converts 5-HPETE to leukotriene A, an unstable
peroxide. Note that the enzyme involved in this
step is sometimes referred to as LTA, synthase.
LTA, synthase activity co-purifies with 5-LO and
the same cytosolic and membrane-bound active
proteins are required for reactions catalyzed by
5-LO and the so-called LTA, synthase in crude
human leukocyte homogenates leading to the
conclusion that a single enzyme is responsible
for the production of 5-HPETE from arachidonic
acid and for its subsequent conversion to LTA,. In
neutrophils and monocytes which have the
enzyme LTA, hydrolase, LTA, is converted to the
dihydroxyacid leukotriene LTB,, a chemoattrac-
tant for neutrophils, whereas in mast cells, baso-
phils, eosinophils, and macrophages, all of which

express LTC, synthase, LTA, is conjugated to
reduced tripeptide glutathione to form the cyste-
inyl leukotriene LTC, After transportation to the
cell surface in an energy-dependent step with the
assistance of multidrug resistance-associated
protein 1 (MRP-1), LTC, is converted extracel-
lularly to LTD, by a y-glutamyl transpeptidase
(y-GT) or y-glutamyl leukotrienase (y-GL). In
the final step in the pathway, a dipeptidase
removes glycine from LTD, producing LTE,
which is excreted unchanged in the urine. LTF,
which has an S-glutamylcysteinyl group has
been prepared in vitro from LTE, with glutathi-
one and y-glutamyltranspeptidase but, as yet, it
has not been found in vivo. In comparison to the
other cysteinyl leukotrienes, LTF, contracts vas-
cular smooth muscle poorly—the rank order of
potency being LTD,>LTC,>LTE,>>LTF,.
Although leukotriene synthesis generally proceeds
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via the 5-LO pathway, a second family of
leukotrienes (eoxins, given the prefix EX) can be
generated from the action of 15-LO (and 12-LO)
first on arachidonic acid and then, for the
15-lipoxygenase compounds, 15-HPETE to
form the 15-epoxytriene 15-LTA, (EXA,) fol-
lowed by the pro-inflammatory cysteinyl 15-leu-
kotrienes 15-LTC, (EXC,), 15-LTD, (EXD,),
and 15-LTE, (EXE,) in eosinophils, mast cells,
and nasal polyps of allergic subject (see also
Sects. 9.4.1, 9.4.3 and Fig. 9.3). IL-4-primed
human mast cells incubated with arachidonic
acid synthesize and release EXC, and possess
the capacity to produce EXD, cells while nasal
polyps spontaneously release EXC, Eoxins
modulate and enhance vascular permeability,
being 100 times more potent in this respect than
histamine and almost as potent as LTC, and
LTD,. Two types of the 15-LO enzyme are
known, 15-LO-1 (which also has about 10 %
12-lipoxygenating activity) and 15-LO-2, both
of which produce 15(S)-HETE from arachidonic
acid but 15-LO-1 oxygenates arachidonic acid at
carbons 15 and 12 while 15-LO-2 adds oxygen
only at carbon 15. Human eosinophils and air-
ways epithelial cells contain high amounts of
15-LO-1 as do some subsets of human mast
cells, macrophages, and dendritic cells.
Expression of 15-LO-2 appears to be restricted
to lung, skin, prostate, and cornea.

3.2,5.2.2 Cysteinyl Leukotriene Receptors

Two human cysteinyl leukotriene receptors
CysLT,R and CysLT,R, cloned at the turn of the
century, do not bind the three cysteinyl leukotri-
ene ligands equally. The rank order of binding for
CysLT,Ris LTD,>LTC,=LTE, and for CysLT,R,
LTC,=LTD,>LTE,. The receptors are expressed
on a wide range of organ tissues and cell types—
CysLT R on spleen, lung, small intestine, pla-
centa, bronchial smooth muscle, mast cells,
neutrophils, eosinophils, macrophages, mono-
cytes, and hemopoietic progenitor cells and
CysLT,R on lung, heart, lymph node, spleen,
brain, bronchial and coronary smooth muscle,
adrenal medulla, mast cells, eosinophils, macro-
phages, and monocytes. The receptors were ini-
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tially studied with prototypes of the later-to-be-
developed “lukast” antagonists. CysLT|R, which
bound LTD, much more strongly than LTC,, was
competitively blocked by the antagonists while
CysLT,R bound the two cysteinyl leukotrienes
with equal affinity and bound LTD, at one-tenth
the affinity shown by CysLT,R. LTE,, however,
did not display any appreciable binding to either
receptor. Despite this, some early recognized
pharmacologic properties of LTE,, viz, its supe-
rior potency to its related compounds in contract-
ing guinea pig tracheal smooth muscle and
enhancement of this effect produced by hista-
mine, its known peripheral and central airway
effects in guinea pigs, and its capacity to increase
permeability in guinea pig and human skin, all
suggested a distinct pathobiologic role and the
existence of a distinct receptor for LTE, Studies
by K. Frank Austen’s group of cysteinyl leukotri-
ene-dependent swelling of ear tissue in mice
lacking both CysLT receptors proved the exis-
tence of a distinct LTE,-reactive cutaneous recep-
tor. Ear swelling, a measure of LTE,-mediated
vascular leakage, was inhibited by pretreatment
with pertussis toxin or a Rho kinase inhibitor,
indicating the involvement of a human GPCR to
Ga; proteins and Rho kinase. Until this cutaneous
receptor is cloned, it has been designated
CysLTgR. Further studies of single receptor-
deficient strains of mice compared to wild-type
mice showed that the permeability response to
LTC, or LTD, was reduced by half in Csltlr~'~
mice but was normal in magnitude and delayed in
Csl2r”~ mice. These results suggested that
CysLT;R is the major signaling receptor for LTC,
and LTD, while CysLT, negatively regulates
CysLT,R. Vascular leakage was not reduced by
LTE, in CsltIr”- mice but again sustained and
delayed in the Cslf2r~~ strain, indicating that
CysLTgR is the dominant receptor for LTE, and
that CysLT,R once again acts as a negative
regulator.

Studies on expression of cysteinyl leukotriene
receptors by human mast cells unexpectedly
revealed that LTE, helps to induce greater num-
bers of mast cells from cord blood progenitor
cells cultured together with IL-6 and IL-10 than
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both LTC, and LTD, and it is also more potent for
the production of the inflammatory chemokine
macrophage inflammatory protein-13 (MIP-1f)
and for the expression of COX-2 and prostaglan-
din D,. Sequence homologies of the classical
type 1 and 2 cysteinyl leukotriene receptors and
the P2Y receptor family together with computer
modeling studies indicated that LTE, might be a
surrogate ligand for a previously unrecognized
receptor on mast cells. Human mast cells express
the P2Y, receptor, a Gai-linked receptor for ade-
nosine diphosphate. Subsequent investigations
by Austen’s group using ovalbumin-sensitized
and Cyslt1r/Cl2r~~ mice, expression of 1L-13,
and the P2Y, receptor-selective antagonist clopi-
dogrel suggested that LTE, acted as an agonist
for platelet activation in the pulmonary vascula-
ture. It seems, therefore, that P2Y, is the receptor
for LTE,;-mediated amplification of allergic pul-
monary infiltration and proliferation of mast cells
and this receptor is separate and distinct from the
CysLTgR in the skin.

3.2.5.3 Platelet-Activating Factor
Platelet-activating factor (PAF), a preformed
mediator of anaphylaxis released by degranulat-
ing mast cells, is one of the most powerful auta-
coids yet discovered. The PAF story began in the
early 1970s when Benveniste, Henson, and
Cochrane demonstrated the release of a substance
with both powerful anaphylactic and platelet
aggregating properties from allergically sensi-
tized rabbit leukocytes. Although first investi-
gated in relation to anaphylaxis and other allergic
manifestations, later studies revealed a wide
diversity of other biological actions and involve-
ment in diseases such as asthma, some delayed
hypersensitivity reactions, septic shock, adult
respiratory distress syndrome, rheumatoid arthri-
tis, necrotic bowel disease, and a wide range of
other inflammatory conditions. This diversity of
biological actions and pathogenic involvements
is due to the mediator’s activation of other cells
besides platelets, in particular, eosinophils, neu-
trophils, fibrocytes, neurocytes, and endothelial,
vascular, cardiac, smooth muscle, pancreatic, and
secretory cells.

3.2.5.3.1 Chemistry and Structure-
Activity Relationships
PAF, 1-O-alkyl-2-acetyl-sn-glycero-3-phospho-

choline, a phospholipid of relatively simple but
unique structure, belongs to a relatively minor
class of lipids, the ether-linked phospholipids. The
distinguishing feature of its unique structure is an
acetyl group at position 2 of the glycerol backbone
(Fig. 3.9). Removal of the acetyl group produces
lyso-PAF which is devoid of biological activity.
When produced and liberated naturally in the cel-
lular environment, PAF is made up of a mixture of
homologs differing in the number of carbons and
the degree of unsaturation of the alkyl chain at
position 1 of the glycerol backbone. The main
homologs usually present are the C,g0, Cis,0, and
C,s.; structures. The structures for maximum activ-
ity are a 16 carbon chain, the 1-O-alkyl ether link-
age, the acetyl group at position 2, the sn
configuration, and the phosphate group at carbon 3
(Fig. 3.9). Activity decreases progressively as the
C chain backbone is shortened or lengthened,;
replacement of the ether linkage leads to no or lit-
tle biological activity; the unnatural enantiomer
with the (S)-configuration is inactive; for any bio-
logical activity the only substituents tolerated at
carbon 2 are propionyl and N-methyl carbamoyl
groups (the 2-ethoxy analog has only 10 % of the
activity of PAF); and fairly major modifications of
the substituents on the nitrogen diminish activity.
These specific structural requirements suggest that
PAF exerts its biological effects by binding to spe-
cific receptors and this is in fact so.

3.2.5.3.2 Biosynthesis and Cellular
Sources of PAF

Because PAF is such a potent mediator of a range
of biological effects, its concentration in body
fluids and tissues needs to be restricted to avoid
adverse or even lethal consequences. This is
achieved intracellularly and extracellularly by a
specific acetylhydrolase and by regulation of the
conversion of precursor molecules. The activity
of PAF acetylhydrolase for its substrate is
extremely high ensuring that the half-life of the
mediator in blood is of the order of only a few
minutes. PAF is synthesized by two metabolic
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c Excellent recognition

Fig. 3.9 (a) Two-dimensional structure of PAF high-
lighting the important structural features necessary for
maximum biological activity and recognition by anti-
PAF antibody combing sites. (b) Three-dimensional
space-filling CPK model of PAF with the acetyl group
circled. Removal of this group alone produces a mole-

pathways—the de novo and remodeling path-
ways. In the de novo pathway (Fig. 3.10a), the
specific enzyme alkylacetylglycerol choline-
phosphotransferase, widely distributed in tissues

Poor recognition

“—— Good recognition

cule devoid of biological activity. (¢) Outline of PAF
model indicating regions of excellent, good, and poor
recognition by anti-PAF antibodies. The antibody recog-
nition pattern is very similar to that of the PAF receptor
(see Smal MA, Baldo BA and Harle DG. J Mol Recogn
1990; 3: 169-73)

on the cytoplasmic surface of the endoplasmic
reticulum, catalyzes the reaction between
1-O-alkyl-2-acetyl-sn-glycerols and cytidinedi-
phosphocholine (CDP-choline) in the presence of
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Fig. 3.10 The two biosynthetic pathways for the synthesis of PAF. (a) The de novo pathway; (b) the remodeling

pathway

Mg?* generating PAF and cytidinemonophosphate.
This synthetic pathway appears to maintain PAF
levels for normal physiological processes. The
remodeling pathway (Fig. 3.10b) both activates
and deactivates PAF via the calcium-dependent
enzymes phospholipase A2 and acetyltransfer-
ase, the latter being the rate-limiting enzyme.
These enzymes are found particularly in cells of
the immune system such as basophils, eosino-
phils, platelets, polymorphonuclear cells, macro-
phages, and endothelial cells and can be
stimulated by a variety of agents including
immune complexes, thrombin and histamine.

3.2.5.3.3 Biological Actions of PAF and

Its Role in Health and Disease
PAF is a hydrophobic molecule and for crossing
cell membranes and transportation to its various
sites of action, serum albumin serves a carrier
function. When injected into mammals, PAF pro-
duces both the signs and symptoms of anaphy-
laxis with hypotension, increased vascular
permeability and hemoconcentration, thrombo-

cytopenia, neutropenia, and eventually death.
Infusion of PAF into the heart decreases myocar-
dial contractility and coronary flow, effects
resembling cardiac anaphylaxis. Intradermal
injection produces a biphasic inflammatory
response similar to the response of allergic sub-
jects to allergen. PAF has a profound effect on the
lung producing bronchoconstriction, edema, and
hyperresponsiveness. PAF is also one of the most
powerful ulcerogenic agents known, provoking
hemorrhage and vascular congestion in both the
stomach and small intestine.

PAF has been implicated in many disease
states but since it is often only one of a range of
other mediators present, any preeminent role is
understandably often difficult to establish. For
example, it is frequently present along with hista-
mine, numerous metabolites of the cyclooxygen-
ase and lipoxygenase pathways, and a range of
chemokines and cytokines including TNF. As
well as its undoubted role in anaphylaxis and
some other allergic reactions, PAF is an impor-
tant mediator in the asthmatic response.
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Administration of PAF into the lungs produces
severe bronchoconstriction, mucous secretion,
inflammation, and long-lasting airway hyperre-
activity. The latter two effects may be contributed
to by PAF-induced recruitment and activation of
inflammatory cells such as macrophages and
eosinophils. Recent findings, particularly in stud-
ies in the mouse, have identified a second path-
way of anaphylaxis involving the IgG receptor
FcyRIII and the release of PAF as the major
mediator (see Sect. 3.2.7). Although long sus-
pected, a central role for PAF in anaphylaxis is
confirmed and explained by this alternative path-
way. In a model of peanut allergy for example,
although both histamine and PAF are involved in
the response, PAF is more important in shock
pathogenesis. Along with anaphylaxis and
asthma, septic shock is a disease in which PAF is
suspected of having a leading role. PAF induces
systemic responses similar to those provoked by
bacterial endotoxin and is found in the spleen and
peritoneum of rats with endotoxic shock. Some
PAF antagonists protect animals against septic
shock caused by infection with gram-negative
organisms or injection of endotoxin. Because of
its potent effect on platelets, PAF is thought to be
involved in some thrombotic diseases including
stroke. Other suspected roles are in acute graft
rejection and immune complex deposition in, for
example, systemic lupus erythematosis, psoria-
sis, and other allergic conditions.

3.2.5.3.4 The PAF Receptor

The PAF receptor is a MW 48 kD, G-protein-
coupled single 342 amino acid protein that shows
structural characteristics of the rhodopsin gene
family. The human, guinea pig, and rat receptors
have been cloned and characterized as a seven-
transmembrane receptor that induces phos-
phoinositol turnover. The receptor shows wide
tissue distribution being expressed in lung, kid-
ney, liver, spleen, small intestine, and brain. In
leukocytes, it is expressed on platelets, neutro-
phils, monocytes, and B cells but not on resting T
cells and natural killer cell lines. Human mono-
cytes treated with IFN-y show a two- to sixfold
increase in PAF receptor expression compared to
untreated cells.
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3.2.5.3.5 Measurement of PAF in the
Laboratory

Accurate measurement of the very small amounts
of PAF in fluids and extracts is a prerequisite for
studying the role of the mediator in health and
disease. The most widely used method relies on
the interaction of PAF with platelets, but the pro-
cedures are not strictly quantitative, lack specific-
ity, and are difficult to standardize and reproduce;
fresh platelet suspensions are required; and
throughput capacity is poor. Mass spectrometric
techniques are sensitive and specific but the spe-
cialized nature of the equipment, absence of easy
access for many laboratories, and difficulty of
assessing large numbers of samples side by side
make this method problematic for routine use by
many researchers. Other methods such as mea-
surement of 3H-serotonin after PAF-induced
platelet degranulation and radioreceptor assays
are specialized procedures in some laboratories
but can be difficult to standardize, require cell
labeling, or membrane preparations and may
show high nonspecific binding. Perhaps the best
all-round, high-throughput procedure for quanti-
tating PAF levels in research and test samples is a
specific immunoassay, available since the first
such assay was introduced in the authors’ labora-
tory in 1989. This method is highly specific, sen-
sitive in the range 10-1,000 pg (0.02-2 pmoles),
has a high capacity, and is not affected by inhibi-
tors of platelet aggregation.

3.2.6 Anaphylaxis

Anaphylaxis is a sudden, systemic reaction involv-
ing a number of different organs of the body that
may be severe enough to cause death. It is usually
provoked by exposure to allergens with drugs and
foods being the most common causes. For the clini-
cal features of anaphylaxis the reader is referred to
Chap. 2. Progress continues in identifying key
intermediates and elucidating mechanisms of regu-
latory systems and signaling pathways during mast
cell activation and degranulation and some impres-
sive advances in our understanding of the path-
ways, the mediators involved, and their contribution
to the pathobiology of anaphylaxis are under way.
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Mechanisms of FceRI-

Mediated Mast Cell Activation

in Anaphylaxis

Understanding anaphylaxis involves study of the
cellular events leading to the release of media-
tors of inflammation and hypersensitivity with
emphasis on the mechanisms, in particular the
signaling processes, of mast cell and basophil
activation and degranulation. Upon activation of
mast cells and basophils following cross-linking
by allergen of receptor-bound IgE and aggrega-
tion of the high-affinity IgE FceRI receptors, the
cells quickly release preformed mediators from
the secretory granules. These mediators, includ-
ing histamine, leukotrienes, PGD,, PAF, and
TNF, causing vasodilation, increased vascular
permeability and heart rate, bronchoconstriction,
airway remodeling, pulmonary and coronary
vasoconstriction, and a host of other detrimental
effects, including cell recruitment with cytokine
and chemokine production, are responsible for
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the pathophysiology of anaphylaxis. Cross-
linking initiates the signaling cascade that ulti-
mately results in anaphylaxis. FceRI receptor
aggregation causes Lyn, the tyrosine kinase
associated with the p and y subunits of the recep-
tor, to phosphorylate the tyrosines of the ITAMs
of these two subunits. The phosphorylated
ITAMS, mainly on the y subunit, then act as
scaffolds for binding the cytoplasmic tyrosine
kinase Syk. As outlined above in Sect. 3.2.2,
recruitment of the Syk kinase and subsequent
phosphorylation activation steps involving Lyn
lead to mast cell activation demonstrating the
importance of protein tyrosine kinases in the
pathways that result in allergic inflammation and
anaphylaxis. These pathways involved in mast
cell triggering are summarized in a simplified
form in Fig. 3.11. Activated Syk is involved in
the phosphorylation of the transmembrane adap-
tor linker for activation of T cells (LAT) as well
as the SH2 domain-containing leukocyte-specific
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Fig.3.11 Simplified summary of FceRI-mediated signaling pathways in the mast cell leading to allergic inflammation

and anaphylaxis
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protein of MW 76 kD (lymphocyte cytosolic
protein 2 LCP2 or SLP-76), the guanine nucleo-
tide exchange factor Vav, phospholipase C-y1
(PLC-vy1), and PLC-y2. After involvement of the
enzyme proto-oncogene tyrosine-protein kinase
(Fyn), tyrosine phosphorylated GAB2 (GRB2
[growth factor receptor-bound protein 2]-associ-
ated-binding protein 2) binds a subunit (p85) of
phosphatidylinositol 3-kinase (PI3K). In the
membrane, PI3K catalyzes the conversion of
phosphatidylinositol-4,5-diphosphate (PIP,) to
phosphatidyl-3.4,5-triphosphate  (PIP;). This
attracts a number of proteins containing the
pleckstrin homology (PH) domain, a 120 amino
acid domain occurring in a variety of proteins
involved in intracellular signaling. The attracted
proteins include Bruton’s tyrosine kinase (Btk)
and the PLCs y; and y, which in tyrosine-
phosphorylated form catalyze the hydrolysis of
PIP, to inositol-1,4,5-triphosphate (IP;) and
1,2-diacylglycerol (DAG). Both compounds act
as second messengers, the former releasing Ca*
resulting in a depletion of Ca** stores and entry
of Ca* from the extracellular medium and the
latter activating protein kinase C (PKC). These
events lead to mast cell degranulation. This
activity takes place in two regions on the inner
side of the plasma membrane. Electron micros-
copy has revealed a primary region of activity
near the FceRI receptor involving Gab2, the p85
subunit of PI3K, and PLC-y2 and a second
region near LAT involving PLC-y1 and the p85
subunit. Tyrosine phosphorylation and activation
of other enzymes and adaptors, including Vav,
Grb2, the SHC-adaptor protein (Shc) involved in
signaling, and Son of sevenless (Sos) protein (a
guanine nucleotide exchange factor), stimulate
the small GTPases Ras, Rho, and Rac. These
reactions lead to activation of the extracellular-
signal-regulated kinase ERK, Jun amino-termi-
nal kinase JNK, the p38 mitogen-activated
protein (MAP) kinase cascade, and histamine
release. Phosphorylation of the transcription fac-
tors activating protein-1 (AP-1), nuclear factor
of activated T cells (NFAT), and nuclear factor
kappa-light-chain-enhancer of activated B cells
(NF-kB) induces the synthesis of cytokines and
the activation of cytoplasmic phospholipase A2

3 Mechanisms of Hypersensitivity

(PLA-A2) to release arachidonic acid with the
production of lipid mediators (Fig. 3.11).

Further research, much of it in mice, has con-
tinued to highlight the key role of tyrosine kinases
in FceRI activation and the subsequent signaling
events, although other involved tyrosine kinases
such as Hck have been identified. The intensity of
stimulation of the FceRI receptor has been shown
to be important. Low-intensity stimulation by
IgE with low antigen concentration or by anti-
IgE positively regulates mast cell degranulation
and the production of cytokines by inhibiting Lyn
activity. High-intensity stimulation with high IgE
and high antigen concentrations negatively regu-
lates mast cells by enhancing Lyn activity and
increased Syk activation. Genetic variation
appears to influence the role of tyrosine kinases.
For example, an epilepsy- and anaphylaxis-prone
strain of mice was found to be deficient in the
expression of Lyn while a related epilepsy-prone
variant proved anaphylaxis resistant. Bone mar-
row-derived mast cells (BMMCs) from the ana-
phylaxis-sensitive mice had reduced Lyn and Syk
activities and showed degranulation typical of
BMMCs of phenotype Lyn(—/—) whereas the
phenotype of the anaphylaxis-resistant mice was
similar to wild-type animals.

3.2.6.2 Sphingosine-1-Phosphate,
an Emerging Mediator
of Anaphylaxis

Activated Fyn, involved in a second tyrosine
kinase pathway, has been shown to be required
for cytokine production as well as degranulation
and to have a role in generating sphingosine-1-
phosphate (S1P) (Fig. 3.12) a blood-borne bioac-
tive lipid mediator that is a major regulator of the
vascular system and B and T cell trafficking. S1P
from mast cells and circulating S1P from macro-
phages, platelets activated by the release of PAF,
endothelial cells, and many other nonimmune
cells are elevated in the lungs of asthmatics where
they regulate pulmonary epithelium permeability
and are thought to contribute to the pathogenesis
of asthma and diseases such as theumatoid arthri-
tis. The detection of elevated S1P levels in bron-
chial alveolar lavage fluid of challenged
asthmatics and demonstration that it is necessary
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Fig.3.12 Structure of the bioactive signaling phospholipid sphingosine-1-phosphate, a regulator of immune and vas-

cular systems

for sustained mast cell degranulation through the
S1P, receptor were indications that this lyso-
sphingolipid has a previously unrecognized rela-
tionship with anaphylaxis. It is produced by
sphingosine kinase (Sphk1 and Sphk2)-catalyzed
addition of phosphate to sphingosine, broken
down by a S1P lysate and converted back to
sphingosine by S1P phosphatase. Recent research
has shown that susceptibility to anaphylaxis
appears to be due to S1P generated within the
mast cell and by free, circulating SI1P from non-
mast cell sources. The gene SphK2 regulates the
influx of Ca?* into mast cells and the responses to
it, making it a determinant of intrinsic mast cell
function whereas SphK1 appears to act extrinsi-
cally affecting mast cell responsiveness by regu-
lating levels of circulating S1P. The surprising
demonstration of a relationship between circulat-
ing levels of S1P and anaphylaxis is made more
intriguing by the demonstration that reduced S1P
levels due to a deficiency of SphK1 are associ-
ated with resistance to anaphylaxis. While it is
well known that only a small number of individu-
als from a large group with similar circulating
levels of allergen-specific IgE antibodies will
experience anaphylactic shock when challenged
with the allergen, the amount of circulating S1P
might help to provide the explanation. Finally, as
exciting as these developments in our under-
standing of the underlying mechanisms of ana-
phylaxis are, it should be remembered that many
of the findings result from research on mice not
man and that is also true for most of the S1P stud-
ies where mice with SphK1 and 2 genes, indi-
vidually or jointly deleted, were used. Given the
diversity of mast cells and differences in gene

expression of mouse and human mast cells, the
roles of SphK1 and SphK2 may prove to be sig-
nificantly different in the two species.

3.2.7 Other Mechanisms
of Anaphylaxis: IgG, PAF,
and Nitric Oxide

Mechanisms of anaphylaxis independent of IgE
have been suggested, for example, anaphylatox-
ins produced during complement activation, gen-
eration of immune complexes, the involvement
of T cell activation and cytotoxicity, release of
neuropeptides, and a number of different mecha-
nisms acting coincidently without the involve-
ment of allergen-specific IgE. Intriguingly,
anaphylaxis can occur in the mouse via the clas-
sic pathway involving allergen-induced cross-
linking of mast cell FceRI receptor-bound IgE
antibodies with release of histamine (and other
mediators) but also by an IgG pathway in which
allergen—antibody complexes activate macro-
phages by cross-linking FcyRIII receptors and
with PAF as the main mediator of anaphylaxis.
Although there is, as yet, no compelling evidence
for an IgG-mediated mechanism in humans, what
appears to be anaphylaxis has been described in a
few cases where there is an apparent absence of
mast cell degranulation, that is, with no increase
in serum tryptase. Certainly there are many simi-
larities between the immune systems of mice and
men; PAF is produced by macrophages of both
species, it has the same affect on vascular perme-
ability, and consequently allergen—IgG complexes
may have an important role in anaphylaxis in
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humans as well as the mouse. However, human ana-
phylaxis tends to result from low-dose exposure
whereas mouse IgG-mediated anaphylactic reac-
tions may occur in response to relatively larger
antigen doses and/or adjuvants that elicit IgG as
well as IgE antibodies. What may be evidence in
favor of anaphylaxis in humans independent of
IgE are the responses seen in patients after receiv-
ing the chimeric mouse-human anti-TNF mono-
clonal antibody infliximab (see also Sect.
11.1.3.3). None of the subjects appeared to have
complementary IgE antibodies, all had IgG to the
mouse immunoglobulin determinants, and there
was no increase (at only 20 min) in serum trypt-
ase. From insights gained from his extensive
studies of mechanisms of anaphylaxis in mouse
models, F. D. Finkelman has suggested that large
doses of antigen might be used in humans to look
for evidence of anaphylaxis accompanied by
macrophage activation and PAF secretion.

PAF contributes to hypotension and cardiac
dysfunction during shock and stimulates, via its
receptor, a number of signaling pathways includ-
ing those that activate PLA, and PI3K. Studies of
PAF and anaphylactic shock in mice have shown
that PAF-induced shock depends on PI3K
signaling and on NO produced by constitutive
nitric oxide synthase (eNOS) not the inducible
form of the enzyme (iNOS). Mouse models
showed that inhibition of NOS, PI3K, or Akt, or
deficiency of eNOS, gave complete protection
against anaphylaxis. These findings appear to
support the belief that eNOS has a detrimental
role in vascular function during shock and in
regulating inflammation. Further, if eNOS-
derived NO is the principal vasodilator in ana-
phylactic shock, eNOS and/or PI3K or Akt
might prove to be important targets for treating
anaphylaxis.

Clearly, there is much to learn and understand
about anaphylaxis and the list of interesting ques-
tions that remain unanswered is disconcertingly
extensive. The following topics are suggested as
important and potentially productive areas of
investigations that could be near the top of any
current research agenda for anaphylaxis:
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» Relationships, if any, between the risk of ana-
phylaxis and levels of allergen-specific IgE
and the affinities of IgE antibodies.

e The relationship between mediator activity
and their turnover, for example, PAF acetylhy-
drolase may be less active in some individuals
allowing PAF to remain active for longer.

e Further studies of the relationship of
sphingosine-1-phosphate with anaphylaxis.

* Continuing searches for more mediators and
markers of anaphylaxis, especially more sen-
sitive ones.

e Is there an IgG-dependent pathway for ana-
phylaxis in humans? If so, what is the
mechanism?

¢ Identification of signaling pathways that stim-
ulate or inhibit anaphylaxis and how these
pathways can be manipulated.

e Further studies on the roles and importance of
NO, eNOS, and iNOS.

e The role of the heart in anaphylaxis, in partic-
ular, the heart mast cells in cardiovascular
collapse.

e Estimation of levels and searches for poly-
morphisms of relevant cytokines and cytokine
receptors such as IL-4, IL-13, and TNF.

e The role, if any, of IgG blocking antibodies.
This list is far from exhaustive.

3.2.8 Drug-Induced Urticaria
and Angioedema

For the clinical manifestations of urticaria, see
Sect. 2.2.1.2.

Of the drugs implicated in provoking urticaria
and angioedema, the NSAIDs are perhaps the
most important. What is currently understood of
their proposed mechanisms of action together
with a review of the arachidonic acid cascade is
considered in Chap. 9. Formation of the cysteinyl
leukotrienes is detailed in Sect. 3.2.5.2 (above)
and is also referred to in Chap. 9.

Urticaria may be classified as acute or chronic.
The acute form appears early after exposure,
perhaps within minutes, and can last from hours
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to several weeks whereas the chronic form per-
sists for about six weeks or more. Urticaria is
often an isolated event but drug-induced urti-
caria, regarded as one of the most common cuta-
neous drug reactions, can be seen in association
with anaphylaxis, angioedema, and serum sick-
ness. Urticaria is a heterogeneous disease with
many subtypes caused by a range of agents and
stimuli. Some infections (e.g., Helicobacter
pylori), intolerance to foods, and autoantibodies
to the high-affinity IgE receptor FceRI have been
implicated, but, apart from the NSAIDs and
angiotensin-converting enzyme (ACE) inhibi-
tors, there is a dearth of information on mecha-
nisms underlying drug-induced urticaria and
angioedema.

3.2.8.1 Genetic Mechanisms

Knowledge of drug-induced mechanisms of urti-
caria and angioedema is limited and this is even
more apparent when considering current progress
on the molecular genetic mechanisms involved.
Information on genetic polymorphisms of rele-
vant genes together with supporting functional
studies is needed to help elucidate molecular
mechanisms and identify genetic markers. Some
progress made in identifying HLA alleles and
promoter polymorphism genetic markers for
aspirin-induced urticaria/angioedema is covered
in Chap. 9, Sect. 9.5.5.

3.2.8.2 Urticaria Due to Immune
Mechanisms

Urticaria following drug administration may
occur without previous exposure to the drug or
after previously tolerated exposures. Drugs
appear to cause only a minority of cases of
chronic urticaria and while they are often
assumed to be the cause of a high proportion of
cases of acute urticaria during drug treatment,
some results cast doubt on this. An examination,
including skin testing, of 350 patients with sus-
pected drug-induced reactions made up of 343
with urticaria/angioedema and seven with ana-
phylaxis revealed that only 22 (6.3 %) were aller-
gic and had a positive skin test to the suspected
drug. The positive reactors proved to be the
patients who presented with the most severe

symptoms. An immediate (within 20 min)
positive skin test is usually presumed to result
from an IgE antibody-mediated mechanism or a
direct histamine-releasing effect but one cannot
necessarily presume that these are the only mech-
anisms operative in all cases of drug-induced
acute urticaria. Symptoms of urticaria are caused
by the mediators histamine, leukotrienes, prosta-
glandin D2, bradykinin, and other vasoactive
substances released from mast cells and baso-
phils into the skin. Cases of acute urticaria may
be immune or nonimmune mediated. Drug-
induced immune-mediated reactions can be elic-
ited by cross-linking of  high-affinity
(FceRI)-bound IgE antibodies on mast cells and
basophils by free drug or drug—carrier complex
molecules reacting with the bivalent antibody
combining sites via their complementary aller-
genic determinants. This results in degranulation
of the cells and histamine release.

Other hypersensitivity responses may lead to
urticarial reactions. A rare cause of the acute
form is a type II hypersensitivity cytotoxic reac-
tion mediated by cytotoxic antibodies and com-
plement activation. An example of this type of
reaction occurs in transfusion reactions when
IgG and IgM antibodies activate complement and
lyse transfused incompatible red cells. Urticaria
may also result from a type III antigen—antibody
complex-mediated hypersensitivity reaction, in
particular, serum sickness lasting for several
weeks and presenting with fever, arthralgias, and
glomerulonephritis as well as urticaria. Note that
there is a drug-induced serum sickness-like reac-
tion that is not associated with -circulating
immune complexes. Drugs implicated in these
reactions include penicillins, cephalosporins, tet-
racyclines, quinolones, sulfonamides, NSAIDs,
carbamazepine, thiouracil, allopurinol, and bar-
biturates. Other drug-induced type III hypersen-
sitivity reactions involving skin inflammation
include erythema nodosum leprosum induced by
dapsone and the Jarisch—-Herxheimer reaction
following treatment of some microorganisms
(e.g., in syphilis) with antimicrobials such as
penicillins and tetracyclines. The inflammatory
cytokines TNF, IL-6, and IL-8 appear to be
released in these reactions. Urticarial vasculitis is
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another type III hypersensitivity skin eruption
that can resemble urticaria and which is some-
times drug induced. Antigen—antibody com-
plexes formed in the vascular lumina lead to
complement activation, chemotaxis of neutro-
phils, and the release of proteolytic enzymes that
damage the vascular lumina. Drugs implicated
include ACE inhibitors, penicillins, sulfonamides,
thiazides, and the antidepressant fluoxetine.
Urticarial reactions are also sometimes seen along
with other skin manifestations during some drug-
induced type IV hypersensitivity responses, but
the presence of other skin manifestations, fre-
quently more severe, makes it difficult to distin-
guish and study the specific mechanisms.

3.2.8.3 Urticaria with an Autoimmune
Basis

A significant proportion of cases of chronic urti-
caria demonstrate no connection with drugs.
Observations during the 1980s of the associa-
tion of chronic urticaria and angioedema with
thyroid autoimmunity and on the prevalence of
anti-IgE autoantibodies in urticarial syndromes
suggested that autoimmunity might have a role
in some cases of chronic urticaria. These find-
ings led to the occasional demonstration of the
presence of IgG anti-immunogloulin E autoanti-
bodies and functional autoantibodies against the
alpha subunit of the high-affinity IgE receptor
(i.e., FceRIa) in at least one-third of patients
with chronic urticaria. These autoantibodies
activate normal cell function by cross-linking
the receptors on cutaneous mast cells and blood
basophils, thus releasing histamine and other
mediators responsible for the urticaria and
angioedema. Activity of the autoantibodies was
later shown to be augmented by complement
activation with a critical role for component
C5a. Chronic urticaria is now divided into auto-
immune and idiopathic subgroups since in about
55-60 % of patients the etiology remains
obscure. As well as releasing histamine and leu-
kotrienes from basophils, sera with the autoim-
mune antibodies also release IL-4. A study of
lymphocytes from patients with chronic urti-
caria showed that activated CD4+ T cells pro-
duced high amounts of IL-4 and IFN-y,
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strengthening the evidence for an immune basis
of the disease and supporting histological dem-
onstrations of predominant CD4+ T cell infil-
trates in biopsies of chronic urticaria lesions.
The observed cytokine profile of 11-4, IL-5, and
IFN-y does not reflect a predominance of Th1 or
Th2 cells and cellular infiltrates indicate a ThO
profile or a mixture of activated Th1 and Th2 cells.

Omalizumab, a recombinant humanized
monoclonal antibody that inhibits the binding of
human IgE to its high-affinity receptor FceRI by
selectively binding the immunoglobulin in solu-
tion, has been used as a successful treatment of
intractable allergic asthma. The efficacy of the
monoclonal antibody treatment was therefore
investigated in patients with chronic autoimmune
urticaria who remained symptomatic on antihis-
tamine therapy. Of the 12 patients treated, seven
showed complete resolution of the urticaria, four
responded with a decrease in the urticaria activity
score but the urticaria persisted, and one patient
showed no improvement.

3.2.8.4 Basophils in Chronic Urticaria
CD203c is a basophil activation marker that is
upregulated by cross-linking the FceRI recep-
tors on mast cells and basophils. Incubation of
basophils with sera from patients with chronic
idiopathic urticaria and a positive autologous
serum skin test (ASST; an intradermal test with
the patient’s own serum) demonstrated signifi-
cant upregulation of CD203c and this upregula-
tion correlated with basophil histamine release
and the ASST. Basophils from chronic urticaria
patients are less responsive to anti-IgE and C5a
but highly responsive when incubated with
sera, even normal sera. The stimulatory factor(s)
in serum has not been identified and the
increased response of the cells is not yet under-
stood. In a flow cytometric evaluation of the
expression of basophil cell surface markers
CD203c, CD63, CDI23, and the receptor
FceRla, both CD203¢c and CD63 were upregu-
lated on basophils from patients with chronic
idiopathic urticaria regardless of their ASST
response. High expression of IL-3 receptor on
basophils and activated T cells was detected
only in ASST-positive patients.
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3.2.8.5 Nonimmune-Mediated
Urticaria and Angioedema
Angioedema does not always have an allergic
basis. Nonallergic angioedema not involving IgE
antibodies and unassociated with urticaria can
occur. The prototype example is hereditary
angioedema arising from a deficiency of the
inhibitor for C1 esterase that results in the main-
tenance of undegraded bradykinin. Acquired
angioedema may be due to the accelerated con-
sumption of C1 esterase inhibitor or, with an
immune component, to autoantibody production.
During acute attacks of hereditary and acquired
angioedemas, plasma bradykinin has been shown
to rise to up to 12 times the normal level.
3.2.8.5.1 Drugs that Directly Trigger
Mast Cell Release
These reactions are sometimes referred to as pseu-
doallergic responses since their clinical course and
presentation are similar to allergic urticaria and
angioedema. Drugs including the antimicrobial
vancomycin (Chap. 6), neuromuscular blockers
used in anesthesia (Chap. 7), opioid analgesics
such as morphine (Chap. 8), NSAIDs (Chap. 9),
radiocontrast media (Chap. 10), and a wide range
of other less often used medications can trigger
urticaria by directly stimulating mast cell degranu-
lation and histamine release. The mechanism of
mediator release by the NSAIDs is particularly
interesting. The drugs inhibit cyclooxygenase
which in turn leads to overproduction of the vaso-
active and pro-inflammatory  leukotrienes
(Sect. 3.2.5.2 above). This subject is discussed in
more detail in Chap. 9.

3.2.8.5.2 Angiotensin-Converting

Enzyme (ACE) Inhibitors

and Angioedema
ACE occurs as somatic and germinal isozymes.
The somatic enzyme, expressed in the lungs and
in vascular endothelial, kidney, and testicular
Leydig cells, is part of the renin—angiotensin—
aldosterone system, one of the body’s mecha-
nisms for maintaining blood pressure. ACE has
two actions—it catalyzes the conversion of the
ten amino acid peptide angiotensin I to the
potent vasoconstrictor eight amino acid peptide

angiotensin II and degrades bradykinin, a potent
vasodilator. The vasoconstrictor action of angio-
tensin II may lead to increased blood pressure
and hypertension, the effect that led to the devel-
opment and application of the ACE inhibitor
drugs. ACE inhibitors increase bradykinin levels
and prolong its action and decrease angiotensin II
levels (and therefore a decrease in aldosterone
secretion from the adrenal cortex) leading to dila-
tion of blood vessels and a coincident decrease in
arterial blood pressure. ACE inhibitors, now
widely used to treat hypertension, congestive
heart failure and diabetic nephropathy include
the drugs benazapril, captopril, enalapril, fosino-
pril, lisinopril, perindopril, quinapril, ramipril,
and trandolopril. The combination of actions of
decreasing angiotensin II and aldosterone levels
and increasing and maintaining bradykinin levels
may lead to fluid extravasation into subcutaneous
tissue ultimately producing angioedema. The
increased levels of bradykinin are thought to be
related to the high incidence of cough in patients
on ACE inhibitors and elevated bradykinin levels
in the peripheral tissues, resulting in rapid fluid
accumulation, are suspected of playing a key role
in angioedema seen in a small number of patients
taking ACE inhibitors. The association between
ACE inhibitors and angioedema, first reported in
the early 1980s, is now well recognized as a
potentially serious but rare side effect of the
drugs. Reactions occur with an incidence of
about 0.1-0.5 % but the incidence in blacks
(black Americans and Afro-Caribbeans) is about
three times higher than in white populations.
This, and the decreased antihypertensive response
to ACE inhibitions in blacks, is thought to be due
to decreased production of bradykinin and/or
decreased vasodilation in response to the peptide
vasodilator. In terms of the number and severity,
ACE inhibitor-induced angioedema is said to
account for 17 % of patients admitted for the
treatment of angioedema and from 13 to 22 % of
patients with this form of angioedema require
airway intervention. In a 2008 study in Boston,
USA, records of 220 patients who presented to
five hospital emergency departments were
reviewed. The frequency of ACE inhibitor-induced
angioedema in all patients who presented with
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angioedema was 30 %. The annual rate of visits
for the drug-induced reaction was 0.7 per 10,000
emergency department visits. Eleven percent of
the patients were admitted to intensive care and
18 % admitted to hospital for observation for a
24 h period. This study confirmed past experi-
ence and surveys concluding that ACE inhibitor-
induced angioedema remains a rare condition, it
represents a significant proportion of angioedema
patients, and a subgroup of these patients require
hospitalization for management of upper airway
angioedema.

Figure 3.13 summarizes the individual reac-
tions and the interactions and relationship
between the renin—angiotensin system and the
plasma kallikrein—kinin system. Activation by
the enzyme prolylcarboxypeptidase (lysosomal
carboxypeptidase) of the prekallikrein—high
molecular weight kininogen complex on endo-
thelial cells produces kallikrein which cleaves
high (sometimes low) molecular weight kinino-
gen liberating bradykinin. Bradykinin stimulates
vasodilation and leads to the formation of nitric
oxide (NO), superoxide and prostacyclin and the
liberation of tissue plasminogen activator.
Kallikrein in plasma and tissues also activates
prorenin to renin, an aspartyl protease, which in
turn activates angiotensinogen to angiotensin I.
ACE converts the inactive decapeptide angioten-
sin I to the biologically active octapeptide
angiotensin II which, like bradykinin, stimulates
NO and superoxide formation as well as contrib-
uting to the elevation of blood pressure and local
vasoconstriction and stimulating the release of
plasminogen activator inhibitor I. ACE is also a
major degrading enzyme for bradykinin (in fact,
bradykinin is its preferred substrate over angio-
tensin I) producing the breakdown pentapeptide
bradykinin(1-5) and in addition to its role in the
formation of kallikrein, prolylcarboxypeptidase
(with other enzymes) degrades angiotensin II to
form angiotensin(1-7) which has vasodilatory
and blood pressure-lowering activities. Overall
then, stimulation of the bradykinin and angioten-
sin II receptors results in vasodilation and the
production of NO and prostacyclin. Stimulation
of the angiotensin I receptor leads to vasocon-
striction and the elevation of blood pressure.
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It can be seen therefore, that the kallikrein—kinin
and renin—angiotensin systems interact and are
linked in a mutually dependent way.

Although it is beyond our requirements here, it
should be pointed out that a homolog of ACE,
angiotensin-converting enzyme 2 (ACE2), has
recently been recognized. The two enzymes show
different recognition of bradykinin. ACE2, a car-
boxypeptidase found mainly in the heart, kidney,
and testis, does not degrade bradykinin but degrades
des-Arg(9)-bradykinin at its carboxy-terminal
amino acid and, unlike ACE which degrades angio-
tensin I by cleaving at the penultimate phenylala-
nine to produce angiotensin II [angiotensin(1-8)],
ACE2 removes the carboxy-terminal leucine to
form angiotensin(1-9). This peptide has been
reported to enhance arachidonic acid release.

3.2.8.5.3 Angioedema Following
Administration of Angiotensin
Il Receptor-Binding Inhibitors

Angiotensin II receptor blockers (ARBs) are pri-
marily prescribed for high blood pressure but
may also be used to treat heart attack, stroke, and
congestive heart failure. Unlike ACE inhibitors,
ARBs are not associated with cough. When first
approved for the treatment of hypertension in
1995, ARBs were considered safe from the risk
of edema and they are generally a safe alternative
to ACE inhibitors, blocking the renin—angioten-
sin system more effectively than the latter drugs.
By binding selectively to the angiotensin 1 recep-
tors (AT1), ARBs do not affect ACE and there-
fore should not affect bradykinin levels but
angioedema to ARBs does occur with an inci-
dence ranging from about 0.1 to 0.4 %. From lim-
ited numbers examined, the risk of patients with
angioedema to ACE inhibitors developing angio-
edema to an ARB is said to be from 2 to 17 % and
for developing confirmed angioedema, 0-9.2 %.
A review of 19 cases of ARB-induced angio-
edema found that 13 (68 %) had never received
an ACE inhibitor. Angioedema has been reported
after administration of losartan, candesartan,
eprosartan, irbesartan, olmesartan medoxomil,
and telmisartan. Cross-reactivity between ACE
inhibitor- and ARB inhibitor-induced angio-
edema has been estimated to be from 3 to 8 %.
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Since angioedema to ACE inhibitors occurs as a
result of increased bradykinin levels and ARBs
are not known to affect these levels, the mecha-
nism of ARB-induced angioedema is not under-
stood. One suggested explanation is that
unblocked angiotensin II receptors (AT2) are
subjected to secondary stimulation by high levels
of angiotensin II producing an increase in tissue
bradykinin and hence angioedema. Another sug-
gestion is an abnormality in the degradation of
the active  metabolite  of  bradykinin,
des-Arg(9)-bradykinin.

3.3 The Allergen-Induced Late
Phase Reaction

Exposure to allergen in the skin, lung, nose, or
eye of atopic patients provokes an immediate or
early response that is maximal at 20-30 min,
resolves within about an hour, and is often fol-
lowed 3—4 h after allergen challenge by a delayed
reaction peaking at 6—12 h and subsiding by 24 h.
The two reaction phases are well illustrated by an
asthmatic response in the lungs of an allergic
patient measured as falls in the peak expiratory
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flow rate (PEFR) following inhalation challenge
with allergen. Figure 3.14 shows that the imme-
diate response bottoms at about 30 min after
allergen challenge before beginning to recover
and climbing back over the next 30 min toward,
but not reaching, the pre-challenged PEFR fig-
ure. Three to four hours after the initial allergen
challenge there is a late phase response reflected
in a pronounced fall in PEFR which reaches its
maximum at 5—10 h. Thereafter there is a steady
climb back to normal levels. The immediate
response is caused by the release of histamine
and some other preformed mediators from mast
cells that have direct effects on blood vessels and
smooth muscle. The initial release of the pre-
formed mediators is supplemented over time by
other powerful inflammatory agents including
vasoactive agents that dilate blood vessels and
produce edema, swelling, and pain. Figure 3.15
shows good examples of immediate and late
phase cutaneous reactions. An immediate wheal
and flare reaction and a late phase edematous
response are seen 15 min and 6 h, respectively,
following intradermal injection of antigen.

Allergen challenge
600 —
g
g 500
2
o
S
E 400 — Immediate
response
300 response
=
15 mins /
I I I // I I I 1
0 30 60 90 2 5 10 20
Minutes Hours

Fig.3.14 A typical lung function result as measured by
peak expiratory flow rates (PEFR) in an allergic patient
following challenge with allergen. An immediate reac-

tion at about 30 min is followed by a late phase response
which reaches a maximum 5-10 h after allergen
challenge
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Fig.3.15 An immediate wheal and flare cutaneous reac-
tion in an allergic patient 15 min after intradermal injec-
tion of antigen shown alongside a late phase edematous
response 6 h post injection (Photograph kindly provided
by Professor S. R. Durham)

3.3.1 Early Studies: Implication

of IgE Antibodies

Late reactions have been known for many years
with initial published reports dating back nearly
100 years, but investigations of the underlying
cellular events and mechanisms involved were
not pursued in any systematic way until the late
1960s when Pepys and colleagues studied
patients with allergic bronchopulmonary asper-
gillosis and extrinsic allergic alveoltis, also
known as hypersensitivity pneumonitis. They
found edema, perivascular cellular infiltration,
deposition of complement and serum immuno-
globulin precipitins to Aspergillus fumigatus, and
a variety of other extracts from organisms and
agents that cause allergic alveolitis and con-
cluded that the late reactions were the result of an
Arthus or type III reaction. Soon after, other
investigators came to a different conclusion fail-
ing to consistently find precipitins and comple-
ment but strongly implicating IgE antibodies in

the reactions by a variety of methods including
direct demonstration by induction of immediate
and late responses with affinity-purified allergen-
specific IgE antibodies followed by allergenic
challenge. Another important finding was the
observation that lymphocytes were the predomi-
nant cell in the cellular infiltrates together with a
significant number of eosinophils and basophils.
It should be remembered, however, that the inves-
tigations implicating IgE antibodies in late reac-
tions to Bacillus subtilis enzyme, ragweed pollen,
and other inhalant allergens do not necessarily
refute the conclusion of a type III Arthus reaction
to Aspergillus species and other allergens respon-
sible for hypersensitivity pneumonitis conditions
such as bagassosis and farmer’s, bird-fancier’s,
coffee worker’s, malt worker’s, and mushroom
worker’s lung. These are very different conditions
to hypersensitivities to allergen sources such as
ragweed pollen and dust mites and are character-
ized by different antigenic stimuli, symptoms of
cough, dyspnea, pleurisy, fatigue, anorexia, and
weight loss with interstitial granulomas and
mononuclear and giant cells in the lungs.

3.3.2 Cellular Responses in the Late
Phase Reaction and
Comparison with the
Delayed-Type
Hypersensitivity Response

From undergraduates to clinicians and research-
ers, there has long been confusion over use of the
terms “late” and “delayed” with the late phase of
the immediate wheal and flare reaction some-
times being labeled and referred to as a delayed-
type hypersensitivity reaction, a type IV reaction,
or simply “DTH.” There was therefore a need to
research, compare, and contrast these reactions
and this was done in an important study in which
both responses were provoked in the same indi-
viduals and studied with the same panel of cell
marker monoclonal antibodies together with
immunohistologic methods. Skin biopsies from
atopic individuals with late phase allergic skin
reactions to intradermal challenge with grass
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pollen or house dust mite were sectioned and
examined for evidence of infiltration and activa-
tion of T cells and eosinophils. A substantial
number of CD3+ and CD4+ cells but far fewer
CD8+ cells were observed together with clearly
different CD4+: CD8+ ratios in the sampled tis-
sue and the peripheral blood. Infiltrated cells
bearing receptors for IL-2 and evidence for [FN-y
secretion suggested that T cells had become acti-
vated. Activated eosinophils were also detected
and there was a strong correlation between these
cells and the numbers of CD4+ cells 24 h after
the allergen challenge, suggesting that T cells
participate in the late phase inflammatory reac-
tion. In fact, about 50 % of cells infiltrating a late
phase reaction site are T lymphocytes. It is there-
fore of interest to compare the late phase response
with the delayed-type hypersensitivity reaction
since it seems that T lymphocytes are important
in both responses. In the comparison, grass pol-
len and house dust mite extracts were used to
elicit late phase reactions while tuberculin chal-
lenge was used for delayed hypersensitivity
responses. Both responses showed accumulation
of CD4+ T cells, but overall the cells were more
dispersed in denser accumulations and cells were
still being recruited at 48 h in the delayed reac-
tions. This is in contrast to the situation in late
phase reactions where cell numbers usually pla-
teau between 24 and 48 h. Other differences
found were greater activation of eosinophils in
late phase reactions, the detection of small num-
bers of these cells in atopics and non-atopics at
24 h but not at 48 h in delayed-type hypersensi-
tivity, and greater T cell activation (demonstrated
by expression of IL-2R) in the latter response.
The release of inflammatory cytokines in both
reactions was indicated by endothelial expression
of HLA-DR. The allergen-induced late phase
reaction then has features of a cell-mediated
hypersensitivity response, but it shows some sig-
nificant differences from the classical delayed
hypersensitivity response in atopic subjects. The
difference is perhaps best illustrated by the dif-
ferent cytokine profiles. Employment of labeled
RNA probes for some cytokines showed that
infiltrating cells from allergen-induced late phase
cutaneous reactions have a Th2-like cytokine
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profile expressing mRNA for the cytokine gene
cluster IL-3, IL-4, IL-5, and granulocyte macro-
phage colony-stimulating factor (GM-CSF).
Cells from tuberculin biopsies on the other hand
preferentially expressed mRNAs encoding for
IL-2 and IFN-y, that is, cells preferentially
expressing a Thl cytokine profile. Comparisons
of the accumulation of inflammatory cells and
cells expressing mRNA for different cytokines in
late phase and delayed-type responses in the
same subjects showed a relatively rapid (1-6 h)
accumulation of T cells and granulocytes in the
former case and a much longer accumulation
time (2448 h) for T cells, macrophages, and
other cells expressing Thl-type cytokines in
delayed hypersensitivity responses. At 48-96 h
in the late phase response, some cells increas-
ingly expressed Th1-type cytokines. This may be
an indication of a classic delayed hypersensitiv-
ity response earlier masked by the IgE antibody-
mediated reaction. Again, with the delayed-type
response the distinction from the late phase
response was not totally clear since a small num-
ber of cells in some individuals expressed mRNA
encoding IL-4 and IL-5.

3.4 Drug-Induced
Hypersensitivity and Immune
Receptors

3.4.1 Background

An antibody response to a chemically reactive

drug or hapten is said to occur after the drug—pro-

tein complex is recognized, processed, and pre-
sented as a drug—peptide conjugate to T cells that
recognize the drug-modified peptide. A low
molecular weight free, unconjugated drug is
thought to remain unrecognized and not equipped
to elicit an immune response. For drugs, how-
ever, immunological dogma is often found want-
ing on at least two counts. Firstly, despite the
requirement that “small” molecular weight com-
pounds or haptens (generally less than 1,000 kDa)
need attachment to a macromolecular carrier to
become immunogenic, many haptens or drugs
that remain uncomplexed and apparently too
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small do in fact elicit a clear immune response.
Secondly, despite the pioneering findings of
Landsteiner and other early immunochemists,
and the conclusion that previous exposure to an
allergen is a prerequisite for allergic sensitization
and reactivity, the dogma of prior exposure does
not always hold. Previous contact with a drug is
not necessarily a prerequisite for a drug-induced
immune hypersensitivity response. Although
these inconsistencies were emphasized by the
author and some other investigators over 20 years
ago (see monograph on drug allergy, Further
Reading), general acceptance of exceptions to the
dogma has only recently been forthcoming.

3.4.2 Recognition and the Inmune
Response to Free,
Unconjugated Drug

The implications for drug allergy from the basic
and applied research on T cell recognition of hap-
tens initiated just over 20 years ago, were perhaps
best summed up by Weltzien who, in commenting
on the advances, declared simply that the work
may “‘contribute to a better understanding of what
defines an antigen as an allergy-inducing aller-
gen.” Perhaps this will eventuate but since the
fledgling discipline of hypersensitivity research
moved beyond the embryonic stage in the early
half of the twentieth century and matured over a
60-year period to provide impressive insights into
the effector processes in the immediate allergic
response, in particular the roles of IgE antibodies,
mast cells, inflammatory mediators, and their
receptor-controlled end organ responses, the long-
standing question of what makes an allergen an
allergen has remained obscure. Whether
approaches utilizing T cell recognition of antigens
in eliciting delayed hypersensitivity responses
can soon provide the experimental and clinical
opportunities to obtain the necessary insights and
answers remains to be seen.

How then do small molecular weight, nonreac-
tive chemicals such as many drugs stimulate IgE
antibody production and provoke immune hyper-
sensitivity reactions ranging from mild rashes to
severe, life-threatening anaphylaxis? It must be

understood that Landsteiner’s studies on the
sensitizing properties of some chemicals in the
form of “small” molecules linked to a protein car-
rier constituted the initial investigations of contact
hypersensitivity and the findings and interpreta-
tions from studies on protein conjugated chemi-
cals should not automatically be used to explain
all delayed reactions and certainly not IgE anti-
body-mediated type I reactions. An early clue to
specific immune recognition of “small,” unbound
chemicals and hence drugs was the demonstration
by Sinigaglia and his group of selective interac-
tion of nickel (Ni) ions with an MHC-II-bound
peptide. Ni-specific T lymphocyte clones from a
patient with contact dermatitis to Ni responded to
the metal ions when Ni salts were presented by
APC in association with DRw11.1(5) molecules.
Direct evidence that Ni was bound to the MHC-
associated peptide was provided by NMR spec-
troscopy. These results, the first direct evidence of
interaction between hapten and a MHC-bound
peptide, not only demonstrated a model for Ni
recognition by T cells from patients with Ni
hypersensitivity but also indicated that a variety
of chemically reactive groups, not only reactive
metal ions, might attach to MHC-bound mole-
cules to induce MHC-restricted responses to the
conjugates. Further work with Ni hypersensitivity
and the occupational lung disease berylliosis
established that these conditions were MHC-II-
linked CD4+ delayed-type hypersensitivity
responses and that the high frequency of
Ni-reactive T cells occurs by formation of revers-
ible coordination complexes in which Ni interacts
with the MHC and TCR via His81 of the HLA-DR
a-chain and Tyr29 and Tyr94 of the CDRIla
region of the TCR. This coordination complex of
Ni ions directly linking the MHC peptide and
TCR is similar to the action of a weak superanti-
gen. In extending the studies on Ni to investiga-
tions on the T cell recognition of haptens, Weltzien
and others have shown, somewhat surprisingly to
some, that MHC-restricted hapten-specific T cell
receptors react to hapten—peptide conjugates
within the MHC peptide-binding groove. This
opened up a new approach for studying the
molecular mechanisms underlying hapten recog-
nition by T cells.
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3.4.3 Abacavir and the MHC-
Presented Altered Peptide
Model of Drug
Hypersensitivity

More recently, some interesting HLA associa-
tions in drug hypersensitivities have been
reported. A strong association of hypersensitiv-
ity to the guanosine-related pro-drug and
reverse-transcriptase inhibitor abacavir was
found with the well-defined 57.1 MHC haplo-
type encoding the MHC class I allotype HLA-
B*57:01 (see Sect. 1.3). Multi-organ reactions to
abacavir, termed abacavir hypersensitivity syn-
drome or AHS, manifests as fever, rash, malaise,
nausea, and diarrhea. It occurs in approximately
2-8 % of patients with human immunodeficiency
virus-1 (HIV-1) infection and can be severe
enough to cause death in some rechallenged
patients. Abacavir-specific CD8+ T cells secrete
TNF and IFNy and are cytotoxic to abacavir-
APCs. In a 2008 study, implication of the fine-
structural specificity of the 6-cyclopropylamino
group of abacavir as a possible reactive site in
the HLA-restricted CD8+ T cell response was
demonstrated by lack of recognition of the aba-
cavir structural analogs carbovir, didanosine,
and guanosine by abacavir-reactive T cells
(Fig. 3.16). Specificity of the interaction was fur-
ther mapped to the F pocket (one of six, termed
A-F), of the MHC-1 antigen-binding cleft where
it was thought that abacavir, or a metabolite,
binds to one or more self-peptides. At that stage,
whether the binding was covalent or not had yet
to be determined. It was predicted that the dem-
onstration that AHS is an MHC-I-restricted cel-
lular hypersensitivity response mediated by
CD8+ T cells might prove to be a forerunner for
our better understanding of the basis of immune
receptor recognition in drug hypersensitivities
and, more specifically, for elucidating the
pathogenesis of some of the life-threatening
drug-induced systemic reactions such as toxic
epidermal necrolysis (TEN) and Stevens—
Johnson syndrome (SJS).

Right at the time of the completion of this
monograph, newly published results explaining
the molecular basis of AHS give every indica-
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Fig. 3.16 Structures of abacavir and three purine
analogs didanosine, carbovir, and guanosine. The
6-cyclopropylamino group of abacavir is highlighted

tion of having profound implications for under-
standing the origins and general molecular
processes of autoimmunity. AHS is mediated by
abacavir-specific activation of cytotoxic CD8+ T
cells that require HLA-B*57:01 antigen-
presenting cells, but abacavir-specific T cells are
not activated by cells expressing the closely
related allotypes HLA-B*57:02, HLA-B*57:03,
and HLA-B*58:01, each of which is insensitive
to abacavir and not linked to AHS. Two amino
acid residues, Aspl14 and Serl16, distinguish
HLA-B*57:01 from the abacavir-insensitive
alleles and abacavir reacts with these two amino
acid residues. In extending the finding that the
abacavir-HLA-B*57:01 association results from
specific binding of the drug to the HLA F pocket,
amino acid sequences of a large number of HLA-
B*57:01- and HLA-B*57:03-bound peptides
from untreated and abacavir-treated cell lines were
determined. Abacavir-treated HLA-B*57:01
cells, but not treated HLA-B*57:03 cells, con-
tained unmodified drug but no metabolites
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indicating that abacavir bound non-covalently
and specifically with HLA-B*57:01. Up to 25 %
of the peptides bound to HLA-B*57:01 follow-
ing treatment with abacavir proved to be differ-
ent to those before treatment but a change was
not seen with peptides bound to HLA-B*57:03
or HLA-B*58:03. These results again suggested
that abacavir binds specifically to the antigen-
binding cleft of HLA-B*57:01 and this alters the
repertoire of self-peptides bound by HLA-
B*57:01 but not the repertoire bound by the
other HLA alleles. Sequences of peptides that
bind HLA-B*57:01 contained Trp — Phe at the
C terminus (PQ) but for HLA-B*57:03 PQ was
reversed, i.e., Phe » Trp. After abacavir treat-
ment, an increased number of peptides with Ile
or Leu at PQ bound HLA-B*57:01. In another
recent study, peptides eluted from an HLA-
B*57:01 single allele-transfected cell line treated
or not treated with abacavir were analyzed. A
significant number of peptides with Val at the
C-terminus were identified in the presence of
abacavir but no peptides with Val at the
C-terminus were found in untreated cells.
Significant numbers of peptides with terminal Ile
and fewer peptides with Trp and Phe also
occurred in the presence of abacavir. Taken
together, the results of the abacavir—HLA bind-
ing studies indicate that the drug positions itself
at the bottom of the antigen-binding cleft extend-
ing, via the cyclopropyl moiety (Fig. 3.16), into
the F pocket and changing the shape of the cleft.
This results in preferred binding of smaller
amino acids, an alteration in the repertoire of
self-peptides that bind HLA-B*57:01, and a T
cell response to self-proteins presented only in
the presence of abacavir. Extension of this inves-
tigative approach to the antiepileptic carbamaze-
pine, a drug strongly associated with
HLA-B*15:02 (see below), showed that the drug
binds to this allotype and, again, an altered rep-
ertoire of presented self-peptides results. This
raises the possibility that antigen-presenting
molecules may be susceptible to modulation by
drugs (and perhaps even toxins, environmental
chemicals, etc.) causing altered T cell immunity.
If this is a general mechanism, investigations of
associations of other drug hypersensitivities with

antigen-presenting molecules may reveal further
fascinating insights into some poorly under-
stood, unpredictable, and potentially life-threat-
ening adverse drug reactions and ultimately lead
to a better understanding of the immunopatho-
genesis of autoimmunity, infectious diseases,
and cancer.

3.4.4 Carbamazepine and Other
HLA-Drug Hypersensitivity
Associations

In addition to the associations of HLA-B*
57:01 with abacavir hypersensitivity and
flucloxacillin-induced liver injury (Sect. 5.1.10),
HLA-DRB1*#15:01 with lumiracoxib-induced
hepatotoxicity, and HLA-B*58:01 with
allopurinol-induced SJS (see below), HLA-
B*15:02 is strongly associated  with
carbamazepine-induced SJS and TEN. As men-
tioned in Sect. 3.4.3 above, the generality of the
abacavir—HLA binding results was tested in a
preliminary way in an examination of the well-
established strong association between HLA-
B*15:02 and carbamazepine-induced SJS/TEN
in Asian populations. A non-covalent associa-
tion between carbamazepine and HLA-B*15:02
was established by purifying HLA-B*15:02—
peptide complexes and sequencing of bound
peptides. This revealed a preference for smaller
amino acids at key positions and significant
increases in the presence of some hydrophobic
residues. Comparisons with HLA-B*15:01
show that this allele is not associated with
carbamazepine-induced SJS and an important
difference between HLA-B*1502 and HLA-
B*15:01 is at position 156 (Leu for the former,
Trp for the latter) near where the drug is thought
to bind in HLA-B*15:02.

The carbamazepine—HLA-B*15:02 interac-
tion has also recently been used by S-I Hung and
collaborators in Taiwan as a model for the study
of the pathologic role of HLA in delayed-type
drug hypersensitivity. No intracellular metabo-
lism or antigen processing was detected in
the interaction between carbamazepine and
HLA-B*15:02 in patients with the bullous skin

worldclimbs@gmail.com


http://dx.doi.org/10.1007/978-1-4614-7261-2_5#Sec000530

74

conditions and surface plasmon resonance assays
showed that HLA-B*15:02, but not other HLA-B
recombinant proteins, directly binds carbamaze-
pine and the structurally related carbamazepine
10,11-epoxide. For drug presentation and activa-
tion of cytotoxic T lymphocytes, endogenous
peptides in the antigen-binding groove were
shown to be necessary. This is in contrast to aba-
cavir which binds to HLA-B*57:01 without pep-
tide loading. Modeling suggested that the Arg62
side chain, located in the B pocket of the HLA-
B*15:02 protein, was the most likely binding site
for carbamazepine by forming a hydrogen bond
with the ketone of its 5-carboxamide group on
the tricyclic ring. Specific recognition of this
group was supported by results obtained with
selected structural analogs.

Allopurinol is an important treatment for
hyperuricemia-related diseases, being used to
lower uric acid in gout, kidney stones, and Lesch—
Nyhan syndrome. Unfortunately, the drug is also
a frequent cause of adverse drug reactions,
accounting, it is said, for up to 5 % of severe cuta-
neous adverse reactions. Reactions include drug
hypersensitivity syndrome, SJS, and TEN. In a
Taiwanese study designed to identify genetic
markers for allopurinol cutaneous reactions, the
HLA-B*58:01 allele was identified in 100 % of
51 patients with allopurinol-induced serious
reactions but in only 15 % (20) of 135 tolerant
patients. These results indicate that in Han
Chinese, allopurinol is strongly associated with
HLA-B*58:01 and this allele is an important
genetic risk factor for the serious cutaneous reac-
tions with systemic symptoms.

The NSAID and phenylbutazone derivative,
feprazone, was found to be associated with HLA-
B22 in a Scandinavian study—93 % of patients
with a fixed drug eruption caused by the drug
were HLA-B22 positive but no patients with
fixed drug eruptions to other drugs were positive
to HLA-B22 and this allele was found in 4 % of
healthy controls. However, a number of factors,
including the absence of HLA-B22 in 7 % of the
Scandinavian patients with feprazone-induced
fixed drug eruption, need further scrutiny before
feprazone-HLA-B22 can be taken as a diagnostic
marker. At the least, more extensive population
studies are needed.
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Other drug hypersensitivities or intolerances
thought or claimed to be associated with HLA
class I and/or class Il alleles include trimethoprim-
sulfamethoxazole with HLA-A30, aspirin with a
number of different haplotypes (see Sect. 9.5.5),
hydralazine-induced systemic lupus erythemato-
sus with HLA-DRw4, and nevirapine hypersensi-
tivities with a surprising and confusing array of
associations. Again, these findings highlight the
need for extensive phenotyping studies and inves-
tigations in much larger populations.

3.4.5 The Question of Direct Drug
Activation of T Cells Without
Involvement of a Specific
Peptide

Drawing on earlier speculations on the absence
of prior sensitization in many drug reactions and
the seminal studies of MHC-restricted metal ion
and drug hypersensitivities mediated by T cell
activation, others have suggested some modifica-
tions to the possible cellular and drug interac-
tions involved in drug-specific recognition by
cells of the immune system. A number of obser-
vations including the prevention of T cell activa-
tion after removal of drug by washing, rapid
calcium influx into T cells after exposure to drug,
and the fact that glutaraldehyde-fixed APC can
still present drug have led to the suggestion that T
cells rather than APCs recognize free, unpro-
cessed parent drug in allergic individuals.
Proponents of the so-called p—i concept (derived
from the proposed direct pharmacological inter-
action of drugs with immune receptors) state that
“drugs bind specifically and reversibly to some of
the highly variable antigen-specific TCR in a
direct way, instead of covalently modifying the
MHC-peptide complex.” Direct and in-depth
experimental findings of the sort presented in the
Ni, abacavir, and carbamazepine/HLA-B*15:02
investigations to support this hypothesis are lack-
ing, and with, for example, abacavir bound at the
bottom of the HLA-binding groove, it is difficult
to see how the drug can directly contact, or by
itself directly influence, the T cell receptor.
Recently the proposed model restricted to T cell
binding appears to have been modified to
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acknowledge and to try and accommodate the
association and presentation of some drugs, or
drugs with peptide, in the MHC peptide-binding
groove. Given the apparent unequivocal defini-
tion of direct drug binding to the TCR without
modification of the MHC—peptide complex, it is
difficult to see how this accommodation can be
achieved.

3.5 Desensitization of Drug-
Allergic Patients

Only immediate type hypersensitivity drug reac-
tions involving IgE antibodies and/or a mast cell-
mediated mechanism are considered eligible for
desensitization.

An adverse reaction to a drug can be major
problem in efforts to achieve successful treat-
ment for common and important diseases includ-
ing infections, arthritides, allergies, and
malignancies. Adverse drug reactions occur fre-
quently, and as the number, chemical nature, and
novel pharmacological actions of registered
drugs continue to increase, such reactions can
seriously interrupt therapy and leave patients
with less than optimal treatments. Rapid drug
desensitization (RDD) can provide an effective
and safe means to continue vital therapies while
minimizing or avoiding the previously disruptive
impediment. The aim of desensitization is to
administer increasing amounts of drug in an
incremental and stepwise manner while at the
same time avoiding or minimizing life-
threatening, or even lesser adverse, symptoms.
When successful, the procedure induces tempo-
rary tolerance to the drug allowing treatment to
continue with optimal dosage.

In considering possible mechanisms leading to
rapid desensitization to a drug, the mast cell and
possibly the basophil appear to be the cells most
likely to be involved. In drug reactions involving
complementary IgE antibodies, RDD appears to
result in the mast cells becoming temporarily tol-
erant to the drug. A convincing explanation of
how RDD tolerizes mast cells or interferes with
their activation is lacking and the subject is inad-
equately understood and in need of further inves-
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tigation of possible mechanisms. One current
investigative approach involves the delivery of
increasing quantities of antigen at fixed time
intervals to mouse bone marrow mast cells in
vitro together with the monitoring of granule
release by detection of f-hexosaminidase and the
metabolism of prostaglandins and leukotrienes.
Both of these indicators were inhibited by desen-
sitization and this was achieved by incremental
increases in dosage. Importantly, the presence of
antigen was necessary for desensitization—as
long as antigen was maintained, and desensitiza-
tion was maintained. Mast cells desensitized to
dinitrophenol did not release preformed and de
novo synthesized mediators such as TNF and
IL-6. This may help to explain why desensitized
patients are not at risk of a delayed reaction.
Experiments in which mast cells were sensitized
to dinitrophenol and ovalbumin showed that oval-
bumin-desensitized cells responded fully to dini-
trophenol, proving antigen specificity and that
signaling transduction pathways have not been
impaired during desensitization. Furthermore,
FceRI-bound antigen-specific IgE molecules did
not disappear from the cell surface during desen-
sitization after becoming bound to small doses of
antigen. These results are reassuring in that they
support both the proposed inhibition of the mast
cell response and the basis for the RDD proce-
dures currently used. Over many years, a number
of other mechanisms have been proposed to
explain the state of clinical tolerance resulting
from the practice of desensitization. The list
includes the formation of IgG blocking antibod-
ies, consumption or blocking of the drug-reactive
IgE antibodies by the gradually increasing quanti-
ties of administered drug, tachyphylaxis or deple-
tion of the released mediators, hapten inhibition by
monovalent penicillin—protein conjugates, and
desensitization of mast cells and basophils by
gradually increasing quantities of multivalent
drug—carrier complex. It must be concluded, how-
ever, that few truly revealing insights into the
mechanisms underlying mast cell tolerance or
hypo-responsiveness have been obtained so far.
Note that desensitization to a drug does not
result in long-term tolerance to the adverse
effects of the drug and this therefore means that
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patients need the desensitization procedure to be
repeated each time they are again exposed to the
drug. However, if the medication is maintained,
for example, by daily dosage with pharmacologi-
cally active levels, the desensitization state can
be maintained.

3.6 Delayed-Type (TypelV)
Hypersensitivity Drug
Reactions

Unlike types I, II, and III hypersensitivities,
which are mediated by antibodies, delayed or
cell-mediated hypersensitivity, classified as type
IV, is mediated by antigen-specific effector T
cells and this means that the hypersensitivity
response can be transferred by purified T cells or
a cloned T cell line. Again in contrast to an
immediate reaction, a delayed-type hypersensi-
tivity reaction develops over a period of 24-72 h.
Delayed hypersensitivity responses have been
used for many years to assess patients’ cell-
mediated immunity by the induction of indura-
tion and erythema 48-72 h after intradermal
injection of so-called ‘“recall” antigens from
Mycobacterium  tuberculosis, Candida and
Trichophyton species, and tetanus toxoid.

3.6.1 The Cellular Basis of Type IV
Hypersensitivity Cutaneous

Drug Reactions

Delayed-type hypersensitivity reactions in the
skin provoked by systemic drug administration
usually occur 7-10 days after the commencement
of therapy. Drug-induced skin reactions manifest
mainly as exanthemas, mediated by CD4+ and
CD8+ CD3+ T cells in the dermis and epidermis.
Antimicrobial drugs, NSAIDs, and some analge-
sic drugs are the biggest causes of drug-induced
adverse cutaneous reactions but a variety of other
drugs including anticonvulsants (e.g., carbam-
azepine), local anesthetics (lidocaine), cardiovas-
cular drugs (procainamide), and antipsychotics
(clozapine) are well known to cause reactions.
For most proteins and hapten—protein conjugates,
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processed antigen is presented to CD4+ T cells
via the MHC class II molecules on antigen-pre-
senting cells. The cells involved in many type IV
responses such as contact hypersensitivity and
psoriasis are Thl and CD8+ cytotoxic T cells
while in a condition such as allergic contact der-
matitis, CD4+ or CD8+ T cells can be activated
depending on the antigen processing pathway. In
general, CD4+ T cell activation seems to mediate
maculopapular and eczematous drug hypersensi-
tivities while CD8+ T cell activation produces
the more severe skin reactions involving bullous
manifestation.

In a hypersensitivity reaction in the skin such
as allergic contact dermatitis, there are two
phases of the hypersensitivity response, sensiti-
zation (or initiation or induction) and elicitation.
In the sensitization phase following drug admin-
istration, free drug or drug bound to a protein
carrier reaches the skin where it encounters kera-
tinocytes, present in great numbers and thought
to play a major role in the initiation of skin sen-
sitization. As well as facilitating the formation of
biologically active haptens and hapten binding
to protein, keratinocytes release chemotactic
factors CXCL8, CXCL9, CXCL10,and CXCL11
and adhesion molecules (e.g., ICAM-1) on
exposure to sensitizing agents. These chemotac-
tic factors attract more cells to the active skin
sites, thus increasing local immune activity.
Sensitization proceeds with drug—carrier com-
plex being taken up by immature Langerhans’
and dendritic cells. These migrate to the draining
lymph node and, with the stimulus provided by
co-stimulatory molecules, become T cell-
activating cells. Processed antigen is expressed
as a drug—peptide complex in association with
MHC class I and II molecules on the surface of
the mature antigen-presenting cells for presenta-
tion to CD8+ and CD4+ T cells, respectively.
Dendritic cells, Langerhans’ cells, and skin mac-
rophages express both MHC (class I and IT) mol-
ecules and can activate CD4+ as well as CD8+ T
cells. Keratinocytes are also important in the
elicitation phase and can present antigen via
MHC I and MHC II molecules. T cells are
activated, undergo clonal expansion, and give
rise to cells with different memory and effector

worldclimbs@gmail.com



3.6 Delayed-Type (Type IV) Hypersensitivity Drug Reactions 77

functions, that is, Th1l, Th2, or Th17 CD4+ or
CD8+ T cells. By the time of the elicitation
phase, T cells have gained access to the skin and
following reexposure to the drug, skin symptoms
occur within about 48 h. Hapten-specific T cells
recognize the hapten-peptide presented by den-
dritic cells and keratinocytes and the resultant
activated T cells produce Thl and Thl7 cyto-
kines such as IFN-y, IL-12, IL-17, and IL-23.
Note that although Langerhans’ cells have long
been considered to be the classical cell net to
trap, process, transport, and present antigen to T
lymphocytes, evidence, including mice lacking
Langerhans’ cells, has shown that dendritic cells
can act in their place if Langerhans’ cells are
absent or functionally affected. The nature of the
antigen, that is, the sensitizing drug or drug con-
jugate, seems to determine which MHC mole-
cule is involved in antigen presentation.
Extracellular antigens (for example, contact
allergens) are generally presented via MHC class
II molecules and intracellular antigens (for
example, drug—protein conjugates formed intra-
cellularly) via MHC class I. Presentation, for
example, of the contact sensitizing agent nitro-
benzene sulfonic acid, appears to be by MHC 11
molecules.

With the involvement of the co-stimulatory
B7-CD28 interaction, T cells are activated and
memory T cells can be found in the dermis.
Other co-stimulatory molecules have also been
identified including OX-40-OX-40L, PD-1-
PD-L1 and PD-L2, RANK-RANKL, and CD40-
CD40L (CD154). The receptor OX-40, also
known as CD134, and its ligand OX-40L are
seen as secondary co-stimulatory molecules
expressed after T cell activation and important in
maintaining T cell memory. RANKL, involved
with dendritic cell maturation, belongs to the
TNF cytokine family while PD-1 and its ligands,
belonging to the B7 family, negatively regulate T
cell responses. Binding of the co-stimulatory
molecule CD-40 on antigen-presenting cells to
its ligand CD40L activates these cells. During
subsequent exposure of the memory T cells to
the sensitizing antigen, clonal expansion of the
activated T cells occurs and this ultimately
results in T cell-mediated inflammation and cell

damage in the skin. Activation and proliferation
of memory T cells in the dermis release chemo-
kines and inflammatory cytokines such as IFN-y
and tumor necrosis factor-a/f} (hereafter referred
to as TNF) that recruit macrophages to the site.
Presentation of antigen by the newly arrived
macrophages has the affect of further amplifying
the response. The released chemokines and cyto-
kines increase the permeability of blood vessels
leading to local swelling and induce the expres-
sion of vascular adhesion molecules. IFN-y is
the key cytokine and it plays a dominant part in
delayed hypersensitivity, upregulating T cell
activation markers and MHC molecules, and aid-
ing Th1l while suppressing Th2 cell differentia-
tion. TNF also has a central role in delayed
hypersensitivity, inducing chemokine produc-
tion, upregulating expression of adhesion mole-
cules, and promoting the influx of inflammatory
cells. CD4+ and CD8+ T cell-mediated cytotox-
icity of skin cells presenting drug can result from
interaction with Fas/FasL, release of the cyto-
lytic protein perforin and the serine protease
granzyme B from cytotoxic T lymphocytes, and
release of granulysin from cytotoxic CD8+ T
cells. In response to inflammatory agents
released by T cells, skin cells can in turn contrib-
ute to inflammation by releasing their own spec-
trum of cytokines and chemokines that stimulates
further leukocyte recruitment into the skin. As
understanding of the complexities of the mecha-
nisms of the many processes that make up
delayed-type hypersensitivity responses
increases, two other agents, I1-12 and osteopon-
tin, are attracting the interest of researchers.
IL-12, produced mainly by antigen-presenting
cells, aids the proliferation and differentiation of
Thl cells, augments IFN-y production by these
cells, and enhances NK and CD8+ T cell cyto-
toxicity. Osteopontin (also known as ETA, early
T lymphocyte activation-1), a phosphoglycopro-
tein with cytokine and chemotactic functions,
has a Th2 suppressive effect augmenting Thl-
mediated allergy such as allergic contact derma-
titis and supporting dendritic cell migration and
II-12 expression and secretion. Discussion of
osteopontin’s role in allergic contact dermatitis
is continued briefly below in Sect. 3.6.3.1.
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Fig. 3.17 Naive T cells, under the influence of cyto-
kines produced by other immune cells, undergo activa-
tion and polarization to distinct Th subsets. Each subset
displays a distinct cytokine secretion profile resulting in
different effector functions, e.g., Thl cells activate mac-
rophages; Th2 cells promote allergic responses and

3.6.2 T Helper Cell Responses
andTh17

As discussed, naive T cells differentiate into Th1
or Th2 cells during activation induced by interac-
tion with dendritic cells with toll-like pattern-
recognition receptors that detect the nature of the
antigen. This results in IL-12 production, the
involvement of transcription factors T-bet,
STAT4, or STAT1 within the T cell, the induction
of Th1 differentiation, and production of IFN-y.
Th2 differentiation is the result of IL-4 cytokine
and GATA-3 and STAT6 transcription factor
involvement that drives production of IL-4, IL-5,
and IL-13. TGF-p and the transcription factor
FoxP3 results in the T, T cell subset that secretes
TGF-p (Fig. 3.17). After definition of the Thl
and Th2 subsets more than 20 years ago, rela-
tively recent research has revealed a new class of
T effector cells Th17, induced from naive T cells
by the cytokines TGF-p and IL-6 and enhanced

immune responses to parasites; Th17 cells promote
inflammation by helping to recruit neutrophils and Treg
cells exert a number of inhibitory actions via cell con-
tact. A more recently identified CD4 T cell subset,
termed follicular helper cells (Tth), provide a helper
function to B cells

by IL-23, a cytokine produced by keratinocytes,
Langerhans’ cells, dendritic cells, and macro-
phages. Th17 cells are characterized by expres-
sion of distinct transcription factors RORYT,
STAT3, and IRF-4 and the production of pro-
inflammatory molecules of the IL-17 family
comprising IL-17A, B, C, D, E, and F (Fig. 3.17).
IL-17A gives rise to tissue inflammation by pro-
ducing pro-inflammatory cytokines IL-6 and
TNF and chemokines CCL2 (monocyte chemo-
tactic protein-1 or MCP-1), CXCL1, and CXCL2
that activate macrophages and granulocytes. IL-25
and IL-27 negatively regulate Th17 cells while
Th17 polarization is inhibited by IL-2, IL-4
(induces Th2), and IFN-y (induces Th1).
Another more recently identified CD4 T cell
subset, termed follicular helper cells (Tfh), pro-
vides a helper function to B cells. Tth cells are dis-
tinguished from Th1 and Th2 cells by expression
of the chemokine CXCRS5, their association with
B cell follicles, and their B cell helper function.
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They produce ICOS (inducible T cell co-
stimulator) and IL-21, a cytokine that stimulates B
cells to differentiate into antibody-forming cells.
This cytokine is particularly interesting for those
concerned with understanding allergic mecha-
nisms and the treatment of immediate-type aller-
gies. IL-21 knockout mice express higher levels of
IgE than normal mice and, in fact, IL-21 has
already been used to attenuate allergic responses
by reducing both IgE and inflammatory cytokine
production in mouse models for rhinitis and pea-
nut allergy.

3.6.3 Delayed Cutaneous Adverse
Drug Reactions

For the first episode, these reactions generally
begin 7-21 days after contact with drug.
Subsequent reactions begin 1 or 2 days after
reexposure. Specificity is usually demonstrated
by oral challenge with small doses of the culprit
drug, a positive patch test or intradermal test gen-
erally read after a delay of at least 48 h, and per-
haps a positive in vitro lymphocyte proliferation
assay. Activated T cells are found in the skin and
in some cases T cell lines and clones can be iso-
lated from blood and/or skin sites. Distinct sub-
sets of T cells with their accompanying profile of
cytokines and chemokines promote the inflam-
matory and cytotoxic responses seen in the dif-
ferent clinical patterns characteristic of the
various drug-induced adverse cutaneous hyper-
sensitivities. Individual hypersensitivity erup-
tions are essentially the result of overlapping
cytokine actions with one or a few such actions
dominant and characteristic of the delayed drug
hypersensitivity phenotypic pattern. This, and the
lack of histological and immunocytochemical
criteria, has consequences for the diagnosis of
drug-induced skin reactions where considerable
effort is needed in the development of reliable
and specific tests that can be easily undertaken
(see Chap. 4). Although the mechanisms under-
lying the different drug-related skin eruptions
with an immunological pathogenesis are still far
from precisely defined, summaries of the prog-
ress are set out below.

3.6.3.1 Allergic Contact Dermatitis

For a description of allergic contact dermatitis,
see Sect. 2.2.4.1 and Figs 2.4 and 2.5. Not all
contact dermatitis has an immune basis; some
irritants such as organic solvents, highly alkaline
drain cleaners, and sodium lauryl sulfate and
some phototoxins like the psoralens, paradoxi-
cally used for the treatment of psoriasis, eczema,
and vitiligo, may also provoke reactions.
Common causes of allergic contact dermatitis
include Ni metal, chromium, balsam of Peru, and
Toxicodendron plants, for example, poison ivy,
poison oak, and poison sumac. Causative agents
tend to be reactive small molecules or haptens of
less than 1,000 Da that can easily penetrate the
skin barrier and form covalent adducts with cuta-
neous proteins. Allergic contact dermatitis is
regarded as a Th1 and CD8+ T cell-mediated dis-
ease and Ni allergy (see also Sect. 3.4.2), which
involves activation of HLA-restricted, skin-
homing Ni-specific T cells by antigen-presenting
cells, is perhaps its best-known commonly occur-
ring form. Both sensitization and skin reactions
to Ni are thought to be mediated by CD4+ and
CDS8+ effector T cells producing IFN-y. During
sensitization when no clinical symptoms are
apparent, mature Langerhans’ cells originating
from skin sub-layers present Ni-peptide-MHC
complex to T cells in local lymph nodes. Upon
rechallenge with Ni, the effector phase of allergic
contact dermatitis is activated to produce cutane-
ous infiltration of Ni-specific and CCR4-positive
T cells. Ni-specific cytotoxic CD8+ T cells
release inflammatory cytokines that produce the
characteristic skin lesions at the site of Ni sensiti-
zation (Chap. 2, Fig. 2.4). The T cell cytokine
IL-17 can be found in the skin of patients with
allergic contact dermatitis. Some Ni-specific
CD4+ T cell clones isolated from the blood of
allergic contact dermatitis patients express this
cytokine which regulates the expression of adhe-
sion molecules by keratinocytes and the synthe-
sis and release of the chemokines IL-8 and
RANTES. IL-17 has been shown to be locally
released by Ni-specific ThO, Thl, and Th2 lym-
phocytes in the skin of patients with allergic
contact dermatitis where it amplifies reactions
and modulates the pro-inflammatory action of
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keratinocytes by acting together with IFN-y
and IL-4. There still seems much to learn about
the role of IL-17 in allergic contact dermatitis
but already the importance of this cytokine in
the pathomechanism underlying the condition
is apparent.

The phosphoglycoprotein osteopontin is
expressed by a number of different immune cells
including effector T cells and keratinocytes in
allergic contact dermatitis. The molecule is
expressed in secreted and intracellular form, it
enhances Thl and Th17 immunity, and protects
against apoptosis. Experiments in mice have
shown that T cell clones secreting low levels of
IFN-y may compensate by secreting high levels
of osteopontin which, in turn, down-modulates T
cell IL-4 expression. In allergic contact dermati-
tis, secretion of IFN-y by effector T cells induces
osteopontin in keratinocytes which ultimately
results in the attraction of inflammatory cells.
The demonstrations that osteopontin-null mice
display a reduced inflammatory response in con-
tact hypersensitivity and anti-osteopontin anti-
bodies partly suppresses established chronic
contact sensitivity suggest that osteopontin may
be a promising therapeutic target in allergic con-
tact dermatitis.

3.6.3.2 Psoriasis

Clinical aspects of psoriasis are presented in
Sect. 2.2.4.2 and Fig. 2.6. The classification of T
cells into Th1 and Th2 cells, essentially on the
basis of their defining cytokines IFN-y and IL-4,
respectively, and the fairly recent identification
of a new type of T cell, Th17, together with the
realization of its importance in inflammation,
has led to the reexamination of many diseases
previously considered to be solely Thl or Th2
mediated. So far, in murine models at least, some
diseases, previously thought to be Th1-mediated
responses, have been found to involve both Th1
and Th17 cells. Th17 cells produce IL-17, TNF,
IL-6, IL-21, and IL-22 which are upregulated
during inflammatory disorders and which pro-
duce thickening of mouse epidermis suggesting
a role in psoriatic inflammation. Other findings
suggestive of a role for Th17 cells in psoriasis
include the reduction of levels of IL-17 and
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IL-22 in the serum of patients whose psoriasis
had been cleared by treatment with the TNF
inhibitor etanercept; enhanced expression of
IL-23 in patients with psoriatic lesions; and the
demonstration of IL-17 mRNA in psoriatic
lesions. Analysis of psoriatic skin lesions and
peripheral blood for the presence of IL-17-
producing cells revealed Th17 cells localized in
the lesions and the dermis. In addition, IL-17
mRNA expression returned to normal with
cyclosporin therapy and IL-22 mRNA expres-
sion moved in parallel with IL-17 changes, sug-
gesting that both Th1 and Th17 cells are active in
the inflammatory stages of psoriasis. Following
the demonstration that in addition to Thl cells
producing IFN-y, CD4+ T lymphocytes produc-
ing IL-17 were also important in the pathogene-
sis of psoriasis, attention turned to the possible
importance of IL-17-producing CDS8+ cells
known to be present in psoriatic plaque.
Investigations showed that CD8+ IL-17+ cells
produced the Thl-related cytokines IFN-y and
TNF as well as the Th17 cytokines IL-17, IL-21,
IL-22, and upregulation of the transcription fac-
tor RORC. These results showing some common
properties between CD8+ IL-17+ T cells and
Th17 cells and the intriguing finding that CD8+
cells, unlike Th17 cells, can also make IFN-y
and TNF may prove significant in fully elucidat-
ing the pathogenesis of psoriasis.

Currently, the broad understanding of the
events and mechanisms leading to psoriasis is
as follows. Antigen-presenting cells, probably
Langerhans’ cells, in the skin migrate to regional
lymph nodes where they interact with T cells. The
nature of the presented antigen is not known but
co-stimulatory factors from the antigen-presenting
cell are believed to be intercellular adhesion mol-
ecule 1 (ICAM-1, CD54) and lymphocyte func-
tion-associated antigen 3 (LFA-3, CD58). These
molecules interact with their complementary
receptors on the T cell, lymphocyte function-asso-
ciated antigen 1 (LFA-1, integrin), and LFA-2
(CD2), respectively. Activated T cells return to the
skin where local effects in the dermis and epider-
mis of released pro-inflammatory cytokines such
as TNF produce the inflammation and epidermal
hyper-proliferation seen in psoriasis.
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3.6.3.3 Maculopapular Exanthema

A case of maculopapular exanthema induced by
amoxicillin with lesions on the trunk and hands is
shown in Fig. 2.7 together with a clinical descrip-
tion in Sect. 2.2.4.3. Lymphocytes (CLA+,
CD3+, DR+, CD25+) expressing adhesion mol-
ecules are attracted from the blood by adhesion
molecules expressed by endothelial cells and
keratinocytes and by chemokines such as CCL27
(also called cutaneous T cell-attracting chemo-
kine CTACK).

Both CD4+ and CD8+ T cells are found in the
skin and blood of patients with maculopapular
exanthema, but findings on the relative impor-
tance of these cells differ with some authors stat-
ing that CD4+ cells predominate and inflict cell
damage by expressing high levels of perforin and
granzyme B while CD8+ cells are found mainly
in the epidermis. Other results have shown that
CDS8+ cells predominate in acute lesions of the
epidermis and are the major drug-specific cyto-
toxic cell found in the blood of most patients with
penicillin-induced maculopapular exanthema.
Examination of cellular infiltration in the skin of
patients during patch testing demonstrated rapid
recruitment of CD8+ cells after skin contact with
drug and before appearance of other cells particu-
larly CD4+ T cells. Both type 1 and type 2 cyto-
kines are produced; IFN-y (type 1) activates
dendritic cells and keratinocytes; IL-5 (type 2)
together with eotaxin (CCL11) recruits and acti-
vates eosinophils. Other chemokines including
CCL20, CXCL9, and CXCL10 appear to be
involved in skin homing. During the acute phase
CD4+ cells express perforin.

3.6.3.4 Acute Generalized
Exanthematous Pustulosis

Activated drug-specific CD4+ and CD8+ T cells
producing the neutrophil-attracting chemokine
CXCLS8 (IL-8), infiltrate the skin of patients
with acute generalized exanthematous pustulo-
sis (AGEP) (Sect. 2.2.4.4) and can be detected
in peripheral blood, in positive patch test biop-
sies, and in T cell lines and clones. CXCLS-
producing effector memory T cells express
mainly IFN-y, GM-CSF, TNF, and sometimes
IL-4 and IL-5. These cells express the chemo-

kine CCR6 and aid infiltration and survival of
neutrophils leading to the sterile pustular erup-
tions found in AGEP patients (Fig. 2.8).

3.6.3.5 Drug Reaction (Rash) with
Eosinophilia and Systemic
Symptoms

The pathophysiology of drug reaction (some-
times designated rash) with eosinophilia and
systemic symptoms (DRESS), also called drug-
induced hypersensitivity syndrome (DIHS), is
still being worked out (see also Sect. 2.2.4.5).
Activated CD4+ and CD8+ T cells expressing
CCRI10 and producing type 1 cytokines, chiefly
IFN-v, are found in the blood of DRESS patients
in the acute phase and these cells increase in
proportion to the severity of the skin reaction
(Fig. 2.9). Interestingly, T cell clones from car-
bamazepine- and lamotrigine-sensitive patients
react specifically with antigen-presenting cells
apparently without the formation of reactive
metabolites and processing, much like the situa-
tion with a superantigen. The T cell clones pro-
duce perforin and secrete IL-5 as well as IFN-y,
the former accounting for the eosinophilia asso-
ciated with the syndrome. Many investigators
believe that a concomitant human herpes virus 6
(HHV-6) reactivation with hypogammaglobu-
linemia caused by the drug is associated with
the hypersensitivity syndrome. This remains to
be established.

While mentioning DRESS, it is opportune to
comment on drug-induced allergic hepatitis. As
in DRESS, this condition is associated with fever,
rash, eosinophilia, and liver infiltrates and the
reaction is generally a type IV hypersensitivity
response involving CD4+ cells, CD8+ cytotoxic
lymphocytes, NK, Kupffer and dendritic cells.
Type II hypersensitivities may also sometimes
occur. There are two main hypotheses for the
mechanism of drug-induced liver injury (DILI)
caused by immune processes. First, the drug or
active metabolite(s) acts as a hapten and binds to
endogenous proteins forming conjugates that
induce antibody- and/or T cell-mediated injury.
Proponents of the second hypothesis suggest that
most individuals are tolerant to immune-mediated
DILI and reactions occur only when tolerance is
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overcome. Although the cellular events remain
poorly defined, knowledge of underlying mecha-
nisms of idiosyncratic DILI is even more
fragmentary.

3.6.3.6 Fixed Drug Eruption

Mediated by activated CD8+ T cells, fixed drug
eruption (FDE) is a disease instigated by drugs in
more than 95 % of cases. In regression, large
numbers of CD8+ effector memory T cells of
phenotype CD3+, CD45RA+, CDI1b+, and
CD27- are found in lesions in the epidermis.
Reexposure to the culprit drug rapidly leads to a
conversion of this benign state to one of aggres-
sive cell damage. T cells secrete IFN-y in high
amount as well as TNF, perforin, granzyme B,
and Fas ligand (FasL) which initiates cell killing
by binding to its receptor FasR on keratinocytes.
The presence of the “dormant” CD8+ T cells in
“resting” lesions explains why patch testing is
negative on normal skin but reactivation occurs
when patches are applied to areas of residual
lesions. For a clinical description of FDE see
Sect. 2.2.4.6 and Figs 2.10 and 2.11.

3.6.3.7 Toxic Epidermal Necrolysis
and Stevens-Johnson
Syndrome

These diseases (Sect. 2.2.4.8) are provoked by
drugs in more than 90 % of cases with sulfon-
amides, anticonvulsants, some NSAIDs, and
allopurinol most frequently involved. It is not yet
understood why and how a cutaneous adverse
drug reaction very occasionally progresses to the
life-threatening TEN or SJS. Clinical features of
both syndromes are similar with the extent of
necrotic epidermis/skin detachment greater in
TEN (>30 %; Fig. 2.14) than in SJS (<10 %) and
the predominance of lesions around mucosal ori-
fices in SJS (Fig. 2.15). In fact, the two disorders
are considered by many to be variants of the
same disease with different severity. In TEN,
blister fluid contains many activated HLA class
I-restricted, drug-specific CD8+ CD56+ cyto-
toxic T cells with natural killer (NK) cell fea-
tures. These kill lymphocytes and particularly
keratinocytes via, according to different
researchers, several mechanisms including the
Fas/FasL. (CD95/CD95L), TNF, granzyme B,
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perforin, TWEAK (TNF-like weak inducer of
apoptosis), and TRAIL (TNF-related apoptosis-
inducing ligand) pathways. These cytotoxic
mediators are found in the serum as well as in
blister fluid where levels are high and where they
occur with other cytokines including IFN-y,
IL-10, and IL-18. Several studies suggest that
TNF has an important role in TEN and this
appears to be supported by the success of the
TNF-targeted monoclonal antibody infliximab
(see chapter 11, Sect. 11.1.3.3) in promoting the
resolution of lesions in a number of patients.
These outlined findings are the conclusions
assembled from a number of different investiga-
tors, but the explanations leave significant doubts
since some key points remain unexplained. In
particular, the number of infiltrating inflamma-
tory cells in the skin lesions is claimed to be too
few to explain the widespread killing of keratino-
cytes. In the first place, both of the two favored
pathways to cell death, viz., granzyme B- and
perforin-mediated exocytosis and Fas-FasL kill-
ing, are not restricted to TEN and SJS—both
pathways are upregulated in some other adverse
cutaneous reactions such as maculopapular ery-
thema where widespread cell destruction does
not occur. The second inadequacy of the dual
pathway explanation is the need for cell-to-cell
contact for killing when there seems to be not
enough inflammatory cells for this to occur.
These doubts have been expressed by Chung and
coworkers in Taiwan whose investigations
recently provided a better understanding of the
immune mechanisms and biomarkers of TEN
and SJS and promise new approaches for the
management of these diseases. Gene expression
profiling, PCR, and immunohistochemical meth-
ods identified granulysin rather than Fas, FasL,
soluble FasL, granzyme B, or perforin as the
major cytotoxic molecule responsible for kerati-
nocyte necrosis in TEN/SJS. Granulysin, a mem-
ber of the saposin-like family of membrane-
disrupting proteins, is a cationic cytolytic and
pro-inflammatory protein contained in the cyto-
lytic granules of cytotoxic T lymphocytes and
NK cells. Chung et al. showed that granulysin
from blister fluid, in the 15 kD secretory form
(a precursor of the 9 kD form), was present in a
concentration two to four times higher that soluble
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FasL, granzyme B, and perforin. Depletion of
granulysin reduced cytotoxicity and when it was
injected into mouse skin it produced TEN- and
SJS-like skin necrosis. In addition to its cytotoxic
effects, granulysin is a chemoattractant for other
inflammatory cells and aids the expression of
some chemokines and cytokines including
RANTES (CCLS5), MIP-1a (macrophage inflam-
matory protein-la, CCL3), MCP-1 (monocyte
chemotactic protein-1, CCL2), MCP-3 (mono-
cyte chemotactic protein-3, CCL7), IL-1, IL-6,
IL-10, and IFN-a.

In summary, the demonstrations of a pathoge-
netic mechanism for TEN/SJS and that secretory
granulysin is a key toxic molecule responsible for
disseminated keratinocyte killing open the way
for the development of new diagnostic and thera-
peutic targets for the diseases. However, impor-
tant questions concerning operative mechanisms
in TEN and SJS remain. For example, what are
the precise molecular mechanisms involved in
the interactions between the offending drugs,
HLA, and the T cell receptor? What are the precise
steps between taking the drug and the secretion
of granulysin? How is secretion of the cytolytic
protein regulated? What are the identities of
the determinants recognized in the immune pro-
cesses? The beneficial effect of infliximab when
used for selective TNF blockade in some cases of
TEN, and the importance of TNF in causing
direct cytotoxicity and apoptosis, must also be
considered and somehow incorporated into a sat-
isfying explanation of the pathogenesis of this
intriguing toxidermia.

3.6.3.8 Delayed Cutaneous Drug
Hypersensitivity Reactions.
Conclusions
In reviewing what is currently known about the
pathophysiology and mechanisms underlying the
T cell-mediated delayed allergic drug reactions it
is apparent that knowledge of the different cuta-
neous reactions is still widely incomplete and
agreement, even on some basic processes, is
often inconsistent or lacking. Absence of agree-
ment on the identity of the often-bewildering
number and nature of cytokines and chemokines
said to be involved is particularly apparent for
some of the drug-induced reactions. For the prac-

ticing clinician, especially those without spe-
cialty knowledge of immunology and
dermatology, the field of drug-provoked cutane-
ous reactions is an area of great difficulty starting
with the requirement of identifying the culprit
drug, often amongst multiple drugs being taken.
There then remains the need to undertake or order
appropriate tests without further aggravating the
condition; institute appropriate management
measures; identify other drugs that may be a risk;
and to take measures, including instruction of the
patient, to avoid further reactions. A fairly recent
interesting area of investigation that is particu-
larly promising has emerged from demonstrated
associations between HLA alleles, certain drugs,
diseases such as TEN/SJS, and different human
populations. Apart from the presentation of drug
or drug metabolite to T cells, HLA alleles may
also be responsible for genetic susceptibilities for
drug-induced cutaneous reactions. As pointed
out by Chung et al., “Understanding the molecu-
lar mechanism of the interaction of HLA, offend-
ing drugs and TCR, as well as CTLs/NK cells
activation, would facilitate the development of
new approaches for the management of SJS/
TEN.” With relevance to pathomechanisms and
regard to classification of reactions, attention has
been drawn to the particular cell type(s) recruited
during the so-called second step of drug-induced
skin inflammation following the involvement of
drug-specific T cells in the first step. The impor-
tant involvements of eosinophils with DRESS
and neutrophils with maculopapular exanthema
and AGEP illustrate the point.

As discussed in Chap. 4, the demonstration or
detection of individual or patterns of cytokines
and chemokines is a promising approach for
improving the reliability and specificity of diag-
nosing some drug-induced cutaneous hypersensi-
tivity reactions. Surprisingly, this diagnostic
strategy still seems to be underutilized but signifi-
cant advancements probably depend on first reli-
ably implicating a suitable disease-specific
marker or spectrum of markers. Finally, the aller-
genic determinants recognized in the cellular
immune processes remain largely unexplored and
undefined. Identification of the structures of
drug—peptide complexes presented by the MHC
and fine-structural detail of drug determinants
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recognized by the T cell receptor remain areas
sorely in need of both investigation and secure
findings. Progress on these points is needed to
reliably identify potentially cross-reacting drugs
for patients and offers the possibility of selecting
or tailor-making interfering inhibitory or compet-
ing molecules to mitigate drug-specific reactions.

3.7 Type ll Hypersensitivity
Drug Reactions

The classical drug-induced type II hypersensitiv-
ity is the well-known immune cytotoxic reaction
to high doses of penicillin that results from bind-
ing of the drug to red cells. This causes the red
cells to be recognized as foreign, resulting in IgM
and IgG antibodies reacting with the drug—cell
membrane protein complex. The antibody—anti-
gen complexes so formed activate the classical
complement pathway causing cell lysis and death
and the antibody-coated red cells can interact
with macrophages leading to Fc-mediated cell
destruction by the reticuloendothelial system.
Another example of a type II cytotoxic antibody-
mediated drug reaction when the drug appears to
form an antigenic complex with the red cell sur-
face is drug-induced immune hemolytic anemia
(DIIHA). The drugs most frequently associated
with DITHA are some cephalosporins (especially
cefotetan and ceftriaxone) and penicillins
(especially piperacillin). DIIHA can also be asso-
ciated with red cell autoantibodies induced by the
drug affecting the immune system without
becoming bound to the red cell surface, that is,
the drug does not participate in the antigen—anti-
body reaction. Such antibodies are referred to as
drug-independent. Prototype drugs involved in
drug-independent autoantibody formation are
methyldopa and the chemotherapy drug, fludara-
bine. In this form of DITHA the clinical and labo-
ratory findings are identical to autoimmune
hemolytic anemia. It is not known why drugs
sometimes induce drug-independent autoanti-
bodies to red cells or what mechanism is involved.
The mechanism of DIIHA when the drug partici-
pates as the antigen is thought to proceed by
attachment of the drug to the red cell in vivo,
interaction with drug-reactive antibodies (usually
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IgG but may be IgM), and subsequent
Fc-mediated cell destruction and clearance by
macrophages. Activation of complement may
occur leading to intravascular lysis and renal fail-
ure. Understanding the mechanisms involved in
the action of drug-dependent antibodies is com-
plicated by the observation that drugs that cause
some of the worst reactions including hemolysis,
renal failure, disseminated intravascular coagula-
tion, and death appear to proceed via a different
mechanism, often involving complement-acti-
vating antibodies. The so-called “unifying
hypothesis” has been advanced to explain all
three types of antibodies implicated in DITHA.
This hypothesis is based on known findings dat-
ing back to Landsteiner of the generation of three
populations of antibodies to an injected hapten—
protein complex—one population to the hapten,
one to hapten plus carrier determinants, and one
to the protein carrier. A further, and more recent,
proposed mechanism for DITHA is based on non-
immune adsorption of the drug onto the red cell
membrane. Cefotetan, often used prophylacti-
cally in some surgical procedures, is the most
common cause of DITHA with another cephalo-
sporin, ceftriaxone, the second most common
cause. For the period 1985-1997, the FDA
reported 85 cases of cefotetan-induced hemolytic
anemia with 15 (18 %) fatalities. It is therefore
usually recommended that all cephalosporins
should be avoided in patients where DIIHA is
thought to be a possibility but in vitro hapten
inhibition experiments have shown that only
cefotetan and cephalothin inhibited anti-cefotetan
IgG and IgM antibodies. It would be prudent to
remember, however, that these were in vitro find-
ings and the in vivo consequences may be quite
different especially if allergic reactions (and IgE
antibodies) are involved. With piperacillin, the
third most common drug causing DIIHA,
immune complexes seem to be involved.

As well as erythrocytes, other cells including
platelets (thrombocytes) and some hematopoietic
precursor cells can be affected by drug-induced
type II hypersensitivity reactions. Drug-induced
thrombocytopenia for example is increasing as
more drugs are released and used. A number of
different mechanisms appear to be involved.
Drugs may bind covalently to the platelet mem-
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brane producing a hapten—glycoprotein conju-
gate with an antigenic determinant(s) that is
recognized by antibody. Drugs implicated in this
form of thrombocytopenia include penicillins
and cephalosporins in particular. Quinine, quini-
dine, sulfonamides, and NSAIDs may interact
non-covalently with platelet membrane glyco-
proteins, including the von Willebrand factor
receptor GPIb-IX-V (GP for glycoprotein) and
activated integrins GPIIb/IIla, forming drug—gly-
coprotein non-covalently linked complexes. For
antibody binding to occur, the presence of the
drug is essential—in the absence of the drug,
antibodies do not bind to the platelet surface and
thrombocytopenia does not occur. It remains
uncertain whether the antibodies are directed to
the drug alone or to the complex of drug and
platelet glycoprotein. A third mechanism of
drug-induced thrombocytopenia is seen with the
antiplatelet GPIIb/IIIa inhibitor drugs lotrafiban,
tirofiban, and eptifibatide, the novel cyclic hepta-
peptide from the venom of the southeastern
pygmy rattlesnake. By binding to the glycopro-
tein complex, these drugs induce a conforma-
tional change and a new determinant to which
antibodies bind and cause cell destruction. The
drug does not physically form part of the deter-
minant. Another inhibitor of platelet activation
sometimes administered is abciximab, the Fab
fragment of a chimeric human—mouse monoclonal
antibody that binds to the platelet glycoprotein
receptor GPIIb/IIla. Some patients, even without
prior exposure to the monoclonal agent, react to
the mouse component of the hybrid, supporting
the belief that natural antibodies may be involved
in the recognition. Such recognition of murine
antigens on a chimeric human—-mouse antibody
fragment is similar to the recognition by natural
antibodies of the chimeric monoclonal antibody
cetuximab (Sect. 3.1.1; Sect. 11.1.3.2). This
humoral form of immune-mediated drug-induced
thrombocytopenia is regarded as drug-specific
since the antibodies are formed against the drug
itself and platelets are destroyed in the process. In
a fifth mechanism, drug induces the formation of
autoantibodies to glycoproteins on the platelet
surface. The antibodies bind to the platelet anti-
gens without participation of the drug and the
resultant thrombocytopenia can persist when the
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drug is withdrawn. The prototype drugs in this
category are gold and procainamide. Finally,
heparin and heparin-like drugs can induce throm-
bosis by binding to surface-bound soluble plate-
let factor 4 (PF4), a small chemokine CXCL4
that promotes coagulation and is released from
the alpha granules of activated platelets during
platelet aggregation. Antibodies to the heparin—
PF4 complex bind to receptors on the platelet
surface via their Fc pieces producing platelet
activation. This mechanism is basically different
from the other five described mechanisms in that
activation and aggregation of platelets is the
result rather than cell lysis and hemorrhage mak-
ing the reaction more like a type III than a type II
hypersensitivity response.

Acute agranulocytosis is rare but when it does
occur, drugs are responsible in more than 70 % of
cases. In its immune form, antibodies are pro-
duced to circulating neutrophils and/or myeloid
precursor cells. Immune-mediated agranulocyto-
sis is rapid in onset with symptoms generally
occurring within a few days. Drugs commonly
associated with the condition include quinine,
quinidine, p-lactams, pyrazolones, propylthio-
uracil, clozapine, ticlopidine, carbamazepine,
chlorpromazine, and some sulfonamides.
Numerous other drugs have been implicated in
one or only a few cases. Several mechanisms
have been advanced although detailed and
convincing evidence is not always offered. Some
of the implicated drugs such as penicillins and
aminopyrine are thought to act as haptens that
elicit antibody formation against neutrophils and
their subsequent destruction. In the case of
aminopyrine-induced agranulocytosis, antibod-
ies are directed to neutrophil cell membrane anti-
gens modified by a reactive metabolite of the
drug. Antibody recognition of metabolites was
also demonstrated for metamizole and diclofenac
in cases of agranulocytosis induced by these
drugs. In addition to drug-dependent antibodies
of the IgG and/or IgM class, autoantibodies were
found in 13 cases of drug-related agranulocytosis
due to penicillins, dimethylaminophenazone,
propyphenazone, metamizole, and diclofenac. In
the case of clozapine-induced agranulocytosis,
the drug is converted to the reactive nitrenium ion
which binds to cellular proteins and accelerates
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Fig.3.18 Relationship between antigen introduction, subsequent immunological events, and time in serum sickness

apoptosis of neutrophils. Propylthiouracil was
shown to lyse neutrophils via a complement-
dependent mechanism. An immune mechanism
does not seem to be involved with drugs such as
ticlopidine, busulfan, chlorpromazine, and meth-
amizole, each of which has a direct toxic effect
on myeloid precursors.

3.8 Type lll Hypersensitivity Drug
Reactions

Serum sickness (see Sect. 2.2.3) can occur in
response to foreign proteins such as streptokinase
and to antitoxins, antivenins, and vaccines. As
mentioned above in Sect. 3.2.8.2, type III drug-
induced hypersensitivities, that is, antigen—antibody
complex-mediated reactions, occur in some cases
that closely resemble classical serum sickness.
Penicillin has long been known to become
antigenic by conjugating to proteins in vivo to pro-
duce drug—protein complexes that mediate type III

hypersensitivity reactions. Thus, it can be said that
penicillins can cause all four types of hypersensi-
tivity reactions. Other drugs that produce similar
serum sickness-like reactions include cephalospo-
rins, sulfonamides, ciprofloxacin, tetracycline, lin-
comycin, NSAIDs, carbamazepine, allopurinol,
thiouracil, propranolol, griseofulvin, metronida-
zole, furoxone, captopril, gold salts, methyldopa,
halothane, fluoxetine, barbiturates, and monoclo-
nal antibodies. f-Lactam drugs are considered the
most common cause of serum sickness elicited by
nonproteins but drugs by themselves are thought
to be poor antigens for the production of the good
antibody responses necessary to induce serum
sickness. Circulating antigen—antibody complexes
are formed after drugs become protein bound in
vivo and stimulate IgG and/or IgM antibodies. The
liberation of vasoactive amines is thought to play a
part in tissue deposition. Antigen also interacts
with complementary IgE antibodies on mast cells
and basophils leading to the release of PAF and
other mediators, platelet aggregation, and further
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release of histamine and serotonin. The resulting
increase in vascular permeability facilitates the
deposition of immune complexes which, in turn,
produces complement activation, the formation of
C3a and C5a, an influx of inflammatory cells to
the sites of immune complex deposition, and
release of further inflammatory mediators. Drug
immune complexes are normally rapidly cleared
via the antibody Fc piece or complement binding
to cells of the reticuloendothelial cells but if this
does not occur, for example, because of the high
concentrations of immune complexes, deposition
of complexes in glomeruli, arteries, endocardium,
spleen, and other organs and influx of inflamma-
tory cells may result. In a graph that relates the
time of occurrence of tissue lesions to the clear-
ance of antigen and developing antibody produc-
tion, Fig. 3.18 summarizes the immunologic
events in the patient after antigen exposure. Serum
concentration of protein-bound drug initially
decreases sharply as a result of intravascular and
extravascular equilibration and levels continue to
decrease normally as the protein is catabolized
until antibody levels increase, causing rapid
immune elimination. The dashed red line in
Fig. 3.18 at about day 6 represents the course of
antigen decline in the absence of antibody-
mediated antigen elimination. From about day 14,
soluble circulating complexes of antigen with IgG
or IgM form and may begin to deposit in a number
of tissue sites leading to the clinical manifestations
and pathologic findings of serum sickness.
Hypersensitivity vasculitis induced by drugs is
another manifestation of a type III response. Drugs
involved include some [-lactams, particularly,
amoxicillin and cephalexin, cotrimoxazole,
NSAIDs, monoclonal antibodies, and chemothera-
peutic drugs such as tamoxifen and erlotinib. A
proportion of small-vessel vasculitis patients have
anti-neutrophil cytoplasmic antibodies. Although
there is evidence of a pathogenic role for these anti-
bodies and they are used as a diagnostic marker,
operative mechanisms underlying this hypersensi-
tivity state are still far from established.
Hypersensitivity reactions are one of a num-
ber of different mechanisms producing drug-
induced lung disease. These reactions result from
interaction of drug with the immune system and
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involve drug-specific antibodies or, more usually,
drug-specific T cells. Eosinophilic pneumonia
can be caused by almost any medication while
reports of drug-induced hypersensitivity pneu-
monitis, a combined type III and IV reaction in a
Th1/Th17 response, are increasing, particularly
to antineoplastic drugs.

Summary

e For many drugs it has not been possible to
explain allergic reactions on the basis of their
chemical reactivity, protein-binding capacity,
their biotransformed or degradative products,
or the presence of a reactive impurity.

e Some allergic responses, sometimes even life-
threatening as with anaphylaxis, occur on first
exposure to a drug.

e There is at least one group of drugs, the neuro-
muscular blockers (and probably more to be
identified), that can specifically elicit
antibody-induced mast cell activation and
release without first undergoing coupling to a
macromolecular carrier. For these drugs, the
di- or multi-valency which is an inherent part
of the molecular structure, initiates mediator
release by cross-linking cell-bound antibodies.

e The initial event in the activation of mast cells
for mediator release is the binding of IgE anti-
bodies to the high-affinity (K, 1071 M) FceRI
IgE receptor abundantly expressed on the
mast cell and basophil surfaces.

* Released preformed mediators of inflamma-
tion and anaphylaxis stored in the cytoplasmic
granules of mast cells include histamine, hep-
arin, platelet-activating factor (PAF), sero-
tonin, the enzymes tryptase, chymase, and
carboxypeptidase, and eosinophil, neutrophil,
and monocyte chemotactic factors. Newly
synthesized released mediators include pros-
taglandin D,, thromboxanes, and leukotrienes
LTB,, LTC,, and LTD, A host of cytokines
(pro- and anti-inflammatory), chemokines,
and chemotactic, stimulating, and growth fac-
tors are also released.

e A second receptor for IgE, the low-affinity
receptor FceRIl also known as CD23, is
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expressed on airways smooth muscle cells and
several types of hematopoietic cells including
mature B lymphocytes, macrophages, mono-
cytes, dendritic cells, and eosinophils.
Histamine is synthesized from L-histidine
by the inducible enzyme L-histidine decar-
boxylase and inactivated by histamine
N-methyltransferase-catalyzed methylation of
the imidazole ring and oxidative deamination
of the primary amino group catalyzed by
diamine oxidase.

The physiological and pharmacological
effects of histamine are mediated through four
different receptors H,, H,, H;, and H,, all
members of the 7-transmembrane g protein-
coupled receptor (GPCR) family with amino
terminal glycosylation sites and phosphoryla-
tion sites for protein kinases A and C.
Pathophysiological effects resulting from stimu-
lation of the H, receptor include those responses
seen in immediate allergic reactions, viz, red-
ness, itch, swelling, asthma, anaphylaxis, bron-
choconstriction, and vascular permeability.

H, receptors appear to mainly mediate sup-
pressive activities of histamine including gas-
tric acid secretion, heart contraction, cell
proliferation, differentiation, and some effects
on the immune response.

The H; receptor regulates the synthesis and
release of histamine and also has a regulatory
role in the release of neurotransmitters such as
serotonin, dopamine, and norepinephrine.
The H, receptor is functionally expressed on
mast cells, eosinophils, monocytes, dendritic
cells, and CD8+ T cells. The receptor exerts a
chemotactic effect on several cell types asso-
ciated with immune and inflammatory
responses such as allergy, asthma, rheumatoid
arthritis, and inflammatory bowel disease.
LTC, and LTD, are powerful mediators of
asthma, airway hypersensitivity, and allergies
inducing bronchoconstriction, increasing vas-
cular permeability, and promoting mucous
secretion. LTE, is present in greatest amount
in vivo where it induces bronchial eosino-
philia and airway hyperresponsiveness. The
bronchoconstriction provoked by LTE, is
strong in patients with aspirin-sensitive
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asthma but much weaker in other asthmatics.
LTD, is much more pronounced in asthmatic
patients not sensitive to aspirin.

Cysteinyl leukotrienes are generated de
novo from arachidonic acid by phospholi-
pase A2 with the initial participation of
5-lipoxygenase-activating protein and the
enzyme S-lipoxygenase.

The two human cysteinyl leukotriene recep-
tors CysLT|R and CysLT,R do not bind the
three cysteinyl leukotriene ligands equally: for
CysLT R, LTD,>LTC,=LTE,, for CysLT,R,
LTC,=LTD,>LTE,.

PAF, 1-0O-alkyl-2-acetyl-sn-glycero-3-phospho-
choline, a phospholipid of relatively simple
but unique structure, produces both the signs
and symptoms of anaphylaxis. PAF is also an
important mediator in asthma and septic
shock. Recent findings in the mouse identified
a second pathway of anaphylaxis involving
the IgG receptor FcyRIII and the release of
PAF as the major mediator.

Recruitment of the Syk kinase and subsequent
phosphorylation activation steps involving
Lyn lead to mast cell activation demonstrating
the importance of protein tyrosine kinases in
the pathways that result in allergic inflamma-
tion and anaphylaxis.
Sphingosine-1-phosphate, a major regulator of
the vascular system and B and T cell traffick-
ing, is elevated in the lungs of asthmatics where
it regulates pulmonary epithelium permeability
and is thought to contribute to the pathogenesis
of anaphylaxis and rheumatoid arthritis.
Mechanisms of anaphylaxis independent of
IgE and including PAF-induced shock have
been suggested.

Urticaria is a heterogeneous disease with
many subtypes caused by a range of agents
and stimuli. Subtypes include urticaria due to
genetic or immune mechanisms, urticaria with
an autoimmune basis and nonimmune-
mediated urticaria, and angioedema.

The combination of actions of ACE inhibitors
of decreasing angiotensin II and aldosterone
and increasing and maintaining bradykinin lev-
els may lead to fluid extravasation into subcuta-
neous tissue ultimately producing angioedema.
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Angioedema may also occur following admin-
istration of angiotensin II receptor-binding
inhibitors such as losartan.

The allergen-induced late phase reaction has fea-
tures of a cell-mediated hypersensitivity response
but shows some significant differences best illus-
trated by the different cytokine profiles.

An early clue to specific immune recognition
of “small,” unbound chemicals and hence
drugs was the demonstration of selective
interaction of nickel ions with an MHC-II-
bound peptide.

Abacavir—HLA binding studies indicate that
the drug changes the shape of the antigen-
binding cleft. This results in preferred binding
of smaller amino acids, an alteration in the
repertoire of self-peptides that bind HLA-
B*57:01, and a T cell response to self-proteins
presented only in the presence of abacavir.
Carbamazepine, a drug strongly associated
with HLA-B*15:02, binds to this allotype and
alters the repertoire of presented self-peptides.
The most likely binding site on the carbam-
azepine molecule is the ketone of its
5-carboxamide group on the tricyclic ring.
The mast cell and possibly the basophil appear
to be the cells most likely involved in the
desensitization of patients to drug allergies.
Drug-induced delayed-type cutaneous hyper-
sensitivity reactions manifest mainly as exan-
themas, mediated by CD4+ and CD8+ CD3+
T cells in the dermis and epidermis. There are
two phases of the hypersensitivity response,
sensitization (or initiation or induction)
involving keratinocytes, Langerhans’, and
dendritic cells and elicitation via T cells.
Some progress has been made in identifying
mechanisms underlying the different drug-
related skin eruptions with an immunological
pathogenesis but more precise definitions are
needed. Individual important drug-induced
delayed reactions include allergic contact der-
matitis, psoriasis, maculopapular exanthema,
AGEP, DRESS, FDE, TEN, and SJS.
Drug-induced allergic hepatitis, as in DRESS,
is associated with fever, rash, and eosinophilia.
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The reaction is generally a type IV hypersen-
sitivity response involving CD4+ cells, CD8+
cytotoxic lymphocytes and NK, Kupffer, and
dendritic cells. Type II hypersensitivities may
also sometimes occur. Knowledge of mecha-
nisms underlying idiosyncratic drug-induced
liver injury is limited.

Granulysin appears to be a key toxic molecule
responsible for disseminated keratinocyte kill-
ing in TEN/SJS.

Examples of type II cytotoxic antibody-
mediated drug reactions include drug-induced
immune hemolytic anemia, drug-induced
thrombocytopenia where a number of differ-
ent mechanisms are involved and acute agran-
ulocytosis in which more than 70 % of cases
are caused by drugs

Type III drug-induced hypersensitivities, that
is, antigen—antibody complex-mediated reac-
tions, occur in some cases that closely resem-
ble classical serum sickness. Drugs implicated
include f-lactams, sulfonamides, ciprofloxa-
cin, tetracycline, lincomycin, NSAIDs, carba-
mazepine, allopurinol, thiouracil, propranolol,
griseofulvin, metronidazole, furoxone, capto-
pril, gold salts, methyldopa, halothane, fluox-
etine, barbiturates, and monoclonal antibodies.
Circulating antigen—antibody complexes are
formed after drugs become protein bound
in vivo and stimulate IgG and/or IgM antibod-
ies. The liberation of vasoactive amines is
thought to play a part in tissue deposition.
Hypersensitivity vasculitis induced by drugs is
another manifestation of a type III response.
Drugs involved include some -lactams, partic-
ularly, amoxicillin and cephalexin, cotrimoxa-
zole, monoclonal antibodies, and NSAIDs.
Hypersensitivity reactions are one of a
number of different mechanisms producing
drug-induced lung disease. Eosinophilic
pneumonia can be caused by almost any
medication while reports of drug-induced
hypersensitivity pneumonitis, a combined
type III and IV reaction in a Th1/Thl17
response, are increasing, particularly to
antineoplastic drugs.
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Diagnosis of Allergic Reactions
to Drugs

Abstract

In diagnosing drug allergies, history, skin testing, some in vitro laboratory
tests and the challenge test are the backbone of the investigation. If skin
prick testing elicits no reaction, intradermal testing is usually employed.
The latter test is more sensitive but produces more false positives. The
COADEX classification should be used to assess clinical relevance of
positive patch tests. Assays for drug-specific serum IgE antibodies are
useful in cases of skin test-negative or equivocal reactors or when skin
tests are unreliable/unavailable. In interpreting results of IgE antibody
tests, receiver-operating characteristic (ROC) curves provide more infor-
mation to aid discrimination between positive and negative results. Drug
challenge is the best way to confirm an allergic reaction, and it is consid-
ered to be the “gold standard” in the diagnosis of drug hypersensitivities.
In anaphylaxis, the ratio of total to mature tryptase is typically less than
10. Given the technical improvements made with BAT and the test’s
validation for a number of drugs, it continues to be applied to many drug
reactions. Nonproliferation-based in vitro assays of cell surface activation
markers, cytokines, chemokines, and skin-homing receptors will be
increasingly applied to diagnosis. ELISPOT assays (e.g., for IFN-y and
granzyme B) show potential for diagnosis and the chemokine CCL27 and
CLA are promising markers for aiding efforts to understand the relation-
ship between T cells, drugs, and adverse delayed skin reactions.

In diagnosing drug allergies, the patient’s history,
skin testing, some in vitro laboratory tests and the
challenge test are the backbone of the investiga-
tive procedures. A successful diagnosis of drug
allergy can be particularly difficult since each of
these investigations has limitations and draw-
backs. The history is usually pieced together

sometimes from inadequate descriptions and
recall by patients taking different drugs simulta-
neously; agents used for skin testing are not
always ideal and are usually unstandardized; suit-
able laboratory tests are not always available and
sensitive enough for testing reactions with a
humoral or cell-mediated immune basis; and drug
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challenge tests are involved, possibly harmful for
the patient and not always sensitive enough. Even
so, by application of more than one of these four
basic investigations and sometimes supplement-
ing the diagnostic process with some more spe-
cialized tests, an accurate diagnosis can usually
be achieved. The four basic diagnostic investiga-
tions will be reviewed together with other tests
some of which are essentially still research tools
with yet to be established clinical diagnostic reli-
ability. Some of these more “specific” tests (that
is “specific” in terms of the restricted or specified
nature of what they measure rather than the abso-
lute preciseness of the measurement) may even-
tually occupy a regular place in the evaluation
and management of patients with drug allergies.

4.1 Case History

In assessing a case of drug allergy, the patient’s
clinical history is the most important component
of the diagnostic process. It should be self-
evident that diagnosis is not just the selection,
ordering, and subsequent assessment of tests
some of which might not be needed if the physi-
cian spends the necessary time on a little forensic
questioning and analysis needed to assemble an
adequate case history. As part of medical training
and from the experience of practice, clinicians in
all disciplines of medicine learn the importance
of the medical history, or anamnesis, of a patient.
The symptoms reported by the patient together
with the clinical signs ascertained by direct phys-
ical examination, sometimes confirmed by clini-
cal and/or laboratory tests, enables the clinician
to make a diagnosis which is essentially based on
pattern recognition, context, and probability. In
addition to the obligatory and standard patient
information that needs to be gathered such as
age, weight, height, past medical history, family
history, home environment, work, diet, medica-
tion, allergies, habits, smoker or not, alcohol con-
sumption, and so on, assessment of a case of
possible drug allergy must include a series of rel-
evant and specific drug-related questions.
Obtaining the following information is aimed at
providing answers that will help the diagnosis,
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the selection of measures for immediate treat-
ment if needed, and the formulation of a future
avoidance strategy.

1. A list of all the medications the patient is, or
has been, taking including over-the-counter
preparations.

2. How much was (is being or has been) taken
and for how long?

3. Which drug is the prime suspect of causing
the reaction and why?

4. When did the reaction occur and how long
did it last?

5. What was the temporal sequence of events
between the initiation of therapy and the
onset of symptoms?

6. Did the reaction occur on first exposure to a
drug?

7. What were the manifestations of the reac-
tion? For example, if there was a skin reac-
tion, describe it. Did any swelling, choking,
shortness of breath, or itching result? Get a
list of all symptoms.

8. Has the patient recently been subjected to any
medical or dental procedures such as major
or minor surgery, radiographic investigation,
immunization, or tooth filling or extraction?

9. Has the patient ever had a previous reaction
to the suspected drug or to any other drug
and is there a history of drug allergy?

10. Is the patient atopic and is there a family his-
tory of drug allergy or allergy in general?

11. Does the patient have a viral infection or has
he/she had one recently?

12. Does the patient have any other disease, in par-
ticular, asthma, cystic fibrosis, diabetes, etc.?

13. Questions on home environment, pets, hob-
bies etc.

Answers to questions 3, 4, 5, and 7 can go a
long way toward helping to establish a firm diag-
nosis. In relation to points 4 and 5, information
on the temporal sequence of events can provide
essential information needed to help determine
the mechanism of the reaction. Immediate, IgE-
antibody-mediated reactions that can range from
a simple rash to full-blown anaphylaxis generally
occur from only a few minutes to 1 h after drug
administration. Delayed or late reactions may
occur from more than 1 h up to several days after
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administration. These reactions that may present
as maculopapular rashes, fixed drug eruptions,
and different exanthems suggest a drug-specific
T cell-mediated mechanism. In response to ques-
tion 7, a good description, or better, a direct view
or photograph (e.g., of skin reactions) of the clin-
ical manifestations of the reaction, can be very
informative. Symptoms that result from the acti-
vation of mast cells such as anaphylaxis, bron-
chospasm, angioedema, and urticaria indicate an
immune mechanism mediated by drug-reactive
IgE antibodies. Note, however, that some drugs,
for example, vancomycin and contrast media can
have a direct, nonimmune effect on mast cells.
Cutaneous reactions of the type mentioned above
generally indicate responses mediated by T cells.

Some patients are taking multiple drugs so it is
often difficult to identify a culprit drug. This is a
particular problem in surgery, when many drugs
are often administered in a short time. Reactions
that occur during anesthesia usually cannot be
determined reliably without detailed investigations.
Difficulties in identifying the culprit drug and the
sequence of events before and after the reaction
may also occur in patients who are infants or young
children, aphonic, dyspneic, or unconscious, where
skin pigment masks some cutaneous reactions and
in specific clinical situations, for example, during
childbirth and hemodialysis. In all of these cases it
is the physician or anesthetist who is in the position
and has the responsibility of identifying the pro-
voking agent and ensuring that this sometimes
potentially vital information is recorded for future
access. This may take the form, for example, of a
letter given to the patient or the patient being
advised to wear a warning chain or bracelet.

In conclusion, although taking a detailed drug
history is an integral part of assembling a patient’s
medical history, in cases of suspected drug reac-
tions it is a task that is all too often inadequately
performed by busy clinicians recording incom-
plete information in a perfunctory way. It should
be remembered that a possible consequence of
failing to document and subsequently consult a
history of a drug reaction(s) before prescribing
medications could be the basis of a successful
malpractice suit.
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4.2 Skin Testing
4.2.1 General Aspects of Skin
Testing for Drug
Hypersensitivity

The amount of information gained from a
patient’s history that is potentially useful in a
diagnostic investigation of a suspected drug
allergy will vary with different patients. After
gathering and recording the most comprehensive
and detailed history that is obtainable from a
patient, the usual next step in the diagnostic pro-
cess is to make a clinical assessment and decide
whether the available information suggests that a
hypersensitivity reaction is a possibility or if the
probability of such a reaction is so low that an
allergic reaction is considered to be most unlikely.
In the latter case, a drug challenge test might be
carried out to eliminate any suspicion of an aller-
gic drug sensitivity while in the former case some
testing to investigate the possible presence of a
hypersensitivity should be pursued. The first test
to consider in this situation, and usually the first
choice, is skin testing. Skin tests, in prick or
intradermal form, are an appropriate diagnostic
tool for hypersensitivity reactions of the immedi-
ate type, for example, in cases of suspected ana-
phylaxis, angioedema, bronchospasm, urticaria,
conjunctivitis, and allergic rhinitis. The risk of
systemic reactions is lower with skin prick and
patch testing than with intradermal testing.
Patients with a history of previous anaphylactic
reactions or uncontrolled asthma, pregnant
women, and small children should be considered
at higher risk of systemic and anaphylactic reac-
tions but the risk of fatality due to prick and patch
tests is remote and anaphylactic reactions are
rare. The patch test and, sometimes after very
careful consideration of the risks, late readings of
the intradermal test are appropriate for investigat-
ing drug reactions such as contact dermatitis,
erythema multiforme, exanthematous drug
eruptions, fixed drug eruptions, leucocytoclastic
vasculitis, Stevens—Johnson syndrome (SJS), and
toxic epidermal necrolysis (TEN). Note that for
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these latter high-risk patients, a careful risk to
benefit analysis must be undertaken and, if it is
decided it is in the patient’s best interest to proceed
with testing, test solutions should start at very
high dilutions and all safety precautions, includ-
ing hospitalisation of the patient (see Sects. 4.2.2
and 4.4), should be taken. In cases of severe late
and delayed reactions, the time intervals between
tests may be extended or patch testing alone may
be employed.

Many of the drugs that will need to be tested
are available only in tablet or capsule form. In
these cases, the tablet, pill, or capsule contents
should be accurately weighed before grinding to
a fine powder in a mortar. Sugar or other protec-
tive coating on pills should be removed first.
Since most solid dosage forms are formulated
with other substances, and bearing in mind the
specified dose per tablet/capsule of drug, the
quantity of the powdered material sufficient to
contain the desired amount of drug needed to pre-
pare the skin test solution or patch test is obtained
by weighing out the appropriate portion of the
original weight of the tablet/capsule. A prick test
solution is prepared by dissolving or dispersing
the desired concentration of powdered material in
sterile physiological saline or a 1:1 solution of
glycerine:saline. For some drugs, adjustment of
the pH or use of other solvents may be needed to
aid solubility. This was done, for example, to
increase the solubility of trimethoprim and sulfa-
methoxazole where 0.1 M sodium hydroxide and
benzyl alcohol were added (see Sects. 6.2.1.2.1
and 6.2.2.2). Lack of water solubility may also be
overcome by dissolving the drug in dimethyl sulf-
oxide (DMSO) and further diluting with sterile
physiological saline to the desired concentration.
In all such cases of where special diluents are
used, the diluent itself must be used as a control.

Prior to proceeding with skin test studies on
any drug, the optimal test concentration for that
drug must be determined. This is the highest con-
centration that produces no skin reactions in a
group of control subjects who have never been
exposed to the drug, and in a group of nonallergic
patients who have been exposed to the drug, but
which will elicit a positive response in patients
allergic to the drug.

4 Diagnosis of Allergic Reactions to Drugs

Before undergoing skin testing, the patient
should discontinue taking antihistamines at least
5 days before testing commences, and if the
patient is pregnant the testing physician should
be informed. Other drugs that must be discontin-
ued prior to skin testing include p-adrenergic
blocking agents, corticosteroids, including prep-
arations for topical application, tricyclic antide-
pressants like amitryptyline and histamine
H,-receptor antagonists. There appears to be no
universal agreement that the latter two groups of
drugs interfere. A consent form setting out the
reasons for the test and its procedures, benefits,
and risks should be read and signed. Once these
necessary preparations have been completed, the
patient’s blood pressure, pulse, peak expiratory
flow, and oxygen saturation levels are measured
and recorded. These measurements may be
repeated during and at the conclusion of the test.

4.2.2 Skin Prick Test Method

Skin prick testing is performed on the volar
aspect of the forearm or on the back. A solution
of the drug is placed on the skin and a new lancet
or fine-gauge needle is passed through the drop
pricking the top layer of skin without drawing
blood. This allows the test solution to gain access
to cells of the dermis. The excess solution remain-
ing on the skin is wiped away. If a number of
solutions are to be tested, a testing grid can be
placed or drawn on the skin and the drops are
placed in the center of each grid square. As a
positive control, histamine 10 mg/ml (1 % w/v)
or codeine phosphate 90 mg/ml (9 % w/v) is
included while the vehicle used for the test solu-
tions (often physiological saline or glycerin-
saline) is used as a negative control. Results are
read and recorded after 15-20 min in the case of
immediate reactions and after 24-72 h (and
sometimes longer) for late and delayed reactions.
A longer time interval before reading is often
necessary for aminoglycoside antibiotics like
neomycin (see Sect. 6.1.5.1). The size of the
wheal and erythema (flare) reaction can be
recorded in different ways and different scoring
systems are employed. For documenting the
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reaction, the outer margins of the wheal and flare
can be traced on the skin using ink that is trans-
ferable to adhesive translucent cellophane tape.
Alternatively, the reactions can be traced directly
onto translucent tape placed over the reaction
site. The recorded area of the reaction on the
tape can be quantified by weighing, planimetry,
or by computerized scanning. Calculation of the
so-called mean diameter is one of the most fre-
quently used procedures to compare and record
skin test reactions. This involves the measure-
ment of the largest diameter (D) of the wheal and
a diameter perpendicular to this (d). The mean
diameter is then obtained from (D+d)/2. For
inhalant and many other allergens, a 3 mm or
greater wheal mean diameter in the prick test is
generally considered a positive reaction. The
number of drugs employed in skin testing,
although growing, is still too few to confidently
assign an overall figure for positivity (e.g.,
wheals resulting from most anesthetic agents are
usually smaller than those resulting from other
agents causing anaphylaxis), and because peni-
cillins are the drugs most studied in skin testing,
criteria for positivity with these drugs tend to be
applied when reading the results of skin tests
with other drugs. In practice, this means that a
wheal diameter at least 3 mm greater than the
negative control is considered a positive result in
most tests on drugs. For some drugs, a wheal
diameter at least half the diameter resulting from
the positive control is taken as a positive reaction
by some investigators (see for example Sect.
7.4.3.3.1). Reactions read at later time intervals
to detect late-phase reactions and delayed reac-
tions involve the documentation of induration in
particular but also any erythema, papulation, and
vesicles. Any erythema with infiltration is con-
sidered to be a positive reaction. Late-phase
reactions are IgE antibody-dependent but differ
from immediate type I reactions by the involve-
ment of neutrophils, eosinophils, and mononuclear
cells (see Sect. 3.3). Whether or not the investi-
gation is aimed at detecting late or delayed
reactions, skin prick test sites should also be read
1 day after the tests.

If skin prick testing elicits no reaction, intra-
dermal testing is usually employed. The latter
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test is more sensitive than the prick test but pro-
duces more false positives, that is, it is less spe-
cific. For some practitioners of skin testing, the
extra sensitivity provided by the intradermal test
and the tendency of the prick test to produce
more false negatives are more than compensated
for by the greater specificity of the prick test.
This superior specificity, it is argued, correlates
better with clinical allergy and the sensitivity is
said to be adequate when sufficiently potent
extracts are used. Additional advantages of prick
testing are claimed to be the presence of glycerin
(usually at 50 % concentration) that is thought to
provide better stability for extracts, superior
patient comfort and safety, and an economy of
time in the test’s application.

4.2.3 Intradermal Testing

Intradermal tests need to be performed only when
the prick test gives negative results with testing
beginning after a 15-20 min break. Solutions
for testing are prepared under a laminar flow
hood in sterile physiological saline or sterile
saline with 0.5 % phenol no longer than 2 h
before administration. Intradermal testing is
normally contraindicated in patients who have
developed SJS, TEN, erythema multiforme, or
leucocytoclastic vasculitis although testing such
high-risk patients may be judged to be necessary
in special circumstances and with all safety
precautions in place (see Sects. 4.2.1 and 4.4). So
far, there appears to be no report of skin testing
provoking or causing the reoccurrence of toxic
epidermal necrolysis.

Using a 25-gauge needle with the bevel upper-
most at an angle of 15-20° to the skin surface,
0.02-0.05 ml of the test solution is injected intra-
dermally (Fig. 4.1) on the forearm or back to pro-
duce a small blister or bleb (Fig. 4.2). Depending
on the drug and the severity of the patient’s drug
reaction, the initial injection may range from a
small dilution of 1:10 or 1:100 of the prick test
concentration to more extreme dilutions of up to
1:100,000. If no reaction is seen, the concentration
is increased in logarithmic steps until the final
concentration is reached and this maximum
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Fig. 4.1 Diagrammatic representation of an intradermal skin test

Fig. 4.2 An intradermal skin test being performed. Note
the small blister or bleb formed from the solution injected
into the dermis (Photograph courtesy of Dr. Paul A.J.
Russo, Department of Clinical Immunology and Allergy,
Royal Adelaide Hospital)

concentration should not be exceeded. Histamine
base 0.01-0.1 mg/ml (0.001-0.01% w/v) and the
solvent for the drug are included as positive and
negative controls respectively. Some regard a posi-
tive test as the appearance of an erythematous
wheal after 20 min with a diameter at least twice
that of the initial bleb. Probably a more rigorous
and widely accepted positive threshold is an
increase in diameter of more than 3 mm over the
initial 20 pl injection bleb (usually ~2 mm) accom-
panied by erythema (Fig. 4.3). This threshold
caters for different sizes of the bleb formed from
the injected solution and generally means that a
positive reaction has a diameter of more than

Fig. 4.3 Clear positive wheal and flare reactions to
amoxicillin (A) and histamine (H) control solution
(10 mg/ml) following intradermal testing (Photograph
courtesy of Dr. Paul A.J. Russo, Department of Clinical
Immunology and Allergy, Royal Adelaide Hospital)

5 mm. Tests should be read after 15-20 min for
immediate reactions and after 48 and 72 h for
delayed reactions. With some drugs even later
readings may be needed. The positive predictive
value of a skin test is, in general, high so a positive
result can be taken as diagnostic but a single
negative result cannot necessarily rule out drug
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allergy. After a careful analysis of the risks and
benefits, consideration should be given to pro-
ceeding to a second test using the next step-up
concentration of drug. If the intradermal test
remains negative, the patient should be contacted
1 week later and asked whether or not the test site
is still negative, or the patient should be instructed
to return for the site to be inspected.

4.2.4 Patch Tests
4.2.4.1 General Aspects of Patch

Testing

Adverse drug reactions affecting the skin are a
frequently seen condition and, as for other mani-
festations of adverse drug reactions, for patients
receiving multiple medications it is often difficult
to identify the culprit drug from history alone.
Patch testing with drugs, in both pure and com-
mercial form, is valuable in helping to determine
the cause of drug-induced cutaneous drug reac-
tions and for studying the pathophysiological
mechanisms  underlying  the  reactions.
A strong positive feature of the patch test is that it
is both a screening test for hypersensitivity and a
provocation test in the target organ, the skin,
where it can be seen as reproducing the disease.
Unlike patch testing that requires no hospital sur-
veillance during testing, rarely provokes anything
more than a mild reaction and can be used with
commercial forms of drugs, intradermal tests
with drugs carry a greater risk and can only be
performed with pure dissolved material in free,
sterile solution. On the other hand, patch tests are
less sensitive than intradermal tests. The specific-
ity and sensitivity of patch tests is said to be in the
range 70-80 % depending on the test agent but in
four separate studies where a single drug was
implicated with high imputability, drug patch
tests proved positive in 31.7-50 % of patients
with a cutaneous adverse drug reaction. Results
of patch tests depend on the clinical features of
the cutaneous drug reaction, the drug tested and
its concentration, the vehicle used, and some-
times on the skin test site. It has been claimed that
the test is valuable for investigating generalized
eczema, maculopapular rash, photosensitivity,
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baboon syndrome, contact dermatitis, fixed drug
eruption, lichenoid rash, and acute generalized
exanthematous pustulosis, and it may be of value
for drug reaction (rash) with eosinophilia and
systemic symptoms (DRESS). It is thought to be
of less use in investigating urticaria, SJS and
TEN. A significantly higher number of positive
reactions appear to occur with drug-induced mac-
ulopapular rashes than with urticarial or erythro-
dermic reactions. Positive reactions are often
observed with some drugs, for example, -lactams
particularly amoxicillin, cotrimoxazole, pristina-
mycin, hydroxyzine, pseudoephedrine, carbam-
azepine, heparinoids, diltiazem, diazepam, and
tetrazepam. The skin site tested can also be
important. In fixed drug eruptions, patch tests
should be performed on both normal skin and on
residual pigmented skin sites of the eruption. In
the case of toxic necrolysis, a positive patch test
with cotrimoxazole was obtained on skin previ-
ously affected by necrolysis but not at other less,
or unaffected, sites.

4.2.4.2 Concentrations of Drug

An important advantage of patch tests is their
capacity to utilize virtually any form of a com-
mercialized drug. When used with a pure drug, a
10 % solution in water or alcohol or a 10 % dis-
persion in petrolatum is employed. Some drugs
require a specific vehicle—for example, alcohol,
not water, should be used for estrogen and pro-
gesterone, and P-lactams tend to give false nega-
tive results in an aqueous vehicle and should
therefore be tested at 5-10 % in petrolatum. In
some cases olive oil, rape oil, or acetone may be
used. Test materials prepared from tablets and
other formulations always contain additives
(diluents, binders, pigments, sweeteners, lubri-
cants, disintegrants, granulating agents), so a
higher quantity, usually 30 %, of powdered tab-
let, pill, or capsule contents is mixed with the
diluent for patch application (see Sect. 4.2.1).
Whenever possible these excipient substances
should also be tested. If pure drug is used for test-
ing, concentrations should begin at about 0.1 %
and progress to 1-10 % if results are negative.
If DRESS, SIS, or TEN patients must be tested,
with, for example, aciclovir, carbamazepine, or
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Fig. 4.4 Patch tests showing (a) patches in place during
development of reactions and (b) immediately after their
removal, 2 days after being applied. A strong positive reac-
tion (++) to nickel (N) and an extreme positive reaction
(+++) to fragrance mix (F) are visible in (b). An equivocal
reaction (?+) to p-phenylenediamine (P) is seen in (¢). After

pseudoephedrine, testing should start with much
lower concentrations to avoid any relapse of a
cutaneous adverse drug reaction.

4.2.4.3 Method, Materials,
and Reading

After obtaining informed consent from the
patient, patch testing should begin 6 weeks to 6
months after healing of any cutaneous adverse
drug reaction and 4 weeks after discontinuing
immunomodulating drugs such as glucocorti-
coids or cyclosporin and topical corticosteroids.
Due to hormonal effects on test results, patch test-
ing should not be performed during pregnancy
nor should it be done after a patient has experi-
enced strong ultraviolet exposure, for example,
after a seaside holiday. Otherwise, patients should
be in good health, free from virus and other infec-
tions, fever, and inflammation. With the possibili-

4 days further development (d), both the nickel (+++) and
p-phenylenediamine (+) reactions have intensified. For fur-
ther details of notation of reactions see Fig. 4.5 and
Table 4.1. From Spiewak R. Patch testing for contact allergy
and allergic contact dermatitis. The Open Allergy Journal
2008;1:42. Reproduced with permission of the author

ties in mind of substituting another drug and
gaining an understanding of cross-reactions,
related drugs with similar pharmacological action
and/or chemical structure should be tested along
with the suspected culprit drug. Patch tests should
be applied to the upper back usually at a distance
of about 2-4 cm from the centerline using
Finn Chambers on Scanpor® (a hypoallergenic
tape) (Epitest Ltd Oy, Tuusula, Finland); Van der
Bend Square Chambers (Brielle, The
Netherlands); IQ Chambers™ (Chemotechnique,
Vellinge, Sweden); or T.R.U.E. Test® (Thin-layer
Rapid Use Epicutaneous Test, SmartPractice,
Denmark ApS). Figure 4.4a shows patch tests in
place on the back of a patient, clear positive reac-
tions (++ and +++) to two contact allergens,
nickel and a fragrance mix, after removal of the
patches (b, c, d) and an equivocal positive reac-
tion (?+) (c) and weak positive reaction (+) (d) to
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Table 4.1 Scoring of patch test reactions

Score  Clinical picture Interpretation

NT

IR Different types of reactions  Irritant reaction
(e.g., vesicles, blister,
necrosis)

- No reaction Negative reaction

?or 7+ Faint erythema only —no Doubtful or
infiltration equivocal reaction

+ Erythema, infiltration, Weak positive
possibly discrete papules reaction

++ Erythema, infiltration, Strong positive
papules, vesicles reaction

++ Erythema, infiltration, Extreme positive

confluent vesicles reaction

Typical scoring and notation system used when reading
patch test results. See for example, Wilkinson DS, et al. Acta
Derm Venereol. 1970;50:287; Spiewak R. The Open Allergy
J. 2008;1:42; Lachapelle J-M, Maibach HI. Patch testing
and prick testing. A practical guide official publication of
the ICDRG, 3rd edn. Berlin: Springer-Verlag;2012

Note that follicular reactions (usually denoted by F and
not shown here) can be categorized as doubtful reactions
NT not tested

p-phenylenediamine. Some practitioners state
that in order to avoid immediate reactions, patch
test reactions should be read at 20 min while
others believe that such reactions should be
tested and ruled out before patches are applied.
Reactions are read after 48 and 72 or 96 h. In
some cases a reaction occurs in less than 2 days
(e.g., abacavir) while with some other drugs such
as corticosteroids, aminoglycoside antibiotics,
and phenylephrine, reactions may occur after 6 or
7 days. If the result is negative on day 4, a further
reading should be carried out on day 7. Reactions
based on morphology are scored as shown in
Table 4.1 with reactions rated as +, ++, or +++
interpreted as increasingly positive (Fig. 4.5).
Positive reactions to structurally related com-
pounds may reflect cross-reactions but “polysen-
sitization” or reactions to a number (e.g., at least
five or six) unrelated compounds may indicate a
highly developed drug sensitivity or the so-called
angry back or excited skin syndrome reflecting
false positives. A complete absence of positive
reactions despite a history highly suggestive of
drug sensitivity may be a false negative response
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due to drug concentrations that are too low,
insufficient occlusion, an inappropriate vehicle,
reading at too early a time, absence of a drug
metabolite, or reduced or impaired immunoreac-
tivity of the patient. Any repeat test should be
carried out after a delay of 2 months. Nonspecific
irritant reactions can be induced by some drugs
including colchicine, misoprostol, used for the
prevention of nonsteroidal anti-inflammatory
drug (NSAID)-induced gastric ulcers and by
sodium lauryl sulfate which is included in some
commercial drug formulations.

4.2.4.4 Clinical Relevance
of a Positive Patch Test

A positive patch test (indicating contact allergy)
is not necessarily a positive diagnosis of allergic
contact dermatitis as indicated by the fact that
some patients with a positive patch result never
experience clinical symptoms after exposure to
the test agent. The so-called COADEX classifica-
tion is useful in the attempt to assess relevance of
positive patch tests. COADEX stands for:

e C (Current)—Current relevance: patient
exposed to drug or test agent prior to current
episode of dermatitis and improves when
exposure ceases.

¢ O (Old)—Past or old relevance of dermatitis
to the test agent.

e A (Active)—Patient actively
Presents with a late reaction.

e D (Doubtful)—Relevance difficult to assess.
Not known if exposure is current or not.

* E (Exposed)—History of exposure but no der-
matitis; no history of exposure but a positive
patch test.

¢ X (Cross-reaction)— Positive test due to cross-
reaction with another agent.

sensitized.

4.2.4.5 Photopatch Testing

A photopatch test is used to investigate a drug
reaction when a phototoxic or photoallergic
reaction is suspected. A drug patch is applied,
removed after 1 day (or on day 2 if necessary), and
the skin is irradiated with 5 J/cm? UVA. The test
is read after 2, 3, or 4 days. In performing the test,
the test agent is applied to two sites, with only
one being irradiated with UV light. A positive
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Fig. 4.5 Examples of patch test reactions showing (left
to right) an equivocal positive reaction (?+); weak posi-
tive reaction (+); strong positive reaction (++); extreme
reaction (+++); irritant reaction (IR). This figure should

result at the irradiated site with a negative result
at the nonirradiated site suggests photoallergy
whereas equal positive responses at both sites
suggest contact allergy.

4.2.4.6 Control Subjects

For control subjects, healthy volunteers with or
without exposure to the drug can be recruited as
negative controls although some investigators
prefer to include dermatitis patients who proved
positive to a drug but negative to the drug being
investigated. Such control subjects should only
be included 6 weeks to 6 months after taking the
drugs, and they should enter the study with ethics
approval and signed informed consent.

4.3 Serum Immunoglobulin E
Antibody Tests

While the patient history and skin tests form the
core of the investigative procedures for accu-
rately diagnosing hypersensitivities to drugs,
tests for the detection of IgE antibodies specific
for individual drugs are a valuable diagnostic aid
to supplement and confirm skin test findings, and
in some cases they offer some advantages. Serum
IgE antibody determinations are useful in cases
of skin test-negative or equivocal reactors or

be viewed with reference to Table 4.1. From Spiewak R.
Patch testing for contact allergy and allergic contact der-
matitis. The Open Allergy Journal 2008;1:42. Reproduced
with permission of the author

when skin tests are unreliable or unavailable.
A good example of their value is seen in cases
where patients have a convincing history of
immediate allergy to a f-lactam but a negative
skin test, a discrepancy that is occasionally seen.
They are also valuable for patients on certain
medications that must be curtailed for skin test-
ing, in patients with widespread skin afflictions
such as eczema or psoriasis and when applied to
sera taken at the time of a reaction (e.g., an ana-
phylactic reaction during anesthesia), before sur-
gery, and serum taken before or after death. Until
the introduction of the radioallergosorbent test
(RAST) for the detection of allergen-reactive IgE
antibodies in the early 1970s, skin testing and
occasionally the Prausnitz-Kiistner test were the
only ways of confirming a diagnosis of type I
IgE-antibody-mediated disease. In its earliest
form, the test was a solid phase radioimmunoas-
say utilizing allergen preparations attached to
paper discs and a labeled second antibody to
detect IgE antibodies bound to the immobilized
allergens. Despite the introduction of some varia-
tions such as liquid phase systems, the solid
phase technology has persisted due to improve-
ments in the types of solid phases with enhanced
allergen binding capacity, the use of monoclonal
antibodies, enhanced sensitivity and accuracy,
and the introduction of calibration methods for
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Fig. 4.6 Diagrammatic representation of the solid phase
immunoassay procedure for the detection of drug-reactive
IgE antibodies in serum. From Baldo BA and Pham NH.

the quantitative expression of results. At the same
time, automation has led to greater precision and
reduced turnaround times, and the addition of
carefully selected nonisotopic labels and sub-
strates has improved sensitivity and accuracy and
reduced nonspecific binding. Automation and
widely adopted calibration methods have also
made interlaboratory standardization possible.

In Vitro Detection
of Drug-Reactive IgE
Antibodies

4.3.1

Specific immunoassays to detect IgE antibodies in
the sera of drug-allergic patients are being increas-
ingly used to supplement patient’s histories and
skin tests and increasingly valued as the range and
sensitivities of tests increase. In its simplest form,
protein-coupled or free drug is covalently linked
to a solid phase (sometimes via a spacer arm); the
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Structure—activity studies on drug-induced anaphylactic
reactions. Chem Res Toxicol 1994;7:703. Reproduced
with permission from American Chemical Society

wash

complex is incubated with patient’s serum,
washed, and specifically bound IgE antibodies are
detected with an enzyme-, fluorescent-, fluoroen-
zyme-, chemiluminescent-, or radiolabeled sec-
ond antibody (Fig. 4.6). The biotin-avidin (or
streptavidin) reaction utilizing labeled biotin can
also be employed as a highly sensitive detection
procedure. In preparing the drug solid phase, the
drug must be immobilized but unaltered antigeni-
cally for recognition by its complementary anti-
bodies. The chemical procedure selected to couple
a drug either directly to a solid support or first to a
carrier macromolecule (usually protein) and then
to the support depends on the functional groups
that are available on the drug or can be added to
the drug. Nucleophilic addition reactions employ-
ing, for example, bis-oxirane (1,4-butanediol
diglycidyl) or divinyl sulfone have proved to be
widely applicable, generally not chemically
destructive for the drug to be coupled and easy to
carry out. Coupling employing carbodiimides is
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Fig. 4.7 Some widely applicable chemical strategies
for the preparation of drug-carrier complexes. From
Baldo BA and Pham NH. Structure—activity studies on

also a relatively mild procedure applicable to a
variety of different drugs. Carbodiimides can be
used to form peptide bonds at room temperature
by linking free carboxyl groups on drugs to pro-
tein amino groups (Fig. 4.7). Chemical methods
can usually be applied to conjugate most drugs
but sometimes it is chemically difficult and time
consuming and may even involve the employment
of complex synthetic steps. Sometimes a simple
and convenient alternative to a complex synthesis
is the substitution of suitable structural analogs
that contain the identical or closely related anti-
genic determinant structures. This was the strat-
egy used to prepare specific, IgE-reactive solid
phases antigenically similar if not identical to the
muscle relaxants succinylcholine and gallamine
both of which lack suitable functional groups for
easy coupling to protein or insoluble carbohydrate
supports (see Sect. 7.4.3.4).

By using the binding assay in an inhibition
format, the investigator can confirm specificity
of the antibody-drug reaction, compare quan-
titatively the recognition of similar drugs, and

drug-induced anaphylactic reactions. Chem Res Toxicol
1994;7:703. Reproduced with permission from American
Chemical Society

identify the precise structures features that
constitute the drug allergenic determinants
(Fig. 4.8). Inhibition assays are indispensable in
the study of immediate allergic reactions to drugs
not only to check specificity but also for cross-
reactivity and allergen structure investigations
and to help bridge the clinic-laboratory divide by
relating and correlating, on a quantitative basis,
allergic recognition in the test tube and in the
patient. Although this correlation has not always
been as good and as informative as one would
hope, improvements in assay specificities and
sensitivities and insights gained from increased
knowledge of precise allergenic structures and their
recognition promise to significantly increase
the value and utility of drug-IgE antibody
measurements. So far in clinical allergy practice
and research, quantitative immunochemical
approaches have been largely ignored and inter-
pretations of allergic recognition and sensitivity
have been based on undoubtedly clinically rele-
vant skin tests and other tests that are not strictly
quantitative.
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Fig. 4.8 Diagrammatic representation of the solid phase
immunoassay inhibition procedure used in quantitative
hapten inhibition studies for the establishment of specific-
ity of antibody binding and for the identification of drug

4.3.2 Tests for the Clinic
and Research

For routine application of immunoassays to
detect drug-reactive IgE antibodies, the current
situation is characterized by the restricted avail-
ability of specific drug tests. Perhaps the only
suitable standardized testing agents that can be
accessed widely are the Phadia, now Thermo
Scientific, ImmunoCAP® small range of drug
solid phases comprising penicilloyl G, penicil-
loyl V, amoxicilloyl and ampicilloyl determinants,
cefaclor, chlorhexidine, chymopapain, gelatin
(bovine), insulin (human, bovine and porcine),
pholcodine, morphine, and succinylcholine. For
research purposes only, ACTH, protamine, and
tetanus toxoid are offered. Each ImmunoCAP® is
described as a capsule enclosing a cellulose
derivative with a high binding allergen capacity
per mg of cellulose. The ImmunoCAP® testing
agents and format are now backed by a large
number of publications focusing on performance
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allergenic determinants. From Baldo BA and Pham NH.
Structure—activity studies on drug-induced anaphylactic
reactions. Chem Res Toxicol 1994;7:703. Reproduced
with permission from American Chemical Society

and clinical utility making this allergy test system
the best described and most studied one available
but, even so, the range of available tests for indi-
vidual drugs remains inadequate. In fact, at the
research level, a relatively wide range of drug
solid phases have been prepared and successfully
used to identify drug-reactive IgE antibodies in
allergic patient’s sera and, in some cases, to iden-
tify allergenic structural determinants. Results
with some of these “in-house” tests have been at
least as good and sometimes superior to the cor-
responding commercial assays. Details for the
preparation of drug solid phases and procedures
for the assays utilizing them have been published
for the following drugs:

Penicillins (penicilloyl and penicillanyl determi-
nants of benzylpenicillin, phenoxymethylpenicillin,
ampicillin, amoxicillin, ticarcillin, flucloxacillin,
and cloxacillin) (Chap. 5); cephalosporins (cefaclor,
cephalothin, cefalexin, ceftazidime, ceftriaxone,
cefuroxime, cefotaxime, cefadroxil) (Chap. 5);
tetracycline and doxycycline; sulfamethoxazole;
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trimethoprim; chlorhexidine; quinolones (cipro-
floxacin, levofloxacin, moxifloxacin, ofloxacin,
pipemidic acid, rufloxacin) (Chap. 6); neuromus-
cular blocking drugs (morphine for the detection of
members of the group, alcuronium, gallamine,
rocuronium,  succinylcholine, d-tubocurarine,
vecuronium); thiopentone (Chap. 7); local anes-
thetics (mepivacaine, procaine) (Chap. 7); opioids
(morphine, codeine) (Chap. 8); aspirin, propyphen-
azone, and other pyrazolones (Chap. 9); ioxaglic
acid (Chap. 10); a number of monoclonal antibod-
ies (Chap. 11); methylprednisolone succinate ester
(Chap. 12); L-asparaginase (Chap. 13).

Many of these assays essentially remain as
unstandardized research tools but each one has
produced results that suggest further investiga-
tion, refinement and steps to achieve validation
are worth considering. A major obstacle in the
introduction and development of any new test for
the detection of drug-reactive IgE antibodies is
the availability of a sufficient supply of reactive
sera from allergic patients. This problem is par-
ticularly acute when the drug is an infrequent
cause of type I allergy. In cases where the devel-
opment of a new test is considered desirable,
when sufficient sera from allergic patients is
available and the necessary chemical procedures
have been devised, a series of investigative steps
to determine specificity of the assay are obliga-
tory. These essential controls and procedures are
set out in Table 4.2.

4.3.3 Quantitation, Interpretation
and Reporting of Results

It is obviously desirable to be able to detect IgE
antibodies in very sensitive, specific, and accurate
assays and to report the results in quantitative
terms. Over the last two or three decades, a vari-
ety of methods for quantification have been devel-
oped. Many laboratories have reported results
using a class or scale system ranging from class 0O,
no reaction to class one, a low level of specific
IgE and so on to class six, an extremely high
level. Although such a semiquantitative scale
helps to interpret, more finely discriminate, and
sort the relative strengths of the different

4 Diagnosis of Allergic Reactions to Drugs

Table 4.2 Necessary procedures and criteria to be satis-
fied for the detection of drug-specific IgE antibodies
A. Requirements for assay

1. Serum from allergic subjects

2. Drug (or close structural analog) covalently
linked to suitable solid phase

3. Monospecific, affinity-purified anti-human IgE
antibodies tagged with suitable reporter group
(e.g., radioisotope, enzyme, fluorescent label,
colloidal metal particles, etc.)

4. Detector— spectrometers, spectrophotometer, etc.
B. Controls
1. Free solid phase
2. Solid phase covalently linked to
(a) Structurally related compounds
(b) Structurally unrelated compounds
3. Sera from nonallergic (“normal”) subjects
4. Serum from cord blood (IgE-“free” control)

5. Sera from subjects allergic to common allergens;
include sera with high total IgE levels

C. Demonstration of specificity

1. Inhibition of binding of IgE antibodies in subject’s
serum to drug solid phase by preincubation with
free drug

2. Inhibition with structurally related compounds

3. No inhibition with structurally unrelated
compounds

4. Binding of IgE antibodies to solid phase covalently
linked to structurally related compounds

reactions, the classes are often wide, use different
calibrations, and differ between different test sys-
tems. The traditional performance characteristics
of sensitivity and specificity for tests measuring
specific IgE antibodies simply divide the results
into positive and negative with a cutoff that is
often difficult to interpret clinically. This is most
easily seen when low levels of IgE occur with
unclear or vague clinical symptoms. Receiver-
operating characteristic (ROC) curves provide
more information to aid discrimination between
positive and negative results but decision thresh-
olds are not displayed and they are difficult to
apply to small samples. The concentration of IgE
antibodies assessed by immunoassay is related to
the presence of allergic symptoms indicating that
a quantitative measurement of antibodies will
yield more informative results than a simple posi-
tive or negative answer. This relationship between
clinician-diagnosed positive and negative findings
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and the quantitative levels of specific IgE was
analyzed using a logistic regression model.
Without a fixed cutoff, the logistic model showed
better agreement between IgE antibody levels
and clinical disease than could be obtained with
the conventional sensitivity and specificity
approach. This quantification demonstrating a
link between specific IgE antibodies and allergic
reactions helps to achieve greater diagnostic
accuracy.

The best calibration system for specific IgE
antibodies currently in use is based on the World
Health Organization 75/502 IgE standard using a
multipoint calibration curve. A number of clini-
cal IgE assays, including the ImmunoCAP®
(Thermo Scientific) assays, have a working range
from 0.1 to 100 kU,/1, where A represents the
amount of allergen-specific IgE antibody in the
sample and 1 kU,/1=1 KU/1=2.42 pg/l. Note that
although different assay systems may present
their results in the same units, viz. kU,/l, this
does not guarantee that the results are correct and
interchangeable. This is probably because most
allergen preparations contain a mixture of differ-
ent individual allergens with different allergenic
potencies and the compositions of the allergen
preparations used may vary between manufactur-
ers. One might predict that the situation with
drugs should be simpler and more predictable
since the allergenic material employed in the
assay is a pure, standardized drug that can be
coupled to the solid support using well-defined
chemical procedures that can be followed by all
manufacturers to produce a standardized test
solid phase.

Special care should be exercised when results
for drug-specific IgE antibodies fall below the
limit of quantitation and are undetectable.
Although this may indicate a nonsensitized
individual, the finding might be due to the pres-
ence of a hypersensitivity state without IgE
involvement or the blood sample might have
been taken too long or too soon after the adverse
reaction. In the former case, antibody levels
may have decreased over time while in the latter
case, drug-reactive antibodies may have been
largely consumed with no time for their
replacement.
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4.4 Drug Challenge (Provocation)
Testing

In the diagnosis of drug hypersensitivity reac-
tions, a drug challenge, or provocation test, is the
controlled step-wise administration of a drug in a
supervised hospital environment in order to
determine if the drug was the causative agent in a
patient’s allergic reaction. The challenge test is
also used to determine if a particular drug can be
safely administered to a patient. In the ideal diag-
nostic test for a drug-induced hypersensitivity
reaction, challenge with the suspected drug
reproduces the identical clinical symptoms and
signs of the original or so-called index reaction.
For this reason, the test is the best way to confirm
an allergic reaction, and it is considered to be the
“gold standard” in the diagnosis of drug hyper-
sensitivity reactions. In fact, a positive challenge
test will not only produce the symptoms of
hypersensitivity but also those of other adverse
responses regardless of the mechanism. The ben-
efit of the challenge test is obvious when one
considers that a positive result makes the need
for allergen avoidance clear and unequivocal
while a negative result gets rid of the incorrect
and unnecessary classification of the patient as
hypersensitive to the drug. If a reaction does
occur upon challenge, it is likely to be milder
because of the slow and incremental dose escala-
tions. Drug challenge tests are particularly
important when other usually employed tests,
particularly skin tests, are not available or possi-
ble, for example, with histamine-releasing drugs
such as codeine; where sensitivity is lacking with
non-f-lactam antibiotics; with glucocorticoids
and heparins; and with drugs such as local anes-
thetics (see Chap. 7), NSAIDs in patients with
the cross-reactive pattern (Chap. 9), and contrast
media (Chap. 10) that may produce unreliable
results. A challenge test is also a reliable way to
check on a previous test result such as a skin test
or serum IgE antibody finding. If these tests do
not lead to a conclusive result, the challenge test
may be the only way to achieve a diagnosis.
Before undergoing challenge, patients should
be presented with a consent form to read and sign
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if they agree to go ahead with the procedure. The
form should state the purpose of the test, set out
the procedures involved, and summarize the ben-
efits and risks. Some practitioners believe that
drug challenge tests should be performed at least
4 weeks after the drug reaction, but there is no
general agreement on this or on any upper time
limit. Antihistamines should be discontinued at
least 5 days before the scheduled appointment
and the administering clinician should be advised
if beta-blockers or ACE-inhibitors are being
taken or if the patient is pregnant. The patient’s
health should be good on the day of testing with
no sign of allergy or virus infection. Checks on
blood pressure, pulse, peak expiratory flow, and
oxygen saturation levels may be done before,
during, and at the conclusion of the test. Challenge
can be oral, parenteral (subcutaneous, intramus-
cular, or intravenous), bronchial, nasal, cutane-
ous, or conjunctival depending on the specific
reaction and drug. For drugs that are ingested or
injected, the oral route is preferred. Provocation
is commenced with a small dose of the drug, and
this is gradually increased at 30-min intervals
provided no adverse reaction occurs after the pre-
vious dose. This procedure is continued until the
desired dose (usually the dose that would be pre-
scribed or the total daily dose) is reached.
Table 4.3 lists a range of commonly used drugs,
their usual daily dosages, and increasing chal-
lenge doses administered during provocation
testing. For details of oral and parenteral provo-
cation testing for penicillins, see Chap. 5,
Table 5.3. If any adverse reaction that looks like
an allergic response occurs, for example, wheez-
ing, swelling of the throat, a drop in blood pres-
sure, or rash, the challenges are discontinued and
the test interpreted as positive, in other words, the
patient is judged allergic to the drug. Minor
symptoms like itching and some redness might
not be considered a sufficient reason to curtail
the test but, if this is done, oral antihistamines
are usually enough to control the reactions. Severe
reactions are treated promptly with epinephrine
and/or other medications such as steroids, bron-
chodilators, antihistamines, and, if necessary,
intravenous fluids. Placebo-controlled drug chal-
lenges may be either single blind, when the
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Table 4.3 Doses of some commonly used drugs
employed in provocation testing

Dosage amounts Usual daily

Drug (mg) and sequence™ adult dose® (mg)

B-Lactams!

Cefaclor 1,5, 25, 125, 500 750

Cefazolin® 1,5, 25, 100, 500, 1, 500-3,000
2,000

Cefuroxime 1,5, 20, 80, 400 500

Macrolides

Azithromycin 1,5, 25,57, 125,250 500

Erythromycin 1, 5, 25, 100, 500, 2,000-3,000
1,500

Quinolones

Ciprofloxacin 1, 5,25, 100, 500 500-1,500

NSAIDs"¢

Ibuprofen 1,5, 20, 80, 150, 300 200-1,200

Diclofenac 1,5, 20, 80 100-150

Piroxicam 1,3,6,10 20

Acetaminophen 1, 10, 50, 250, 500,  500-4,000
1,000

Steroids

Prednisolone 2, 10, 20, 40 20-80

Betamethasone 0.2,1,2,4 3-12

Proton pump inhibitors

Omeprazole 1, 5,10, 20 2040

Local anesthetics

Lidocaine” 2,20, 40 20-60

Doses administered orally unless indicated

Doses taken from Messaad D et al. Ann Intern Med

2004;140:1,001

*For anaphylactic shock patients start with 1/10th of the
dose shown here

*Doses administered at 30 min intervals

¢Recommendations of the French Agency on Drug Safety
(http://www.AFSSAPS .sante.fr)

4For penicillin provocation testing see Table 5.3

¢Doses administered IV

"NSAIDs—nonsteroidal anti-inflammatory drugs

¢For aspirin provocation testing see Sect. 9.5.2.1.3.1

" Administered subcutaneously using solution 20 mg/ml

patient is given the drug and a placebo without
knowing which is which for each dose or double
blind when both the patient and the clinician are
unaware whether and when the drug or placebo is
given. The time taken for drug challenge tests can
vary widely depending on the drug, the possible
severity of any allergic reaction it might elicit,
and the slow or rapid graded nature of dosage.
Challenges may be as short as 2 or 3 h or extended
over many hours or even days. After completion
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of the test, patients who did not develop a reac-
tion are kept under observation for 1 h and
patients with minor reaction are observed for 2 h.
Overnight stay in hospital should follow a serious
allergic reaction.

Some variations in procedures are needed for
some drugs. With aspirin, (acetylsalicylic acid)
for example, the interval between doses is usually
longer and of the order of 60-120 min rather
than 30 min (see Sect. 9.5.2.1.3) and a starting
dose of 40-60 mg is proposed for patients with
aspirin-exacerbated respiratory disease if they are
given a leukotriene-modifying drug. In order to
confirm the absence of allergy (particularly of the
delayed type) to some drugs, for example, antibi-
otics, patients who tolerated the test are some-
times sent home with a 5-7 day course of the
drug. With the B-lactams, 4-9 % of cases con-
firmed by challenge testing have a delayed reac-
tion demonstrated by a positive intradermal or
patch test. With noncooperative young children,
drug challenge tests with p-lactams have proved
to be well tolerated.

In general, drug challenge tests should not be
performed on pregnant women, on patients with
uncontrolled asthma, acute infections, and some
diseases involving the major organs like the heart,
lung, liver, and kidneys. It should never be per-
formed on patients who have experienced SJS,
TEN, DRESS, exfoliative dermatitis, vasculitic
syndromes, and life-threatening immunocyto-
toxic reactions.

Apart from the obvious diagnostic value and
benefits for the patient that a drug challenge can
bring, it remains a serious and potentially danger-
ous procedure to be used with great caution. It
should not be used without careful analysis of the
possible benefits for the patient, the particular
drug hypersensitivity situation, and the patient’s
state of health. Essentially, provocation with a
suspected drug can be undertaken when it is
judged that the risk of a serious allergic reaction
is low while the value and quality of information
gained to aid the patient is high. In other words,
performance of this test, more than the other tests
discussed here, comes down to a decision after
weighing up the risk-to-benefit ratio. If for some
reason a high risk remains but it is judged that the
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benefits warrant proceeding, challenge can be
undertaken in an intensive care unit for safety rea-
sons. For patients with a history of anaphylactic
shock, intravenous catheters should be in place
for the duration of the test. After discharge, there
is the possibility of a delayed allergic reaction as
part of a biphasic response. This can occasionally
be lethal so at the time of discharge the patient
should be provided with adequate emergency
treatment of antihistamines, steroids, or inhalers.

4.5 Detection and Measurement
of Released Mediators/
Markers of Hypersensitivity

A wide and chemically varied range of biologi-
cally active agents may be released during drug-
induced adverse reactions in humans. Mast cells
and basophils are the main cells activated during a
type I IgE antibody-mediated reaction. Preformed
mediators of allergy including histamine, the
enzymes tryptase, carboxypeptidase, chymase
and cathepsin G, serotonin, platelet activating fac-
tor, and eosinophil and neutrophil chemotactic
factors are released from the granules of mast
cells while potent lipid mediators such as leukot-
rienes LTB,, LTC,, and LTD,; prostaglandin
PGD,; and thromboxanes are newly synthesized.
Cytokines, including IL-4 and IL-13 that stimu-
late Th2-cell responses, IL-3, IL-5, granulocyte-
macrophage colony-stimulating factor (GM-CSF),
tumor necrosis factor (TNF), and chemokines
such as CCL3 and CCL5 (RANTES) are also
released. Of this large, assorted group of liberated
mediators promoting such a diverse range of
physiological and pharmacological effects, only
histamine, the enzyme tryptase, and to a lesser
extent the leukotrienes have so far found any diag-
nostic application to drug allergies.

4.5.1 Tryptase

4.5.1.1 Tryptase Genes

Although many, if not most, of the autacoids,
enzymes, biologically active lipids, and various
other factors involved in the inflammatory cascade
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following mast cell activation contribute to the
clinical manifestations of an allergic reaction,
there is no evidence that tryptase has such a role.
Tryptases are neutral proteases belonging to a
subgroup of the trypsin family serine peptidases.
Almost all human mast cells make and store
tryptases which constitute the major proteins in
the secretory granules. Basophils, which seem to
have a lesser role in anaphylaxis than mast cells,
make far smaller amounts of tryptase. Four gene
loci on chromosome 16 encode the human mast
cell tryptases, and additional diversity is added
by a, B, v, and d allelic variations. The gene sites
and alleles they harbor are termed TPSABI1 («a
and Pl alleles), TPSB2 (B2 and B3 alleles),
TPSD1 (8 alleles), and TPSGI1 (y alleles).
O-Tryptase and y-tryptase are not found in serum;
the biological role of &-tryptase is not known
but y-tryptase is an active peptidase that stimu-
lates IL-13 production and induces bronchial
hyperresponsiveness in mouse airways. Only o
and f tryptases make up the circulating tryptase
and only these two forms show a relationship
to anaphylaxis. Considering only the a and
alleles, three genotypes are possible oo:pp,

of:pp, and Bp:PP.

4.5.1.2 o and f Tryptases

Circulating tryptase levels are now known to con-
sist mainly of inactive -protryptase with perhaps
a small amount of a-protryptase. In fact, total
tryptase levels in serum are not significantly dif-
ferent in subjects with and without the gene for
a-tryptase. a-Tryptase is not stored in granules
but is instead secreted as an inactive proenzyme.
This means that upon degranulation, a-tryptase is
not part of any increase in serum tryptase levels
and is therefore not a useful marker of mast cell
activation and anaphylaxis. Tryptase, stored in
secretory granules and released during activation
of mast cells, unlike protryptases, is not sponta-
neously secreted by resting mast cells and is
referred to as mature tryptase. In skin and lung
mast cells most, if not all, of the mature tryptase
is p-tryptase. Thus, a and P protryptases are
spontaneously secreted by resting mast cells
while mature p-tryptase is stored and released
upon degranulation of the mast cell. Mature
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tryptase levels in blood therefore reflect, and are
a measure of, mast cell activation.

4.5.1.3 Tests for Mature and Total
Tryptase
The immunoassay result for fotal tryptase reflects
the mast cell number and measures pro and mature
forms of o and  tryptases. Protryptases account
for nearly all of the tryptase in normal sera which
show a normal level of approximately 5 ng/ml and
a range of 1-15 ng/ml. Results of a study of 126
apparently healthy individuals 12-61 years old
with the Phadia ImmunoCAP Tryptase (Thermo
Scientific) commercially available fluoroimmu-
noenzymatic assay showed a geometric mean of
3.8 ng/ml and a 95th percentile of 11.4 ng/ml.
From the pioneering studies of L. B. Schwartz and
coworkers, blood samples (to obtain serum after
clotting) should be taken 15 min to 3 h after the
suspected reaction, although significantly raised
tryptase levels can usually be detected up to 6 h
(and sometimes more) after the reaction. Normal
levels return 12—14 h after the initial release. For
shipping, serum samples can be kept at room tem-
perature for 2 days otherwise samples are stored
at 4 °C for 5 days or =70 °C for longer periods.
Total tryptase levels greater than 20 ng/ml are
generally found in patients with systemic masto-
cytosis. For postmortem examination of tryptase
levels, blood can be taken up to 24 h after death
although results from at least one investigation
suggest that blood samples taken after a signifi-
cantly longer time interval can still be success-
fully examined to yield important diagnostic
information. In a study of two fatal cases of peri-
operative anaphylaxis employing immunoassays
for neuromuscular blocking drugs together with
the tryptase assay, highly elevated tryptase levels
(compared to levels in preoperative blood sam-
ples) found in blood taken 48 and 72 h after death
were matched by the clear-cut detection of IgE
antibodies to thiopentone and succinylcholine.
The assay for mature tryptase is a capture
assay using a monoclonal antibody that recog-
nizes mature o and f tryptases although p-tryptase
constitutes the major, if not exclusive, form of
mature tryptase in blood. Normal levels of mature
tryptase in serum are less than 1 ng/ml whereas
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Table 4.4 Total and mature tryptase levels in serum of nor-
mal subjects and patients with anaphylaxis or systemic
mastocytosis

Mature Ratio of total

Total tryptase tryptase to mature
Subject level (ng/ml) level (ng/ml) levels
Normal 1-15 <1 -
Acute systemic >Baseline >1 <10
anaphylaxis
Nonacute >20 <1* >20
systemic
mastocytosis

Data from Schwartz LB. Immunol Allergy Clin N Am
2006;26:451
2Sometimes small elevations

levels equal to or above 1 ng/ml indicate mast cell
activation. Three or four hours after the onset of
anaphylaxis, levels generally revert to less than
1 ng/ml. In anaphylaxis, the ratio of total to
mature tryptase is typically less than 10 while in
systemic mastocytosis the ratio is generally more
than 20. Mature tryptase levels greater than 10 ng/
ml in postmortem samples suggest that systemic
anaphylaxis might have occurred (Table 4.4). The
mature tryptase assay is only available in the lab-
oratory of Dr Lawrence Schwartz, Medical
College of Virginia, Richmond, VA, USA.

4.5.1.4 Tryptase and Drug Allergy

From the time of its general introduction in the
early 1990s, the tryptase assay has gone a long
way in helping to answer the question “is this
drug reaction anaphylaxis?” From the beginning,
the test proved valuable for selecting an homog-
enous population to evaluate tests for dug allergy;
initial screening with the tryptase test sometimes
eliminating a significant number of patients from
subsequent skin and IgE antibody testing. Drug-
reactive IgE antibody tests on sera taken at the
time of the reaction may identify an immune
basis for the reaction but such tests are not always
available and some assays in their current form
may give false negatives to some drugs. At first
site, the determination of plasma histamine con-
centrations can be valuable in demonstrating an
anaphylactoid reaction, but these tests can be
technically and logistically difficult with samples
needing to be obtained preferably within 10 min
of the reaction, a time when resuscitation is a pri-
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ority. Early studies with the assay showed that
increases in mast cell tryptase concentrations in
serum seemed to occur only in immunological
reactions but this proved to be not invariable —
increased tryptase concentrations may occur with
direct histamine release. A good reported exam-
ple of this is an extremely high serum tryptase
level in a patient who died after receiving a bolus
of vancomycin. In cases of life-threatening drug
reactions during anesthesia where neuromuscular
blocking drugs are known to be the biggest cause
of anaphylaxis and where research is more
advanced than in many other areas of drug aller-
gies, the tryptase test has become part of the
established and standard protocol along with skin
tests and tests for serum IgE antibodies for diag-
nosing and establishing the mechanism of drug-
induced reactions. It is concluded that increased
mast cell tryptase concentrations are a valuable
indicator of an anaphylactic reaction during anes-
thesia and although elevated levels favor an IgE-
antibody-mediated cause, they do not always
distinguish between an anaphylactic and an ana-
phylactoid reaction.

4.,5.2 Histamine

The presence and biological role of histamine in
immediate and some other hypersensitivity reac-
tions is well established. Histamine release from
human blood leukocytes after challenge with
drug in vitro is occasionally employed but in gen-
eral, for diagnostic purposes, histamine concen-
trations in biological fluids have rarely been
routinely measured. The reasons for this in the
diagnosis of drug allergy are not hard to find: the
half-life of histamine in plasma is short (approxi-
mately 1-2 min) due to its rapid methylation by
histamine methyltransferase and oxidation by
diamine oxidase; blood sampling after a reaction,
especially in an emergency situation like anaphy-
laxis, is difficult and has severe time constraints;
false positive results are often assumed to be
likely following disruption of cells, in particular
basophils, during blood sampling and handling;
and assays have commonly had technical and
practical shortcomings.
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Histamine Concentrations

in Blood

The threshold for pathological levels of hista-
mine in plasma is said to be 1 ng/ml or 9 nmol/l
while levels greater than 10 ng/ml (90 nmol/l)
cause serious cardiovascular sequelae. Plasma
histamine levels in normal subjects are generally
less than 9 nmol/l when measured by the fluori-
metric method. Isotope dilution mass fragmen-
tography gave a range of 0.8-3.6 nmol/l, and the
monoclonal anti-acylated histamine-based radio-
immunoassay employed in a number of allergy-
related studies has shown concentrations of
3.33 nmol/l (n=14),0.193 (1.7 nmol/1) £0.08 ng/
ml (n=40) and 0.8 0.4 nmol/l (n=13) in normal
subjects and 1.63+0.61 nmol/l (n=35) in anes-
thetized patients. Histamine was measured 15
min after induction of the latter patients none of
whom had any adverse reactions. The normal
histamine concentration represents less than
0.5 % of the histamine concentration in blood.
Histamine in blood and in plasma is generally
said to be unstable but precise figures on its half-
life under normal and varied conditions are hard
to find. Studies on six normal volunteers showed
the half-life of infused histamine to be 102 s. A
comparison of the metabolism of infused hista-
mine in urticarial patients, normal subjects and
atopics revealed half-lives of 6.2+ 1.3 min, 4+0.7
min, and 3+ 1.2 min, respectively.

4.5.2.1

4.5.2.2 Measurement of Histamine

At least until the late 1980s, assays for histamine
were often difficult to undertake and lacking sen-
sitivity and specificity. Some methods for mea-
suring histamine, for example, the automated
fluorimetric assay developed by Siraganian, show
good sensitivity and specificity, but the method is
somewhat complicated and technically demand-
ing and has therefore not been employed in a
large number of laboratories worldwide.
Immunoassays for histamine in RIA or ELISA
format are available commercially from a number
of different companies. They are more accessible
and easy to use than many of the older assays and
some with good performance characteristics have
been adopted as a diagnostic tool. For drug
allergy studies, aliquots of diluted whole blood
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are challenged with drug in vitro at 37 °C, super-
natants are frozen, and the histamine content is
measured after cell lysis. Anti-IgE can be added
to assess releasibility of histamine from baso-
phils, and the total histamine concentration of the
cells is measured after cell lysis. The figure for
spontaneous histamine release is subtracted from
the drug-induced release and total histamine
results. Spontaneous release should normally be
less than 5 % of the total histamine content of
blood (20-200 ng/ml). Histamine release greater
than 5 % of the total histamine content (after sub-
tracting the spontaneous release figure) is
regarded as a positive drug-specific result. In an
effort to investigate the potential of measuring
released plasma histamine for the diagnosis of
drug allergies and the possible problems associ-
ated with the necessary measurement procedures,
a radioimmunoassay utilizing a monoclonal anti-
body specific for succinyl glycinamide deriva-
tized histamine was utilized. This work is
mentioned since it covers most of the important
technical points relevant to measuring histamine
in plasma and highlights the all-important ques-
tion of the mediator’s stability. The assay has
cross-reactivity ratios for N-methylhistamine and
histidine of 1/14,500 and 1/250,000, respectively,
and a claimed sensitivity of 0.2 nmol/l, although
it proved to be 0.5 nmol/l with a variation coeffi-
cient of 10 % in this study. A range of seemingly
small but essential investigations of aspects of the
methodology of sample collection, handling, and
storage as well as stability studies were under-
taken, sometimes with surprising results. Many
of the precautions thought to be necessary, and
taken, when using the fluorimetric assay were
found to be unnecessary for the radioimmunoas-
say. This was demonstrated in experiments on the
sampling procedure, leakage of histamine from
basophils at room temperature and 4 °C, and
freeze-thawing of samples. Of most interest, were
the findings on the stability of histamine in blood
and serum samples. The in vivo half-life of
infused histamine in plasma has been estimated
to be between 1 and 2 min but in 12 patients with
increased plasma histamine concentrations dur-
ing anaphylaxis, all had increased plasma hista-
mine concentrations in the first sample taken
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5-60 min after the onset of the reaction. The
mean histamine concentration in the second sam-
ple taken between 30 and 200 min after the first
sample was significantly less but also still ele-
vated. All but one of the 12 patients still had
increased plasma histamine concentrations at
pathological levels 60 min after the onset of the
reaction. In the anaphylactic patients, these
results point to a half-life of histamine signifi-
cantly higher than 1-2 min—in fact, a figure
closer to 20 min is likely. This prolonged half-life
may be a reflection of the extended release of his-
tamine or saturation of the enzymes involved in
its metabolism. In vitro, histamine concentrations
did not change significantly in whole blood left at
room temperature for 2 h or overnight at 4 °C or
in separated plasma after 48 h at room tempera-
ture or 72 h at 4 °C. In previous in vitro studies,
histamine has been reported to be stable for 30
min at room temperature and at 4 °C when added
to normal plasma. The stability of histamine in
patients with normal metabolism was in contrast
to results obtained with plasma from heparinized
patients and from pregnant women, the latter
apparently due to increased diamine oxidase
activity during pregnancy. Of interest was the
finding that histamine disappeared from plasma
at a slower than expected rate during anaphylaxis
indicating that there is still likely to be time for
blood sampling after emergency treatment. This
has led some investigators to conclude that hista-
mine levels in plasma should be determined in
cases of drug-induced anaphylaxis and to go so
far as to state that there is no justification, apart
from cost, for not doing so.

4.5.2.3 Histamine in Drug Allergy
Diagnosis

It is safe to say that the above belief is not widely
held and the conclusion not widely supported. An
investigation of the predictive capacity of hista-
mine release for the diagnosis of drug allergy
using the sensitive anti-acylated histamine immu-
noassay found that net histamine release was
positive in only 18 of 35 drug-allergic patients
(median total histamine 61 ng/ml), 12 of 33 aller-
gic patients with no drug allergies (50 ng/ml),
and 15 of 40 controls with no history of drug

allergy (55 ng/ml). Overall, the sensitivity
(51.4 %), the specificity (63 %), and the positive
predictive value (29.3 %) were poor, but the neg-
ative predictive value (81.1 %) was judged to be
of value for ruling out some reactions that
appeared to be allergic. On the basis of these
results, one could not advocate histamine release
as a routine test for the diagnosis of drug allergies
but it seems premature to accept this conclusion
as final and generally applicable to drug allergy
for a number of reasons. More extensive studies
are needed with homogenous populations of
patients particularly with regard to the type of
hypersensitivity, the drugs involved, and the time
interval between the reaction and testing. Patients
with any one of the four commonly recognized
types of hypersensitivity may be classified as
drug allergic and testing may compare time inter-
vals of as little as a month to a number of years.
There are also indications that histamine release
tests might be of more value for some classes of
drugs. With neuromuscular blocking drugs, diag-
nostic applications of histamine release tests have
yielded encouraging results. One study, for
example, involving 40 patients allergic to muscle
relaxants and 44 controls, showed a sensitivity of
65 % and specificity of 100 %. Some encourag-
ing results have also been obtained with
B-lactams, especially in the case of rapid onset
reactions. It, therefore, seems too early to leave
histamine release tests out of any serious consid-
eration of drug allergy diagnosis. Too few well-
designed and executed investigations have been
undertaken so far and it seems true to say that
some of the expected difficulties of working with
histamine are more assumed than real.

4.5.3 Cysteinyl Leukotrienes

For the structures of the cysteinyl leukotrienes
and a discussion of their biosynthesis and role as
inflammatory mediators, see Sect. 3.2.5.2.

The cysteinyl leukotrienes LTC,, LTD,, and
LTE,, sometimes called sulfidoleukotrienes, are a
family of potent bioactive peptide-conjugated
lipids formed by mast cells, basophils, eosino-
phils, neutrophils, macrophages, dendritic cells,
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and T lymphocytes. Basophils produce more than
100 times the amount produced by eosinophils.
Following allergen-induced cross-linking of IgE
antibody receptors on mast cells, cysteinyl leu-
kotrienes are released newly synthesized within
minutes. Well recognized for their powerful
bronchoconstricting effects and exacerbating
asthma, these lipid mediators are found in bron-
choalveolar lavage fluid and nasal secretions
from atopic human subjects after allergen expo-
sure. As an indication of potency, LTE,, for
example, is considerably more powerful than his-
tamine in decreasing airflow.

4.5.3.1 Tests for Allergen-Induced
Release of Cysteinyl
Leukotrienes

The release of cysteinyl leukotrienes from iso-
lated peripheral blood leukocytes following aller-
gen challenge in vitro has been utilized as a test
for immediate hypersensitivity in the form of the
Biihlmann CAST® (Cellular Allergy Stimulation
Test) assays offered commercially as CAST®
ELISA, a microtiter plate ELISA immunoassay,
and as a flow cytometric assay Flow CAST®
(Biihlmann Laboratories AG, Schoénenbuch,
Switzerland). Before the CAST® ELISA test is
carried out, patients should discontinue treatment
with antihistamines, corticosteroids, or chromo-
glycic acid 3-7 days prior to sample collection.
Blood is collected in the presence of EDTA and
stored at 2—8 °C for up to 24 h if necessary before
200 pl is taken for leukocyte isolation by dextran
sedimentation of red cells. After resuspension of
leukocytes, aliquots in stimulation buffer are
taken for challenge with allergen and to serve as
positive control (antibody to high affinity IgE
receptor FceRIa) and background spontaneous
release tubes. After incubation for 40 min at
37 °C and centrifugation, cell-free supernatants
along with standards (range 50-3,200 pg/ml) and
controls are added to pre-coated microtiter wells
for the determination of de novo synthesized leu-
kotrienes (LTC,, LTD,, and LTE,) in a competi-
tive immunoassay at room temperature. The
ELISA utilizes alkaline phosphatase for color
development. The whole procedure is said to
take5% h and an analytical sensitivity of 19 pg/ml
is claimed. Addition of IL-3 is said to increase
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cysteinyl leukotriene release induced by aller-
gens although some investigators believe that
IL-3 may stimulate basophils causing false posi-
tives, high backgrounds, and nonspecific reac-
tions. In testing for drug hypersensitivity, the
addition of IL-3 is said by some to be essential to
obtain sensitivity. C5,, a nonspecific activator of
basophils and thought to enhance allergen stimu-
lation, has been added in the CAST® assay but its
use seems to be not widely supported. In the
absence of fresh cells from patients, successful
passive sensitization with serum would be an
important added feature of the CAST® assay.
However, investigations so far have shown that it
is less sensitive than when untreated fresh cells
are used. In CAST®-ELISA assays, up to 6-8 %
of cells have been reported to be nonresponders.
This has been said to be due to reconstitution of
the lyophilized anti-IgE reagent in solutions with
a suboptimal Ca** concentration.

The determination of cysteinyl leukotrienes
by ELISA in cell supernatants has been com-
bined with flow cytometric examination (see
Sect. 4.6) of CD63 expression on basophils in the
Flow CAST® assay. Gating of basophils is
achieved with the aid of the constitutively
expressed eotaxin receptor CCR3 detected with a
phycoerythrin fluorescence-labeled monoclonal
antibody. CD63, detected with a fluorescein iso-
thiocyanate (FITC) fluorescence-labeled mono-
clonal antibody, is utilized as the cell surface
activation marker expressed on sensitized degran-
ulating basophils. Positive controls include a
monoclonal antibody to cross-link the FceRla
receptor and the tripeptide chemoattractant
N-formyl-methionine-leucine-phenylalanine
(fMLP) that activates basophils nonimmunologi-
cally. The basophil surface expressed antigen
CD203c detected with a different fluorescence-
labeled antibody can also be used as an extra acti-
vation marker. Both markers are used in the Flow
CAST® highsens commercially available Kkit.
There are reports of 8—10 % of nonresponders in
some Flow-CAST® studies.

When considering the cellular antigen stimu-
lation and basophil activation tests, an interesting
point to bear in mind is the sensitivity of CD63
expression to external Ca?* concentrations
compared to the calcium requirement for LTC,
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production. In addition, calcium sensitivity may
vary from one individual to another. The conse-
quence of this can be a positive CAST® result and
a negative basophil activation test (BAT) result.

4.5.3.2 Correlations of CAST® with
the Clinical Situation and
Other Diagnostic Tests

These are not always clear-cut and uniformly
good. Good correlation has been reported with
the severity of allergic rhinitis reactions but not
for asthma severity. For p-lactam drugs, CAST®
was shown to be positive only in cases of anaphy-
laxis but another group reported positive findings
in cases of f-lactam induced generalized urti-
caria. When CAST® and histamine release assays
were applied to the investigation of hypersensitiv-
ity to NSAIDs, histamine release assays were said
to be less sensitive and correlations poor. With
regard to skin tests, positive CAST® results have
been detected in some skin test negative cases and
where no skin tests exist, for example, hypersen-
sitivity to NSAIDs and non-IgE-mediated drug
allergies, CAST® has been advanced as a valuable
in vitro alternative approach to diagnosis.

When CAST® results are compared to allergen-
specific serum IgE antibody results, correlations
are found but they are generally not high, for
example, for protein allergens involved in inhal-
ant allergies. However, with allergy to p-lactam
antibiotics, the determination of drug-specific IgE
is claimed to be less sensitive than the CAST®.

In one early study on 25 patients with hyper-
sensitivity to NSAIDs, the CAST® assay was
positive in 5 of 8 aspirin-intolerant and 8 of 12
diclofenac-intolerant patients. Sensitivity of the
test was in the range 62.5-80 % and specificity
70-100 % leading the investigators to conclude
that the CAST® assay might be a useful in vitro
test to reliably and safely screen for hypersensi-
tive reactions to NSAIDs. A comparative evalua-
tion of the CAST® and histamine release assays
on 55 patients with immediate reactions to drugs
(30 to p-lactams, 19 to aspirin, and 6 to acetamin-
ophen) and 64 nonallergic but drug-exposed con-
trols showed that the CAST® gave slightly better
results with only 19 of 55 (13 for f-lactams, 4 for
aspirin, 2 for acetaminophen) and 9 of 64 positive
while histamine release exceeded 5 % in 28 and
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34 cases. Sensitivities (percents) for the CAST®
and histamine tests, respectively, were: for
B-lactams 43 and 53; for aspirin 21 and 53; for
acetaminophen 33 and 33. Corresponding speci-
ficities (percents) were 79 and 55; 88 and 35; 100
and 43. The efficiency of both tests was low and
the conclusion reached was that the test for
released cysteinyl leukotrienes showed little or
no diagnostic utility and was not any better than
the histamine release assay when applied to the
three drugs. Results from a European multicenter
study that evaluated the efficiencies of skin tests,
serum IgE antibody tests, and CAST® assays in
the diagnosis of B-lactam allergy have been used
to claim that the CAST® assays “are a decisive
and powerful in vitro tool for clear diagnosis of
B-lactam allergies ahead of sIgE.” Sensitivities
and specificities of the three different tests were
(percentages): Skin tests, 70 and 100; serum IgE
antibodies, 30 and 86; CAST® ELISA/Flow
CAST®, 41 and 86. Attention is drawn here to the
relatively low figures for IgE antibody tests,
especially the low sensitivity result. It can be
argued that the currently employed assays for
individual penicillins and cephalosporins are
inadequate to detect the range of allergenic speci-
ficities found in the sera of P-lactam-allergic
patients. This is especially true for the minor
determinants of the penicillins and R1 and R2
side chain determinants of cephalosporins. This
subject is discussed in detail in Chap. 5.

In summing up, it seems true to say that over-
all, the efficiency of the CAST® tests still falls
short for the confident diagnosis of drug allergies.
Further application of the tests to drugs apart from
the p-lactams and NSAIDs will reveal whether or
not the tests become part of the standard diagnos-
tic protocol for investigating drug allergies.

4.6 Basophil Activation Test
4.6.1 Basophils and Background
to the Basophil Activation
Test (BAT)

Basophils are granulocytes that develop from
CD34+ progenitor stem cells in the bone marrow.
They comprise less than 1 % of nucleated blood
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cells in humans and remain one of the least
understood leukocytes. Together with mast cells,
they express the high affinity immunoglobulin E
receptor FceRI and have cytoplasmic granules
containing preformed histamine. Basophils also
express a variety of other receptors including
those for complement, interleukins, chemokines,
and prostaglandins. Intermittent efforts to utilize
the basophil for the development of an in vitro
allergy diagnostic test have occurred over many
years. Approaches have usually centered on chal-
lenge with allergen followed by the attempted
measurement of basophil mediators such as his-
tamine and cysteinyl leukotrienes or direct micro-
scopic observation of basophil degranulation. For
a number of reasons including the small number
of basophils in blood, difficulties involved in
handling them, and the laborious and time-
consuming nature of the required microscopic
counting, these approaches never became widely
accepted and used. The development of flow
cytometry offered the prospect of working with
larger numbers of cells but, initially, advances
were limited by the inability to specifically iden-
tify basophils among the whole leukocyte popu-
lation. With improvements in flow cytometric
technology, the utilization of reliable membrane
markers for basophil identification and activation
and the availability of monoclonal antibodies
specific for the range of important cell receptors,
the monitoring of basophil activation upon
allergen challenge became a standardized tool for
in vitro diagnosis of immediate hypersensitivity
and for recognition of some pseudo-allergies
without IgE involvement.

4.6.2 Basophil Activation Markers

The identification of basophil cells was initially
based on the presence of the high affinity recep-
tor for immunoglobulin E and expression of
CD45 or protein tyrosine phosphatase receptor
type C (PTPRC) also known as leukocyte com-
mon antigen, a PTP signaling molecule found on
all leukocytes. To distinguish basophils from
other leukocyte populations, a number of selec-
tion strategies are possible. One procedure
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involves employment of a fluorescence-labeled
monoclonal antibody to the eotaxin receptor
CCR3, cysteine—cysteine chemokine receptor 3,
a receptor closely associated with asthma and
allergy. CCR3 also occurs on eosinophils but
they can be distinguished from basophils by the
former’s increased side scatter. Basophils can
also be identified as anti-IgE and CD203c (see
below) positive cells. An important advancement
was the observation that basophil degranulation
was accompanied by the upregulation of
lysosomal-associated membrane glycoprotein-3
(LAMP-3; also known as granulophysin),
belonging to the tetraspanin (TM4SF) family.
Now generally known as CD63, this protein is
expressed on the surface of degranulated baso-
phils and is the best-validated activation marker
used to quantify basophil activation. When FceRI
receptors on basophils are indirectly cross-linked
during allergen interaction with receptor-bound
IgE molecules, mediators of hypersensitivity
including histamine are released and activation
markers such as CD63 are expressed on the cell
surface. In resting basophils of both normal and
allergic subjects, CD63 is located in the intracel-
lular granules with little surface expression but
upon upregulation during exocytosis involving
fusion between granules and membrane, CD63 is
expressed on the membrane surface in high
density. Expression of CD63 on basophils has
produced convincing and specific results with
some common inhalant and venom allergens but
with respect to drugs, some early studies reported
sensitivities of only 50-64 %, that is, not suffi-
cient to be clinically useful. It was suggested that
a contributing factor to this poor sensitivity may
be the expression of CD63 on other activated leu-
kocytes, including platelets, and the subsequent
adhesion of these other cells to basophils. A more
specific and sensitive activation marker therefore
seemed desirable. In 1999 the monoclonal anti-
body 97A6 defined a novel surface antigen
belonging to the type II transmembrane protein
family on human basophils. The antigen, ecto-
nucleotide pyrophosphatase phosphodiesterase 3
(E-NPPS3), referred to as CD203c, catalyzes the
cleavage of oligonucleotides, nucleoside phos-
phates, and NAD. CD203c is constitutively
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expressed on basophils and has the desirable fea-
ture of being expressed apparently on that cell
alone. After stimulation with allergen, CD203c is
rapidly upregulated making it a valuable marker
for basophil activation and hence allergy diagno-
sis. Interestingly, it was thought that the release
of histamine is not directly associated with
expression of CD63 and CD203c but recently,
CD63 expression has been shown to result from
only the anaphylactic degranulation form of his-
tamine release.

In a comparison of the performances of CD63
and CD203c in the diagnosis of latex allergy, the
sensitivities of the two markers were 50 and
75 %, respectively. Following allergen challenge,
levels of expressed CD203c were increased up to
350 % above control values whereas the increase
for CD63 was less than 100 %. Expressed as a
percentage of basophils that were marker-
positive, the result for CD203c¢ was 48 % and for
CD63 below 20 %. This led to a clear distinction
between resting and activated basophils. Another
stated advantage of CD203c was said to be a
three- to eightfold higher fluorescence signal
than CD63 but others have reported the opposite
finding. Occasional weak spontaneous expres-
sion of CD203c on resting basophils can make
cell identification difficult but rapid expression
of the marker following allergen challenge may
allow for single color testing without additional
staining. A small number of comparative studies
have revealed some other clear differences in the
activation of CD63 and CD203c. Upregulation
of CD203c seems to occur in all or most baso-
phils while upregulation of CD63 produces one
population of basophils expressing the marker
with high intensity and another population with
lower CD63 expression. Expression of CD203c
is influenced by some differences in enzymic
regulation, activation by prostaglandin D, or
IL-3 are different and CD203c is more easily
activated nonspecifically by, for example, han-
dling of blood and experimental manipulations
as well as clinical conditions such as atopic der-
matitis and food allergy.

Overall, the claimed superior performance of
CD203c has been questioned in more than one
study with comments that the presently widely
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used basophil activation monitored by expression
of CD63 is a validated test while the more
recently introduced marker requires more exten-
sive study and validation for different clinical
conditions. Some have claimed that CD203c pro-
duces slightly improved sensitivity if not by itself
then together with CD63. The use of both mark-
ers has been advocated, and the practice of using
dual markers now seems to be common. More
recently identified basophil activation markers
like CD13, CD107a, and CD164 may be the fore-
runners of a second generation of BATs.

Recently, it has been shown that phosphoryla-
tion of p38 MAPK accompanies upregulation of
CD63 expression offering the prospect that mea-
surement of phosphorylation of these mitogen-
activated protein kinases might be another way of
measuring basophil activation when applying the
test to the diagnosis of allergy.

4.6.3 Some Technical Aspects

Ideally, cells should be used in the test within 3 h
of blood sampling. Heparin, EDTA, or acid-
citrate-dextrose can be used to prevent clotting
and blood in the latter two media but not in hepa-
rin can be stored for 24 h at 4 °C if necessary. At
room temperature, desorption of IgE is thought to
occur. Use of whole, heparinized blood is often
preferred since it is simple and practical, involv-
ing fewer preparative steps while at the same time
preserving the basophils’ natural environment.
Isolated (or more accurately enriched) leukocytes
can be prepared as a buffy coat fraction (centrifu-
gation at 500 g for 10 min) or as a leukocyte frac-
tion prepared on a simple density gradient.
Isolated leukocytes are more difficult to standard-
ize than whole blood samples, and the conditions
of their isolation may affect their reactivity for
example, when used with NSAIDs. Some reports
show that isolated leukocytes are less sensitive to
anti-IgE and allergen-induced CD63 activation,
and although this certainly appears to be the case
for most drugs, some results with the neuromus-
cular blocker rocuronium revealed a sensitivity of
92 %. For drug-induced IgE antibody-mediated
activation of basophils, parenteral preparations of
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drugs are preferred for challenge. Prewarming of
blood/cells and reagents at 37 °C is recom-
mended. Activation usually begins within 3 min
and reaches a peak within 15-20 min, but this
may vary with the marker. Expression of CD203c
peaks within a few minutes and begins to decline
after 15-20 min. CD203c and CD63 both disap-
pear after 4-5 h. IL-3 has been reported to
increase CD63 expression and thus sensitivity.
Since drugs are sometimes poor stimulators of
expression, addition of IL-3 has been suggested
but the enhancing effect of IL-3 does not seem to
be consistent.

In theory, utilization of passively sensitization
basophils should be possible in basophil activa-
tion analyses. This involves stripping of bound
IgE antibodies from their receptors on the surface
of basophils with the aid of acidic buffers (often
a lactic acid buffer, pH 3.9), incubation of these
stripped cells with patient’s serum (containing
IgE antibodies to the allergen being investigated)
for 1 h at 37 °C and then challenging the pas-
sively sensitized basophils with the allergen at
the first stage of the BAT. Donor cells for sensi-
tizing should be from a healthy subject whose
basophils are known to be good responders. Both
unstripped and stripped donor basophils should
be included in the controls. This procedure, apart
from being laborious with a number of extra
steps, carries the risk of nonspecific stimulation
or damage to basophils and is difficult to stan-
dardize. Results so far indicate rather poor sensi-
tivity, but some researchers who use the method
claim good results.

4.6.4 Controls

Incubation of cells with the stimulation buffer pro-
vides the all-important negative control, that is,
the spontaneous expression of the activation
marker. In general, negative controls remain below
5 % in 80 % of cases. For the positive control, anti-
IgE, either as a monoclonal or polyclonal anti-
body, is employed although the latter is generally
superior since monoclonal anti-IgE antibodies are
often poor activators of basophils. A monoclonal
antibody to the high affinity IgE receptor FceRI
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can be used as an alternative and more sensitive
positive control. This increases activation and the
number of responders. A proportion of individuals
(about 5-10 %) have cells that are so-called non-
responders, that is, upregulation of activation
markers does not follow IgE cross-linkage or
FceRI activation. Apart from nonresponders, false
negatives may arise because of technical manipu-
lation problems, poor storage, or too long an inter-
val between the patient’s allergic experience and
testing (recommended interval 6-12 months). To
be able to interpret the BAT, both negative and
positive controls need to conform to normal,
expected patterns—high backgrounds and false
negative responders preclude normal interpreta-
tion and any meaningful findings.

4.6.5 Evaluation of Results

In evaluating results of BATSs, one needs to take
account of the absolute number of basophils eval-
uated (more than 150 is desirable) and the per-
centage of activated basophils. Due to the
differences in the upregulation of CD63 and
CD203c (see above), results for CD63 expression
are generally expressed as a percentage of CD63
basophils whereas results for CD203c tend to be
expressed as stimulation indices (SI) of the mean
fluorescence intensity. Because of the usually
small number of patients, arbitrary cutoff points
are usually selected as thresholds for positivity.
Cutoffs for some drugs that provide the highest
sensitivity and specificity determined by ROC
curves are: f-Lactams>5 % with a SI>2; aspirin
and NSAIDs>5 % and SI>2; metamizol>5 %
and SI>5. However, for drugs, where smaller
numbers of basophils are usually activated, the
calculation of drug-specific thresholds is an abso-
lute requirement and this demands the study of
large groups of well-defined patients. For the
determination of correct sensitivity, specificity,
and predictive values, the adoption of optimal
drug-specific positivity thresholds to replace
arbitrarily chosen decision thresholds is advo-
cated. In establishing the cutoff points, ROC
curves are necessary to establish optimal sensi-
tivity and specificity.
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4.6.6 Application to Drug Allergies

BAT is still mainly employed in research settings,
but clinical applications are steadily growing. In
cases where the skin test is negative and alterna-
tive tests are either not applicable (e.g., a serum
IgE test for the solvent Cremophor) or unavail-
able, and/or when the clinician is faced with reli-
ance on a potentially dangerous provocation test,
the BAT is increasingly being used in the diagno-
sis of drug hypersensitivities and to assess safe
alternative treatment regimens. Given the techni-
cal improvements and advances made with the
test, the increasing acquisition of flow cytometric
quantification equipment by laboratories, the
test’s validation for a number of drugs, and, in
some cases, the potential of the test to detect non-
IgE-mediated basophil activation, it can readily
be appreciated why the method continues to be
applied to an increasingly wide range of drugs
and other therapeutic agents. This list includes
the p-lactam antibiotics penicillins, cephalospo-
rins and clavulanic acid, quinolones, neuromus-
cular blocking drugs, NSAIDs, radiocontrast
media, chlorhexidine, omeprazole, methylpred-
nisolone, valacyclovir, some plasma expanders,
starch colloids, carboxymethylcellulose, some
heparins, patent blue, platinum salts, hyaluroni-
dase, and recombinant hepatitis B vaccine.

For discussions of the application of BAT to
individual drugs or groups of drugs, the reader is
referred to the following sections: Penicillins,
Sect. 5.1.6.3; clavulanic acid, Sect. 5.5; quino-
lones, Sect. 6.2.3.6; neuromuscular blocking
drugs, Sect. 7.4.3.5; hydroxyethyl starch, Sect.
7.6.1; gelatin, Sect. 7.6.2; NSAIDs, Sects.
9.5.2.1.3, 9.5.2.2.3, and Sect. 9.5.4; contrast
media, Sect. 10.5.2.3.

4.6.7 Analysis by Flow Cytometry
of Intracellular Histamine
and Its Release by Activated
Basophils at the Single Cell
Level

The release of histamine is thought to initially
proceed by piecemeal degranulation before con-
version to what has been termed anaphylactic
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degranulation. It has been proposed that expres-
sion of the basophil activation marker CD63 is
associated with the anaphylactic degranulation
form of histamine release whereas CD203c
expression is known not to reflect histamine
release. Recently, in an attempt to develop a flow
cytometric technique to analyze histamine and its
release at the single cell level, D. G. Ebo and col-
leagues in Antwerp studied the expression of the
activation markers CD63 and CD203c and
employed the histaminase, diamine oxidase (with
a fluorochrome label), after application of aller-
gen, anti-IgE, fMLP, phorbol 12-myristate
13-acetate (PMA), ionomycin, and IL-3 to obtain
different degranulation profiles. Nineteen birch
pollen-allergic patients, five healthy controls, and
the recombinant birch pollen allergen Bet v 1
were used in the study. Upon stimulation with
allergen, anti-IgE, or fMLP, basophils that upreg-
ulated CD203c generally exhibited a bimodal dis-
tribution of CD63 expression, but individual cell
responses of CD63 expression proved heteroge-
neous with the detection of low and high CD63
expressing basophilic subpopulations following
IgE-mediated stimulation. When activation mark-
ers and histamine release at the single basophil
level were analyzed, like CD63 expression,
diamine oxidase labeling was found to be bimodal.
CD203c (bright) CD63 (bright) cells demon-
strated clear histamine release while CD203c
(bright) CD63 (dim) showed less histamine
release. Diamine oxidase labeling of Bet v
1-stimulated cells that did not degranulate was
more intense than the labeling seen with cells
exposed only to buffer. Expression of CD63
following PMA treatment was poor, supporting an
earlier conclusion that phorbol esters do not induce
significant anaphylactic degranulation but this did
occur following addition of ionomycin to PMA.
IL-3 produced an increase of diamine oxidase
labeling of primed basophils from some patients.
From the study, one can conclude overall that
flow cytometry can be used to examine histamine
and its release along with the simultaneous quan-
tification of basophil activation markers. This
methodology has been termed “HistaFlow” by
the authors. Results demonstrated that the appear-
ance of CD63 indicates anaphylactic degranula-
tion and significant histamine release whereas
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expression of CD203c seems to be associated
with fusion of small vesicles, piecemeal degranu-
lation, and slow liberation of histamine from acti-
vated cells. However, upregulation of CD203c
does not per se indicate histamine release, and
release can occur without expression of CD63,
that is, the expression of both markers can disso-
ciate from histamine release.

The potential of HistaFlow for application to
both research and the clinic is apparent. In the
former case, the methodology promises to con-
tribute to our understanding of intracellular sig-
naling and degranulation of basophils while flow
cytometry’s and BAT’s already significant contri-
butions to allergy diagnosis are likely to be fur-
ther advanced. In relation to drug allergy, this is
already being demonstrated. Figure 4.9 summa-
rizes findings when flow cytometry and the
expression of basophil activation markers were
utilized for the analysis of histamine release by
individual basophils from a patient who experi-
enced profound hypotension and severe broncho-
spasm almost immediately after intravenous
administration of the cephalosporin cephazolin.
Results in this study clearly demonstrated drug-
specific IgE antibody-mediated activation of the
patient’s basophils together with the visually
clear-cut demonstration of histamine release by
the basophils.

4.6.8 Future Research
and Conclusions

Although the BAT remains largely research
based, awareness of its relevance to the clinic is
growing, and this is reflected in the allergy litera-
ture where diagnostic applications are steadily
increasing. An attraction of BAT comes from its
obvious features that form part of the in vivo
response to allergenic challenge and the resultant
release of mediators. Basophils do not need to be
separated or purified in potentially cell-damaging
manipulations and can be examined in their nor-
mal milieu together with other cells to achieve
reliable results. At present, however, the proce-
dures shortcomings, particularly its sensitivity
and diagnostic accuracy, need to be kept in mind

4 Diagnosis of Allergic Reactions to Drugs

but research progress on extra- and intracellular
activation markers and a better understanding of
relationships between the expression of these
markers and the release of mediators promises to
significantly improve diagnostic performance. In
particular, application of the HistaFlow method-
ology may lead to an understanding of the mech-
anisms underlying intracellular signaling and
drug- and other agent-induced degranulation of
basophils. An area where BAT will continue to be
applied is in the examination of allergens, both
pure and in crude form, allergoids, vaccines,
newly introduced drugs, additives in many forms
of medication, recombinant preparations, and
drugs and agents where other tests are either not
suitable or not available. Passive sensitization of
basophils and the subsequent use of the sensi-
tized cells in BAT examinations is one area where
greater research effort seems necessary. Being
able to routinely employ serum samples, some-
times taken years before, together with cells
known to be good responders and consistently
obtain reliable results would be a significant
advance. Finally, as more knowledge is accumu-
lated of basophil markers and other routes of acti-
vation, BAT might prove to be an appropriate and
valuable procedure for the study and diagnosis of
some IgE-independent drug reactions.

4,7 Tests for Delayed Type Drug
Hypersensitivity Reactions

The mechanisms underlying most delayed or
non-immediate hypersensitivity drug reactions
appear to be heterogeneous and not yet fully
understood. The involvement of T cells in delayed
type drug hypersensitivity reactions is well estab-
lished with different subsets of cells implicated.
Type IV cell-mediated mechanisms seem to be
involved in reactions such as maculopapular
rashes and a number of other skin manifestations
including bullous and pustular exanthemas and
eczema and for the first three of these conditions
T cells have been implicated. For the diagnosis of
delayed reactions to drugs, predominately cuta-
neous reactions, delayed reading of intradermal
testing and patch testing are sometimes used, but
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Fig. 4.9 Analysis by flow cytometry of intracellular hista-
mine and its release by activated basophils at the single cell
level (Histaflow). Upregulation of basophil activation
markers CD63 and CD203c¢ combined with demonstration
of intracellular histamine after 20-min activation with cep-
hazolin sodium (Cefacidal®) in a patient with profound
hypotension and severe bronchospasm almost immediately
after IV administration of cephazolin. Basophils are char-
acterized using side scatter (SSC) and CD203¢%™ (purple
population in R2) (a). Activated basophils are defined as
anti-IgE and upregulated CD203cb " positive cells.
Co-expression of CD203c"""* and CD63 reveals three sub-
populations of distinct CD63 expression; i.e., CD203c™i+
CD63 (gate R3, green), CD203c™e" CD63%™* (gate R4,

CD203c
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blue), and CD203ci" CD63 e (gate RS, red). Gate RO
denotes non-activated CD203%™* basophils (b). Histamine-
containing basophils are defined as DAO* cells (cf).
Stimulation with buffer only (negative control) is shown in
(c). With the positive control stimulated with anti-IgE (d),
24 % of the basophils showed histamine release (DAO~
cells—see lower-right quadrant). Upon stimulation with
cephazolin (e), 30 % of the basophils demonstrated hista-
mine release, (DAO™ cells — see lower right quadrant). (f).
Shows the DAO histogram (y-axis in (e)) (Kindly provided
by DG Ebo, University Hospital Antwerp. See Ebo DG
et al. Analyzing histamine release by flow cytometry
(HistaFlow): a novel instrument to study the degranulation
patterns of basophils. J Immunol Methods. 2012;375:30)
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these skin tests often give negative results even in
patients with a clear history of delayed hypersen-
sitivity. The lymphocyte transformation test is
often claimed to be the only test to detect drug-
sensitized T cells. It can sometimes identify the
culprit drug and it begins our list of tests for
delayed drug reactions.

4.7.1 Lymphocyte

Transformation Test

The lymphocyte transformation test is an in vitro
procedure that measures the antigen-induced pro-
liferation of drug-specific T cells. Briefly, periph-
eral blood mononuclear cells are isolated with a
Ficoll gradient and cultured with the addition of
autologous plasma in triplicate for 5-7 days in
the presence of different concentrations of the
drug being investigated. As positive and negative
controls, cells in triplicate are incubated with and
without phytohemagglutinin 5 pg/ml respec-
tively. Twenty-four hours before harvesting,
3H-thymidine 1 puC is added. Proliferation of cells
reflected in the incorporation of radioactive
nucleoside into DNA is measured in a liquid
scintillation counter and the results expressed as
a stimulation index SI where SI equals the counts
per minute (cpm) with drug divided by cpm
without drug. Some investigators on the basis
of their experience with the method regard a SI
of 1.8 as positive while a cutoff of 2 is also
often used with a value between two and three
regarded as a weak positive. Instead of using a
radiolabeled nucleoside for incorporation, fluoro-
chrome-labeled derivatives of deoxyuridine
(with or without nucleoside-specific antibodies)
are sometimes used.

There are a number of practical issues that act
against the routine and widespread application of
the lymphocyte activation test for the diagnosis
of drug hypersensitivities. In the first instance,
the test does not easily transfer from the labora-
tory to the clinical situation; the time from setting
up the test to recording results is at least 5-7
days; it involves sterile cell culture; the optimum
times for testing different drug-induced reactions
are not always known; the patient’s existing drug
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therapy may interfere with the test; and the test
itself is cumbersome and technically demanding.
Perhaps most importantly of all, a positive lym-
phocyte transformation test does not necessarily
reflect the exclusive involvement of T cells. For
example, B cells present in PBMC may also pro-
liferate in response to drug challenge.
Nevertheless, the test has some features in its
favor. These include: The procedures are carried
out in vitro so the test is not harmful to the patient
nor is there a risk of the patient developing addi-
tional drug allergies; new test reagents are not
needed for each of the different drugs tested;
simultaneous assessments of T cell responses to
multiple drugs can be undertaken; positive reac-
tions can be detected to drugs with different
pathomechanisms; and the test is claimed to be
more sensitive than other tests for drug hypersen-
sitivities. The lymphocyte transfer test measures
amemory T cell response and while it can remain
positive for as long as 10-20 years after a drug
reaction, other patients are found to test negative
only 5-8 weeks after onset of a reaction. Ongoing
investigations show that the lymphocyte transfor-
mation test is a promising method to identify a
causative drug in cases of drug eruptions, but it is
crucial to perform the test at the right time and
that time depends on the type of drug reaction.
Findings with maculopapular drug eruptions,
SIS, TEN, and DRESS illustrate this. For DRESS,
patients should be tested 5-8 weeks after the
onset of reactions while for the other three condi-
tions, testing should take place within 1 week of
skin rashes. The lymphocyte transformation test
is claimed to have a sensitivity of 60-70 %.
Specificity is said to be 100 % for carbamazepine
and lamotrigine hypersensitivities and 93 % for
B-lactam hypersensitivity giving an overall speci-
ficity of at least 85 %. It will be interesting to see
if these levels of sensitivity are achieved and the
high figures for specificity are maintained as
more drugs are examined with the test. The most
studied drugs in the lymphocyte transformation
test are the p-lactam antibiotics and anti-epilep-
tics, particularly carbamazepine. Diseases in
which the test has been found to be frequently
positive include maculopapular exanthema, bul-
lous exanthema, acute generalized exanthematous
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pustulosis, DRESS, and severe anaphylaxis. It is
occasionally positive in cases of urticaria, angio-
edema, and some drug-induced hepatitis and
nephritis reactions and rarely positive in fixed
drug eruption, vasculitis, and TEN. Positive lym-
phocyte transformation tests have been found
with quite a big range of drugs including
p-lactams, macrolides, tetracyclines, sulfon-
amides, quinolones, antiepileptics, opioids, ACE-
inhibitors, anti-tuberculosis drugs, NSAIDs,
local anesthetics, pyrazolones, contrast media,
neuromuscular blocking drugs, vitamins, and
contact allergens such as p-phenylenediamine.

Considering the magnitude of the problem of
delayed hypersensitivity reactions to drugs and
the difficulties associated with the lymphocyte
transformation test, there is a need to develop
sensitive and specific tests that are more easily
and quickly carried out, widely applicable to the
many forms of delayed drug reactions and valu-
able for use in the clinic as well as the research
laboratory.

4.7.2 The Local Lymph Node Assay

This formally validated test, based on measuring
the proliferative activity of draining lymph node
cells from mice following epicutaneous applica-
tion of the test agent, is now preferred to the
guinea pig sensitization test by the FDA, EPA,
and OECD as the accepted method for assessing
the skin sensitizing potential of chemicals, i.e.,
for identifying contact allergens. Originally based
on measuring the incorporation of radiolabeled
thymidine into the DNA of lymph node cells,
more recent protocols substitute S5-bromo-2-
deoxyuridine in an ELISA or flow cytometric
procedure. Although the local lymph node assay
is generally applied to assessing the response to
sensitizing chemicals used industrially and/or
contacted in the environment (e.g., dinitrochloro-
benzene, picryl chloride), the method has been
applied successfully to detect sensitization by
drugs, for example, benzocaine and benzylpeni-
cillin. The method can also be adapted for use as
an immune function assay by examining the
effect of orally administered drugs on the T cell

response provoked by contact sensitizing agents.
Confirmation of the results of the assay and exten-
sion of their value can be obtained by carrying out
concurrent cytokine release measurements.

4.7.3 Toward Nonproliferation-
Based In Vitro Assays: Cell
Surface Activation Markers,
Cytokines, Chemokines,
and Skin-Homing Receptors

For the detection of delayed type drug hypersen-
sitivity reactions, the lymphocyte transformation
test may be the only readily available and well
investigated ex vivo methodology with a suffi-
ciently long-standing pedigree to be employed
with any confidence. However, as outlined above,
the test has some major limitations including its
practicability, lack of specificity to T cells, and
the time involved in its execution. Although the
BAT more closely mirrors the in vivo pathways
leading to allergic manifestations, it cannot be
used to detect non-IgE-mediated allergic reac-
tions. With these considerations in mind and with
the steady accumulation of insights into cellular
and molecular immune processes underlying the
secretory and effector functions of antigen-spe-
cific T lymphocytes, proliferation-based assays
are beginning to be supplemented by some novel
in vitro tests to detect and measure cell activation
markers, signaling molecules, chemoattractants,
transcription factors, and cytolytic molecules
released by some lymphocytes. In the main, these
investigations are still essentially research based
and before any new assay’s findings and method-
ologies can be seriously considered for the diag-
nosis of drug allergies, studies will have to
confirm their usefulness in large numbers of clin-
ically well-defined patients.

Cell Surface Activation

Markers

Activation markers such as CD69, CD25, CD71,
and the MHC class II cell surface receptor
HLA-DR are expressed and may be upregulated
on the T cell surface. CD69, widely used in vitro
and in vivo as a marker of T cell activation for

4.7.3.1
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more than 15 years, was recently exploited in
flow cytometry studies for the detection of drug-
reactive T cells from patients with delayed type
drug hypersensitivities. Freshly isolated PBMC
were cultured in the presence of drug or IL-2 for
48 h before examining CD69 expression on
CD4+/CD8+ T cells by flow cytometry with
fluorescent-labeled monoclonal antibodies to
CD69, CD3, CD4, and CDS8. Cells from lympho-
cyte transformation test-positive patients with
delayed hypersensitivity showed a significantly
increased expression of CD69 following expo-
sure to the culprit drug. Upregulation of the acti-
vation marker occurred in 0.5-3 % of T cells with
only a minority of the reactive cell population
being drug-reactive T cells secreting cytokines.
There were a higher number of bystander T cells
activated by IL-2 and possibly other cytokines.
Although it was concluded that upregulation of
CD69 was a promising tool to identify drug-
reactive T cells from patients with drug hypersen-
sitivities, developments in this area and progress
with this approach have been less than expected.

4.7.3.2 Monitoring of Cytokines from
T Cells and the ELISPOT Assay

One relatively new approach is based on the
detection of drug-specific cytokine production by
cells from patients with a history of drug hyper-
sensitivity following stimulation in vitro with
drugs well known to provoke delayed type reac-
tions. During the last decade, work has shown
that measurement of secreted cytokines IL-5 and
IFN-y can be useful for diagnosis of drug hyper-
sensitivity. More recently, the secretion of a range
of cytokines and chemokines has been examined
in attempts to identify promising “markers” for
the in vitro detection of T cells sensitized to
drugs. As a first approach, PBMC from patients
with delayed type drug hypersensitivity were
stimulated in vitro with drug for extended periods
(generally 72 h), and liberated cytokines were
measured in the supernatants using immunoas-
says for 17 different cytokines/chemokines viz.,
IL-1p,1L-2,IL-4,1L-5,1L-6,1L-7,1L-8 (CXCLS),
IL-10, IL-12, IL-13, IL-17, G-CSF, GM-CSF,
IFN-y, TNF-a, CCL2, and CCLA4. Increases in
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secretion were observed for IL-2, IL-5, IL-13,
and IFN-y in response to sulfonamide and
fB-lactam drugs in the PBMC from patients aller-
gic to these drugs but no differences were seen in
the cytokine secretion patterns of sulfonamide-
and B-lactam-reactive PBMC. For PBMC from
healthy subjects, sulfonamide and p-lactam drugs
stimulated statistically significant increases in
IL-1p and IL-6 indicating that before measurement
of cytokine/chemokine release can be considered
as a likely diagnostic tool, many more patients
will need to be examined and more information
will be needed on the background spectrum of
cytokines secreted in response to different drugs.

In another approach to monitor cytokine
release in patients with delayed drug hypersensi-
tivities, flow cytometry and an ELISA assay were
used to measure cytokine secretion by PBMC.
Drug-induced production of IL-5, a stimulant for
B cells and immunoglobulin secretion, the anti-
inflammatory cytokine IL-10, and IFN-y was
demonstrated by flow cytometry, and secretion of
the T cell growth factor IL-2 was detected in the
ELISA assay. Cytokines were not detected in less
than a 5-day incubation period. Flow cytometry
and ELISA detected drug-specific cytokine pro-
duction in 75 % and 79 % of patients, respectively.
Combining both procedures increased the sensi-
tivity to 100 %. In another study designed to uti-
lize the drug-induced release of cytokines as a
sensitive assay for the diagnosis of cutaneous
adverse reactions to drugs, detection of IFN-y was
undertaken to investigate T cell involvement in
patients with maculopapular exanthema caused
by amoxicillin (see below). IFN-y was selected
since it is thought to be important in the patho-
physiology of maculopapular exanthema, and the
expression of this type 1 cytokine is restricted to
activated T cells.

The ELISPOT (enzyme-linked immunospot)
assay is based on classical immunoassay princi-
ples and the detection procedures employed in
ELISA assays. Its sensitivity, ease of use, employ-
ment of highly reactive, standardized monoclonal
antibodies, commercial availability, and ready
application to studies on individual cell types
makes it a good choice for research and diagnostic
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investigations of cellular effector—target inter-
actions. The methodology involves specific
capture and immobilization of the target mole-
cule (e.g., a cytokine) with a complementary
monoclonal (usually) antibody and visualization
of the reaction by addition of a detecting (second)
antibody tagged with a highly sensitive enzyme
label, for example, an anti-cytokine labeled with
streptavidin-alkaline phosphatase. The ELISPOT
assay was employed to monitor the appearance of
IFN-y following amoxicillin and ceftriaxone
challenge of the PBMC of 22 patients with a
well-documented history of delayed hypersensi-
tivity to f-lactams manifesting as maculopapular
exanthema. The assay detected IFN-y, and hence
drug-specific T cells, in 20 of the 22 patients
examined providing evidence that maculopapular
exanthema is mediated by IFN-y-producing
T cells. Results showed that the ELISPOT assay
can detect amoxicillin-specific T cell precursors
as low as 1:30,000 blood leukocytes and with a
frequency of 30125 per 10° PBMC; that the test
can distinguish patients with immediate and
delayed reactions; T cells that cross-react with
other p-lactams can be detected; and the
ELISPOT assay is more sensitive than the lym-
phocyte transformation test for the diagnosis of
delayed type hypersensitivity to p-lactams. The
sensitivity and specificity of the assay for the
diagnosis of delayed type hypersensitivity to
p-lactams were 91 % and 95 % respectively.
From the study, the investigators concluded that
other Thl and Th2 cytokine-producing cells
should be examined in sensitive assays with the
view to detecting specific T cells and improving
the diagnosis of many drug-induced delayed
reactions and it was suggested that the ELISPOT
assay might represent an important advance in
the quest for improved tests for in vitro ex vivo
diagnosis of such reactions.

4.7.3.3 Granzyme B ELISPOT

Assay for the Detection

of Drug-Reactive T Cells
An interesting and highly promising candidate
marker protein for drug-specific T cells is the ser-
ine protease granzyme B expressed by cytotoxic
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T lymphocytes and natural killer (NK) cells.
Granzyme B is constitutively expressed by mem-
ory but not by naive cytotoxic T lymphocytes
making the protease a likely candidate to be
utilized for the assessment of cell-mediated cyto-
toxicity. A highly sensitive ELISPOT assay has
been developed for granzyme B but, unlike the
IFN-y ELISPOT assay, it directly measures the
release of a cytolytic protein making it a more
direct measure of antigen-specific cytotoxic T
lymphocyte lytic activity. An additional advan-
tage of monitoring granzyme B secretion is its
early release following effector—target contact.
The enzyme is detectable as early as 10 min after
interaction, significant amounts are measurable
after 30 min, and maximum levels are obtained
after 4 h. Measurable amounts of INF-y are seen
only after 1 h. An ELISPOT assay for granzyme
B and surface expression of CDI107a were
recently utilized for the detection of cytotoxic
and NK cells in peripheral blood of patients with
various drug-induced skin diseases. CD107a,
also known as LAMP-1 (lysosomal-associated
membrane protein 1), is a membrane glycopro-
tein degranulation marker on CD8+ lymphocytes
and NK cells. The assay proved highly specific
for detecting drug-reactive cytotoxic cells in
peripheral blood of drug-allergic patients but no
strict correlation between the granzyme B assay
and the lymphocyte transformation test was
found. Both CD4+ and CD8+ T cells expressed
CD107a supporting belief both of their involve-
ment in drug hypersensitivities and the contribu-
tion of NK cells to the observed drug-induced
degranulation.

4.7.3.4 Chemokines and Skin-Homing
of T Cells

The skin-associated chemokine CCL27, also
called Skinkine, Eskine, and CTACK (cutaneous
T cell-attracting chemokine) and its receptor
CCRI10 are associated with skin-homing of T
lymphocytes and are implicated in T cell-
mediated inflammation of the skin. Most skin-
infiltrating lymphocytes in patients suffering
from contact dermatitis and psoriasis express
CCR10 and CCL27-CCRI10 interactions appear
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to play an important role in T cell-mediated skin
inflammation. CCL27 can be induced by TNF
and IL-1B and suppressed by glucocorticoste-
roids. Intracutaneous injection of CCL27 attracts
lymphocytes and neutralization of the interaction
of the chemokine with its receptor impairs lym-
phocyte recruitment to the skin and suppresses
allergen-induced inflammation. Utilization of
this knowledge of the CCL27-CCRI10 interac-
tion might provide the basis of investigations that
lead to a better understanding of T cell-mediated
skin inflammation in different delayed type drug
hypersensitivity reactions and stimulation of fur-
ther investigations of other chemokine-receptor
interactions of skin-infiltrating lymphocytes.
Some encouraging in vitro test results with the
CCL27-CCR10 interaction are beginning to
appear, for example, results demonstrating that
levels of expressed CCL27 in skin biopsies from
two patients with bullous skin reactions were
higher than those found in healthy subjects and
other drug-induced exanthemas, and resolution
was associated with return to normal expression
levels of both CCL27 and its receptor. These
findings indicate that the CCL27-CCR10 inter-
action may be involved in the selective recruit-
ment to the skin of certain cytotoxic lymphocytes
in SJS and TEN and this and other chemokine-T
cell receptor interactions may be involved in
other drug-induced cutaneous reactions.

4.7.3.5 Cutaneous Lymphocyte-
Associated Antigen

Cutaneous lymphocyte-associated antigen (CLA)
is a L-fucose-containing carbohydrate epitope on
the P-selectin glycoprotein ligand-1, a surface
glycoprotein expressed on the majority of periph-
eral blood leukocytes. Most T cells that infiltrate
the skin express CLA, and CLA positive cells
have been implicated in contact dermatitis to
nickel in some patients with delayed cutaneous
allergic reactions. Studies on the expression of
CLA by T cells from patients with exanthema-
tous reactions induced by a range of drugs includ-
ing p-lactams have so far shown that CLA
positive cells appear to parallel the evolution of
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the disease and they may be involved in the
underlying  pathophysiologic ~ mechanisms.
Patient numbers were small, and although CLA
must be regarded as a promising marker for aid-
ing efforts to understand the relationship between
T cells, drugs, and adverse delayed skin reac-
tions, research in this area must be seen as being
still in its infancy.

4.8 And Finally:Is the Patient
Allergic to the Drug?

The aim must be to establish or disprove a
causal relationship between the drug and the
patient’s reaction and, if there is such a relation-
ship, the reaction type and mechanisms should
be determined if possible. The approach should
be both methodical and meticulous. For a reac-
tion that is severe or life-threatening, the drug
should not be readministered. If the reaction is a
type A adverse drug reaction due to the drug’s
pharmacological effects (see Sect. 1.1.2), low-
ering the dose may be all that is necessary to
avoid, for example, a toxic reaction or known
side effect and for medication to safely con-
tinue. For a reaction that is not severe, a chal-
lenge test to confirm or eliminate suspicion can
be undertaken. For type B immunologic reac-
tions it is necessary to establish the underlying
mechanism. This can be done by employing
confirmatory tests if they are available. In many
cases, if not most, such tests are not available,
and then it may be necessary to avoid the drug
as a precaution and prescribe an alternative drug
if one is suitable and available. Otherwise, a
graded challenge with the implicated drug can
be carried out, but this should be done only if
the reaction was not life-threatening and clearly
not an IgE-antibody-mediated reaction.
Nevertheless, if the medication is essential or
highly desirable, appropriate desensitization
(Sect. 3.5) should be considered. The overall
strategy in looking for a causal relationship and
the methodical approach pursued is summarized
in Fig. 4.10.
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[Clinical history of drug hypersensitivity reaction]
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Fig. 4.10 Algorithm for the use of skin testing (and
suitable available in vitro tests) in the diagnosis of
drug hypersensitivities. From Brockow K et al. General

Summary

In diagnosing drug allergies, the patient’s his-
tory, skin testing, some in vitro laboratory
tests, and the challenge test are the backbone
of the investigative procedures.

A detailed and thorough clinical history of the
patient is the most important component of the
diagnostic process.

If skin prick testing elicits no reaction, intra-
dermal testing is usually employed. The latter
test is more sensitive but produces more false
positives, that is, it is less specific.

Depending on the drug, a prick test wheal
diameter at least 3 mm greater than the nega-
tive (saline) control or a wheal at least half the
diameter of the positive (histamine) control is
considered a positive result.

Drug avoidance
Patient education
Documentation

No drug avoidance

considerations for skin test procedures in the diagnosis of
drug hypersensitivity. Allergy 2002;57:45. Reproduced
with permission from John Wiley and Sons

Depending on the drug and the severity of the
patient’s drug reaction, the initial intradermal
test injection may range from a small dilution
of 1:10 or 1:100 of the prick test concentra-
tion to more extreme dilutions of up to
1:100,000. If no reaction is seen, the concen-
tration is increased in logarithmic steps until
the final concentration is reached, and this
maximum concentration should not be
exceeded. A positive reaction is an increase in
diameter of more than 3mm over the initial
20 ul injection bleb (usually ~2 mm) accom-
panied by erythema.

Intradermal testing is normally contraindi-
cated in patients who have developed SJS,
TEN, and erythema multiforme.

Skin tests should be read at 15-20 min for
immediate reactions and 48-72 h (or some-
times later) for delayed reactions.

worldclimbs@gmail.com



126

The patch test is both a screening test for
hypersensitivity and a provocation test in the
target organ, the skin.

If pure drug is used for patch testing, concen-
trations should begin at about 0.1 % and prog-
ress to 1-10 % if results are negative. For
DRESS, SJS and TEN (if testing must be
done) and for some drugs, for example, aciclo-
vir, carbamazepine, and pseudoephedrine,
testing should start with lower concentrations.
Patch test reactions are read after 48 and 72 or
96 h. In some cases a reaction occurs in less
than 2 days (e.g., abacavir) while with some
other drugs such as corticosteroids, aminogly-
coside antibiotics, and phenylephrine, reac-
tions may occur after 6 or 7 days.

The COADEX classification should be used to
assess clinical relevance of positive patch tests.
Assays for drug-specific serum IgE antibodies
are useful in cases of skin test-negative or
equivocal reactors or when skin tests are unre-
liable or unavailable.

In interpreting results of IgE antibody tests,
ROC curves provide more information to aid
discrimination between positive and negative
results. The concentration of IgE antibodies
assessed by immunoassay is related to the
presence of allergic symptoms.

A drug challenge, or provocation test, is the
controlled step-wise administration of a drug
in a supervised hospital environment in order
to determine if the drug was the causative agent
in a patient’s allergic reaction. The test is the
best way to confirm an allergic reaction, and it
is considered to be the “gold standard” in the
diagnosis of drug hypersensitivity reactions.
Drug challenge tests are particularly important
when other usually employed tests, particu-
larly skin tests, are not available or possible.
Increased mast cell tryptase concentrations
are a valuable indicator of an anaphylactic
reaction especially during anesthesia and
although elevated levels favor an IgE-
antibody-mediated cause, they do not always
distinguish between an anaphylactic and an
anaphylactoid reaction. Normal levels of
mature tryptase in serum are less than 1 ng/ml
whereas levels equal to or above 1 ng/ml indi-
cate mast cell activation. In anaphylaxis, the
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ratio of total to mature tryptase is typically
less than 10.

Histamine release from human blood leuko-
cytes after challenge with drug in vitro is
occasionally employed but in general, for
diagnostic purposes, histamine concentrations
in biological fluids have rarely been routinely
measured; the half-life of histamine in plasma
is short—approximately 1-2 min.

The release of cysteinyl leukotrienes from iso-
lated peripheral blood leukocytes following
allergen challenge in vitro has been utilized as
a test for immediate hypersensitivity in the
form of the Biihlmann CAST® (Cellular
Allergy Stimulation Test) assays offered com-
mercially as CAST® ELISA a microtiter plate
ELIZA immunoassay and as a flow cytometric
assay Flow CAST®. Although showing some
promising results with f-lactams and NSAIDs,
wider assessment of the methods in more lab-
oratories is needed.

Given the technical improvements and
advances made with BAT, the increasing
acquisition of flow cytometric quantification
equipment by laboratories, the test’s validation
for a number of drugs, and, in some cases, the
potential of the test to detect non-IgE-mediated
basophil activation, it can be appreciated why
the method continues to be applied to an
increasingly wide range of drugs and other
therapeutic agents. In a new application of the
methodology termed “Histaflow,” flow cytom-
etry has been used to examine histamine and
its release along with the simultaneous quanti-
fication of basophil activation markers.

In vitro tests for delayed drug reactions include
the lymphocyte transformation test and local
lymph node assay but nonproliferation-based
in vitro assays of cell surface activation mark-
ers, cytokines, chemokines, and skin-homing
receptors will be increasingly applied.

The ELISPOT assay shows potential for use in
drug allergy diagnosis. It can detect amoxicillin-
specific T cell precursors as low as 1 : 30,000
blood leukocytes and can distinguish patients
with immediate and delayed reactions. The
assay is more sensitive than the lymphocyte
transformation test for the diagnosis of delayed
type hypersensitivity to -lactams.
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* A highly sensitive ELISPOT assay has been
developed for granzyme B but, unlike the
IFN-y ELISPOT assay, it directly measures
the release of a cytolytic protein making it a
more direct measure of antigen-specific cyto-
toxic T lymphocyte lytic activity.

e Studies on chemokines such as CCL27 associ-
ated with skin-homing of T cells, and cutane-
ous lymphocyte-associated antigen CLA, are
promising markers for aiding efforts to under-
stand the relationship between T cells, drugs,
and adverse delayed skin reactions.
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Abstract

The B-lactam antibiotics comprise four main classes of drugs; penams
(penicillins), cephems (cephalosporins), monobactams, and carbapenems.
Penicillins can cause all four types of hypersensitivity responses. IgE anti-
bodies in patients’ sera detect a spectrum of antigenic specificities, show
heterogeneous recognition and cross-reactive responses, and may distin-
guish fine structural features, e.g., amoxicilloyl and amoxicillanyl deter-
minants. With a negative history of penicillin allergy, the incidence of
positive skin tests is 2—7 %. For skin test-positive patients the risk of an
acute allergic reaction ranges from 10 % (negative history) to 50-70 %
(positive history). IDTs with delayed reading and patch tests are used to
diagnose delayed reactions. Aminolysis of cephalosporins produces unsta-
ble intermediates that decompose to penaldate and penamaldate structures
resulting in only the R1 side chain remaining from the original molecule.
With some allergic patients the R2 side chain and/or the whole cephalo-
sporin molecule are also recognized by IgE antibodies. Testing with peni-
cillins does not reliably predict cephalosporin allergy unless the side
chains of the penicillin and the culprit cephalosporin are similar. Aztreonam
shows little, if any, cross-reaction with penicillins and cephalosporins. The
practice of avoiding imipenem and meropenem therapies in penicillin-
allergic patients should be reconsidered. There has been an increase in
cases of immediate hypersensitivity to clavulanic acid.

So named because of the presence of a four-
membered f-lactam ring in the molecules, the
B-lactam antibiotics comprise four main classes
of drugs that possess antibacterial action, viz.,
penams (penicillins), cephems (cephalosporins),
monobactams, and carbapenems. The f-lactam
ring is fused to a thiazolidine ring in penams, a
dihydrothiazine ring in cephems, and a dihydro-

B.A. Baldo and N.H. Pham, Drug Allergy: Clinical Aspects, Diagnosis, Mechanisms, Structure-Activity

pyrrole ring in the carbapenems. Monobactams
consist of a B-lactam ring free of any other ring
attachment. Other classes of p-lactam antibacte-
rials, each with a small number of less often used
drugs, are the penems, clavams, carbacephems,
oxacephems, and cephamycins (Fig. 5.1).
Henceforth here, penams and cephems are
referred to by the more commonly used names,
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Fig. 5.1 Structures of the four main classes of p-lactam used f-lactam antibacterials include the carbacephems,
antibiotics, penams (penicillins), cephems (cephalospo-  oxacephems, cephamycins, clavams (see Sect. 5.5 and
rins), carbapenems, and monobactams. Less frequently  Fig. 5.18d), and penems (not shown)
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penicillins and cephalosporins, respectively.
These two drug classes of antibacterials are
highly effective in treating infections and gener-
ally not toxic and, even after extensive use over
many decades and the generation of resistant
organisms, penicillins and cephalosporins remain
the most frequently prescribed antibiotics.
However, soon after the introduction of the first
penicillin, the propensity of this group of drugs to
cause allergic reactions ranging from simple
rashes to life-threatening anaphylaxis was
recognized. Penicillins, together with cephalo-
sporins, are probably still the most common
cause of drug allergy and this continues to be a
problem in antibiotic selection and risk avoid-
ance today.

In this chapter, the four main classes of
p-lactams will be dealt with separately with great-
est emphasis on the heavily used penicillins and
cephalosporins and with reference to the other
classes when appropriate. Despite the impressive
immunochemical insights from the pioneering
drug allergy studies that began over 50 years ago
with the early investigations of Levine, Parker, De
Weck, and Dewdney, clinically relevant molecu-
lar aspects of p-lactam drugs have been largely
ignored in recent years with steps necessary to
identify and define allergenic structures and
improve diagnostic agents neglected. While a full
and reliable case history, skin tests, challenge
tests, and serum IgE antibody investigations still
form the basis of an accurate diagnosis, a good
knowledge of different allergenic structures and
an improved range of test materials for the recog-
nition of individual sensitivities would assist cli-
nicians in achieving accurate and precise
diagnoses, identifying likely cross-reactive drugs
and selecting safe alternative drugs.

5.1 Penicillins
Incidence of Penicillin
Hypersensitivity and Clinical
Aspects

5.1.1

The incidence of hypersensitivity reactions to
penicillins is about 1-2 % but, importantly, up to
about 10 % of patients taking a penicillin report,
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Table 5.1 Clinical adverse reactions to penicillin and
associated immune mechanisms
Immediate IgE-mediated reactions (Type I)
Urticaria
Angioedema
Asthma
Anaphylaxis
Urticaria
Angioedema
Laryngeal edema
Flushing
Pruritus
Nausea, vomiting, diarrhea, headache
Bronchospasm
Tachycardia, arrhythmias
Cardiovascular collapse
Non-immediate reactions, not I[gE-mediated
Antibody-mediated (Type II, cytotoxic)
Hemolytic anemia
Thrombocytopenia
Immune complex-mediated (Type III)
Vasculitis
Serum sickness
T cell-mediated (Type IV)
Contact dermatitis
Drug-induced skin eruptions

or believe, that they are allergic to the medication
and 80-90 % of patients who claim to be allergic
to penicillins are not. It has been claimed that vir-
tually all patients with a negative skin test to the
drug(s) can take penicillins without serious
sequelae. Penicillins have long been known to be
the most common cause of both drug-induced
anaphylaxis and drug-induced allergic reactions
causing an estimated 75 % (500-1,000) of deaths
each year in the USA and 26 % of fatal drug-
induced anaphylaxis in the UK.

Penicillins can cause all four types of hyper-
sensitivity responses provoking type I IgE-
mediated reactions such as urticaria,
angioedema, asthma, and anaphylaxis; type II
antibody-mediated hemolytic anemia and
thrombocytopenia; type III immune complex-
mediated serum sickness-like reactions and vas-
culitis; and type IV T cell-mediated contact
dermatitis, rashes, and other skin eruptions
(refer to Chaps. 2 and 3). Table 5.1 lists clinical
adverse reactions, together with their immune
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mechanisms, that may occur following the
administration of a penicillin. As well as a
classification based on immune mechanisms,
reactions are often grouped as immediate, accel-
erated, or late onset, with immediate reactions
occurring within 1 h, accelerated reactions
occurring between 1 and 72 h, and late reactions
after 72 h. Clinical manifestations can occur
singly or in combination—for immediate
responses the most common reactions are urti-
caria and angioedema; urticaria and maculopap-
ular rashes occur commonly in accelerated
reactions; and erythema multiforme, skin erup-
tions, hemolytic anemia, and a serum sickness-
like reaction are seen as delayed reactions.
Delayed onset urticarial or maculopapular
rashes are frequently seen especially in children
and many are labeled allergic without evidence
or even testing. Allergy is overdiagnosed in
these patients since skin rashes are rarely repro-
ducible by challenge testing (Fig. 5.2a, b) and
viral infections are suspected in many of the
penicillin-induced rashes.

5.1.2 Penicillin Antigens and
Allergenic Determinants

All penicillins contain a p-lactam ring fused to a
thiazolidine ring and individual penicillins are
distinguished by the nature of the side chain R
group (Fig. 5.3). The structures of the most clini-
cally important and frequently used penicillins
are shown in Fig. 5.4.

Extensive investigations over a period of more
than 30 years on the formation of antigenic and
allergenic determinants of benzylpenicillin (peni-
cillin G) led to the unraveling of complex path-
ways and steps in the formation of a number of
ultimately proven, and some putative, allergenic
determinants. At the time of that research, the
accepted view was that low molecular weight
drugs and other chemicals must first combine irre-
versibly with a macromolecular carrier, usually
protein, to produce hapten—carrier complexes that
stimulate a specific antibody response. Although
this view is still largely accepted, some exceptions
may occur (see in particular Chaps. 3 and 7).

Fig.5.2 Erythematous rash on a patient’s neck (a), arms,
and hands (b) following oral challenge with amoxicillin.
The patient showed a negative intradermal test to the drug
and responded on the last oral challenge dose of amoxicil-
lin. (Photographs courtesy of Dr P. A. J. Russo and Dr J.
S. Fok, Department of Clinical Immunology and Allergy,
Royal Adelaide Hospital, Adelaide)

5.1.2.1 The Penicilloyl Determinant

and Benzylpenicillenic Acid

Of all the penicillin breakdown products and pro-
tein conjugates studied, most is known about the
penicilloyl determinant. The major populations
of antibodies in sera from experimental animals
immunized with benzylpenicillin, and from
humans following penicillin therapy, were found
to be complementary to this determinant leading
to its designation as the major penicillin antigen.
It was estimated that of all the penicillin mole-
cules that became covalently bound to protein
under physiological conditions, 95 % form peni-
cilloyl groups and it was this quantitative pre-
dominance rather than allergenic potency or
clinical or immunological importance that the
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Fig. 5.3 Side-by-side two- and three-dimensional peni-
cillin structure highlighting the side chain (R), p-lactam,
and thiazolide ring structures. From Baldo BA. Diagnosis
of allergy to penicillins and cephalosporins. Allergy Clin
Immunol Int. 2000;12:206. Reprinted with permission
from ©2000 Hogrefe & Huber Publishers (now Hogrefe
Publishing. http://www.hogrefe.com)

term “major” was applied to. Another potential
confusion with the term is the possibility that it
may be thought to refer to the major degradative
product of the penicillins, viz., penicilloic acid.
There is more than one pathway for the formation
of the penicilloyl determinant. One is by direct
reaction of benzylpenicillin involving the open-
ing of the p-lactam ring and nucleophilic attack

on protein amino groups, first demonstrated by
Bernard Levine at high pH (Fig. 5.5). Later stud-
ies showed that the reaction also proceeds at neu-
tral pH. Benzylpenicillin also readily rearranges
to form an isomer, p-benzylpenicillenic acid, a
highly reactive compound which, like benzylpen-
icillin, binds selectively to lysine residues of
human serum albumin (HSA) forming penicil-
loyl-lysine adducts (Fig. 5.5). The rearrange-
ment to penicillenic acid occurs in vitro and in
vivo where it is not dependent on enzymatic
involvement. A direct demonstration of the pres-
ence of penicilloylated protein conjugates in vivo
was first achieved by Levine in inhibition experi-
ments with sera from patients treated with high
doses of penicillin. Levine argued that formation
of the penicilloyl specificity more likely pro-
ceeded via the penicillenic intermediate because
anti-benzylpenicillin antibodies were specific for
a diastereoisomeric mixture of benzylpenicillin,
whereas benzylpenicilloyl hapten, formed from
benzylpenicillin by direct aminolysis, would pro-
duce only the p-a-diastereoisomer. It was later
pointed out, however, that epimerization by the
direct route is also possible. Recently, the ques-
tion of diastereoisomeric benzylpenicilloyl anti-
gen formation from benzylpenicillin and
benzylpenicillenic acid was investigated in a
mass spectrometric and molecular modeling
study. Both benzylpenicillin and benzylpenicil-
lenic acid were shown to covalently bind to lysine
residues in HSA to form penicilloyl adducts in
vitro, but the two compounds showed differences
in their binding targets. Whereas the parent drug
showed marked preferential binding to Lys199,
benzylpenicillenic acid bound to this residue and
to Lys525 as well. Characterization of the iso-
meric adducts, formed when benzylpenicillin and
benzylpenicillenic acid were incubated with
albumin in vitro, revealed two isomers for both
compounds at each of the modified lysines,
although the 5R,6R diastereomer predominated
for the parent drug (pathway 1, Fig. 5.5) and the
5R,6S diastereomer predominated for the acid
(pathway 2, Fig. 5.5). Prolonged incubation of
benzylpenicillenic acid with HSA produced an
increase in the relative amount of the 5SR,6S dia-
stereomer. Investigations showed that epimerization
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lins, and ureidopenicillins) and biological properties
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Fig. 5.5 Pathways for the formation of the penicilloyl
determinant. Pathway 1: Opening of the p-lactam ring of
benzylpenicillin and nucleophilic attack on protein amino
groups, specifically e-amino groups of lysine residues
Lys199. Pathway 2: Benzylpenicillin rearranges to its iso-
mer benzylpenicillenic acid which binds selectively via
nucleophilic attack to Lys199 and Lys525 of human serum
albumin to form benzylpenicilloyl-lysine adducts. From
Xiaoli Meng, Rosalind E Jenkins, Neil G Berry, James L

of the SR,6R diastereomer to the SR,6S diastereo-
mer does not occur after the drug becomes
covalently bound. This indicated that the latter
diastereomer can only be formed by rearrange-
ment of benzylpenicillin to benzylpenicillenic
acid followed by covalent reaction of the acid
with the lysine residues of the protein (pathway 2,
Fig. 5.5) rather than via pathway 1 followed by
epimerization to form the 5R,6S diastereomer.
Mass spectrometric methods were also employed
to detect and characterize antigens derived from
the reaction of piperacillin with human serum
albumin in phosphate buffer at pH 7.4. Two differ-
ent haptens were detected: one hypothesized to
result from hydrolysis of the 2,3-dioxypiperazine
ring on the piperacillin side chain (Fig. 5.4) and
the other by addition to the B-lactam ring. At low
drug concentrations, modification of Lys541
occurred while at higher concentrations, up to 13

Maggs, John Farrell, Catherine S Lane, Andrew V
Stachulski, Neil S French, Dean J Naisbitt, Munir
Pirmohamed, B. Kevin Park. Direct evidence for the for-
mation of diastereoisomeric benzylpenicilloyl haptens
from benzylpenicillin and benzylpenicillenic acid in
patients. J Pharmacol Exp Ther. 2011; 338: 841-9.
Reprinted with permission from American Society for
Pharmacology and Experimental Therapeutics

of 59 lysine residues were modified. Modified
lysines at positions 541, 432, 195, and 190 were
detected in the plasma of piperacillin-exposed
patients with cystic fibrosis.

Structures of the degradation products of the
penicilloyl determinant, viz., penamaldyl and
penaldyl determinants and penicillamine, are
shown in Fig. 5.6.

5.1.2.2 The Penicillenate, Penicilloic
Acid, Penicillamine, and
Penamaldate Determinants
Benzylpenicillenic acid, which forms readily from
benzylpenicillin in aqueous solution, is unstable
and is thought to be allergenic, particularly in con-
tact skin allergy, after direct reaction with disul-
fides and cysteine sulthydryl groups (Fig. 5.6).
Immunization of laboratory animals with penicil-
lenate—protein and penicilloyl-protein conjugates
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Fig. 5.6 Pathways for the formation of penicilloyl, penicillenate, penicilloic acid, penamaldate, penicillamine, and

other determinants of benzylpenicillin

showed that the penicillenate and penicilloyl
haptens were recognized as distinct determinants.
Added evidence of the allergenicity of the peni-
cillenate determinant was the detection of com-
plementary IgE antibodies, although this
determinant does not seem to be a clinically
important allergen.

Benzylpenicilloic acid, the main hydrolysis
product of benzylpenicillin, elicits wheal and
flare skin reactions in some patients and was con-
sidered to be one of the so-called minor (in a
quantitative sense) determinants by Levine.
Decarboxylation of penicilloic acid gives rise to
penilloic acid, another of the minor determinants
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(see Sect. 5.1.2.4.2). It has been suggested that in
vivo, penicilloic acid reacts with cystine disulfide
linkages via its penamaldic acid intermediate to
form benzylpenamaldic acid cysteine mixed
disulfide and, then, via a penamaldate rearrange-
ment, to penicillamine cysteine mixed disulfide
and benzylpenilloaldehyde (Fig. 5.6). It is possi-
ble that these degradation products of penicilloic
acid can be formed in vivo. They are chemically
equipped to react with protein carriers and, theo-
retically at least, can function as antigens and
allergens. Some evidence from skin tests studies
with benzylpenicilloic acid suggests that positive
skin reactions may be a response to penicillamine
and/or penamaldate specificities, and skin tests
with D-penicillamine-HSA and polylysine conju-
gates revealed a fairly high proportion of positive
responses (13-41 %) in penicillin-sensitive
patients. However, evidence that this group of
penicillin determinants is allergenically signifi-
cant remains insubstantial.

5.1.2.3 6-Aminopenicillanic Acid
and the Penicoyl Determinant

6-Aminopenicillanic acid, sometimes used as a
starting material for the synthesis of semisyn-
thetic penicillins, is weakly immunogenic in
laboratory animals, acts as a hapten inhibitor for
reaction with the penicilloyl specificity, and
does not appear to be an important penicillin
allergenic structure. Any such importance
6-aminopenicillanic acid has is probably due to
the penicoyl derivative formed when it reacts
with protein amino groups (Fig. 5.6). Early
reports of the allergenic activity of
6-aminopenicillanic acid were probably due to
contamination by the penicilloyl specificity so
its clinical significance and the allergenicity of
the more immunogenic and antigenic penicoyl
determinant need to be fully evaluated.

5.1.2.4 The”Minor” Determinants

of Penicillin
Metabolites other than the penicilloyl moiety are
believed to constitute about 5 % or less of admin-
istered penicillin and, together with penicillin G,
are often referred to as minor determinants.
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5.1.2.4.1 History

The importance of these so-called minor
determinants was first demonstrated by Levine and
coworkers who observed their marked association
with what was described at the time as “‘skin-
sensitizing” antibodies in  penicillin-allergic
patients. Levine concluded that “immediate allergic
reactions to penicillin are most often mediated by
skin-sensitizing antibodies of minor determinant
specificities,” while penicilloyl-specific skin-sensi-
tizing antibodies were “invariably associated with
accelerated and late urticarial reactions and proba-
bly mediate these reactions.” The penicilloyl-spe-
cific antibodies were thought to be mainly IgG and
IgM and it was suggested that these acted as block-
ing antibodies preventing penicilloyl-mediated
immediate reactions. Two skin test solutions were
originally recommended for diagnosis of penicillin
allergy—benzylpenicilloyl-polylysine conjugate at
a concentration of 107° M and a minor determinant
mixture consisting of potassium benzylpenicillin,
sodium benzylpenicilloate, and sodium benzylpe-
nilloate all at a concentration of 102 M. The penicil-
loyl-polylysine conjugate contained 20 lysine
residues with 13 of them coupled to the penicilloyl
hapten and the remaining lysines succinylated. In
comparative skin tests on penicillin-allergic patients,
it became clear that patient responses were hetero-
geneous—some reacted only to benzylpenicillin,
only to penicilloate, or only to benzylpenicilloyl-
polylysine or any combination of two or more of the
test reagents. In one of the original clinical studies
on the minor determinants, 26 patients selected for
a positive skin test reaction to one or more of potas-
sium benzylpenicillin, sodium benzylpenicilloate,
and sodium benzylpenilloate (all at 102 M)
were skin tested with the major determinant ben-
zylpenicilloyl-polylysine and with benzylpenicillin,
benzylpenicilloate, benzylpenilloate and benzyl-
penicilloyl-amine to compare the allergenic activity
of a range of minor determinants. The major
determinant was positive in 46 % of patients and
benzylpenicillin in 62 % while the penicilloate and
penilloate preparations were positive in 85 and
73 % of patients, respectively, with the latter deter-
minant not detecting any positive reactions missed
by penicilloate. Although this seemed to indicate
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that the presence of the penilloate specificity
was redundant and could be left out of the mixture,
it produced more intense skin reactions than
the penicilloate determinant in a few patients.
Penicilloyl-amine, prepared by reacting potassium
benzylpenicillin with ammonia and used at 102 M,
was positive in 77 % of patients, but other minor
determinants, D-penicillamine, oxazolone (2-ben-
zyl-4-sodium  hydroxymethylene-(5)-oxazolone),
and benzylpenilloaldehyde, were either negative in
all patients or reacted with only about 10 % or less.
It was concluded that to avoid missing penicillin-
allergic individuals, penicillin, penicilloate,
penilloate, penicilloyl-amine, and benzylpenicil-
lin- polylysine must be used for skin testing.

5.1.2.4.2 Selection and Stability of
Penicillin Minor Determinants

Although there seems to be general agreement
that minor determinants should be included in
skin testing for penicillin-allergic sensitivity,
uncertainty remains over which of the individ-
ual compounds should constitute the “ideal”
minor determinant mix. Results have shown that
about 7-14 % of penicillin skin test-positive
patients react only to the penicilloate specificity
and not to other penicillin determinants, but
some investigators believe that conclusive dem-
onstrations of the importance of minor determi-
nants are lacking and testing should be
undertaken only with penicilloyl-polylysine and
penicillin G. Most importantly, however, the
chief problem preventing widespread routine
evaluation and everyday diagnostic application
of minor determinant mix preparations has been
the highly labile nature of the reagents, particu-
larly the penicilloate and penilloate compo-
nents. For benzylpenicilloic acid, epimerization
at C-5 for (5R,6S)-, (5S,6R)-, and (5R,6R)-
benzyl-p-penicilloic acids is well known and
likewise  (5R,6R)-benzyl-d-penicilloate  and
(5R)-benzyl-p-penilloate were found to be
labile in aqueous solution, giving rise to a mix-
ture of diastereoisomers. In fact, aqueous minor
determinant mix solutions are too labile at room
temperature to use other than immediately after
preparation. Solutions stored frozen are stable
for at least 9 days while those at 4 °C can prob-
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ably be reused for a limited time since ~85 % of
the original activity is retained 3%2h after prepa-
ration. Clearly, the solution to the stability prob-
lem with the minor determinants is the
preparation of freeze-dried compounds that can
be stored dried in the form of single-dose
ampules and opened and used only when
needed. Progress in achieving this has been
made (see Sect. 5.1.5.1).

The apparent general acceptance of testing
with penicilloyl-polylysine conjugate and a
minor determinant mix has obscured some
aspects of the recognition of penicillin aller-
genic determinants that are still poorly under-
stood and defined. Over 40 years ago Levine
believed that “the haptenic determinant specific-
ity of skin reactivity to penicillin is not known”
and that the “specificity appears to be toward a
hapten other than the BPO-[benzylpenicilloyl-]
group, which is formed from penicillin but
which is not formed from the penicilloate—penil-
loate group of compounds. Its identity has not
yet been determined.” He was also aware that,
with more research, the need for additional
minor determinants may become evident and,
unlike the major determinant, none of the minor
determinants had been covalently linked to a
carrier to produce more effective skin test
reagents by forming multivalent hapten conju-
gates. This remains the case today.

Attempts to identify penicillin metabolites
have continued over the years by employing a
range of techniques including thin layer chroma-
tography, HPLC coupled with UV detection,
NMR, and mass spectrometry (MS), but the need
for large amounts of sample, lack of sensitivity in
detecting trace amounts of metabolites, and poor
information of fragmentation for analysis has not
always led to the hoped-for progress. Application
of newer MS-based approaches, however, such as
the recent application of data-dependent liquid
chromatography/multiple stage tandem MS,
revealed seven minor metabolites of penicillin G
in human serum. As well as the already known
penicilloate and penilloate structures, other com-
pounds identified were hydroxypenicilloate and
glucuronide conjugates of penicilloate and three
other reactive metabolites. Such methods may
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help to provide a full definition of penicillin
breakdown products and ultimately aid the
selection of an optimal group of minor determi-
nants for diagnostic application.

5.1.2.5 The Penicillanyl Determinant

Reaction with the C-3 carboxyl group of penicil-
lins produces penicillanyl derivatives, but
following administration of the drug, the penicil-
lanyl determinant formed by covalent interaction
with a protein carrier (Fig. 5.6) is unlikely to
occur under physiological conditions. This
almost certainly accounts for the lack of interest
shown in the penicillanyl determinant despite a
small number of promising claims made for its
diagnostic potential. Early immunization studies
with laboratory animals revealed that the resul-
tant anti-penicillanyl antibodies did not cross-
react with the penicilloyl determinant, but the
antibodies did recognize penicilloyl protein con-
jugates when the acyl side chains of the penicil-
lanyl immunogen and penicilloyl conjugate were
similar. Hapten inhibition results, including some
with the cephalosporin cephalothin, confirmed
the importance of the side chain structure in
determining specificity of the antigen, and this
finding, together with results showing some anti-
body recognition of the f-lactam and thiazolidine
rings, proved a forerunner for later immuno-
chemical findings with sera from penicillin-
allergic patients discussed below in Sect. 5.1.3.
Rabbit antibodies to the penicillanyl determinant
bind the parent drug strongly and the determinant
in solid phase form is effective for the detection
of penicillin-reactive IgE antibodies in patients’
sera (see Sect. 5.1.6.1). In our laboratory, we
compared penicilloyl and penicillanyl poly-L-
lysine and HSA conjugates for this purpose.
Benzylpenicilloyl and amoxicilloyl conjugates
with poly-L-lysine and HSA were prepared by the
addition of 0.5 M potassium carbonate at pH 11,
passage through Sephadex G-25, and dialysis
followed by characterization by the penamaldate
assay and "H NMR spectroscopy. The “-anyl” deter-
minants were prepared with N-hydroxysuccinamide
and N,N’-dicyclohexycarbodiimide. To avoid self-
condensation, the amino group of amoxicillin was
protected (Boc protection). 'H NMR spectra gave
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Table 5.2 Results of tests® for the detection of serum
IgE antibodies to benzylpenicillin and amoxicillin.
Comparison of results obtained with penicilloyl and
penicillanyl solid phases

Ratio
Test result N  Percent (%) positive A/O

Sera positive to both 95 74 -
benzypenicillin and
amoxicillin

Sera positive to 22
benzypenicillin and
negative to amoxicillin

Sera negative to 44 34 -
benzypenicillin and

positive to amoxicillin

Sera positive to BPO 3
and negative to BPA

0.2 -

Sera negative to BPO 55 43 55/3=18.3
and positive to BPA

Sera positive to AmoxO 29 2.2 -

and negative to AmoxA

Sera negative to AmoxO 68 5.3 68/29=2.3

and positive to AmoxA

From Baldo BA. Diagnosis of allergy to penicillins and
cephalosporins. Structural and immunochemical consid-
erations. Allergy Clin Immunol Int. 2000;12:206.
Reprinted with permission from © 2000 Hogrefe & Huber
Publishers (now Hogrefe Publishing). http://www.
hogrefe.com

BPO benzylpenicilloyl determinant, BPA benzylpenicil-
lanyl determinant, AmoxO amoxicilloyl determinant,
AmoxA amoxicillanyl determinant

21,290 subjects

clear indication that the B-lactam ring was pres-
ent and intact. Recognition by IgE antibodies was
significantly greater for the “-anyl” determinants
of benzylpenicillin and amoxicillin than for the
“-oyl” determinants with ratios of 18.3 and 2.3
for benzylpenicillin and amoxicillin, respectively
(Table 5.2). A similar comparison of skin tests
does not appear to have been done. From results
obtained in some of the earliest studies employ-
ing different penicillin determinants in skin tests
on penicillin-allergic patients and reinforced in
quantitative immunochemical and cellular inves-
tigations, it is clear that the immune response to
penicillins is heterogeneous. The penicillanyl
determinant is stable, easy to prepare and charac-
terize, and retains the thiazolidine ring, f-lactam
ring, and acyl side chain intact. It thus provides a
potentially valuable antigen for studies of the
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allergenic recognition of penicillins at both the
humoral and cellular levels.

5.1.2.6 Recognition of Penicillin Acyl
Side Chains as Allergenic
Determinants

The side chains (R substituents) of the most
important penicillins are shown in Fig. 5.4. Early
immunization studies with laboratory animals
showed that the acyl side chain of penicillins
elicits the production of complementary antibod-
ies and there is an extensive literature on the pro-
duction of such antibodies and subsequent
specificity investigations undertaken. For our
purposes, we are interested in the allergenic con-
tribution, if any, of side chain structures. As long
ago as the early 1960s it was appreciated that
the side chain of penicillins plays a large part in
the specificity of immunological reactions to the
drugs. Side chain antigenicity is easily seen at the
clinical level in the marked increase in recent
years of patients allergic to amoxicillin and/or
ampicillin but tolerant of the parent drug. In the
early 1980s it was shown that the addition of
some semisynthetic penicillins such as ampicil-
lin, ticarcillin, methicillin, and piperacillin to the
battery of skin testing reagents increased the rate
of positive skin tests and, importantly, detected
positive reactions to the semisynthetics in some
patients who were skin test negative to benzyl-
penicillin. With the marked increase in adminis-
trations of ampicillin and amoxicillin,
immunologic and provocational evaluations
revealed increasing numbers of patients respon-
sive only to the semisynthetic penicillins.
Although not necessarily reflective of clinical
relevance, clear IgE immunologic recognition of
some different penicillin side chain substituents
was clearly demonstrated in quantitative immu-
nochemical direct binding and inhibition immu-
noassays with penicillin-solid phase complexes.
For example, sera from some patients showed
preferential recognition of ticarcillin even though
other regions of the penicillin structure also
bound IgE antibodies (Fig. 5.7). These results
could only be explained by recognition of the
ticarcillin R substituent by a population of peni-
cillin-reactive IgE antibodies. Further clear-cut
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Fig.5.7 Example of preferential recognition of a penicil-
lin side chain (R) structure, in this case the 3-thiophene
moiety of ticarcillin, and of cross-reactivity with other
penicillins, by serum IgE antibodies in the serum of a
penicillin-allergic patient. Quantitative hapten inhibition
by p-lactam drugs of IgE binding to a ticarcillin-Sepharose
solid phase: (open inverted triangle) Ticarcillin; (filled
circle) ampicillin; (filled square) phenethicillin; (open
square) amoxicillin; (open circle) benzylpenicillin; ( filled
triangle) piperacillin; (filled diamond) cephalothin. From
Harle DG, Baldo BA. Identification of penicillin aller-
genic determinants that bind IgE antibodies in the sera of
subjects with penicillin allergy. Mol Immunol 1990; 27:
1063. Reprinted with kind permission from Elsevier
Limited

evidence that side chain groups are the dominant
allergenic determinant in some immediate aller-
gic reactions to penicillins was obtained from
investigations on a number of patients who
reacted to penicillins with a phenylisoxazolyl R
substituent. For example, in two patients who
experienced flucloxacillin-induced anaphylaxis
confirmed by obvious clinical features of the
reactions, history, skin testing (Fig. 5.8), and
detection of drug-reactive IgE antibodies, quanti-
tative hapten inhibitions revealed potent IgE anti-
body reactivity with flucloxacillin as well as
pronounced reactivity with three structurally
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Fig.5.8 Skin test results showing wheals following prick
testing with flucloxacillin of a patient who experienced
anaphylaxis after ingestion of one 500 mg capsule of the
penicillin. Positive responses to the drug were obtained in
the range 0.125-250 mg/ml and to histamine (H), 10 mg/
ml. No wheals resulted following prick testing with Pre-
Pen (penicilloyl-polylysine, Kremers-Urban, 6x 10~ M
penicilloyl) and benzylpenicillin at 0.3, 3, 30, and 600 mg/
ml. From Baldo BA et al. Detection and side chain speci-
ficity of IgE antibodies to flucloxacillin in allergic sub-
jects. J Mol Recogn 1995; 8: 171. Reprinted with
permission from John Wiley and Sons

related penicillins containing a phenylisoxazolyl
side chain, viz., oxacillin, cloxacillin, and diclox-
acillin (Fig. 5.9). Analysis of the inhibition
results showed recognition of the 3-(2-chloro-6-
fluorophenyl)-5-methyl-4-isoxazolyl group of
flucloxacillin by some IgE antibodies and that the
5-methyl-3-phenyl-4-isoxazolyl group, with or
without halogen substituents, accounted for the
reactivity of other antibodies and for the strong
cross-reactions seen with dicloxacillin, cloxacil-
lin, and oxacillin (Figs. 5.9 and 5.10). On a molar
basis, and depending on the individual patient,
the di-halogenated compounds, flucloxacillin
and dicloxacillin, were from about 800 to more

than 13,200 times as potent an inhibitor as
benzylpenicillin, clearly showing overwhelming
recognition of the side chain with little or no rec-
ognition of the rest of the penicillin molecule.

Allergic recognition by some patients of side
chain determinants highlights the importance of
including different individual penicillins in the
battery of penicillin skin test reagents.

5.1.3 Heterogeneity of IgE
Antibody Responses to
Penicillins and the Spectrum
of Penicillin Allergenic
Determinants

It was over 40 years ago that Levine pointed out
the need for the identification of haptenic deter-
minants of allergenic drugs and although he and
numerous other investigators since have helped
to place the penicillins near the top, if not at
the head, of a list of the best defined allergenic
determinants on drugs, information on the fine
structural detail of allergic recognition of penicil-
lins remains deficient. In considering the number
and importance of penicillin allergenic determi-
nants, two points recognized in the early years of
research on the drug and its breakdown products
are highly relevant. The first is the persisting
belief that the determinant(s) responsible for the
skin-sensitizing capacity of penicillins is not
mainly due to the penicilloyl group and the sec-
ond is the heterogeneity of the allergic response
to penicillins. Early research on the allergenic
properties of penicillin, its metabolites, and deg-
radative products was hampered by lack of
knowledge of both the so-called reagins mediat-
ing skin and other reactions and their hapten
specificities. The research effort was conse-
quently primarily directed toward the in vitro
identification of the main penicillin metabolites
and breakdown products and even when the
identification of determinants was pursued via
antibody recognition studies, it was generally
done with heterologous antisera prepared in labo-
ratory animals. Such antisera almost always dem-
onstrate heterogeneity of the humoral immune
response, a potential problem that can often be
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Fig. 5.9 Demonstration of preferential recognition of
side chain (R) groups on isoxazolyl penicillins by IgE
antibodies in the sera of two patients who experienced
anaphylaxis to flucloxacillin. Quantitative hapten inhibi-
tion by some f-lactams of the binding of IgE to a fluclox-
acillin-solid phase covalent complex: (a) patient with skin
test results shown in Fig. 5.8. (b) Results with second

overcome by the production of a spectrum of
monoclonal antibodies. Application of this strat-
egy to benzylpenicilloyl-protein conjugate delin-
eated three major determinants—the side chain
structure, a compound determinant made up of
the amide group on the penicillin molecule
connected to amino acid residues of the carrier
protein, and the thiazolidine ring.

In relation to immediate allergic reactions, few
studies employing human sera with IgE antibodies

patient’s serum. (open circle) Dicloxacillin; (filled circle)
flucloxacillin; (open square) cloxacillin; (filled square)
oxacillin; (open triangle) benzylpenicillin. From Baldo
BA et al. Detection and side chain specificity of IgE anti-
bodies to flucloxacillin in allergic subjects. ] Mol Recogn
1995; 8: 171. Reprinted with permission from John Wiley
and Sons

to penicillin determinants have been undertaken
with the aim of identifying the most important
allergenic structural features, and for delayed
reactions, such studies have been even rarer (as is
the case for most drug allergens). It can be argued
that an approach directed at identifying the struc-
tures recognized by the antibodies mediating the
immediate allergic reactions is a more direct and
clinically relevant one than the potentially more
hit-or-miss strategy of first identifying a break-
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Space filling model

Model showing IgE-binding
determinant structures (blue)
with atom Cl (green) and
F (orange) highlighted

Oxacillin

Cloxacillin

Dicloxacillin

Flucloxacillin

Fig.5.10 Space-filling CPK three-dimensional molecu-
lar models showing the structures and IgE antibody-bind-
ing regions (colored blue, green, and orange) on the

down product and then accumulating enough of it
to use in tests on allergic patients. An additional
risk with the latter approach arises if an allergeni-
cally important metabolite present in only trace
amount remains unidentified. By identifying drug
allergenic structures complementary to combin-
ing sites of IgE antibodies, only the structures rel-
evant to the stimulated allergic responses in

isoxazolyl penicillins oxacillin, cloxacillin, dicloxacillin,
and flucloxacillin (see Fig. 5.9). Chlorine atom is green,
fluorine, orange

patients are involved and it is possible to build up
a full picture of the spectrum of allergenically
important structural features recognized in patient
responses to the drug. The same general strategy
of identifying the determinants via the comple-
mentary immune receptors on cells can be
employed in cell-mediated responses to drugs.
Examples of this approach in the investigation of
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T cell-mediated delayed-type hypersensitivity
with associated HLA alleles, e.g., with abacavir
and carbamazepine, are beginning to accumulate
(see Sect. 3.4).

When the specificities of anti-penicillin IgE
antibodies from patients allergic to f3-lactam drugs
were first studied, one of the most obvious
recorded findings was the marked heterogeneity of
the immune response, a feature often pointed out
by early investigators but seemingly little appreci-
ated in recent years when we have seen a heavy
emphasis on clinical aspects and skin testing with
the available reagents. IgE antibodies in the sera of
patients allergic to p-lactam antibiotics detect a
spectrum of antigenic specificities and IgE in the
sera of different allergic patients show heteroge-
neous recognition and cross-reactive responses. It
has been known for many years that some allergic
patients have more than one population of
fB-lactam-reactive antibodies in their serum. In
1968, evidence was presented for up to eight dif-
ferent populations of skin-sensitizing anti-penicil-
lin antibodies with different binding specificities.
Quantitative hapten inhibition investigations
employing sera from penicillin-allergic patients in
radioimmunoassay experiments with semisyn-
thetic penicillins, the parent molecule, and a range
of carefully selected structural analogs often reveal
antibody cross-reactivity and recognition of more
than one structural domain on penicillin mole-
cules. Results obtained with the semisynthetic
ampicillin illustrate the point. Some antibodies
recognized discrete regions of the ampicillin mol-
ecule such as the side chain only or the thiazoli-
dine ring only while others were shown to have
combining sites complementary to compound
structures made up of the side chain with the
B-lactam ring, the combination of the -lactam and
thiazolidine rings, or the whole molecule
(Fig. 5.11). As well as identifying a spectrum of
complementary antibody combining sites recog-
nizing “broad” combinations of groups of atoms
such as ring structures or even the entire molecule,
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the methodology sometimes detects antibodies
with the capacity to distinguish fine structural fea-
tures on different B-lactam drugs. Good examples
of this are the demonstration of IgE to benzylpeni-
cillin that cross-reacted with the cephalosporin
cephalothin (see Sect. 5.2.4.2.2) and the detection
of serum IgE antibodies in the sera of allergic
patients that distinguished amoxicilloyl and amox-
icillanyl determinants. In the latter study, antibod-
ies from a patient who experienced anaphylaxis
following an oral dose of amoxicillin reacted only
with the amoxicilloyl determinant while IgE from
a patient with possible penicillin allergy involving
urticaria and angioedema showed multiple reac-
tivities with penicilloyl and penicillanyl determi-
nants of different penicillins but not with the
amoxicilloyl determinant. The explanation for the
recognition differences shown by the two sera lies
in the different possible configurations of the
amoxicilloyl- and amoxicillanyl-polylysine conju-
gates employed as drug-solid phases. Reaction of
antibodies with the amoxicilloyl but not the amox-
icillanyl conjugate reflected antibody recognition
of both ends of the amoxicilloyl molecule, that is,
with the aminobenzyl portion of the side chain
(and perhaps with little or no recognition of the
attached ring hydroxyl) and the thiazolide ring.
These antibodies could not be detected with the
amoxicillanyl conjugate formed by coupling
through the thiazoline ring carboxyl group
(Fig. 5.12). Reaction of the antibody from the sec-
ond patient with the amoxicillanyl but not the
amoxicilloyl conjugate reflected clear and strong
antibody specificity for the aminohydroxybenzyl
side chain, and especially for the 4-hydroxy sub-
stituent, which is accessible for binding in the
“-anyl” but not the “-oyl” conjugate form. With the
amoxicilloyl conjugate where linkage of the drug
is through the open f-lactam ring, rotation and
flexibility around C-6 and C-7 allow the possibil-
ity of close steric association between the side
chain and the peptide carrier (Fig. 5.12). Such
close association creates the possibility for

>

Fig. 5.11 (continued) allergic sera recognize the whole
ampicillin molecule rather than parts of the structure. From
Baldo BA. Diagnosis of allergy to penicillins and cephalo-

sporins. Allergy Clin Immunol Int 2000; 12: 206. Reprinted
with permission from © 2000 Hogrefe & Huber Publishers
(now Hogrefe Publishing. http://www.hogrefe.com)
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Fig. 5.11 Two-dimensional structures and three-

dimensional CPK models showing the spectrum of aller-
genic determinants on ampicillin. Regions on the ampicillin
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molecule complementary to combining sites of ampicillin-
reactive IgE antibodies in the sera of patients allergic to the
aminopenicillin are highlighted. Antibodies in some
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Side-chain Side-chain
N N

Lysine

Side-chain
AN

Fig. 5.12 Models (ball-and-stick, left-hand side, CPK
space-filling, right-hand side) showing some possible
configurations of amoxicillanyl- and amoxicilloyl-lysine
conjugates. In the amoxicillanyl form, the still intact

Lysine

Side-chain
N

Lysine

B-lactam ring confers rigidity on the molecule with the
linked peptide at C-2 (shown here attached to a sin-
gle lysine) below the plane (P), and the C—NH bond at
C-6 above the plane, making close association of the
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H-bonding involving the side chain hydroxyl
group and this results in hindered access of
antibody to this structure. With this patient, diag-
nostic employment of the penicilloyl specificity
only would have produced an erroneous picture of
the patient’s true fine structural recognition
sensitivity.

Of course, the question of the clinical
relevance of antibody responses to drugs detected
in vitro is pertinent to any discussion of the appli-
cation and results of drug-specific IgE tests for
the diagnosis of drug allergies. The detection of
penicillin-reactive IgE antibodies may prove rec-
ognition and even sensitization to a f-lactam
structure(s) but not necessarily the existence in
the patient of allergy as a clinical disease.
However, while the presence of a population of
drug-reactive IgE antibodies does not guarantee
type I allergic sensitivity, such sensitivity does
not seem to occur in the absence of IgE antibod-
ies (but see Sects. 3.2.7 and 5.2.4.3.2).

5.1.4 Risk Factors for Inmediate
(Type I) Reactions to
Penicillins

5.1.4.1 General Risk Factors

Young and middle-aged adults appear to be at
greatest risk of acute allergic reactions to penicil-
lins, although the elderly may not cope as well
with a reaction due to a generally poorer state of
health and children may generally have a lower
cumulative exposure to the antibiotic. It also
appears that IgE-based sensitivity may wane
quicker in children with one study showing a
33 % reduction in skin test positivity to penicillin
1 year after initial testing. While some studies
have demonstrated a higher frequency of positive
skin tests in atopic individuals, others have

<
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detected no difference. However, a higher fre-
quency of atopy has been shown in patients who
had a fatal reaction to penicillin so atopic indi-
viduals who are also allergic to penicillins may
be at increased risk of anaphylaxis to the drug.
Data clearly shows that more allergic reactions to
penicillins occur following parenteral than after
oral administration and this is in keeping with the
well-known facts that anaphylaxis is a key risk of
peripheral IV therapy and that the parenteral
route of administration increases the severity and
frequency of an anaphylactic reaction. The risk is
also higher for patients with histories of anaphy-
laxis and urticaria compared to those with vague,
mild, or unknown histories of penicillin reac-
tions. However, allergic reactions to drugs on first
exposure are known with the frequency of this
occurrence varying between different groups of
drugs—for example, reactions on first exposure
are commonly seen with neuromuscular blocking
drugs, but there are no reports of reactions after
first contact with the induction agent thiopen-
tone. Reactions provoked by the first dose of a
penicillin occur, but the question of prior expo-
sure and its possible contribution to sensitization
is a difficult one to resolve given that penicillins
have been found in milk, meats, other foodstuffs,
human breast milk, and other environmental
sources. Patients with a history of prior reactions
to penicillins have a four- to sixfold increased
risk of a reaction to penicillin compared to those
without a previous history to the drugs. In consid-
ering penicillin exposure and risk, the persistence
of IgE antibodies to the drug is another poten-
tially important factor. Penicillin-reactive anti-
bodies in human sera have been shown to have
half-lives from as little as 10 days to many years,
suggesting that their disappearance is not simply
a consequence of IgE catabolism (see also
Sect. 5.1.5.3.5).

Fig. 5.12 (continued) hydroxyaminobenzyl side chain
group and the peptide residues impossible. With the
amoxicilloyl determinant, however, opening the p-lactam
ring allows increased flexibility and rotation about C-6
and C-7 and the resultant possibility of close association
between the side chain and the peptide carrier linked at
C-7. Two possible configurations of the amoxicilloyl
determinant are shown; the lower one demonstrates the

close proximity between the hydroxy group on the side
chain and the peptide residues. This close association per-
mits H-bonding and, as a consequence, access of antibod-
ies to the side chain of amoxicillin is hindered. From Zhao
Z et al. p-Lactam drug allergens: fine structural recogni-
tion patterns of cephalosporin-reactive IgE antibodies.
J Mol Recogn 2001; 14: 300. Reprinted with permission
from John Wiley and Sons
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5.1.4.2 Risk Factors Associated
with Testing

As might be expected, the risk of sensitization
and a systemic reaction is lower with the prick
test than with intradermal testing. In general, the
risk of a skin test-induced systemic reaction is
rare, but it cannot be excluded especially in some
highly susceptible subjects, for example, subjects
with a previous history of anaphylaxis, uncon-
trolled asthmatics, pregnant women, and small
children. The rate of systemic reactions induced
by penicillin skin testing is said to be about 1 %
(see also Sect. 5.1.5.3.2). This presumably refers
to patients with a previous penicillin-induced
reaction. Sullivan found none of 83 skin test-
negative patients given a p-lactam immediately
after skin testing experienced an allergic reac-
tion. Although the risk appears to be small, skin
testing and challenge testing can each induce
resensitization to penicillins. This is so even
though low concentrations of drugs are used in
the tests. In fact, sensitization is believed to have
resulted from even lower concentrations of peni-
cillins in the environment. In one recent investi-
gation of over 300 cases, 2.5 % of skin
test-negative subjects became skin test positive
after testing with benzylpenicillin, penicilloyl-
polylysine, and minor determinant mix.

5.1.5 Skin Testing Today for
Immediate Hypersensitivity
to Penicillin

5.1.5.1 Historical Perspective

Skin testing for allergic sensitivity to penicillins
has not proved to be free of problems with the
practice being beset by difficulties of regulatory
requirements, suitability of testing reagents, and
interrupted supply. As outlined above, the favored
skin testing reagents have their origins in the
early research that identified penicillin metabo-
lites and breakdown products some of which
were introduced and used for diagnostic testing.
From the earliest introductions, the major deter-
minant, benzylpenicilloyl-polylysine, first devel-
oped in 1961, was employed for skin testing at a
maximum concentration of 10 M and later, the
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minor determinants, potassium benzylpenicillin,
sodium benzylpenicilloate, and sodium benzyl-
penilloate (and sometimes benzylpenicilloyl-
amine) were each used at a concentration of
1072 M. The maximum test concentration of the
benzylpenicilloyl-polylysine reagent was later
adjusted to 6x 10~ M in the USA and 5x 10~ M
in Europe. The maximum concentration for the
minor determinants in Europe was changed to
2% 102 M; the minor determinant mix is not
available in the USA where benzylpenicillin is
used alone at a maximum concentration of
10,000 IU/ml. Note that these concentrations are
the same for both prick and intradermal testing.
Originally sold as a research reagent marked “not
for human use,” the major determinant was mar-
keted in the USA in 1973 after a large-scale
cooperative skin testing prospective study spon-
sored by the American Academy of Allergy. In
Europe, penicilloyl-polylysine was first produced
and distributed as a research reagent by the
Institute of Clinical Immunology, University of
Berne, Switzerland, before being registered in
France in 1974. Penicilloyl-polylysine (Pre-
Pen®) was withdrawn from the market in the
USA from September 2000 to November 2001
and then again from September 2004 to
September 18, 2009, when full regulatory
approval was granted by the FDA. Production of
this reagent and minor determinant mix ceased in
Europe in 2005 but was replaced by a new com-
mercial kit containing both the major determi-
nant (5%x10~° M) and minor determinant mix
(each component at a maximum concentration of
2x1072 M). In September 2011, Pre-Pen® was
approved by Health Canada. In July 2011, an
agreement with global distribution rights was
reached for marketing the major determinant
together with a minor determinant mix currently
under development in the USA. During the peri-
ods of lack of supply, some clinical and labora-
tory investigators produced their own major and
minor skin test preparations. With the increasing
usage of some semisynthetic penicillins, in par-
ticular amoxicillin and ampicillin, the increase in
numbers of allergic responses to these drugs, and
the realization of the allergenic importance of
side chain structures, amoxicillin and ampicillin
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are now often included in the standard battery of
skin tests. The maximum test concentration for
these drugs is usually 20 mg/ml for prick and
intradermal testing. Note, however, that patterns
of usage of amoxicillin and ampicillin, and con-
sequently the numbers of allergic reactions, vary
between different countries. Now, after many
years of uncertainty and on—off accessibility for
testing reagents, the immediate future of diagnos-
tic skin testing for allergy to penicillin looks
more secure than at any time in the past.

5.1.5.2 Experience So Far of Skin
Testing with Penicillin Test
Reagents

In the cooperative prospective skin testing study
of 3,000 subjects (1,718 with symptoms of peni-
cillin allergy) sponsored by the American
Academy of Allergy in 1977, 19 % of the cases
proved positive to benzylpenicilloyl-polylysine
and/or benzylpenicillin. Fifty four percent were
positive to the major determinant only, 22 % to
benzylpenicillin, and 25 % to both reagents. It
was in this study that the currently used concen-
trations of test antigens were established.
Addition of penicilloic acid to the panel of test
reagents in a study of 740 patients, 63 % of whom
had a positive skin test to at least one of the
reagents, revealed positive responses of 21 % to
the major determinant, 42 % to the mixture of
minor determinants, and 45.2 % to the major plus
the minor reagents. Some subjects were positive
only to benzylpenicillin or penicilloic acid with
14.6 % of cases in the latter group. Addition of
ampicillin to the test panel provided no additional
information since all ampicillin-positive patients
also reacted to benzylpenicillin. These studies,
together with many more investigations (includ-
ing some with large numbers of patients, e.g.,
5,063 subjects, 776 of whom had a history of
penicillin allergy), revealed significant variations
in responses to the major and minor determi-
nants. Skin testing with only the major determi-
nant is said to identify up to 97 % of allergic
patients and testing without inclusion of the
minor determinants misses from 3 to 10 % of
patients. From data assembled by Weiss and
Adkinson, 7-63 % of patients with a positive
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history of penicillin allergy have a positive skin
test to either the major determinant or the minor
determinant mix. Overall though, responses to
penicilloyl-polylysine alone or together with the
response to the minor determinant mix were pos-
itive in more than 50 % of the patients. For those
with a negative history of penicillin allergy, the
incidence of positive skin tests is 2—7 %. For skin
test-positive patients given a therapeutic dose of
penicillin, the risk of an acute allergic reaction
ranges from 10 % in patients with a negative his-
tory to 50-70 % in patients with a positive his-
tory. Reactions occur rarely in patients with a
negative skin test (1-4 % in one study) and any
reactions tend to be mild and self-limiting. The
possibility of a life-threatening reaction is said to
be almost negligible and any p-lactam can be
safely given. Severe allergic reactions to penicil-
lins, such as anaphylaxis, do not appear to have
been reported in skin test-negative patients. With
increasing prescribing of semisynthetic penicil-
lins over more recent years, many clinicians have
supplemented their panel of tests with these
drugs, particularly amoxicillin. For example,
amoxicillin minor determinants (amoxicillin,
amoxicilloic acid, and a derivative of diketopi-
perazine formed from aminolysis of the parent
molecules and containing the hydroxyphenyl and
thiazolidine rings) have been used on patients
with immediate hypersensitivity to amoxicillin.
There is some data indicating that skin test sensi-
tivity to amoxicillin may not persist as long as the
skin test response to benzylpenicillin determi-
nants. In a 5-year follow-up investigation of
cases, 40 % of the benzylpenicillin-sensitive
group became skin test negative whereas all of
the patients with side chain sensitivity to amoxi-
cillin became negative. These reagents did not
increase the number of patients with positive
reactions to the drug. Even with increases in the
administrations and allergic responses to the
semisynthetic penicillins, some skin test studies
have detected a significant number of patients
positive to only benzylpenicilloyl-polylysine
and/or benzylpenicillin minor determinant mix.
A recent retrospective study of over 800 patients
consulting for possible allergy to a f-lactam drug
revealed that the employment of these two test
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reagents also detected an additional 27.6-32 % of
positive reactions in patients allergic to other
B-lactams.

5.1.5.3 Some Important Aspects of
Skin Testing for Penicillin-
Allergic Sensitivity
For a detailed description of the background, ratio-
nale and methodology of skin testing with drugs,
and for the interpretation and reading of results, the
reader is referred to Sect. 4.2. Prick testing should
be done first and should be followed by intradermal
testing only if the prick test is negative.

5.1.5.3.1 Indications for Skin Testing

It seems prudent to skin test all patients with a
history of allergy to a penicillin if, at the time,
penicillin remains the indicated drug of choice.
Skin testing should be carried out immediately
before administration of the drug and repeated
before any subsequent courses. Skin testing with
penicillins or any other f-lactam is absolutely
contraindicated in patients with a history of
Stevens—Johnson or Lyell’s syndrome (toxic
epidermal necrolysis), exfoliative dermatitis, or
other reactions where p-lactam drug administra-
tion is contraindicated.

5.1.5.3.2 Safety

Serious reactions and even death have been
reported following skin testing with penicillin
reagents, but if the test is done properly and
potential dangers (such as those that might be
apparent in the patient’s history) are anticipated,
skin testing is generally a safe procedure with a
systemic reaction rate of about 1 % or less. Most
systemic reactions that do occur are mild. About
2-7 % of patients with no history of reactions to
a penicillin show a positive skin test and most
penicillin-induced anaphylactic deaths occur in
patients with no apparent history of a reaction to
the drug. Severe reactions have occurred to
higher than recommended test concentrations or
after intracutaneous testing without first doing a
prick test. Skin testing should be done in the pres-
ence of a physician capable of managing anaphy-
laxis and with ready access to the appropriate
medications and equipment. Importantly, after an
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episode of anaphylaxis, skin tests may be nega-
tive for up to 2 weeks or even longer. This can
have important consequences if the culprit drug
was not identified. For patients who test negative
after an anaphylactic episode, skin testing should
be repeated after 3—6 weeks.

5.1.5.3.3 Sensitivity and Specificity
of Skin Testing

To discriminate true allergic from nonallergic
responses, the drug provocation test is normally
used but, with penicillins, the risk of challenging
a patient with both a positive history and skin test
is generally considered to be unacceptable. This,
of course, makes the determination of specificity
and sensitivity of skin tests difficult. Although
skin tests to penicilloyl-polylysine have been con-
sidered to be positive in up to 70 % of patients
with immediate type I responses to penicillin,
testing of 290 patients with a history of immediate
allergic reactivity to penicillin (71 % anaphylaxis,
29 % urticaria) revealed skin test sensitivities of
22 % for the benzylpenicilloyl hapten, 21 % for
minor determinant mix, 43 % for amoxicillin, and
33 % for ampicillin. Skin test positivity to at least
one determinant occurred in 70 % of the patients,
showing that 30 % of patients could be misdiag-
nosed without further diagnostic investigation.
These results are not reassuring since even with
the employment of four different determinants,
skin test sensitivity was a long way short of ideal.
A second unexpected and worrying finding was
the number of patients with a negative skin test
but a positive drug provocation test. This does not
fit with the currently accepted belief that the pos-
sibility of reacting to a penicillin is negligible in
subjects with negative skin tests to the major and
minor determinants. To establish the specificity of
skin testing for penicillin sensitivity, results from
tests on subjects with known tolerance to the drug
must be obtained. When this is done, specificity is
generally good and in the range 97-99 %.

5.1.5.3.4 Reading Tests

Results are read 15-20 min after completing the
skin test. A 3 mm wheal accompanied by ery-
thema with a negative response to a saline control
is generally taken as the threshold for a positive
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prick test while a positive intradermal test result
is often considered to be an increase in wheal
size (accompanied by erythema) of 3 mm or
more over the diameter of the bleb size formed
following injection (usually about 2 mm).
A positive intradermal test result is therefore usu-
ally a wheal with a diameter of around 5 mm or
greater surrounded by erythema. Patients should
be advised of the possibility of a late reaction.
A positive late reaction to intradermal testing
may manifest as erythema, papulation, infiltrate,
eczema, and swelling. Any infiltrated erythema
with a diameter greater than 5 mm should be con-
sidered a positive reaction.

5.1.5.3.5 Persistence of Skin Test
Reactivity to Penicillins

Skin test reactivity to penicillins generally
decreases with time. Testing has shown that skin
tests carried out within 1-2 months of an acute
allergic reaction to penicillin were positive
80-90 % of the time, but this was followed by a
time-dependent decline—in one study, positive
reactions to penicillins persisted for 7-12 months
in 93 % of subjects. In another early study,
Sullivan and coworkers found a positive response
in 73 % of patients within 1 year, 57 % continued
to show a positive reaction between 1 and 10
years, and there were still 22 % of positive reac-
tors after 10 years. The chance of a positive skin
test response therefore appears to decrease by
about 10 % per year, meaning that about half the
patients who had an immediate reaction to peni-
cillin will be skin test negative after 5 years.
Long-lasting IgE antibody formation to penicil-
lins often occurs in patients who have had
penicillin-induced serum sickness reactions.

In Vitro Tests for Imnmediate
Hypersensitivity to Penicillins

5.1.6

As with other drugs, but perhaps more so, a vari-
ety of humoral and cellular investigations have
been utilized over many years with the aim of
aiding the diagnosis and elucidating underlying
mechanisms of penicillin hypersensitivities.
The most commonly and widely used in vitro
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diagnostic tests for penicillin-induced type I
allergic reactions are essentially the same as the
tests employed for the diagnosis of immediate
hypersensitivities to other drugs. These tests are
presented in detail in Chap. 4 and this informa-
tion should be referred to before proceeding with
this section.

Detection of Penicillin-

Reactive IgE Antibodies

While it is clear that the prime choice of tests for
the diagnosis of penicillin-induced immediate
reactions is the skin test, co-employment of
serum IgE tests for penicillin-reactive IgE anti-
bodies is advisable since some cases of positive
IgE tests have been seen in patients with a history
of an immediate reaction to a penicillin but a
negative skin test to the drugs.

Soon after the development in 1967 of the
radioallergosorbent test, known as the RAST, for
the in vitro detection of allergen-reactive IgE
antibodies, Wide and Juhlin in Sweden applied
the test to the sera of penicillin-allergic patients
using solid phases prepared from benzylpenicil-
loyl and phenoxymethylpenicilloyl protein con-
jugates. IgE antibodies to the penicilloyl
determinants were found in 9 of 11 patients and
results from skin tests and RAST reactions agreed
for positive and negative reactors. Subsequent
early applications of penicillin RASTs revealed
rare positive reactions to penicillamine, cross-
reactivity between penicillin minor determinants
and the major determinant, and the finding that
the penicillanyl determinant yielded no more
information than the penicilloyl determinant
(compare Sect. 5.1.2.5). In perhaps the most
informative of the early applications of the RAST
to penicillin allergy, Dewdney’s group prepared
and examined thiol-linked penicillamine, benzyl-
penicillenic acid and the benzylpenicillanyl
determinant. These reagents essentially con-
firmed the importance of the penicilloyl determi-
nant, but, most importantly, the study also
confirmed that the heterogeneity of the immune
response to penicillins extends to the specificity
of the serum IgE antibodies.

In more recent years, a number of laboratories
have developed and applied their own in-house

5.1.6.1
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immunoassays to detect serum IgE antibodies to
the parent drug and some semisynthetic penicil-
lins, principally amoxicillin and ampicillin.
Perhaps the best known commercially available
test reagents for detecting penicillin-reactive IgE
antibodies are the Phadia ImmunoCAP® (Thermo
Scientific) drug-solid phases for penicilloyl G
and V, amoxicilloyl, and ampicilloyl determi-
nants which are widely distributed. These assays
measure specific IgE antibodies in the range
0.01-100 kUA/I with a cutoff value of 0.35 kUA/I
for a positive result and levels higher than
0.1 kUA/L, indicating sensitization to the drug.
One assessment of the performance of the ben-
zylpenicilloyl and amoxicilloyl ImmunoCAP
assays using sera from patients with positive skin
tests to amoxicillin and/or what was described as
“other benzylpenicillin-derived agents” revealed
sensitivity of 54 % with a specificity of 95-100 %.
While the sensitivity of the amoxicilloyl
ImmunoCAP assay in tests on 29 sera from
patients skin test positive to amoxicillin but nega-
tive to benzylpenicilloyl-polylysine and minor
determinant mix was 41 % and 42 % of 26 skin
test negative, provocation test-positive patients
were positive in the immunoassay, showing that
the provocations could have been avoided by
doing the IgE test. In another IgE examination of
sera from 58 patients who each experienced an
immediate reaction to a f-lactam and had a posi-
tive skin test to at least one of benzylpenicillin,
benzylpenicilloyl-polylysine, minor determinant
mix, amoxicillin, ampicillin, and cephalosporins,
the sensitivity and specificity of the same reagents
were found to be only 37.9 and 86.7 %, respec-
tively. A similar study some years earlier on
patients with immediate reactions and positive
skin tests detected penicillin-reactive serum IgE
antibodies in 37 % of the patients. As pointed out
by the Blanca group, immunoassay sensitivities,
but not necessarily specificities, for penicillins
developed in individual laboratories can compare
favorably with the commercial assay with one
comparison showing specificities and sensitivi-
ties of 83.3-100 % and 12.5-24 %, respectively,
for the commercial assay and 66.7-83.3 % and
42.9-75 %, respectively, for the laboratory test.
These figures are similar to a comparison
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undertaken in the authors’ laboratory in 2001
when, using both penicilloyl and penicillanyl
derivatives of benzylpenicillin and amoxicillin,
sensitivities for the detection of benzylpenicillin-
and amoxicillin-reactive IgE antibodies in the
sera of 28 patients with diagnosed immediate
hypersensitivity reactions to a p-lactam were
57.1 % and 78.6 %, respectively, while the cor-
responding figures for the ImmunoCAP assays
were 35.7 % and 28.6 %. Once again, however,
specificities of 80.7-87.3 % for the laboratory
tests were less than the results of 86.3 and 98.2 %
obtained with the commercial assays. Clearly,
improvements in the IgE antibody in vitro assays
are needed, especially in regard to sensitivities of
the tests for different penicillins.

5.1.6.2 CAST-ELISA® and Flow-CAST®

Note that as a diagnostic test for f-lactam allergy,
serum IgE determinations are claimed to be less
sensitive than the cellular allergy stimulation test
(CAST®) (Buhlmann Laboratories AG) which
measures the release of cysteinyl leukotrienes
from peripheral blood leukocytes following aller-
gen challenge (see Sect. 4.5.3). In a multicenter
study of 181 patients with a history of immediate
hypersensitivity to a pf-lactam, overall sensitivity
with the CAST-ELISA® in skin test-positive
patients was 41.7 % and 27.9 % in skin test-nega-
tive patients. When these results were considered
together with Flow-CAST® (Sects. 4.5.3.1 and
4.5.3.2) results, diagnostic sensitivity increased to
64.3 % with a specificity for both tests combined
of 73-92 %. Sensitivity of specific IgE determina-
tions in the same population was 28.3 %, a figure
which seems extraordinarily low. Individual spec-
ificities for specific IgE determinations, CAST-
ELISA®, and Flow-CAST® were claimed to be
86.5 %, 78.7 %, and 88.9 %, respectively. In the
multicenter study, a maximum sensitivity of
85-90 % was reached in 112 of 124 patients with
a history of allergy to amoxicillin when all four
tests, skin tests, serum f-lactam-reactive IgE
assays, Flow-CAST®, and CAST-ELISA® were
applied in that order to patients with a negative
reaction to the previous test. On the downside,
however, the increase in sensitivity was matched
by a decrease in specificity. Even then, the eight
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negative patients responded positively to a con-
trolled challenge. Although it was claimed that
application of so many tests can cut down the
number of challenges and therefore reduce costs
and patient discomfort, one wonders about the
practicality of the routine extra investigations
let alone the extra economic cost to so many
patients and the national health care bill. A more
logical, potentially effective, and sensible
approach may be to put greater effort into
researching f-lactam allergenic determinants with
the aim of defining a more optimal set of determi-
nants that will increase the sensitivities of the rou-
tine skin and serum IgE antibody diagnostic tests.

5.1.6.3 The Basophil Activation Test

in the Diagnosis of Penicillin

Immediate Hypersensitivity
There have been at least five studies of the perfor-
mance of the basophil activation test in the diag-
nosis of immediate hypersensitivity to 3-lactams.
All of the studies demonstrated a sensitivity of
about 50 % with specificity in the range of ~90—
100 %, although sensitivities as high as 67 % and
as low as 20 % were seen in an investigation in
which the basophil activation markers CD63 and
CD203c were compared (see Sect. 4.6.2) in the
diagnosis of amoxicillin allergy. Amoxicillin
induced upregulation of CD203c in 60 %, or 12
of 20 anaphylactic patients skin test positive to
amoxicillin, but upregulation of CD63 was sig-
nificantly lower at 20 % (4 out of 20 patients).
Somewhat surprisingly, upregulation of CD203c
and CD63 by ampicillin was more than amoxicil-
lin, occurring in 67 % (8 of only 12) and 33 %
(4 of 12), respectively, of the anaphylactic
patients. Also disconcerting was the report of ten
false positives, confirmed by negative provoca-
tion tests, with both markers.

5.1.7 Challenge (Provocation)
Testing for Penicillin
Hypersensitivity

This section should be read in conjunction
with the discussion of challenge testing set out in
Sect. 4.4.
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Challenges should be performed only after
prior skin testing and preferably a drug-specific
IgE antibody test. If either of these tests returns a
positive result that is in accordance with the
patient’s history, the risk precludes provocation
testing. According to the ENDA (European
Network for Drug Allergy) guidelines, in the first
instance, skin and IgE testing should be under-
taken with benzylpenicillin, and, if this is posi-
tive, the patient should be considered to be
allergic to the p-lactam group of drugs. If testing
with the parent penicillin is negative, the patient
is then tested with the drug that provoked the
reaction if it is known. A positive reaction to a
known drug confirms selective allergy to the
drug. When the drug is not known, and in the
case of a negative reaction to a known drug, a
diagnosis cannot be made and further testing
should then proceed beginning with an aminope-
nicillin such as ampicillin or amoxicillin.
Figure 5.2a, b shows an example of a rash on a
patient’s neck, arms, and hands that developed
after the last oral challenge dose of amoxicillin.
The patient had previously tested negative to the
penicillin in the intradermal test. Challenges with
drug and a placebo are performed in a single
blind procedure by a physician able to manage
anaphylaxis preferably in an intensive care set-
ting in a hospital environment with all the neces-
sary resuscitation facilities and medications
available to handle a possible emergency (see
Sect. 4.4). Provocation testing of patients with
exfoliative dermatitis, Stevens—Johnson syn-
drome, or Lyell’s syndrome is contraindicated.
Intervals between increasing doses of the drug
should be at least 30—60 min and progress to the
next increase should not occur before each dose is
clearly judged to be well tolerated. Any dose that
causes systemic responses even if they are mild
such as rhinitis, redness or pruritus should
be repeated until tolerance is demonstrated.
Administration of an antihistamine is usually
enough to control the symptoms of these reac-
tions. Any more severe reaction that looks like an
allergic reaction such as swelling of the throat,
wheezing, or a drop in blood pressure should
be treated with appropriate measures including
epinephrine, steroids, bronchodilators, etc.
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Table 5.3 ENDA protocols for penicillin parenteral and oral provocation tests

Dose

103 TU/ml
10* TU/ml
10° TU/ml

Drug

Benzylpenicillin

5x10° IU/ml

Phenoxymethylpenicillin b

and amoxicillin

1 mg

5 mg®
50 mg*
100 mg*
250 mg®
400 mg*

Interval between doses 30-60 min
1 IU penicillin=0.6 pg

Cumulative Route of
dose administration
10° TU/ml M
1.1x10* IU/ml M
1.1x10° IU/ml M
6.1x10° TU/ml* M

1 mg Oral

6 mg Oral

56 mg Oral

156 mg Oral
406 mg Oral
806 mg? Oral

Cumulative dose needs to be adapted to children and patients with kidney or liver

disease

ENDA European Network for Drug Allergy, /M intramuscular
*Cumulative dose should be no more than 10° IU/ml
"Normally 1-5 mg but 0.1-5 mg for patients with history of a severe reaction

°50-65 mg

4100-150 mg
©250-300 mg
400-800 mg

¢Cumulative dose should be no more than 1,000 mg

Such responses are interpreted as a positive aller-
gic reaction and the challenge is discontinued.
Table 5.3 sets out the recommended ENDA pro-
tocol for penicillin drug provocation testing with
the parent penicillin given parenterally and
penicillin V and amoxicillin administered orally.
Suggested dose ranges for each step and maxi-
mum cumulative doses are shown. If the reaction
to a penicillin is not an immediate type I hyper-
sensitivity, reactions following dosages may
occur with intervals of hours or days and this
must be considered before proceeding with the
next challenge step.

5.1.8 Penicillin Desensitization

This section should be read in conjunction with
the presentations on desensitization in Sect. 3.5.
Although there are risks associated with
desensitization to a drug, a patient may, for
example, show drug resistance to a possible alter-
native antibiotic and there may also be the possi-
bility of failure to control an infection by
substituting a drug that provides poorer bioavail-

ability, bacteriostatic or bactericidal action. In
such cases, the risk of infection may outweigh
the desensitization risks. Protocols using both the
parenteral and oral routes have been developed
for penicillin desensitization. Desensitization can
be achieved safely by the former route, but oral
challenges have caused fewer severe reactions
and are generally considered to be safer. Again,
patients with a history of exfoliative dermatitis or
Stevens—Johnson or Lyell’s syndromes should
not be subjected to desensitization and the proce-
dure should be carried out in an intensive care
setting with an IV line set up, f-adrenergic antag-
onists discontinued, and blood pressure, pulse,
and respiratory rate recorded after each dose.
Note that Castells and coworkers have recom-
mended that in addition to the exfoliative skin
reactions mentioned above, patients with other
reactions including maculopapular rashes, fixed
drug eruptions, bullous erythema, drug reaction
with eosinophilia and systemic symptoms
(DRESS), transaminitis, acute interstitial nephri-
tis, serum sickness, hemolytic anemia, thrombo-
cytopenia, or neutropenia should not be subjected
to rapid IV desensitization. Before beginning a
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desensitization procedure, the patient’s risk situa-
tion should be assessed and the history should be
consistent with a mast cell-IgE-mediated
response. Penicillin skin testing with the major
and minor determinants has a high negative pre-
dictive value and these tests can be particularly
useful for patients with uncertain histories.
Patients with a negative skin test are usually not
candidates for desensitization while those with
positive tests are advised to avoid penicillins and
cephalosporins, especially the first-generation
drugs. Desensitization should be considered for
the skin test-positive patients if administration of
these antibiotics is judged to be necessary.

Protocols developed in the USA by Sullivan
and his collaborators have been successfully used
and adapted for many years. In one demonstra-
tion of the utility of the oral procedure using
phenoxymethylpenicillin, 15 pregnant women,
most infected with syphilis, were both desensi-
tized and cured of their infections. Reactions dur-
ing the desensitization process and subsequent
therapy were confined to the skin and were not
serious. The starting dose for desensitization is
commonly about one ten-thousandth or less of a
full therapeutic dose. Using penicillin in solid
form and starting with a dose of 0.05 mg, Sullivan
employed doubling doses at 15 min intervals in
14 steps up to a maximum dose of 400 mg and a
cumulative dose of 800 mg before administering
the full therapeutic dose of the drug 30 min after
the last desensitizing dose. An example of a pro-
tocol for a rapid oral desensitization procedure is
shown in Table 5.4. For desensitization via the IV
route, doubling doses, starting with an initial
dose of 0.01 mg, are administered at 15 min
intervals in 17 steps until a maximum dose of
640 mg and a cumulative dose of 1,280 mg are
reached. Again, the full therapeutic dose is
administered 30 min after the final dose. For a
patient to remain in the desensitized state, peni-
cillin dosage will normally need to be main-
tained, often on a twice daily schedule. If
penicillin is discontinued for 48 h or more, it is
highly likely that desensitization will have to be
repeated.

During the stepwise dosage procedure, any
dose that provokes even a mild systemic reaction
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Table 5.4 Rapid oral desensitization protocol* for
patients with a positive skin test to penicillin(s)

Step® Dose (mg°) Cumulative dose (mg¢)
1 0.03 0.03
2 0.06 0.09
3 0.12 0.21
4 0.24 0.45
5 0.50 0.95
6 1 1.95
7 2 3.95
8 4 7.95
9 8 15.95
10 16 31.95
11 32 63.95
12 64 127.95
13 125 252.95
14 250 502.95

Patient should be observed for 2 h after last dose

*For example, for benzylpenicillin or
phenoxymethylpenicillin

15 min interval between steps

‘Doses obtained from freshly made solutions of (e.g.,)
concentrations 1 mg/ml (doses 1-7) and 100 mg/ml (doses
8-14)

should be repeated until the patient tolerates the
dose without adverse signs or symptoms.
Reactions that are more serious such as hypoten-
sion, asthma, or laryngeal edema need appropri-
ate treatment but, if the decision is made to
continue with the desensitization procedure, the
patient should first be stabilized before dosage is
continued with one-tenth the amount per dose.
Skin test responses to penicillins diminish with
desensitization and may become negative. The lit-
erature contains many case reports and a few case
series on rapid desensitization to antibiotics in
cystic fibrosis patients where infections by
Pseudomonas aeruginosa and antibiotic allergies
are a common problem often requiring desensiti-
zation of the infected patients. These studies col-
lectively provide important information on the
feasibility, performance, and safety of p-lactam
antibiotics in a population of high-risk patients
with poor lung function. Rates of successful
desensitization ranged from 58 to 100 %. It should
be emphasized that most patients require ongoing
courses of desensitization with time. In desensiti-
zations carried out in the Drug Desensitization
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Unit, Brigham and Women’s Hospital, Boston, 15
patients completed 52 desensitizations, seven of
which involved reactions. Six patients had limited
symptoms of immediate hypersensitivity and one
patient experienced acute respiratory failure to
ceftazidime. Successful desensitizations were
obtained with benzylpenicillin, nafcillin, cefazo-
lin, and ceftriaxone.

5.1.9 Delayed-Type
Hypersensitivity Reactions
to Penicillins

Delayed-type, non-IgE-mediated hypersensitiv-
ity, often manifesting as macular or maculopapu-
lar exanthemata (see Sect. 2.2.4.3 and Fig. 2.7),
may occur during treatment with penicillins, par-
ticularly aminopenicillins. Incidences of hyper-
sensitivity to penicillin range up to 10 %, and for
maculopapular exanthemata occurring during
therapy with aminopenicillins, the incidence is
about 9.5 %. At least some of the penicillin-
induced exanthemata are due to T cells and can
be confirmed by skin testing with aminopenicil-
lins. Other delayed reactions elicited by penicil-
lins include acute generalized exanthematous
pustulosis (AGEP), delayed urticaria/angio-
edema, exfoliative dermatitis, and the more
severe bullous exanthems, Stevens—Johnson
and Lyell’s syndromes. Severe hypersensitivity
responses to penicillin that are not primarily seen
on the skin include vasculitis, hepatitis, intersti-
tial nephritis, and pneumonitis while DRESS is a
combination of skin eruptions, fever, and visceral
involvement. More detailed descriptions of these
drug-induced reactions and what is currently
understood about the underlying mechanisms are
contained in Sects. 2.2.4, 3.6.3 and 3.8.

5.1.9.1 Diagnostic Tests

5.1.9.1.1 Skin Tests

An extended presentation on skin testing is set
out in Sect. 4.2.

Intradermal tests with delayed reading, patch
tests, and occasionally prick tests provide the
mainstay diagnostic procedures for the evalua-
tion of delayed reactions to penicillins and other
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B-lactam drugs. Skin prick and patch tests on a
large number of patients with a history of sus-
pected cutaneous adverse drug reactions detected
89 positive patch tests (10.8 %), mainly to
B-lactams, trimethoprim, and clindamycin, in
829 patients and 10 positive prick tests (1.1 %) in
935 patients. Eight of 298 patients (2.7 %) were
patch test positive to phenoxymethylpenicillin.
Challenge tests on 17 patients who were skin test
positive and 229 who were skin test negative pro-
duced 14 and 22 positive results, respectively. Of
the 22 (9.6 %) skin test-negative and challenge
test-positive patients, 12 reacted with exanthema,
seven with urticaria, and three with fixed drug
eruptions. In a study designed to assess the inci-
dence of delayed allergy during penicillin ther-
apy and to evaluate the diagnostic potential of
patch, intradermal (with delayed reading), and
challenge tests, ampicillin, amoxicillin, and a
small number of other penicillins were employed
in tests on 259 patients most of whom had expe-
rienced maculopapular rashes. Positive patch and
intradermal tests with penicillins revealed 98 (94
to aminopenicillins, four to piperacillin) patients
(37.8 %) with delayed reactions. Of the 98 skin
test-positive patients, 93 had experienced macu-
lopapular rashes. Of 125 patients with negative
skin tests who underwent challenges, only three
reacted. The investigators concluded that patch
and intradermal test positivity can provide an
indication of delayed hypersensitivity to penicil-
lins, and of the two tests, intradermal testing is
the more sensitive.

In a prospective investigation of allergic cross-
reactivity between aminopenicillins, phenoxy-
methylpenicillin, and two cephalosporins with
different R1 side chains, 71 patients (57 with a
history of macular or maculopapular exanthema,
two with erythema multiforme-like exanthema,
nine with acute urticaria, and three with unclassi-
fied symptoms) were evaluated with intradermal
and patch tests. Sixty eight of the 71 patients
(95.8 %) had at least one positive intradermal or
patch test to ampicillin or amoxicillin, 48 reacted
to the aminopenicillins only, four to the aminope-
nicillins and benzylpenicillin, and 16 to the three
penicillins plus phenoxymethylpenicillin. From
these results, intradermal and patch tests were
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deemed to be reliable diagnostic tools with high
sensitivity for delayed-type hypersensitivity to
aminopenicillins but, because tests were some-
times positive with only one of the methods,
combined use of the two tests was recommended.
It has been shown that positive skin tests can be
obtained with aminopenicillins years after expo-
sure to the drugs and this was confirmed in this
study with 20 of the 21 patients testing positive
more than 1 year after their exanthematous reac-
tions. Importantly, a positive test result was not
always obtained with ampicillin and amoxicillin
so testing with both drugs seems to be necessary.

The usefulness of the penicillin major and
minor determinants in evaluating delayed reac-
tions to penicillins was assessed in intradermal
and patch tests on 162 patients who experienced
delayed reactions to penicillins, mainly aminope-
nicillins. Positive intradermal and/or patch tests
in 157 patients (96.9 %) to the responsible peni-
cillin reagents indicated cell-mediated hypersen-
sitivity while only 9 (5.5 %) and 17 (10.5 %)
were positive to penicilloyl-polylysine and minor
determinant mix, respectively, demonstrating the
limited usefulness of the two benzylpenicillin
determinant preparations.

Individual penicillins, penicillin determinants
and their concentrations (all diluted in sterile
physiological saline) used in skin tests:
Benzylpenicillin at 100 and 10,000 IU/ml (0.06
and 6 mg/ml); ampicillin and amoxicillin, both at
concentrations of 1-2 and 20-25 mg/ml; other
penicillins, 1-20 mg/ml; cephalosporins 2 mg/
ml; commercially available benzylpenicilloyl-
polylysine solution (see Sect. 5.1.5.1) initially
diluted 1:10 and undiluted if negative; minor
determinant mix diluted 1:100 and repeated undi-
luted (2x 1072 M) if initial test is negative. For
patch testing, penicillins can be used at a concen-
tration of 5 % w/w in petrolatum. Drugs in solid
form such as tablets, capsule contents, pessaries,
etc., should be ground finely in a mortar and
formulated in petrolatum or in saline if soluble,
taking into account the ratio of active drug to
nondrug components in the tablet/capsule etc.

Prick and intradermal tests with penicillins
should be read after 20 min and delayed reactions
in the intradermal test after 48 and 72 h. Positive
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thresholds are a more than 3 mm diameter wheal
for prick tests and an increase in initial bleb wheal
diameter of more than 5 mm for intradermal tests.
Reactions after intradermal testing are documented
by the diameter of the erythema, papulation, and
infiltrates together with descriptions of swelling,
erythema, eczema, etc., and photodocumentation if
possible. For reading patch tests, see Sect. 4.2.4.3.

5.1.9.1.2 Challenge (Provocation) Tests
Often restricted by ethical considerations, drug
challenge can be regarded as the best test for con-
firming a drug-induced delayed hypersensitivity
response. Patients who are negative to all of the
other tests for a B-lactam may undergo challenge
testing with one-hundredth of the therapeutic
dose of the f-lactam as the initial dose, and, if
negative, 3 days to 1 week later, a one in ten dilu-
tion of the therapeutic dose should be given. If
the response is again negative, a full therapeutic
dose is administered after the same interval cho-
sen before the second dose. All precautions set
out in Chap. 4 and mentioned above must be
observed and the test is contraindicated in
patients with DRESS, AGEP, bullous exanthe-
mas, Stevens—Johnson syndrome, and toxic epi-
dermal necrolysis. Tests on patients with
drug-induced vasculitis, anemia, and neutropenia
are also contraindicated.

5.1.9.1.3 Delayed Reactions to Penicillins
and the Lymphocyte
Transformation Test

This test is discussed in Sect. 4.7.1.

Although claimed to be a useful test in the
hands of some experienced with the technique,
others have found it unreliable and difficult to
standardize. Yet to be validated and still essen-
tially a research tool, the test is claimed to have a
sensitivity of 74 % with a rather low specificity of
85 %. One group found an overall sensitivity of
62 % and a specificity of 92.8 % in 51 patients
with a well-documented history of p-lactam
allergy (31 immediate reactors and 19 non-
immediate). This was made up of sensitivities of
64.5 % and 57.9 % for the immediate and non-
immediate groups, respectively, but the prolifera-
tive responses, expressed as stimulation indices,

worldclimbs@gmail.com


http://dx.doi.org/10.1007/978-1-4614-7261-2_4#Sec00049
http://dx.doi.org/10.1007/978-1-4614-7261-2_4
http://dx.doi.org/10.1007/978-1-4614-7261-2_4#Sec000441

158

were higher in the cells from the delayed group.
The authors considered the test to be a useful in
vitro diagnostic tool to identify subjects allergic
to penicillins, especially the delayed reactors
where, somewhat surprisingly, they found it
superior to skin testing. Interestingly, T cell pro-
liferative responses were seen 10 or more years
after initial exposure to penicillin and without
reexposure in the years between.

It has been suggested that the relatively poor
sensitivity of the lymphocyte transformation test
is due to background nonspecific proliferation of
the cultured peripheral blood mononuclear cells
and only those patients with the highest numbers
of antigen-specific T cells are detected with the
test. This suggestion appears to have been sup-
ported by results from a comparative study in
which cells from 22 patients with well-
documented histories of T cell-mediated allergy
to amoxicillin were examined with the lympho-
cyte transformation test and an ELISPOT assay
(see Sect. 4.7.3.2) for the detection of amoxicillin-
specific T cells producing IFN-y. The IFN-y
ELISPOT assay seems to distinguish between
immediate and delayed hypersensitivities and
may prove to be a sensitive test for improving the
diagnosis of delayed hypersensitivity to -lactam
drugs.

5.1.9.2 Recognition of Penicillin
Antigens by T Cells

One of the relatively recent applications of the
extraordinary advancement in knowledge of cel-
lular immune processes over the last 25 years is
witnessed in the field of drug allergy and, more
specifically, in studies aimed at understanding the
role of T cells in delayed reactions to drugs. As
occurred with studies on drug-induced immedi-
ate hypersensitivity, the drugs most commonly
selected for the cellular investigations have been
the penicillins since their frequency of use, high
incidence of reactions, and the accumulated
knowledge of their antigenic structures make
them the logical choice. Early investigations on
T cell clones showed that benzylpenicillin-specific
clones were HLA class I or class II restricted and
processing of the free drug was not required
whereas benzylpenicilloyl-HSA conjugate must
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undergo processing to stimulate T cell clones
specific for this determinant. Extension of these
experiments to an examination of the specificities
of the T cells revealed two different recognition
patterns—one directed at the penicilloyl specific-
ity plus the side chain structure and the other
more broadly cross-reactive with recognition of
the aminopenicillins, ampicillin and amoxicillin,
as well as benzylpenicillin. Further investigations
of the structural features recognized by
benzylpenicillin-reactive T cell clones from dif-
ferent patients identified the benzyl side chain
and the thiazolidine ring as antigenic determi-
nants. Precise positioning of covalently bound
benzylpenicillin via a lysine residue on designer
peptides containing a DRB1#0