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Abstract: Drug hypersensitivity reactions (DHR) are immune-mediated idiosyncratic adverse drug
events. Type I DHR are often referred to as “immediate” and involve B lymphocyte-secreted IgE that
bind to the membrane of basophils and mast cells, inducing their degranulation. This review presents
various in vitro tests that were developed in the field of human type I HS and implemented as clinical
diagnostic tools in human cases of immediate DHR. The respective strengths and weaknesses of
each test will be discussed in parallel of validation data such as specificity and sensitivity whenever
available. Some of them have also been used as diagnostic tools in veterinary medicine, but not
in cases of immediate DHR. Most of these diagnostic tools can be categorized into humoral and
cellular tests. The former tests measure serum concentrations of factors, such as histamine, tryptase,
and drug-specific IgE. The latter assays quantify markers of drug-induced basophil activation or
drug-specific lymphocyte proliferation. Pharmacogenetic markers have also been investigated in
immediate DHR, but not as extensively as in non-immediate ones. Throughout, practical aspects and
limitations of the tests, as well as sensitivity and specificity parameters, will be presented. In addition,
the experience of veterinary medicine with these diagnostic tools will be summarized. However, to
date, none of them has ever been reported in a veterinary case of type I DHR.
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1. Introduction

Approximately 20%-30% of adverse drug reactions are not directly related to the drug’s chemical
or pharmacological properties and will only affect certain individuals. These reactions have sometimes
been referred to as “Type B” reactions, with “B” referring to “bizarre” [1-4]. Some of these idiosyncratic
reactions are related to genetic factors that predispose the patient to a direct drug toxic effect that
other individuals will not experience: e.g., glucose-6-phosphate dehydrogenase deficiency and
primaquine-associated hemolysis in humans; MDR1 mutation and ivermectin neurotoxicity in certain
dogs. In other idiosyncratic drug reactions, the clinical signs are the consequence of the drug inducing
a pathological immune reaction. These immune-mediated idiosyncratic drug events have historically
been referred to as drug allergies, allergic drug hypersensitivity reactions, or drug hypersensitivity
reactions (DHR) [1,4,5]. These events are also often categorized based on timing, being referred to as
“immediate” (clinical signs occurring within six hours) and “delayed” (or “non-immediate”; clinical
signs appearing >5 days after the first dose of drug course) [1-5]. Among these idiosyncratic drug
events that involve the immune system, some are not antigen-specific (“pseudo-drug allergy”), and in
immediate reactions, they are sometimes referred to as “non-allergic anaphylactic” or “anaphylactoid”
reactions (see pathogenesis section for details). While this review will sometimes refer to these
pseudo-allergic reactions, it will mainly focus on true antigen-specific drug reactions.
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“Immediate” DHR are the manifestation of a type I hypersensitivity against the drug and
are traditionally thought to be IgE-mediated (e.g., urticaria, anaphylaxis; see next section for
details on pathomechanisms); the latter reactions are the manifestation of a type II, III, or IV
hypersensitivity and are mediated via drug-specific IgG antibodies or drug-specific cytotoxic T
lymphocytes (e.g., maculopapular eruptions, toxic epidermal necrolysis, hepatitis, immune-mediated
hemolytic anemia) [1,3,4]. It is important to note, however, that DHR of type II, III, or IV can sometimes
start after less than 5 days of exposure (potentially even within the first 24 h) in patients who were
pre-sensitized during previous exposures. These cases being relatively uncommon, type I DHR
reactions are usually called “immediate” and the others “delayed”, and this is how these terms will be
used in this article. This review will focus on immune-mediated adverse drug reactions where the
patient’s immune system targets a small drug or its metabolites (not a biological peptidic drug, nor a
vaccine, nor a blood product).

The incidence of drug allergy in veterinary medicine has not been documented to date. However,
the few case reports and retrospective studies on delayed DHR in small animals suggest an overall
incidence (0.1%—-3%) and clinical patterns similar to what is observed in humans [3,4]. Laboratory
clinical tests (e.g., blood counts, biochemistry, and biopsy histology) and research assays (e.g., anti-drug
and anti-tissue antibodies) conducted in dogs or cats with a history of such drug allergic reactions
further suggest common underlying pathogenic mechanisms [4,6-8]. Drugs that are commonly
associated with immediate DHR, in both human and veterinary patients, include antibiotics ([3lactams,
quinolones), neuromuscular relaxants, opioids, and NSAIDs. Beyond their significant incidence at
the scale of the whole patient population, immediate DHR can also have a serious impact at the scale
of the individual by their severity (as anaphylaxis can be life-threatening) and by the fact that they
preclude from using the culprit drug again in this patient. Clinical signs of immediate DHR are those of
type I hypersensitivity: they can affect the skin (e.g., urticaria), the skin-mucosal junction (angioedema,
very common in dogs), the respiratory system (asthma-like reaction, very common in humans and
cats), or the digestive system (e.g., acute diarrhea, common in dogs).

There are crucial first steps that the diagnosis of a DHR requires: taking a detailed history of the
patient’s medical and pharmacological history; conducting a careful medical examination; and running
some common blood tests (cell blood count, biochemistry) [1-5,9]. In addition, some in vivo tests are
available to help confirm the reaction as well as the culprit drug: “dechallenge” (confirming that the
clinical signs disappear on drug discontinuation); “drug provocation test” (DPT), the gold standard
diagnostic step in DHR (“rechallenging” the patient with the suspected drug to reproduce the reaction);
and skin testing (patch test or intradermal injection, administration of a small amount of suspected
drugs on or in the skin to induce a localized inflammatory reaction). However, these in vivo tests can
be unpractical (e.g., challenging the patient with all the suspected drugs in cases of polypharmacy)
or even dangerous, as exposing the patient to the culprit drug (systemically or via the skin) could
induce a new reaction that could be even more severe. This is why researchers and clinicians have
spent decades trying to develop reliable diagnostic tools that would allow confirming DHR and/or
identifying the culprit drug without exposing the patient to any risk [9-11]. These laboratory tests,
with their specific strengths and weaknesses, are the focus of this review. Some of them have been used
in veterinary patients where a type I hypersensitivity reaction to a non-drug stimulus was suspected,
but not in cases of DHR. This review will also present their present place in small animal medicine.

2. Type I DHR Pathogenesis (Figure 1)

The characteristic clinical signs of drug-induced type I hypersensitivity reactions are the
direct consequence of the cross-linking of cell membrane bound-IgE antibodies by the drug they
target [1,5,12-14]. Anti-drug IgE antibodies are produced by drug-specific B lymphocytes that are
regulated by drug-specific T-helper lymphocytes. These IgEs bind to the membranes of basophils
(in blood or tissues) and mast cells (in tissues) that have a membrane rich in IgE Fc receptors (FceR).
The cross-linking activates the cells, leading to increased expression of certain membrane markers
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(e.g., CD203c) and degranulation. The degranulation itself induces the release of pre-formed and
neosynthesized inflammatory and immune mediators (e.g., histamine and leukotrienes), as well as
the addition of new membrane markers (e.g., CD63). The most important mediators released during
degranulation are histamine and tryptase, but also leukotrienes and cytokines [12,14]. Several steps
in this cascade of event are targeted by diagnostic tools, originally developed by researchers and
eventually used by clinicians, after more or less validation for such application (see below).
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Figure 1. In vitro tests available based on the pathogenic events involved in immediate drug AHR.
TCR =T cell receptor; BCR = B cell receptor; IgE = Immunoglobulin class E; FceR = IgE receptor;
LTT = Lymphocyte Transformation Test; ** tests that also confirm the nature of the culprit drug;
“in vivo”: marker secreted in the patient during the reaction, but measured in vitro in a blood sample;
“ex vivo”: a marker secreted in vitro by the patient’s cells.

It is important to note that some drugs can induce clinical signs similar to type I HS, but without
the involvement of drug-specific IgE antibodies [4,14,15]. Such drug reactions are sometimes referred
to as “anaphylactoid” (or “pseudo-allergic”) rather than “anaphylactic”, but a European task force
on allergy preferred the term “non-allergic anaphylactic reaction” [16,17]. This is the case of certain
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opioids, NSAIDs, quinolones, or vancomycin, for instance. The mechanisms of these non-allergic
reactions go beyond the scope of this review (e.g., direct pharmacological induction of histamine
release; involvement of pathways such as the complement cascade or the MRGPRX2 receptor), but
have been discussed elsewhere [12,15,18,19]. However, it is important to remember that immediate
reactions to drugs such as opioids, NSAIDs, or quinolones might involve different pathomechanisms
than IgE-mediated reactions to other drugs. This could explain why the use of the tests described
below has often been disappointing in immediate reactions to opioids, NSAIDs, or quinolones.

3. Humoral In Vitro Tests

These tests measure a biomarker secreted in the patient’s blood during the reaction. There are
two categories of humoral markers commonly measured in immediate DHR: (1) histamine and tryptase,
which are not drug-specific and are markers of type I hypersensitivity in general; and (2) drug-specific
IgE that identify or confirm which drug was associated with the immune reaction in cases of drug
DHR. Note that secretory markers, such as histamine and tryptase, can also be measured ex vivo in the
context of cellular assays (see Section 4).

3.1. Serum Histamine Concentrations

Histamine is mainly synthesized by basophils and mast cells, which release it extracellularly via
degranulation upon activation. It is a key mediator of type I hypersensitivity [20,21].

Histamine levels can be measured using commercial immunoassays. Histamine is secreted
within minutes of the anaphylactic reaction, but has a very short half-life as it is quickly metabolized
after release [20-22]. Thus, samples should be collected within 15-20 min of the reaction onset, kept
refrigerated, processed as quickly as possible, and should not be hemolyzed [20,23-25]. Urinary
levels of histamine metabolites have been used as more stable surrogate markers for up to 24 h
(and sometimes longer) after the reaction started [20,21,26]. Because of significant inter- and intra-
individual variability, levels measured during a reaction should also be compared to baseline levels
for accurate interpretation (pre- and/or post-reaction). A sensitivity ranging from 61 to 92% and a
specificity ranging from 51% to 91% have been reported for plasma histamine tests in anaphylaxis
diagnosis [9].

Circulating histamine levels tend to correlate with the severity of the anaphylactic reaction and
are more likely to be increased than tryptase levels, especially in less severe cases (see below) [5,23,25].

Application in Veterinary Medicine

Various veterinary studies have measured histamine levels in canine plasma/serum using
immunoassays originally developed for human samples (e.g., opioid-induced anaphylactoid reactions;
cardiovascular injuries; heartworm infections; mast cell tumors) [27-30]. To the best of our knowledge,
serum histamine concentrations have never been reported in naturally occurring cases of anaphalytic
reaction, to a drug or other stimuli. We found a few studies of experimental anaphylactoid and
anaphylactic reactions to drugs in research dogs that included histamine levels [31,32]. Because of the
specific experimental methods used in these studies, however, it is difficult to extract clinically relevant
data. Levels of histamine metabolites have also been reported in a few studies in dogs, including in a
few experimental anaphylaxis projects [33], but not in a context of clinical anaphylaxis [34]. There is
even less literature about serum histamine concentrations in cats [35]. It is possible that research has
been limited in veterinary patients because clinicians have not felt the need for a laboratory test to help
them diagnose an anaphylactic reaction or detect it earlier, before clinical signs become more obvious.

3.2. Serum Tryptase Concentrations

Serum tryptase is mainly produced by mast cells and to a much lower extent by basophils.
The immature isoforms, o/ 3-protryptases, are produced continuously at low levels, proportionally to
mast cell numbers. Mature p-tryptase is only released upon mast cell activation. Therefore, the mature
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form is a better indicator of the mast cells” activational state and thus a better marker for anaphylactic
reactions [36-38].

Tryptase levels are quantified using immunoassays. Relatively straightforward kits are
commercially available, but presently only to measure total tryptase levels in human serum. However,
the relatively short half-life of tryptase in serum significantly decreases its levels after 2 h, and it
is advised that a blood sample within 1-3 hours is collected after the onset of clinical signs [38—40].
Levels of total tryptase >11.4 pug/L have been considered positive for a diagnostic of anaphylaxis
in human patients [41]. However, several studies have shown that values below these thresholds
have been observed in otherwise confirmed cases of anaphylaxis [41]. Interestingly, tryptase levels
appear to correlate with clinical severity (e.g., decrease in blood pressure) [24,25,42,43]. Some authors
have suggested that serial measurements can be more accurate [42,44]; tracking their citations for this
comment led to an empirical study on an insect sting allergy where tryptase levels were measured at
baseline, 15 min, and 60 min post-challenge [45]. Other authors have recently proposed an equation
based on “reaction levels” (0.5—4 h after reaction onset) and “recovery levels” (=24 h after recovery):
tryptase levels were considered positive for a diagnosis of anaphylactic reaction if the reaction levels
were > “2 + 1.2 x recovery levels” [46]. In type I hypersensitivity in general, serum tryptase levels
seem influenced by the route of allergen exposure and the nature of the antigen [24,25].

Serum histamine and tryptase concentrations are the only tests commonly used in human
medicine to confirm an anaphylactic reaction. However, because of high variability, potentially
low specificity, and practical limitations in measuring plasma histamine levels, tryptase measurements
are now favored when diagnosing anaphylaxis [47,48]. However, some authors consider that both tests
display relatively low sensitivity, and careful history taking and clinical examining need to precede
them [25,43]. It is important to note that the interpretation of histamine and tryptase levels might be
challenging in patients with pre-existing conditions associated with abnormal mast cell activation
(e.g., mastocytosis), as their baseline histamine and tryptase levels will likely be high whether or not
an immediate DHR occurred.

Application in Veterinary Medicine

To the best of our knowledge, serum tryptase levels in dogs or cats with anaphylactic reactions
have not been investigated to date. However, some researchers have used human reagents in order to
quantify canine tryptase levels [49,50], but without reporting validation data in this species. Studies
including feline tryptase levels are even more seldom and typically focused on intracellular detection,
rather than circulating levels, in contexts different from type I hypersensitivity [51,52].

3.3. Circulating IgE Levels

3.3.1. Total IgE

Total IgE concentrations are not diagnostically useful on their own in type I hypersensitivity
reactions for a number of reasons. Contrary to the general perception, total IgE levels do not seem to
be increased in all type I hypersensitivity reactions. Additionally, total IgE levels can be increased in
numerous other clinical situations. Thus, total IgE levels cannot be easily interpreted when baseline
values are not available, especially in patients suffering from other pre-existing IgE-mediated illnesses.
Even when baseline values are available for comparison, increased levels do not simplify a large list of
etiological options. Nevertheless, total IgE levels might be useful in diagnosing immediate DHR when
used to normalize drug-specific IgE levels (see below for further details).

3.3.2. Drug-Specific IgE

It is important to note that this assay is the only humoral test that is drug-specific. Indeed, those
mentioned previously only indicate that an anaphylactic reaction took place without any information
on its etiology in general or the culprit drug if it were drug-induced.
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In these assays, the suspect drug is covalently bound to a carrier peptide that itself can be
bound to a solid support (e.g., ELISA plate); this drug-containing solid phase is then exposed to the
patient’s serum; if anti-drug IgEs are present they will bind to the drug; after washing away any
unbound component of the serum, a species-specific anti-IgE antibody is added that will bind to any
IgE that is bound to their drug target on the solid phase; these anti-IgE antibodies are subsequently
detected thanks to their label, such as a radioactive (uncommon nowadays), fluorescent, or colored
marker [9,10,41,53-55]. Immunoglobulins are much more stable than histamine and tryptase and
their half-life is much longer. Thus, samples can be collected up to several years after the reactions,
and can be frozen before testing. However, drug-specific IgE levels have been shown to decrease
relatively quickly in some patients, requiring that the test be run sooner rather than later after the
reaction [9,41,56]. A position paper prepared by an ENDA/EAACI Drug Allergy Interest Group
recently stated that drug-specific IgE tests should therefore be conducted within three years after the
DHR [9]. The statement only referenced a single study that only included 41 patients with a history of
immediate allergic reaction to amoxicillin [56]. Thus, some authors disagree with this time limit [41,57].
Future guidelines about the appropriate timing of drug-specific IgE testing will be more beneficial
if they are validated separately for individual drugs of concern, and, if they are based on more, and
ideally larger, studies.

Drug-specific IgE tests have only been developed for a limited number of drugs and even fewer
have been fully validated for clinical usage in human medicine [14,41,58]. Indeed, the development
and validation is often complicated, or even impossible, largely because of the difficulty of obtaining
specific positive controls (synthetic anti-drug IgE or patient serum proved to contain them). Yet, these
tests are commonly used in human medicine in cases of immediate drug allergy to some (3-lactams
(probably the most commonly used IgE tests), muscle relaxant drugs, and opioids [14,41,59]. Note that,
for the latter drugs, clinical reactions are usually non-allergic (“anaphylactoid”) in nature rather than
IgE-mediated reactions. As for the “drug specificity” of certain anti-drug IgE and their detection assays,
it is important to note that certain anti-muscle relaxant IgE appear to cross-react with certain opioids,
antibiotics, and numerous other chemicals [60-62]. This is thought to be due to some substituted
ammonium ions in the structure of these different compounds.

Drug-specific IgE tests show variable specificity and sensitivity, based on the tested drug
(see detailed values in referenced reviews) [9,41,54]. Relatively low sensitivity of drug-specific IgE
tests might be explained by various factors: (1) a poor selection of patients based on incomplete
and/or inaccurate medical history and examination; (2) the fact that non-IgE-mediated immediate
drug reactions (“anaphylactoid”) share a similar clinical pattern with true immediate allergic DHR;
(3) drug binding to the assay matrix instead of the target antibody; (4) the use of a parent drug when
the IgE target is its metabolite; (5) some hapten modification when binding the drug to the peptide
carrier; or (6) high levels of total IgE. This last factor has been recently proposed as a significant issue
when measuring drug-specific IgE [14,41,63-66]. Clinicians should therefore be aware that high total
IgE levels can interfere with drug-specific IgE assays, and should work on “drug-specific IgE: total
IgE ratios” whenever possible [65,66]. The use of “antigen-specific IgE: total IgE ratios” was originally
developed in the field of human atopy (allergic asthma and atopic dermatitis) and is thought to have
diagnostic, but also clinical, relevance [12,67,68]. Further work will be required to develop clinically
relevant guidelines of drug-specific: total IgE ratios in human immediate drug allergy.

The specificity of drug-specific IgE tests (as their capacity to give a negative result for a non-allergic
patient, not their “drug specificity”) appeared to be relatively high, but more recent evidence shows that
it might be lower than originally thought [9,41]. Indeed, anti-drug IgE antibodies have been detected
in patients who had received the drug, sometimes multiple times, in the absence of any adverse
reaction [41,58]. Drug-specific IgE tests, like all the other assays described in this review, should
therefore not be conducted to predict whether a patient is at risk to develop an immediate drug allergy
reaction, but instead to confirm a reaction and/or the culprit drug in cases of polypharmacy. In any
circumstances, drug-specific IgE results should be interpreted with caution, based on clinical history
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and examination, total IgE levels, sample collection timing, and other laboratory results (e.g., skin
testing). Additionally, antigen-specific IgE circulating levels do not always accurately correlate with
clinical sign severity [53,68,69]. Thus, the usefulness of drug-specific IgE levels as a diagnostic test
relies heavily on a careful selection of patients based on medical history and clinical pattern, as well as
on a careful validation of the drug-specific test itself.

3.3.3. Application in Veterinary Medicine

Readers are referred to two relatively recent reviews that focus on IgE in dogs and cats, respectively,
for additional details on this biomarker [69,70]. Kits to detect and quantify feline and canine IgE are
now commercially available. Like in human medicine, total IgE levels have not proven useful in the
diagnosis of non-drug related type I hypersensitivity in veterinary medicine and, to the best of our
knowledge, have not been reported in cases of type I DHR in veterinary patients.

In veterinary medicine, research on antigen-specific IgE has mainly been focused on food
allergy [71], fleabite hypersensitivity [72,73], allergic respiratory diseases [74-76], and atopic
dermatitis [53,77,78]. Some private veterinary laboratories propose such allergen-specific IgE testing for
clinical application. While drug-specific IgE testing has never been reported in any veterinary case of
type I DHR, it is important to be aware of its weaknesses in veterinary atopy or food allergy diagnosis.
They have been discussed in detail elsewhere, but some of their main shortcomings in veterinary
medicine are the presence of allergen-specific IgE in healthy animals, a lack of inter-laboratory
standardization, a lack of validation overseen by a regulatory agency, and a lack of patients with a
certain diagnosis that could serve as reliable positive controls [53,79,80].

3.4. Other Humoral Markers Investigated in Type I Hypersensitivity Research

3.4.1. Other Degranulation Enzymes

Carboxypeptidase and chymase are other enzymes secreted during degranulation. Less literature
has been published on their use as diagnostic markers of anaphylaxis [81]. They are not secreted by
basophils, but by tissue mast cells, so their use as serum biomarkers requires further investigation.

3.4.2. Cytokine Profiles

Research on type I hypersensitivity has included a substantial amount of work on circulating
cytokine profiles and their potential use in the diagnosis of anaphylactic reactions [32,82,83]. However,
the complexity of their profile and the fact that they are involved in numerous other pathological
processes will likely render cytokine levels/profiles more useful for prognosis and monitoring purposes
than in diagnosis.

3.4.3. Leukotrienes

Leukotrienes, such as LTC4, are produced during mast cell and basophil activation, and secreted
during their degranulation [12,14]. Some researchers have investigated their potential as anaphylaxis
biomarkers [84,85]. However, like cytokines, leukotrienes are produced by numerous types of cells
and in numerous circumstances, so their use in the diagnosis of anaphylactic reactions in general and
immediate DHR specifically will require further research.

3.4.4. Platelet Activation Factor Levels

Some recent studies have considered the usefulness of platelet activating factor levels in the
diagnosis of anaphylaxis with promising results, especially with the perspective of correlating these
levels with clinical severity [86].
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3.4.5. Liver Injury Biomarkers

A relatively recent study on 40 dogs with mild allergic reactions and 61 dogs with severe
anaphylaxis showed that increased gallbladder wall thickness and serum ALT activity were reliable
early markers of severe anaphylactic reactions in dogs, with the latter test being easily conducted
in most clinical settings [87]. The authors reported sensitivities of 93% and 85%, respectively, and
specificities of 98% in both tests.

4. Cellular in Vitro Tests

As their name indicates, these tests focus on cells, but they can either detect the cells themselves
or measure certain markers expressed on the cell surface or secreted by the cell. Unlike techniques
relying on humoral markers, tests involving live cells require samples to be processed quickly and
carefully because of the potential significant cell loss [88]. This is one of the pitfalls of in vitro
cellular assays when considering their application in a clinical setting. On the other hand, a strong
advantage presented by all cellular assays is that they also allow confirming the culprit drug in cases
of polypharmacy.

In immediate drug allergy, the main cells involved in the pathogenesis are B lymphocytes that
produce allergen-specific IgE, as well as circulating basophils and tissue mast cells which are both
activated when their surface drug-specific IgE are cross-linked by the drug [1,5,12-14]. Lymphocytes
and basophils circulate in the blood and are therefore more available for ex vivo testing than mast cells,
especially for clinical applications.

4.1. Basophil-Related Tests

In human medicine, these tests measure the activation of the patient’s basophils when exposed
ex vivo to the suspected drug. Thus, it is advised to wait at least two weeks after the reaction
before attempting these tests so that collected basophils are not pre-activated [89]. On the other
hand, the sensitivity of these tests can decrease significantly with time and it is advised to conduct
them within a year of the reaction whenever possible [9,89,90]. It is important to note that, although
each of the following tests use basophils, details of their protocols, such as effective ex vivo drug
concentrations, might differ significantly [91]. For all the following assays, blood samples need to be
collected and handled properly (e.g., EDTA or citrated tubes, refrigerated), and processed within a few
hours [12,88,91,92].

4.1.1. Measurement of Basophil Secretions

Upon IgE-induced degranulation, basophils will also release in vitro preformed histamine,
measured by the “histamine release test” (HRT), and neosynthesized leukotrienes, quantified by
the cellular antigen stimulation test (CAST) [9,89,93]. In this case, these secretions are not “humoral”
markers per se, as they were not secreted in the patient’s blood. Both tests seem to have limited
diagnostic value because of their usually poor sensitivity and specificity in human patients. This is
why certain specialists do not recommend their use in drug allergy diagnosis in human medicine [9].
Furthermore, CAST (like the BAT, see below) appears to be useful in non-IgE-mediated reactions
(“anaphylactoid”), such as those commonly induced by NSAIDs or opioids [89]. More recently, a
flow cytometric approach to ex vivo histamine release by basophils (at a single cell level) has been
developed, with several studies conducted successfully in cases of immediate DHR (HistaFlow®; e.g.,
neuromuscular blocking agents, lactams) [94-96].

4.1.2. Quantification of Basophil Membrane Markers

In human medicine, the most commonly used allergy test using basophils is the basophil activation
test (BAT) that measures the increase in expression of cell membrane markers (mainly CD63 or CD203c)
using flow cytometry [54,90-92,97]. CD63 is a basophil receptor expressed on granule membranes,
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which can be detected at high levels on the cell membrane upon the exocytosis of histamine-containing
granules. CD203 is a cell membrane receptor expressed at low levels on basophils, but its expression
is significantly upregulated when basophils are activated, with or without histamine release by
degranulation [98,99].

The BAT has been shown to be a reliable tool in diagnosing certain DHR in human
medicine. Variable sensitivities and specificities have been reported, ranging from 22% to 92%
and from 40% to 100% (but usually >80%), respectively, with specificities overall higher than
sensitivities [9,54,89-91,97,100]. Examples of such drugs are lactams, quinolones, NSAIDs, muscle
relaxant drugs, and pyrazolones. Note that, in the case of non-allergic immediate drug reactions
(e.g., NSAIDs, opioids), the BAT can work in the absence of drug-specific IgE [89].

These assays were originally developed in the field of allergies to protein allergens, and were
then adapted for immediate allergic reactions to non-peptide drugs. Commercial kits have been
developed, but detailed protocols for use of them (e.g., drug concentrations tested) often vary between
laboratories [9]. While the principles behind BATs are straightforward, the use of multiple negative
and positive controls as well as consistent cytometer settings are required in order to limit the
risk of an erroneous interpretation [12,54,91,101]. Interestingly, basophils from 5%—-20% of human
patients do not respond to BAT positive controls ex vivo, preventing the use of these assays for
diagnosis purposes [9,12,14]. In addition, it is advised to test a large range of drug concentrations
(more than 10,000-fold, if possible) [12,54]. Because circulating drug-specific IgE levels decrease
over time in patients (see IgE section), the BAT sensitivity decreases accordingly when the basophil
activation is based on drug-IgE cross-linking (i.e., the patient had a true drug allergic reaction, not an
“anaphylactoid” one). It is therefore recommended that negative results be interpreted carefully three
years post-reaction [9,56,90].

4.1.3. Other Basophil-Based Tests

More recently, researchers have successfully explored the possibility of testing basophil activation
via markers of intracellular signaling, such as the phosphorylation of certain signaling enzymes and
transcription factors (e.g., p38 MAPK and STAT5) [63,102,103]. To the best of our knowledge, these
recent technical advancements have not been applied to drug allergy cases yet.

4.1.4. Applications in Veterinary Medicine

Basophil-based tests have not been used in the context of drug allergy in veterinary medicine to
date. However, some researchers have adapted these assays to diagnose non-drug related allergies
in companion animals. Some showed that plasma from dogs or cats with a history of atopy or
food allergy can induce histamine release from human basophils in vitro [104-106]. Others used the
patient’s basophils themselves, as done in human medicine [73,107]. While this review focuses on
small animal medicine, the readers should be aware that the BAT has also been investigated for its
research and clinical applications in horses with insect bite allergy (“summer eczema”) [108-111]. Note
that, to date, this approach in dogs and cats has mainly focused on histamine release as readout rather
than membrane receptor quantification by flow cytometry.

4.2. Drug-Specific Lymphocyte Detection

4.2.1. Lymphocyte Transformation Test (LTT)

LTT is the gold standard in vitro assay to confirm a “delayed” DHR and/or identify which drug
was involved in such a reaction [112-115]. The LTT detects the presence of circulating drug-specific
lymphocytes in a patient’s blood. Such cells are also involved in the pathogenesis of immediate DHR:
drug-specific IgE secreting B lymphocytes and T helper cells controlling the events [5,116]. Yet, it is
important to note that the LTT is seldom used in immediate DHR [116,117]. A more detailed discussion
of this assay will be conducted in our follow-up review on diagnostic tools for delayed DHR.
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4.2.2. Application in Veterinary Medicine

The LTT has been used in veterinary research for several decades [117]. Its use in the context
of DHR has been very limited and to the best of our knowledge has never been reported in a case
of immediate drug allergy in a veterinary patient. However, it can be found in other veterinary
studies: e.g., anti-pathogen lymphocyte responses [118], vaccines [119], or in a few non-drug related
IgE-mediated allergies in companion animals, such as cats with atopic rhinitis [75].

5. Genetic In Vitro Tests

Limited work has been published on the pharmacogenomics of immediate drug allergy in human
medicine [5]. To date, most of the research in genetic predispositions in allergies has focused on
non-drug related reactions [120]. Drug allergy pharmacogenetics has focused on “delayed” DHR; thus,
a more detailed discussion on this subject will be found in our follow-up review about these drug
reactions [121]. However, it appears that several genetic predispositions or even associations might be
involved with IgE-mediated DHR: e.g., HLA, TNF«, IgE receptors, and certain cytokines [121,122].
The field of veterinary pharmacogenetics is relatively young and has not included any work on drug
allergy so far [123].

6. Conclusions

Despite the weaknesses discussed in this review, it is crucial to remember that in vitro tests are
safe and minimally invasive, which presently available in vivo tests are not. Historically, the first
assays used in the diagnosis process of immediate DHR relied on humoral markers measured directly
in patients’ serum. However, tests based on ex vivo measurements on patients’ cells (mainly basophils)
have progressively taken the front row in the diagnosis of these adverse drugs reactions. It is important
to remember that, to date, none of these assays, not even the most commonly used, has gone through a
validation process with regulatory implications for clinical application in human immediate DHR yet
(e.g., intra-laboratory and inter-laboratory reproducibility, or timing and condition guidelines for
sample collection). This probably explains why no official consensus on which assays to use and how
to conduct them emerges from exploring the literature on the subject of immediate DHR diagnosis.
However, an expert group position paper was recently published to emphasize the importance of
in vitro tests in the diagnosis of DHR and to highlight what the most reliable studies have shown so
far [9]. To be valuable as a diagnostic tool in these drug reactions, a test would have to be conducted on
samples taken soon after the onset of clinical signs (to manage the reaction itself that could be quickly
life-threatening) and/or on samples collected once the patient will have recovered (to manage the
patient pharmacologically in the future: e.g., identification of a drug not to be used again in this patient).
Ideally, the test should identify or confirm the culprit drug in cases of polypharmacy. In any case, the
most accurate diagnosis will likely rely on a panel of biomarkers rather than a single assay [25,43].
Any test validated for human patients will then have to be carefully evaluated in veterinary patients,
which in itself will require further work in the neglected field of type I DHR in veterinary medicine.

Acknowledgments: The author would like to thank Erica Behling-Kelly, Fabrice T. Fosset and Benjamin E. Lucas
for their time and careful reading of the manuscript draft.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Demoly, P; Adkinson, N.E; Brockow, K.; Castells, M.; Chiriac, A.M.; Greenberger, P.A.; Khan, D.A.;
Lang, D.M,; Park, H.S.; Pichler, W.; et al. International consensus on drug allergy. Allergy 2014, 69, 420-437.
[CrossRef] [PubMed]

2. Pirmohamed, M.; Breckenridge, A.M.; Kitteringham, N.R.; Park, B.K. Adverse drug reactions. BMJ 1998, 316,
1295-1298. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/all.12350
http://www.ncbi.nlm.nih.gov/pubmed/24697291
http://dx.doi.org/10.1136/bmj.316.7140.1295
http://www.ncbi.nlm.nih.gov/pubmed/9554902

Vet. Sci. 2017, 4,1 11 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Trepanier, L.A. Idiosyncratic drug toxicity affecting the liver, skin, and bone marrow in dogs and cats.
Vet. Clin. N. Am. Small Anim. Pract. 2013, 43, 1055-1066. [CrossRef] [PubMed]

Voie, K.L.; Campbell, K.L.; Lavergne, S.N. Drug hypersensitivity reactions targeting the skin in dogs and
cats. J. Vet. Intern. Med. 2012, 26, 863-874. [CrossRef] [PubMed]

Stone, S.F; Phillips, E.J.; Wiese, M.D.; Heddle, R.J.; Brown, S.G. Immediate-type hypersensitivity drug
reactions. Br. J. Clin. Pharmacol. 2014, 78, 1-13. [CrossRef] [PubMed]

SLavergne, N.; Danhof, R.S.; Volkman, E.M.; Trepanier, L.A. Association of drug-serum protein adducts
and anti-drug antibodies in dogs with sulphonamide hypersensitivity: A naturally occurring model of
idiosyncratic drug toxicity. Clin. Exp. Allergy 2006, 36, 907-915. [CrossRef] [PubMed]

Lavergne, S.N.; Drescher, N.J.; Trepanier, L.A. Anti-myeloperoxidase and anti-cathepsin G antibodies in
sulphonamide hypersensitivity. Clin. Exp. Allergy 2008, 38, 199-207. [CrossRef] [PubMed]

Lavergne, S.N.; Trepanier, L.A. Anti-platelet antibodies in a natural animal model of
sulphonamide-associated thrombocytopaenia. Platelets 2007, 18, 595-604. [CrossRef] [PubMed]

Mayorga, C.; Celik, G.; Rouzaire, P.; Whitaker, P.; Bonadonna, P.; Rodrigues-Cernadas, J.; Vultaggio, A.;
Brockow, K.; Caubet, ].C.; Makowska, J.; et al. In vitro tests for Drug Allergy Task Force of, in vitro tests for
drug hypersensitivity reactions: An ENDA/EAACI drug allergy interest group position paper. Allerqy 2016,
71,1103-1134. [CrossRef] [PubMed]

Elzagallaai, A.A.; Rieder, M.J. In vitro testing for diagnosis of idiosyncratic adverse drug reactions:
Implications for pathophysiology. Br. J. Clin. Pharmacol. 2015, 80, 889-900. [CrossRef] [PubMed]

Mayorga, C.; Sanz, M.L.; Gamboa, P.; Garcia-Aviles, M.C.; Fernandez, J.; Torres, M.J. In vitro methods for
diagnosing nonimmediate hypersensitivity reactions to drugs. J. Investig. Allergol. Clin. Immunol. 2013, 23,
213-225. [PubMed]

Kleine-Tebbe, J.; Erdmann, S.; Knol, E.F; MacGlashan, D.W., Jr.; Poulsen, L.K.; Gibbs, B.F. Diagnostic tests
based on human basophils: Potentials, pitfalls and perspectives. Int. Arch. Allergy Immunol. 2006, 141, 79-90.
[CrossRef] [PubMed]

Schnyder, B.; Brockow, K. Pathogenesis of drug allergy—Current concepts and recent insights.
Clin. Exp. Allergy 2015, 45, 1376-1383. [CrossRef] [PubMed]

Uyttebroek, A.P,; Sabato, V.; Bridts, C.H.; Ebo, D.G. In vitro diagnosis of immediate IgE-mediated drug
hypersensitivity: Warnings and (unmet) needs. Immunol. Allergy Clin. N. Am. 2014, 34, 681-689. [CrossRef]
[PubMed]

Sala-Cunill, A.; Cardona, V. Biomarkers of anaphylaxis, beyond tryptase. Curr. Opin. Allergy Clin. Immunol.
2015, 15, 329-336. [CrossRef] [PubMed]

Johansson, S.G.; Hourihane, J.O.; Bousquet, J.; Bruijnzeel-Koomen, C.; Dreborg, S.; Haahtela, T,;
Kowalski, M.L.; Mygind, N.; Ring, J.; van Cauwenberge, P.; et al. A revised nomenclature for allergy.
An EAACI position statement from the EAACI nomenclature task force. Allergy 2001, 56, 813-824. [CrossRef]
[PubMed]

Johansson, S.G.O. New nomenclature and clinical aspects of allergic diseases. In Allergy Frontiers:
Classification and Pathomechanisms; Springer: Philadelphia, USA, 2009; Volume 2, pp. 31-42.

Baldo, B.A.; Pham, N.H. Histamine-releasing and allergenic properties of opioid analgesic drugs: Resolving
the two. Anaesth. Intensive Care 2012, 40, 216-235. [PubMed]

Subramanian, H.; Gupta, K.;; Ali, H. Roles of Mas-related G protein-coupled receptor X2 on mast
cell-mediated host defense, pseudoallergic drug reactions, and chronic inflammatory diseases. J. Allergy
Clin. Immunol. 2016, 138, 700-710. [CrossRef] [PubMed]

Lieberman, P. The basics of histamine biology. Ann. Allergy Asthma Immunol. 2011, 106, S2-S5. [CrossRef]
[PubMed]

Peters, L.J.; Kovacic, J.P. Histamine: Metabolism, physiology, and pathophysiology with applications in
veterinary medicine. J. Vet. Emerg. Crit. Care 2009, 19, 311-328. [CrossRef] [PubMed]

Ogawa, Y.; Grant, ].A. Mediators of anaphylaxis. Immunol. Allergy Clin. N. Am. 2007, 27, 249-260. [CrossRef]
[PubMed]

Berroa, F,; Lafuente, A.; Javaloyes, G.; Ferrer, M.; Moncada, R.; Goikoetxea, M.J.; Urbain, C.M.; Sanz, M.L.;
Gastaminza, G. The usefulness of plasma histamine and different tryptase cut-off points in the diagnosis of
peranaesthetic hypersensitivity reactions. Clin. Exp. Allergy 2014, 44, 270-277. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.cvsm.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23890238
http://dx.doi.org/10.1111/j.1939-1676.2012.00927.x
http://www.ncbi.nlm.nih.gov/pubmed/22519673
http://dx.doi.org/10.1111/bcp.12297
http://www.ncbi.nlm.nih.gov/pubmed/24286446
http://dx.doi.org/10.1111/j.1365-2222.2006.02506.x
http://www.ncbi.nlm.nih.gov/pubmed/16839406
http://dx.doi.org/10.1111/j.1365-2222.2007.02845.x
http://www.ncbi.nlm.nih.gov/pubmed/17976219
http://dx.doi.org/10.1080/09537100701392913
http://www.ncbi.nlm.nih.gov/pubmed/18041651
http://dx.doi.org/10.1111/all.12886
http://www.ncbi.nlm.nih.gov/pubmed/26991315
http://dx.doi.org/10.1111/bcp.12505
http://www.ncbi.nlm.nih.gov/pubmed/25199801
http://www.ncbi.nlm.nih.gov/pubmed/23964550
http://dx.doi.org/10.1159/000094495
http://www.ncbi.nlm.nih.gov/pubmed/16837789
http://dx.doi.org/10.1111/cea.12591
http://www.ncbi.nlm.nih.gov/pubmed/26172398
http://dx.doi.org/10.1016/j.iac.2014.04.007
http://www.ncbi.nlm.nih.gov/pubmed/25017685
http://dx.doi.org/10.1097/ACI.0000000000000184
http://www.ncbi.nlm.nih.gov/pubmed/26110683
http://dx.doi.org/10.1034/j.1398-9995.2001.t01-1-00001.x
http://www.ncbi.nlm.nih.gov/pubmed/11551246
http://www.ncbi.nlm.nih.gov/pubmed/22417016
http://dx.doi.org/10.1016/j.jaci.2016.04.051
http://www.ncbi.nlm.nih.gov/pubmed/27448446
http://dx.doi.org/10.1016/j.anai.2010.08.005
http://www.ncbi.nlm.nih.gov/pubmed/21277530
http://dx.doi.org/10.1111/j.1476-4431.2009.00434.x
http://www.ncbi.nlm.nih.gov/pubmed/25164630
http://dx.doi.org/10.1016/j.iac.2007.03.013
http://www.ncbi.nlm.nih.gov/pubmed/17493501
http://dx.doi.org/10.1111/cea.12237
http://www.ncbi.nlm.nih.gov/pubmed/24237068

Vet. Sci. 2017, 4,1 12 of 16

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Khan, B.Q.; Kemp, S.F. Pathophysiology of anaphylaxis. Curr. Opin. Allergy Clin. Immunol. 2011, 11, 319-325.
[CrossRef] [PubMed]

Simons, EE.; Sheikh, A. Evidence-based management of anaphylaxis. Allergy 2007, 62, 827-829. [CrossRef]
[PubMed]

Da Broi, U.; Moreschi, C. Post-mortem diagnosis of anaphylaxis: A difficult task in forensic medicine. Forensic
Sci. Int. 2011, 204, 1-5. [CrossRef] [PubMed]

AGuedes, G.; Papich, M.G.; Rude, E.P; Rider, M.A. Comparison of plasma histamine levels after intravenous
administration of hydromorphone and morphine in dogs. J. Vet. Pharmacol. Ther. 2007, 30, 516-522.
[CrossRef] [PubMed]

Gyongyosi, M.; Kaszaki, J.; Wolfard, A.; Mojzes, L.; Nemeth, J.; Jambrik, Z. Acute myocardial infarction
enhances the portal venous histamine level in dogs. Inflamm. Res. 1997, 46, 253-259. [CrossRef] [PubMed]
Ishiguro, T.; Kadosawa, T.; Takagi, S.; Kim, G.; Ohsaki, T.; Bosnakovski, D.; Okumura, M.; Fujinaga, T.
Relationship of disease progression and plasma histamine concentrations in 11 dogs with mast cell tumors.
J. Vet. Intern. Med. 2003, 17, 194-198. [CrossRef] [PubMed]

Kitoh, K.; Katoh, H.; Kitagawa, H.; Nagase, M.; Sasaki, N.; Sasaki, Y. Role of histamine in heartworm
extract-induced shock in dogs. Am. J. Vet. Res. 2001, 62, 770-774. [CrossRef] [PubMed]

Mi, Y.N,; Ping, N.N,; Xiao, X.; Zhu, Y.B.; Liu, J.; Cao, Y.X. The severe adverse reaction to vitamin K; injection
is anaphylactoid reaction but not anaphylaxis. PLoS ONE 2014, 9, €90199. [CrossRef] [PubMed]

Wang, Z.; Wang, D.; Sui, Y.; Cui, H.; Yu, Y. Experimental study on anaphylaxis of gingkailing injection and
its components on Beagle dogs. |. Tradit. Chin. Med. 2012, 32, 641-645. [CrossRef]

Hieda, Y.; Kageura, M.; Hara, K.; Takamoto, M.; Fukuma, Y.; Kashimura, S. An experimental model of death
from anaphylactic shock with compound 48/80 and postmortem changes in levels of histamine in blood.
Forensic Sci. Int. 1990, 45, 159-169. [CrossRef]

Anfinsen, K.P; Berghoff, N.; Priestnall, S.L.; Suchodolski, ].S.; Steiner, ].M.; Allenspach, K. Urinary and faecal
N-methylhistamine concentrations do not serve as markers for mast cell activation or clinical disease activity
in dogs with chronic enteropathies. Acta Vet. Scand. 2014, 56, 1-9. [CrossRef] [PubMed]

Kadoya, M.; Momoi, Y.; Iwasaki, T. Plasma histamine concentration and histamine detection in peripheral
blood eosinophils in cats. ]. Feline Med. Surg. 2006, 8, 302-308. [CrossRef] [PubMed]

Schwartz, L.B. Diagnostic value of tryptase in anaphylaxis and mastocytosis. Immunol. Allergy Clin. N. Am.
2006, 26, 451-463. [CrossRef] [PubMed]

Schwartz, L.B.; Bradford, T.R.; Rouse, C.; Irani, A.M.; Rasp, G.; van der Zwan, J.K.; van der Linden, PW.
Development of a new, more sensitive immunoassay for human tryptase: Use in systemic anaphylaxis.
J. Clin. Immunol. 1994, 14, 190-204. [CrossRef] [PubMed]

Schwartz, L.B.; Yunginger, ] W.; Miller, J.; Bokhari, R.; Dull, D. Time course of appearance and disappearance
of human mast cell tryptase in the circulation after anaphylaxis. J. Clin. Investig. 1989, 83, 1551-1555.
[CrossRef] [PubMed]

Dybendal, T.; Guttormsen, A.B.; Elsayed, S.; Askeland, B.; Harboe, T.; Florvaag, E. Screening for mast
cell tryptase and serum IgE antibodies in 18 patients with anaphylactic shock during general anaesthesia.
Acta Anaesthesiol. Scand. 2003, 47, 1211-1218. [CrossRef] [PubMed]

Laroche, D.; Vergnaud, M.C;; Sillard, B.; Soufarapis, H.; Bricard, H. Biochemical markers of anaphylactoid
reactions to drugs. Comparison of plasma histamine and tryptase. Anesthesiology 1991, 75, 945-949.
[CrossRef] [PubMed]

Decuyper, LI; Ebo, D.G.; Uyttebroek, A.P.; Hagendorens, M.M.; Faber, M.A.; Bridts, C.H.; Sabato, V.
Quantification of specific IgE antibodies in immediate drug hypersensitivity: More shortcomings than
potentials? Clin. Chim. Acta 2016, 460, 184-189. [CrossRef] [PubMed]

Simons, EE. Anaphylaxis. J. Allergy Clin. Immunol. 2008, 121, S5402-S407. [CrossRef] [PubMed]

Simons, FE. Anaphylaxis: Recent advances in assessment and treatment. J. Allergy Clin. Immunol. 2009, 124,
625-636; quiz 637-638. [CrossRef] [PubMed]

Simons, FE.; Frew, A.].; Ansotegui, L.].; Bochner, B.S.; Golden, D.B.; Finkelman, ED.; Leung, D.Y.; Lotvall, J.;
Marone, G.; Metcalfe, D.D.; et al. Risk assessment in anaphylaxis: Current and future approaches. J. Allergy
Clin. Immunol. 2007, 120, S2-S24. [CrossRef] [PubMed]

Brown, S.G.; Blackman, K.E.; Heddle, R.J. Can serum mast cell tryptase help diagnose anaphylaxis?
Emerg. Med. Australas 2004, 16, 120-124. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/ACI.0b013e3283481ab6
http://www.ncbi.nlm.nih.gov/pubmed/21659865
http://dx.doi.org/10.1111/j.1398-9995.2007.01433.x
http://www.ncbi.nlm.nih.gov/pubmed/17620059
http://dx.doi.org/10.1016/j.forsciint.2010.04.039
http://www.ncbi.nlm.nih.gov/pubmed/20684869
http://dx.doi.org/10.1111/j.1365-2885.2007.00911.x
http://www.ncbi.nlm.nih.gov/pubmed/17991219
http://dx.doi.org/10.1007/s000110050183
http://www.ncbi.nlm.nih.gov/pubmed/9266273
http://dx.doi.org/10.1111/j.1939-1676.2003.tb02433.x
http://www.ncbi.nlm.nih.gov/pubmed/12683620
http://dx.doi.org/10.2460/ajvr.2001.62.770
http://www.ncbi.nlm.nih.gov/pubmed/11341401
http://dx.doi.org/10.1371/journal.pone.0090199
http://www.ncbi.nlm.nih.gov/pubmed/24594861
http://dx.doi.org/10.1016/S0254-6272(13)60085-0
http://dx.doi.org/10.1016/0379-0738(90)90233-O
http://dx.doi.org/10.1186/s13028-014-0090-y
http://www.ncbi.nlm.nih.gov/pubmed/25528646
http://dx.doi.org/10.1016/j.jfms.2006.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16650786
http://dx.doi.org/10.1016/j.iac.2006.05.010
http://www.ncbi.nlm.nih.gov/pubmed/16931288
http://dx.doi.org/10.1007/BF01533368
http://www.ncbi.nlm.nih.gov/pubmed/7929694
http://dx.doi.org/10.1172/JCI114051
http://www.ncbi.nlm.nih.gov/pubmed/2468689
http://dx.doi.org/10.1046/j.1399-6576.2003.00237.x
http://www.ncbi.nlm.nih.gov/pubmed/14616317
http://dx.doi.org/10.1097/00000542-199112000-00004
http://www.ncbi.nlm.nih.gov/pubmed/1741515
http://dx.doi.org/10.1016/j.cca.2016.06.043
http://www.ncbi.nlm.nih.gov/pubmed/27376983
http://dx.doi.org/10.1016/j.jaci.2007.08.061
http://www.ncbi.nlm.nih.gov/pubmed/18241691
http://dx.doi.org/10.1016/j.jaci.2009.08.025
http://www.ncbi.nlm.nih.gov/pubmed/19815109
http://dx.doi.org/10.1016/j.jaci.2007.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17602945
http://dx.doi.org/10.1111/j.1742-6723.2004.00562.x
http://www.ncbi.nlm.nih.gov/pubmed/15239726

Vet. Sci. 2017, 4,1 13 of 16

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

De Schryver, S.; Halbrich, M.; Clarke, A; la Vieille, S.; Eisman, H.; Alizadehfar, R.; Joseph, L.; Morris, J.;
Ben-Shoshan, M. Tryptase levels in children presenting with anaphylaxis: Temporal trends and associated
factors. J. Allergy Clin. Immunol. 2016, 137, 1138-1142. [CrossRef] [PubMed]

Ben-Shoshan, M.; Clarke, A.E. Anaphylaxis: Past, present and future. Allergy 2011, 66, 1-14. [CrossRef]
[PubMed]

Shmuel, D.L.; Cortes, Y. Anaphylaxis in dogs and cats. J. Vet. Emerg. Crit. Care 2013, 23, 377-394. [CrossRef]
[PubMed]

Kawarai, S.; Masuda, K.; Ohmori, K.; Matsuura, S.; Yasuda, N.; Nagata, M.; Sakaguchi, M.; Tsujimoto, H.
Cultivation and characterization of canine skin-derived mast cells. J. Vet. Med. Sci. 2010, 72, 131-140.
[CrossRef] [PubMed]

Kube, P.; Audige, L.; Kuther, K.; Welle, M. Distribution, density and heterogeneity of canine mast cells and
influence of fixation techniques. Histochem. Cell Biol. 1998, 110, 129-135. [CrossRef] [PubMed]

Noli, C.; Welle, M.; Scarampella, F.; Abramo, F. Quantitative analysis of tryptase- and chymase-containing
mast cells in eosinophilic conditions of cats. Vet. Pathol. 2003, 40, 219-221. [CrossRef] [PubMed]

Roosje, PJ.; Koeman, J.P.; Thepen, T.; Willemse, T. Mast cells and eosinophils in feline allergic dermatitis:
A qualitative and quantitative analysis. J. Comp. Pathol. 2004, 131, 61-69. [CrossRef] [PubMed]

DeBoer, D.J.; Hillier, A. The ACVD task force on canine atopic dermatitis (XVI): Laboratory evaluation of
dogs with atopic dermatitis with serum-based “allergy” tests. Vet. Immunol. Immunopathol. 2001, 81, 277-287.
[CrossRef]

Ebo, D.G,; Leysen, J.; Mayorga, C.; Rozieres, A.; Knol, E.F; Terreehorst, I. The in vitro diagnosis of drug
allergy: Status and perspectives. Allergy 2011, 66, 1275-1286. [CrossRef] [PubMed]

Wassom, D.L.; Grieve, R.B. In vitro measurement of canine and feline IgE: A review of FceR1x-based assays
for detection of allergen-reactive IgE. Vet. Dermatol. 1998, 9, 173-178. [CrossRef]

Fernandez, T.D.; Torres, M.].; Blanca-Lopez, N.; Rodriguez-Bada, J.L.; Gomez, E.; Canto, G.; Mayorga, C.;
Blanca, M. Negativization rates of IgE radioimmunoassay and basophil activation test in immediate reactions
to penicillins. Allergy 2009, 64, 242-248. [CrossRef] [PubMed]

Mertes, PM.; Alla, F; Trechot, P.; Auroy, Y.; Jougla, E.; Groupe d’Etudes des Reactions Anaphylactoides.
Anaphylaxis during anesthesia in France: An 8-year national survey. J. Allergy Clin. Immunol. 2011, 128,
366-373. [CrossRef] [PubMed]

Hamilton, R.G. To the Editor: Allergen-specific IgE serologic assays define sensitization, not disease.
Cleve Clin. ]. Med. 2016, 83, 326-327. [CrossRef] [PubMed]

Fontaine, C.; Mayorga, C.; Bousquet, PJ.; Arnoux, B.; Torres, M.].; Blanca, M.; Demoly, P. Relevance of the
determination of serum-specific IgE antibodies in the diagnosis of immediate beta-lactam allergy. Allergy
2007, 62, 47-52. [CrossRef] [PubMed]

Baldo, B.A_; Fisher, M.M.; Pham, N.H. On the origin and specificity of antibodies to neuromuscular blocking
(muscle relaxant) drugs: An immunochemical perspective. Clin. Exp. Allergy 2009, 39, 325-344. [CrossRef]
[PubMed]

Baldo, B.A.; Pagani, M. Adverse events to nontargeted and targeted chemotherapeutic agents: Emphasis on
hypersensitivity responses. Immunol. Allergy Clin. N. Am. 2014, 34, 565-596. [CrossRef] [PubMed]

Baldo, B.A.; Pham, N.H.; Zhao, Z. Chemistry of drug allergenicity. Curr. Opin. Allergy Clin. Immunol. 2001, 1,
327-335. [CrossRef] [PubMed]

DEbo, G.; Dombrecht, E.J.; Bridts, C.H.; Aerts, N.E.; de Clerck, L.S.; Stevens, W.]. Combined analysis of
intracellular signalling and immunophenotype of human peripheral blood basophils by flow cytometry:
A proof of concept. Clin. Exp. Allergy 2007, 37, 1668-1675.

Petersen, A.B.; Gudmann, P.; Milvang-Gronager, P.; Morkeberg, R.; Bogestrand, S.; Linneberg, A.; Johansen, N.
Performance evaluation of a specific IgE assay developed for the ADVIA centaur immunoassay system.
Clin. Biochem. 2004, 37, 882-892. [CrossRef] [PubMed]

Vultaggio, A.; Matucci, A.; Virgili, G.; Rossi, O.; Fili, L.; Parronchi, P.; Romagnani, S.; Maggi, E. Influence of
total serum IgE levels on the in vitro detection of beta-lactams-specific IgE antibodies. Clin. Exp. Allergy
2009, 39, 838-844. [CrossRef] [PubMed]

Vultaggio, A.; Virgili, G.; Gaeta, F; Romano, A.; Maggi, E.; Matucci, A. High serum beta-lactams specific/total
IgE ratio is associated with immediate reactions to beta-lactams antibiotics. PLoS ONE 2015, 10. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.jaci.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26478007
http://dx.doi.org/10.1111/j.1398-9995.2010.02422.x
http://www.ncbi.nlm.nih.gov/pubmed/20560905
http://dx.doi.org/10.1111/vec.12066
http://www.ncbi.nlm.nih.gov/pubmed/23855441
http://dx.doi.org/10.1292/jvms.09-0281
http://www.ncbi.nlm.nih.gov/pubmed/19940396
http://dx.doi.org/10.1007/s004180050274
http://www.ncbi.nlm.nih.gov/pubmed/9720985
http://dx.doi.org/10.1354/vp.40-2-219
http://www.ncbi.nlm.nih.gov/pubmed/12637765
http://dx.doi.org/10.1016/j.jcpa.2004.01.005
http://www.ncbi.nlm.nih.gov/pubmed/15144800
http://dx.doi.org/10.1016/S0165-2427(01)00304-X
http://dx.doi.org/10.1111/j.1398-9995.2011.02661.x
http://www.ncbi.nlm.nih.gov/pubmed/21645014
http://dx.doi.org/10.1046/j.1365-3164.1998.00121.x
http://dx.doi.org/10.1111/j.1398-9995.2008.01713.x
http://www.ncbi.nlm.nih.gov/pubmed/19178404
http://dx.doi.org/10.1016/j.jaci.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21497888
http://dx.doi.org/10.1067/mno.2002.125709
http://www.ncbi.nlm.nih.gov/pubmed/27168503
http://dx.doi.org/10.1111/j.1398-9995.2006.01268.x
http://www.ncbi.nlm.nih.gov/pubmed/17156341
http://dx.doi.org/10.1111/j.1365-2222.2008.03171.x
http://www.ncbi.nlm.nih.gov/pubmed/19187323
http://dx.doi.org/10.1016/j.iac.2014.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25017678
http://dx.doi.org/10.1097/01.all.0000011034.96839.aa
http://www.ncbi.nlm.nih.gov/pubmed/11964708
http://dx.doi.org/10.1016/j.clinbiochem.2004.06.010
http://www.ncbi.nlm.nih.gov/pubmed/15369719
http://dx.doi.org/10.1111/j.1365-2222.2009.03219.x
http://www.ncbi.nlm.nih.gov/pubmed/19400911
http://dx.doi.org/10.1371/journal.pone.0121857
http://www.ncbi.nlm.nih.gov/pubmed/25880869

Vet. Sci. 2017, 4,1 14 of 16

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Hamilton, R.G.; MacGlashan, D.W., Jr.; Saini, S.S. IgE antibody-specific activity in human allergic disease.
Immunol. Res. 2010, 47, 273-284. [CrossRef] [PubMed]

Hamilton, R.G.; Williams, P.B. Human IgE antibody serology: A primer for the practicing North American
allergist/immunologist. J. Allergy Clin. Immunol. 2010, 126, 33-38. [CrossRef] [PubMed]

Hammerberg, B. Canine immunoglobulin E. Vet. Immunol. Immunopathol. 2009, 132, 7-12. [CrossRef]
[PubMed]

Reinero, C.R. Feline immunoglobulin E: Historical perspective, diagnostics and clinical relevance.
Vet. Immunol. Immunopathol. 2009, 132, 13-20. [CrossRef] [PubMed]

Bethlehem, S.; Bexley, J.; Mueller, R.S. Patch testing and allergen-specific serum IgE and IgG antibodies in
the diagnosis of canine adverse food reactions. Vet. Immunol. Immunopathol. 2012, 145, 582-589. [CrossRef]
[PubMed]

Ichikawa, Y.; Beugnet, F. Epidemiological survey of anti-flea IgE in dogs in Japan by using an antigen-specific
IgE quantitative measurement method. Parasite 2012, 19, 173-176. [CrossRef] [PubMed]

Stuke, K.; von Samson-Himmelstjerna, G.; Dreesman, J.; Mencke, N.; Schnieder, T.; Leibold, W. Monitoring
of basophil sensitization to antigens of the cat flea (Ctenocephalides felis felis): A new tool for the diagnosis of
feline flea bite hypersensitivity? Parasitol. Res. 2008, 103, 807-820. [CrossRef] [PubMed]

Lee-Fowler, T.M.; Cohn, L.A.; DeClue, A.E.; Spinka, C.M.; Ellebracht, R.D.; Reinero, C.R. Comparison of
intradermal skin testing (IDST) and serum allergen-specific IgE determination in an experimental model of
feline asthma. Vet. Immunol. Immunopathol. 2009, 132, 46-52. [CrossRef] [PubMed]

Masuda, K.; Kurata, K.; Sakaguchi, M.; Yamashita, K.; Hasegawa, A.; Ohno, K.; Tsujimoto, H. Seasonal
rhinitis in a cat sensitized to Japanese cedar (Cryptomeria japonica) pollen. . Vet. Med. Sci. 2001, 63, 79-81.
[CrossRef] [PubMed]

Yamaya, Y.; Watari, T. Increased proportions of CCR4(+) cells among peripheral blood CD4(+) cells and
serum levels of allergen-specific IgE antibody in canine chronic rhinitis and bronchitis. J. Vet. Med. Sci. 2015,
77,421-425. [CrossRef] [PubMed]

Bexley, J.; Hogg, J.E.; Hammerberg, B.; Halliwell, R.E. Levels of house dust mite-specific serum
immunoglobulin E (IgE) in different cat populations using a monoclonal based anti-IgE enzyme-linked
immunosorbent assay. Vet. Dermatol. 2009, 20, 562-568. [CrossRef] [PubMed]

Bjelland, A.A.; Dolva, FL.; Nodtvedt, A.; Saevik, B.K. Prevalence of and risk factors for increased serum
levels of allergen-specific IgE in a population of Norwegian dogs. Acta Vet. Scand. 2014, 56, 81-92. [CrossRef]
[PubMed]

Hensel, P; Santoro, D.; Favrot, C.; Hill, P.; Griffin, C. Canine atopic dermatitis: Detailed guidelines for
diagnosis and allergen identification. BMIC Vet. Res. 2015, 11, 196-209. [CrossRef] [PubMed]

Olivry, T.; DeBoer, D.J.; Favrot, C.; Jackson, H.A.; Mueller, R.S.; Nuttall, T.; Prelaud, P. Treatment of canine
atopic dermatitis: 2015 updated guidelines from the International Committee on Allergic Diseases of Animals
(ICADA). BMC Vet. Res. 2015, 11, 210-225. [CrossRef] [PubMed]

Guo, X.J.; Wang, Y.Y.; Zhang, H.Y,; Jin, Q.Q.; Gao, C.R. Mast cell tryptase and carboxypeptidase A expression
in body fluid and gastrointestinal tract associated with drug-related fatal anaphylaxis. World ]. Gastroenterol.
2015, 21, 13288-13293. [CrossRef] [PubMed]

Brown, S.G.; Stone, S.F,; Fatovich, D.M.; Burrows, S.A.; Holdgate, A.; Celenza, A.; Coulson, A.; Hartnett, L.;
Nagree, Y.; Cotterell, C.; et al. Anaphylaxis: Clinical patterns, mediator release, and severity. J. Allergy
Clin. Immunol. 2013, 132, 1141.e5-1149.e5. [CrossRef] [PubMed]

Stone, S.E,; Cotterell, C.; Isbister, G.K.; Holdgate, A.; Brown, S.G. Elevated serum cytokines during human
anaphylaxis: Identification of potential mediators of acute allergic reactions. J. Allergy Clin. Immunol. 2009,
124, 786.€4-792.e4. [CrossRef] [PubMed]

Nassiri, M.; Eckermann, O.; Babina, M.; Edenharter, G.; Worm, M. Serum levels of 9alpha, 11beta-PGF2 and
cysteinyl leukotrienes are useful biomarkers of anaphylaxis. J. Allergy Clin. Immunol. 2016, 137, 312-314.
[CrossRef] [PubMed]

Ono, E.; Taniguchi, M.; Mita, H.; Fukutomi, Y.; Higashi, N.; Miyazaki, E.; Kumamoto, T.; Akiyama, K.
Increased production of cysteinyl leukotrienes and prostaglandin D2 during human anaphylaxis.
Clin. Exp. Allergy 2009, 39, 72-80. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s12026-009-8160-3
http://www.ncbi.nlm.nih.gov/pubmed/20066506
http://dx.doi.org/10.1016/j.jaci.2010.03.014
http://www.ncbi.nlm.nih.gov/pubmed/20451984
http://dx.doi.org/10.1016/j.vetimm.2009.09.009
http://www.ncbi.nlm.nih.gov/pubmed/19819028
http://dx.doi.org/10.1016/j.vetimm.2009.09.010
http://www.ncbi.nlm.nih.gov/pubmed/19819025
http://dx.doi.org/10.1016/j.vetimm.2012.01.003
http://www.ncbi.nlm.nih.gov/pubmed/22301200
http://dx.doi.org/10.1051/parasite/2012192173
http://www.ncbi.nlm.nih.gov/pubmed/22550629
http://dx.doi.org/10.1007/s00436-008-1046-9
http://www.ncbi.nlm.nih.gov/pubmed/18594863
http://dx.doi.org/10.1016/j.vetimm.2009.09.014
http://www.ncbi.nlm.nih.gov/pubmed/19819027
http://dx.doi.org/10.1292/jvms.63.79
http://www.ncbi.nlm.nih.gov/pubmed/11217069
http://dx.doi.org/10.1292/jvms.14-0338
http://www.ncbi.nlm.nih.gov/pubmed/25650058
http://dx.doi.org/10.1111/j.1365-3164.2009.00840.x
http://www.ncbi.nlm.nih.gov/pubmed/20178495
http://dx.doi.org/10.1186/s13028-014-0081-z
http://www.ncbi.nlm.nih.gov/pubmed/25475748
http://dx.doi.org/10.1186/s12917-015-0515-5
http://www.ncbi.nlm.nih.gov/pubmed/26260508
http://dx.doi.org/10.1186/s12917-015-0514-6
http://www.ncbi.nlm.nih.gov/pubmed/26276051
http://dx.doi.org/10.3748/wjg.v21.i47.13288
http://www.ncbi.nlm.nih.gov/pubmed/26715811
http://dx.doi.org/10.1016/j.jaci.2013.06.015
http://www.ncbi.nlm.nih.gov/pubmed/23915715
http://dx.doi.org/10.1016/j.jaci.2009.07.055
http://www.ncbi.nlm.nih.gov/pubmed/19767073
http://dx.doi.org/10.1016/j.jaci.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26292777
http://dx.doi.org/10.1111/j.1365-2222.2008.03104.x
http://www.ncbi.nlm.nih.gov/pubmed/19128354

Vet. Sci. 2017, 4,1 15 of 16

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Pravettoni, V.; Piantanida, M.; Primavesi, L.; Forti, S.; Pastorello, E.A. Basal platelet-activating factor
acetylhydrolase: Prognostic marker of severe Hymenoptera venom anaphylaxis. J. Allergy Clin. Immunol.
2014, 133, 1218-1220. [CrossRef] [PubMed]

Quantz, ].E.; Miles, M.S.; Reed, A.L.; White, G.A. Elevation of alanine transaminase and gallbladder wall
abnormalities as biomarkers of anaphylaxis in canine hypersensitivity patients. J. Vet. Emerg. Crit. Care 2009,
19, 536-544. [CrossRef] [PubMed]

Sturm, G.J.; Kranzelbinder, B.; Sturm, E.M.; Heinemann, A.; Groselj-Strele, A.; Aberer, W. The basophil
activation test in the diagnosis of allergy: Technical issues and critical factors. Allergy 2009, 64, 1319-1326.
[CrossRef] [PubMed]

Mobs, C.; Pfutzner, W. Cellular in vitro diagnosis of adverse drug reactions. Allergo J. Int. 2014, 23, 164-171.
[CrossRef] [PubMed]

Sanz, M.L.; Gamboa, PM.; Mayorga, C. Basophil activation tests in the evaluation of immediate drug
hypersensitivity. Curr. Opin. Allergy Clin. Immunol. 2009, 9, 298-304. [CrossRef] [PubMed]

De Weck, A.L.,; Sanz, M.L.; Gamboa, PM.; Aberer, W.; Bienvenu, ].; Blanca, M.; Demoly, P; Ebo, D.G.;
Mayorga, L.; Monneret, G.; et al. Diagnostic tests based on human basophils: More potentials and
perspectives than pitfalls. Int. Arch. Allergy Immunol. 2008, 146, 177-189. [CrossRef] [PubMed]

McGowan, E.C.; Saini, S. Update on the performance and application of basophil activation tests. Curr. Allergy
Asthma Rep. 2013, 13, 101-109. [CrossRef] [PubMed]

Demoly, P.; Lebel, B.; Messaad, D.; Sahla, H.; Rongier, M.; Daures, J.P.; Godard, P.; Bousquet, J. Predictive
capacity of histamine release for the diagnosis of drug allergy. Allergy 1999, 54, 500-506. [CrossRef] [PubMed]
Cop, N.; Uyttebroek, A.P,; Sabato, V.; Bridts, C.H.; de Clerck, L.S.; Ebo, D.G. Flow cytometric analysis of
drug-Induced basophil histamine release. Cytom. B Clin. Cytom. 2016, 90, 285-288. [CrossRef] [PubMed]
Mangodt, E.A.; van Gasse, A.L.; Bastiaensen, A.; Decuyper, L1.; Uyttebroek, A.; Faber, M.; Sabato, V.;
Bridts, C.H.; Hagendorens, M.M.; de Clerck, L.S.; et al. Flow-assisted basophil activation tests in immediate
drug hypersensitivity: Two decades of Antwerp experience. Acta Clin. Belg. 2016, 71, 19-25. [CrossRef]
[PubMed]

Mangodt, E.A.; van Gasse, A.L.; Decuyper, I.; Uyttebroek, A.; Faber, M.A.; Sabato, V.; Bridts, C.H.;
Hagendorens, M.M.; Ebo, D.G. In vitro Diagnosis of Immediate Drug Hypersensitivity: Should we go
with the flow. Int. Arch. Allergy Immunol. 2015, 168, 3-12. [CrossRef] [PubMed]

Sanz, M.L.; Maselli, ].P.; Gamboa, PM.; Oehling, A.; Dieguez, I.; de Weck, A.L. Flow cytometric basophil
activation test: A review. J. Investig. Allergol Clin. Immunol. 2002, 12, 143-154. [PubMed]

Buhring, H.J.; Streble, A.; Valent, P. The basophil-specific ectoenzyme E-NPP3 (CD203c) as a marker for cell
activation and allergy diagnosis. Int. Arch. Allergy Immunol. 2004, 133, 317-329. [CrossRef] [PubMed]
MacGlashan, D., Jr. Expression of CD203c and CD63 in human basophils: Relationship to differential
regulation of piecemeal and anaphylactic degranulation processes. Clin. Exp. Allergy 2010, 40, 1365-1377.
[CrossRef] [PubMed]

Sanz, M.L.; Gamboa, PM.; de Weck, A.L. Cellular tests in the diagnosis of drug hypersensitivity.
Curr. Pharm. Des. 2008, 14, 2803-2808. [CrossRef] [PubMed]

Chirumbolo, S. Major pitfalls in BAT performance may be caused by gating protocols and CD63% cut off
evaluation. Cytometry A 2014, 85, 382-385. [CrossRef] [PubMed]

Aerts, N.E.; Dombrecht, E.J.; Bridts, C.H.; Hagendorens, M.M.; de Clerck, L.S.; Stevens, W.J.; Ebo, D.G.
Simultaneous flow cytometric detection of basophil activation marker CD63 and intracellular phosphorylated
P38 mitogen-activated protein kinase in birch pollen allergy. Cytom. B Clin. Cytom. 2009, 76, 8-17. [CrossRef]
[PubMed]

Verweij, M.M.; Sabato, V.; Nullens, S.; Bridts, C.H.; de Clerck, L.S.; Stevens, W.J.; Ebo, D.G. STAT5 in human
basophils: IL-3 is required for its FcepsilonRI-mediated phosphorylation. Cytom. B Clin. Cytom. 2012, 82,
101-106. [CrossRef] [PubMed]

Prost, C. Feline atopic dermatitis: Clinical signs and diagnosis. Eur. J. Clin. Anim. Pract. 2009, 19, 223-229.
Sainte-Laudy, J.; Vallon, C.; Guerin, ].C. Diagnosis of latex allergy: Comparison of histamine release and
flow cytometric analysis of basophil activation. Inflamm. Res. 1996, 45, S35-S36. [CrossRef] [PubMed]
Prost, C. Allergy diagnosis in companion animals: Clinical experience with the basophil activation model.
Vet. Dermatol. 1998, 9, 213-215. [CrossRef]


http://dx.doi.org/10.1016/j.jaci.2013.10.033
http://www.ncbi.nlm.nih.gov/pubmed/24332861
http://dx.doi.org/10.1111/j.1476-4431.2009.00474.x
http://www.ncbi.nlm.nih.gov/pubmed/20017759
http://dx.doi.org/10.1111/j.1398-9995.2009.02004.x
http://www.ncbi.nlm.nih.gov/pubmed/19243362
http://dx.doi.org/10.1007/s40629-014-0020-6
http://www.ncbi.nlm.nih.gov/pubmed/26120528
http://dx.doi.org/10.1097/ACI.0b013e32832d5311
http://www.ncbi.nlm.nih.gov/pubmed/19483617
http://dx.doi.org/10.1159/000115885
http://www.ncbi.nlm.nih.gov/pubmed/18268385
http://dx.doi.org/10.1007/s11882-012-0324-x
http://www.ncbi.nlm.nih.gov/pubmed/23188565
http://dx.doi.org/10.1034/j.1398-9995.1999.00020.x
http://www.ncbi.nlm.nih.gov/pubmed/10380783
http://dx.doi.org/10.1002/cyto.b.21226
http://www.ncbi.nlm.nih.gov/pubmed/25645945
http://dx.doi.org/10.1080/17843286.2015.1122871
http://www.ncbi.nlm.nih.gov/pubmed/27075810
http://dx.doi.org/10.1159/000440663
http://www.ncbi.nlm.nih.gov/pubmed/26524156
http://www.ncbi.nlm.nih.gov/pubmed/12530113
http://dx.doi.org/10.1159/000077351
http://www.ncbi.nlm.nih.gov/pubmed/15031605
http://dx.doi.org/10.1111/j.1365-2222.2010.03572.x
http://www.ncbi.nlm.nih.gov/pubmed/20633031
http://dx.doi.org/10.2174/138161208786369722
http://www.ncbi.nlm.nih.gov/pubmed/18991699
http://dx.doi.org/10.1002/cyto.a.22466
http://www.ncbi.nlm.nih.gov/pubmed/24753185
http://dx.doi.org/10.1002/cyto.b.20437
http://www.ncbi.nlm.nih.gov/pubmed/18727065
http://dx.doi.org/10.1002/cyto.b.20629
http://www.ncbi.nlm.nih.gov/pubmed/22102340
http://dx.doi.org/10.1007/BF03354077
http://www.ncbi.nlm.nih.gov/pubmed/8696920
http://dx.doi.org/10.1046/j.1365-3164.1998.00119.x

Vet. Sci. 2017, 4,1 16 of 16

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Stuke, K.; von Samson-Himmelstjerna, G.; Mencke, N.; Hansen, O.; Schnieder, T.; Leibold, W. Flea allergy
dermatitis in the cat: Establishment of a functional in vitro test. Parasitol. Res. 2003, 90, 5129-5131. [CrossRef]
[PubMed]

Dirscherl, P.; Grabner, A.; Buschmann, H. Responsiveness of basophil granulocytes of horses suffering from
chronic obstructive pulmonary disease to various allergens. Vet. Immunol. Immunopathol. 1993, 38, 217-227.
[CrossRef]

Langner, K.E; Darpel, K.E; Drolet, B.S.; Fischer, A.; Hampel, S.; Heselhaus, J.E.; Mellor, P.S.; Mertens, P.P;
Leibold, W. Comparison of cellular and humoral immunoassays for the assessment of summer eczema in
horses. Vet. Immunol. Immunopathol. 2008, 122, 126-137. [CrossRef] [PubMed]

Van der Meide, N.M.; Meulenbroeks, C.; van Altena, C.; Schurink, A.; Ducro, B.].; Wagner, B.; Leibold, W.;
Rohwer, J.; Jacobs, F.; van Oldruitenborgh-Oosterbaan, M.M.; et al. Culicoides obsoletus extract relevant
for diagnostics of insect bite hypersensitivity in horses. Vet. Immunol. Immunopathol. 2012, 149, 245-254.
[CrossRef] [PubMed]

Wagner, B.; Childs, B.A.; Erb, H.N. A histamine release assay to identify sensitization to Culicoides allergens
in horses with skin hypersensitivity. Vet. Immunol. Immunopathol. 2008, 126, 302-308. [CrossRef] [PubMed]
Nagao-Dias, A.T.; Teixeira, EM.; Coelho, H.L. Diagnosing immune-mediated reactions to drugs.
Allergol. Immunopathol. 2009, 37, 98-104. [CrossRef]

Pichler, W.J.; Tilch, J. The lymphocyte transformation test in the diagnosis of drug hypersensitivity. Allergy
2004, 59, 809-820. [CrossRef] [PubMed]

Romano, A.; Demoly, P. Recent advances in the diagnosis of drug allergy. Curr. Opin. Allergy Clin. Immunol.
2007, 7,299-303. [CrossRef] [PubMed]

Bircher, A.J. Lymphocyte transformation test in the diagnosis of immediate type hypersensitivity reactions
to penicillins. Curr. Probl. Dermatol. 1995, 22, 31-37. [PubMed]

Luque, I.; Leyva, L.; Torres, M.].; Rosal, M.; Mayorga, C.; Segura, ].M.; Blanca, M.; Juarez, C. In vitro T-cell
responses to beta-lactam drugs in immediate and non-immediate allergic reactions. Allergy 2001, 56, 611-618.
[CrossRef] [PubMed]

Barta, O.; Oyekan, P.P. Lymphocyte transformation test in veterinary clinical immunology. Comp. Immunol.
Microbiol. Infect. Dis. 1981, 4, 209-221. [CrossRef]

Martinez-Moreno, A.; Martinez-Cruz, M.S.; Blanco, A.; Hernandez-Rodriguez, S. Immunological and
histological study of T- and B-lymphocyte activity in canine visceral leishmaniosis. Vet. Parasitol. 1993, 51,
49-59. [CrossRef]

Lasri, S.; Sahibi, H.; Sadak, A.; Jaffe, C.L.; Rhalem, A. Immune responses in vaccinated dogs with autoclaved
Leishmania major promastigotes. Vet. Res. 1999, 30, 441-449. [PubMed]

Sicherer, S.H.; Leung, D.Y. Advances in allergic skin disease, anaphylaxis, and hypersensitivity reactions to
foods, drugs, and insects in 2014. J. Allergy Clin. Immunol. 2015, 135, 357-367. [CrossRef] [PubMed]
Pirmohamed, M.; Ostrov, D.A.; Park, B.K. New genetic findings lead the way to a better understanding of
fundamental mechanisms of drug hypersensitivity. J. Allergy Clin. Immunol. 2015, 136, 236-244. [CrossRef]
[PubMed]

Gueant, ].L.; Gueant-Rodriguez, R.M.; Gastin, I.A.; Cornejo-Garcia, ].A.; Viola, M.; Barbaud, A.; Mertes, PM.;
Blanca, M.; Romano, A. Pharmacogenetic determinants of immediate and delayed reactions of drug
hypersensitivity. Curr. Pharm. Des. 2008, 14, 2770-2777. [CrossRef] [PubMed]

Mosher, C.M.; Court, M.H. Comparative and veterinary pharmacogenomics. Handb. Exp. Pharmacol. 2010,
199, 49-77.

® © 2016 by the author; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s00436-003-0914-6
http://www.ncbi.nlm.nih.gov/pubmed/12928878
http://dx.doi.org/10.1016/0165-2427(93)90082-F
http://dx.doi.org/10.1016/j.vetimm.2007.11.001
http://www.ncbi.nlm.nih.gov/pubmed/18155778
http://dx.doi.org/10.1016/j.vetimm.2012.07.007
http://www.ncbi.nlm.nih.gov/pubmed/22906994
http://dx.doi.org/10.1016/j.vetimm.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18926574
http://dx.doi.org/10.1016/S0301-0546(09)71112-7
http://dx.doi.org/10.1111/j.1398-9995.2004.00547.x
http://www.ncbi.nlm.nih.gov/pubmed/15230812
http://dx.doi.org/10.1097/ACI.0b013e328216f4d4
http://www.ncbi.nlm.nih.gov/pubmed/17620820
http://www.ncbi.nlm.nih.gov/pubmed/7587330
http://dx.doi.org/10.1034/j.1398-9995.2001.000115.x
http://www.ncbi.nlm.nih.gov/pubmed/11421918
http://dx.doi.org/10.1016/0147-9571(81)90006-0
http://dx.doi.org/10.1016/0304-4017(93)90195-S
http://www.ncbi.nlm.nih.gov/pubmed/10543378
http://dx.doi.org/10.1016/j.jaci.2014.12.1906
http://www.ncbi.nlm.nih.gov/pubmed/25662305
http://dx.doi.org/10.1016/j.jaci.2015.06.022
http://www.ncbi.nlm.nih.gov/pubmed/26254050
http://dx.doi.org/10.2174/138161208786369795
http://www.ncbi.nlm.nih.gov/pubmed/18991696
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Type I DHR Pathogenesis (Figure 1) 
	Humoral In Vitro Tests 
	Serum Histamine Concentrations 
	Serum Tryptase Concentrations 
	Circulating IgE Levels 
	Total IgE 
	Drug-Specific IgE 
	Application in Veterinary Medicine 

	Other Humoral Markers Investigated in Type I Hypersensitivity Research 
	Other Degranulation Enzymes 
	Cytokine Profiles 
	Leukotrienes 
	Platelet Activation Factor Levels 
	Liver Injury Biomarkers 


	Cellular in Vitro Tests 
	Basophil-Related Tests 
	Measurement of Basophil Secretions 
	Quantification of Basophil Membrane Markers 
	Other Basophil-Based Tests 
	Applications in Veterinary Medicine 

	Drug-Specific Lymphocyte Detection 
	Lymphocyte Transformation Test (LTT) 
	Application in Veterinary Medicine 


	Genetic In Vitro Tests 
	Conclusions 

