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M Abstract

B-Lactams (BL) are the drugs most frequently involved in allergic reactions. They are classified according to their chemical structure as
penicillins, cephalosporins, monobactams, carbapenems, and clavams. All BL antibiotics have a BL ring that is fused to a 5-member or
6-member ring (except in monobactams) and has 1, 2 or 3 side chains (except in clavams). Differences in chemical structure mean that
a wide range of BLs are recognized by the immune system, and patients may experience clinical reactions to one BL while tolerating
others. Diagnosis is based on skin and in vitro testing, although both display low sensitivity, possibly because they are based on drugs
or drug conjugates that are not optimally recognized by the immune system. BLs are haptens that need to bind to proteins covalently
to elicit an immune response. These drugs have a high capacity to form covalent adducts with proteins through nucleophilic attack of
amino groups in proteins on the BL ring. Allergenic determinants have been described for all BLs, although benzylpenicillin is the most
widely studied. Moreover, formation of BL-protein adducts is selective, as we recently demonstrated for amoxicillin, which mainly modifies
albumin, transferrin, and immunoglobulin heavy and light chains in human serum. Given the complexity of BL allergy, understanding the
immunological mechanisms involved and optimization of diagnostic methods require multidisciplinary approaches that take into account
the chemical structures of the drugs and the carrier molecules, as well as the patient immune response.
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B Resumen

Las betalactamas (BL) son los farmacos implicados mas frecuentemente en reacciones alérgicas. Se clasifican segun su estructura
quimica en penicilinas, cefalosporinas, monobactamas, carbapenems y clavamas. Poseen un anillo betalactdmico que, excepto en las
monobactamas, esta fusionado a un anillo de cinco o seis miembros y, excluyendo las clavamas, tienen 1, 2 0 3 cadenas laterales. Las
diferencias en las estructuras quimicas resultan en un amplio rango de BLs, que puede ser discriminado por el sistema inmune, con
induccion de reacciones clinicas a una BL y tolerancia a otras. El diagnéstico estd basado en pruebas cutaneas e in vitro, aunque ambas
presentan una baja sensibilidad. Esto podria deberse a que los farmacos o conjugados de farmacos empleados en estos tests que no se
reconocen de manera 6ptima por el sistema inmune. Las BLs son haptenos que necesitan de su union covalente a proteinas para inducir
una respuesta inmunoldgica. Estos farmacos presentan una elevada capacidad para formar aductos covalentes con proteinas mediante
el ataque nucleofilico de grupos aminos de proteinas al anillo BL. Aunque la bencilpenicilina ha sido la mejor estudiada, también se han
descrito determinantes alergénicos del resto de BLs. Ademas, la formacion de los aductos BLs-proteina muestra selectividad, asi se ha
demostrado recientemente para la amoxicilina, que principalmente modifica la albimina en suero (HSA), la transferrina y las cadenas
ligeras y pesadas en suero humano. Dada la complejidad de la alergia a BL, el conocimiento de los mecanismos inmunolégicos implicados
y la optimizacion de los métodos diagnésticos requieren de abordajes multidisciplinares teniendo en cuenta tanto la estructura quimica
de los farmacos y de las moléculas portadoras, como las respuestas de los pacientes.

Palabras clave: Betalactamas. Hapteno. Portador. Proteinas. IgE.
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Introduction

B-Lactam (BL) antibiotics remain the first choice for
treating a large number of bacterial diseases. They have
been classified according to their chemical structure as
penicillins, cephalosporins, monobactams, carbapenems,
and clavams (Table 1). The general chemical structure of BL
antibiotics consists of a BL ring that, except in monobactams,
is fused to a S-member ring (thiazolidine, oxazolidine, and
dihydropyrrole) or 6-member ring (dihydrothiazine). Both
fused rings (bicyclic structure) constitute the core or nuclear
region of the molecule. All the classes of antibiotics except
the clavams have a side chain (R1) bound to the BL ring.
Cephalosporins and carbapenems include other side chains (R2
and/or R3) bound to the non-BL ring (Table 1). Differences in
the chemical structure of the nuclear region and the side chain
have enabled the development of a wide range of BL antibiotics
that can be recognized by the immune system [1]. This finding
has important clinical implications, since some patients can
develop reactions towards one BL while tolerating others.

The prevalence and incidence of allergic reactions to
BLs in the general population are not known. Although
penicillin allergy is self-reported by approximately 10% of the
population [2], less than 24% of initial adult cases are finally
confirmed [3], and this figure decreases to less than 10% in
children [4]. Consequently, when only the clinical history is
considered, the disease is overdiagnosed, with the subsequent
unnecessary prescription of more expensive alternative
antibiotics, more adverse effects, and development of bacterial
resistance. Therefore, the public health implications of BL
allergy are considerable, and major efforts must be made to
ensure accurate diagnosis [2].

Although all commercialized BLs are capable of inducing
allergic reactions, the prevalence of some reactions seems
to be higher and correlates with consumption patterns.
Differences have been detected between countries and in the
same population over time. In general, benzylpenicillin (BP),
initially the most frequent inducer, has been progressively
replaced by amoxicillin (AX), cephalosporins (albeit to a
lesser extent), and, more recently, clavulanic acid (CLV) [5-7].

Hypersensitivity reactions to BLs have been classified
as immediate and nonimmediate based on the time to onset
after intake [8]. Immediate reactions usually appear within 1
hour of intake and are mediated by specific IgE. The clinical
symptoms are urticaria, which may be accompanied by
angioedema, anaphylaxis, or anaphylactic shock. Nonimmediate
reactions occur more than 1 hour after intake and can be
T cell-mediated. The typical symptoms are maculopapular
or urticarial exanthema, although more severe cutaneous and
organ-specific reactions can occur. Reactions occurring in the
overlap between immediate and nonimmediate reactions are
known as accelerated reactions and were initially considered
IgE-mediated reactions [9], although other studies indicate
that they are T cell-mediated [10-11].

Diagnosis of BL allergy has been based mainly on skin
testing with immediate and/or delayed readings. The classic
BP reagents used for skin testing have been benzylpenicilloyl-
poly-L-lysine (PPL) and minor determinant mixture (MDM),
originally consisting of BP, benzylpenilloic acid, and
benzylpenicilloic acid, although currently it only includes
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benzylpenilloic acid [12]. When other BLs, such as AX,
cephalosporins [5,7], or CLV are involved in the reactions, it is
necessary to include them in the test [6]. The sensitivity of skin
testing depends not only on the BL involved in the reactions
and used for testing, but also on the type of reactions, and is
less than 70% in the case of immediate reactions and even
lower in nonimmediate reactions [7,13].

In vitro testing can also be used to evaluate immediate
allergic reactions to BL antibiotics (immunoassay and basophil
activation test) [14-16] and nonimmediate allergic reactions
(lymphocyte transformation test) [17-18]. Sensitivity differs
between the tests, although it is usually lower than with skin
testing. The reasons for the low sensitivity of skin testing and
in vitro testing are not well understood, although it could be
due to the use of a drug structure or conjugate that is not well
recognized by the immune system.

Immunological Mechanisms

BLs are small molecules (<1000 Da) whose interaction
with the immune system can be explained by 3 major working
hypotheses (Figure 1): the hapten hypothesis, the danger
hypothesis, and, more recently, the pharmacological interaction
(PI) hypothesis.

The hapten hypothesis is based on observations that small
molecules did not induce an immune response unless they
were covalently bound to a protein [19]. This concept has been
widely established in allergic contact dermatitis caused by
chemical agents [20-21] and in allergic reactions to BLs [22].
The other 2 hypotheses try to explain the interaction of the drug
with the immune system without the need for covalent binding
to proteins. The danger hypothesis is based on the fact that
cell damage induces production of danger signals that interact
with the immune system, thus activating antigen-presenting
cells [23]. Drugs themselves or concomitant substances
originating from viral infections can induce danger signals and
thus initiate allergic reactions. The PI hypothesis, on the other
hand, suggests that a reversible interaction between the drug and
the T-cell receptor major histocompatibility complex (MHC)
could take place. This would induce activation of T lymphocytes
and thus initiate an immune response against the drug in an
MHC-restricted and processing-independent pathway [24-26].

BL antibiotics have been used as models of the hapten
hypothesis because of their high reactivity or capacity to bind
to proteins through the nucleophilic attack on the BL ring by
the amino groups in the protein [27].

However, for other non—chemically reactive drugs, it is
difficult to identify the metabolites that act as haptens [28]. The
danger hypothesis has also been used to explain nonimmediate
reactions to BLs in the context of a viral infection [18,29],
but the PI concept has never been confirmed in the case of
BL antibiotics.

As stated above, allergic reactions to BLs can be mediated
by different immunological mechanisms [30], which are
normally IgE- or T cell-mediated. In the former, drug-specific
IgE binds to high-affinity receptors (FceRI) on the surface
of tissue mast cells and circulating basophils. The binding
of drug-carrier molecule adducts (multivalent antigen) to at
least 2 adjacent IgE molecules induces degranulation of mast
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Table 1. Chemical Structure of B-Lactam Antibiotics
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Figure 1. Representation of the 3 hypotheses that can explain drug immunological recognition: hapten hypothesis, danger hypothesis, and pharmacological
interaction hypothesis. DC indicates dendritic cell; MHC, major histocompatibility complex; TCR, T-cell receptor; TLR, Toll-like receptor; PI, pharmacological interaction.

cells and basophils, leading to the release of inflammatory
mediators, including histamine, leukotrienes, and cytokines. In
T cell-mediated reactions, the drug-carrier molecule adducts
interact with specific T cells via the T-cell receptor. These cells
release proinflammatory mediators and cytokines, which attract
monocytes, macrophages, and other T cells that are responsible
for mediating the inflammatory response.

The antigenic determinants of BL have been investigated
mainly in the context of IgE-mediated reactions. Studies
performed with human IgE and murine monoclonal antibodies
have shown that although small differences in the chemical
structure are essential for specific recognition, the whole
structure (including the BL and the protein carrier) is necessary
for the formation of the complete antigenic determinant. The
relevant parts of penicillins to be considered in recognition
are the common BL ring and the side chain structure [31-35].
These findings are consistent with clinical evidence supporting
the production of both selective responses and cross-reactive
responses to different BLs [33].

Consequently, when studying the immunological
mechanisms involved in BL allergy, it is necessary to take into
account the chemical structure of the drug itself, the carrier
molecule, and the patient’s response.

B-Lactam Determinants

Identifying the drug metabolites involved in allergic
reactions to BL is important, not only for understanding the
underlying immunological mechanisms but also for improving

© 2015 Esmon Publicidad

diagnostic tests. To this end, several studies have been
performed with different BLs.

Penicillins
Benzylpenicillin

BP is the most widely studied drug and is considered the
reference model for the study of allergy to BLs. The major
determinant is benzylpenicilloyl (BPO), which results from the
conjugation of BP with amino groups from carriers [27,33,36].
The reaction takes place quickly via opening of a BL ring. The
effectiveness of this process lies in the high reactivity of the
ring resulting from the high tension of the structure (4-member
BL ring fused to the 5-member thiazolidine ring). This behavior
is common to all penicillins. The stability of BPO has enabled
its chemical characterization and its use as BPO acid or BPO
amide in diagnostic studies. At least 3 epitopes have been
recognized in the BPO molecule. These are the side chain, the
whole molecule bound to a carrier by ring opening, and the
bicyclic nuclear structure [34].

The BPO amide structure is also included in immunoassays,
namely, the commercially available ImmunoCAP-FEIA [14]
and in-house assays for the radioallergosorbent test
(RAST) [37-38]. Comparison of these techniques revealed
that the specificity of InmunoCAP-FEIA ranged from 83.3%
to 100% and the sensitivity from 12.5% to 25%; in the case of
RAST, specificity ranged from 66.7% to 83.3% and sensitivity
from 42.9% to 75% [37].

J Investig Allergol Clin Immunol 2015; Vol. 25(1): 12-25
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The generation of BP metabolites with different possibilities
for conjugation led researchers to seek other determinants.
The structures considered were benzylpenicilloic acid,
benzylpenicillenic acid, benzylpenamaldate, benzylpenaldate,
benzylpenicoyl, and benzylpenicanyl [39]. There has been
speculation about the formation of some of these structures.
For example, in the case of the penicanyl determinant proposed
by Baldo [40], the BL ring is purported to remain intact, even
in the presence of reactive amino groups. Moreover, advanced
immunochemical analyses of IgE specificities are lacking [41].

Some of the determinants described above have been
used for skin testing, with higher sensitivity than BP itself
in some cases. Consequently, skin testing with the major and
minor antigenic determinants of penicillin is recommended
in diagnostic guidelines from Europe [42-43] and the
United States [44]. The commercialized major determinant
PPL is formed by the conjugation of BP to poly-L-lysine
(PLL) [27] and the MDM consisting of BP, its hydrolysis
product, penicilloate, and its corresponding decarboxylated
product, penilloate (Allergopharma and Hollister-Stier) [45]
(Figure 2).
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The number of positive skin tests for PPL and MDM has
decreased over time [7,46]. Initially, 78% of patients tested had
positive skin test responses to PPL, MDM, or both; however,
this percentage dropped to 42% (PPL) and 22% (MDM) after
10 years. Nevertheless, major and minor determinants of BP
continue to play a key role in diagnosis, as they induce a positive
response in 46% of patients with positive skin test results to
penicillins, while only 14% of patients are positive to both
these determinants [47]. Differences have been found between
countries. Reports from the USA indicate that among patients with
allergic reactions to penicillin confirmed by skin test, 75% were
positive to PPL, 10% to MDM, and 14.8% to PPL and MDM [48].

The MDM commercially available since 2003 (Diater
SA) only contained BP and benzylpenicilloate, with several
studies indicating that these components were equivalent to
those from Allergopharma [49-51]. Recently, they have been
substituted by purer and more stable products consisting of
benzylpenicilloyl octa-L-lysine as the major determinant and
benzylpenilloate (penilloate) as the minor determinant, with a
sensitivity of 61.36% and specificity of 100%, as demonstrated
in a multicenter clinical trial [12] (Figure 2).

BENZYLPENICILLIN MAJOR DETERMINANTS

L8 L8
R

Hxﬁxﬁxhﬁ.

»}\/LNHD NH 0:

A

BENZYLPENCILLOYL OCTA-L-LYSINE

Figure 2. Minor and major determinants of benzylpenicillin. Previous commercially available structures are shown in the solid figure. Currently commercialized

structures are shown in the dotted figure. BPO indicates benzylpenicilloyl.

J Investig Allergol Clin Immunol 2015; Vol. 25(1): 12-25

© 2015 Esmon Publicidad



3-Lactams in Protein Haptenation 17

Amoxicillin

The major antigenic determinant of AX is the amoxicilloyl
(AXO) amide, which results from the opening of BL by
amino groups, in much the same way as BP. The AXO
structure is included in in vitro tests (ImmunoCAP [14] and
in-house materials for diagnostic research studies [37,52,53]).
However, in skin testing, the free BL, AX itself, is used with
the assumption that it will be conjugated to a carrier protein
after application on the skin. In fact, the addition of AX to the
panel of haptens for skin testing in patients with suspected
reaction to penicillins is currently recommended for routine
skin testing by the European Network for Drug Allergy [8].

Complete solubility of the drug is required for correct
performance of the skin test; however, the solubility of AX is
open to debate [54], because there are 2 types of commercially
available drug: the injectable type, a sodium salt, and the
oral formulation, which is made in trihydrate form. Only the
injectable sodium salt form can be easily dissolved in water
at physiologic pH to reach the concentrations recommended
for skin testing (20 mg/mL).

Until recently, the lack of commercialized AX diagnostic
reagents meant that the injectable sodium salt was used in
many countries [55], with several studies proving the validity
of'this approach for diagnosing immediate hypersensitivity to
penicillins [7,13,46,55]. Since 2010, AX specifically designed
for skin testing has been commercialized by Diater, with one
study indicating that it is equivalent to the injectable form of
AX for both skin testing and in vitro testing [54].

Despite the inclusion of AX in hapten panels for skin
testing, skin test sensitivity in patients with immediate allergic
reactions to penicillins is not optimal, ranging from 50% to
70% [7,42,47,56]. This raises the question of whether the
use of additional minor determinants of AX would improve
sensitivity, as was initially reported with BP [57-58].
Two structures derived from AX were evaluated as minor
determinants. These were amoxicilloic acid, which results
from hydrolysis of BL and is equivalent to BPO acid, and

Birotsin R2
e A A
1 ! e,
o] OHT/J\’RQ R\H/Nf\ﬁ CO,Na*
o]
CO,Na* O™ "NH

Cephalosporin

Cephalosporoyl

diketopiperazine, which results from intramolecular acylation
by the amino group of the AX side chain. However, inclusion
of these minor determinants did not improve the diagnostic
capacity of either skin tests or in vitro tests [59].

It is not well understood why patients whose test results are
positive to BP usually respond to several penicillin derivatives,
including AX; however, most patients who are allergic to AX
only respond to this compound. It would appear that both the
hydroxyl and the amino groups in the side chain structure confer
important recognition features on the AX molecule. Moreover,
the specificity of IgE is highly related to the BL responsible
for the first sensitization. Thus, IgE from patients originally
sensitized to BP can recognize AX owing to the similarity of
their whole structures [43], whereas IgE from patients first
sensitized to AX mainly recognizes the AX side chain but does
not cross-react with BP [60]. Therefore, patients first sensitized
to AX can tolerate BP, whilst the administration of several doses
of BP cannot induce the increase in specific IgE to AX [61].

Cephalosporins

Although the number of publications on allergic reactions
to cephalosporins is relevant and growing, the antigenic
determinants of cephalosporins are not yet completely
elucidated. This is striking, given the fact that the determinants
of penicillins are perfectly identified, and cephalosporins and
penicillins share the reactive BL functional group.

The main difference between cephalosporins and penicillins is
the ring to which the BL is fused, namely, a 5-member thiazolidine
ring in penicillins and a 6-member dihydrothiazine ring in
cephalosporins. These structural differences lead to differences
in the electrophilic properties of the BL carbonyl and, therefore,
in the potential to bind to proteins and form a determinant [31].
In cephalosporins, the lower reactivity of the BL ring slows
carrier conjugation, and the R2 chemical structure modulates this
reactivity depending on its ability to polarize electronic binding.
The presence of a good leaving group at the 3" position increases
the reactivity of the BL via elimination of R2 (Figure 3).

ii Synthetic approach

Functionality Ir?cn;:?ﬁilgglcal
P 'CH, i High
' ‘.. H i o ‘: | E ;
RLTI’NE?"-E?. ™ ICH,0H | High
o] ! |
& H’A]kyl :cstH : None
ICH(OCH3), ! High
PROPOSED DETERMINANTS S :

Figure 3. Proposed hypothesis of cephalosporin protein conjugation and description of the synthetic determinants of cephalosporins.
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It is assumed that the formation of the determinants of
cephalosporins requires nucleophilic attack at the BL carbonyl
by the amino groups of the protein, thus leading to protein
conjugation. The opening of the BL leads to a clear loss of
the R2 substituent. The resulting conjugate is unstable and is
degraded through dihydrothiazine ring rupture. The complex
reactivity of cephalosporins and the high number of possible
fragmentation structures is well described in the literature [31].

Lack of understanding of the chemical structure of
cephalosporin determinants has hampered the development
of commercial in vitro tests. In fact, only cefaclor is available
for ImmunoCAP-FEIA, which is based on the reactivity of
cefaclor with amines, although the resulting structure has
not been identified. This strategy of reacting cephalosporins
with amines is also used in in-house immunoassays for
RAST [37,43], but the resulting determinant structures have
not been described. A study of RAST inhibition with monomer
structures consisting of this conjugation concludes that the
R1 side chain, rather than the BL structure, seems to play a
dominant role in determining the specificity of immunologic
reactions to cephalosporins [43].

Taking into account both the evidence of the departure of
the R2 group as a rule and the important role of the R1 structure
in specific immune recognition, a series of determinants
resulting from BL conjugation have been proposed. After the
opening of the BL ring by proteins, the dihydrothiazine ring
undergoes degradation and is lost. As a result, only R1 and
part of the BL moiety of the cephalosporin remain linked to
the protein. The evaluation of a series of proposed synthetic
determinants including different R1 side chains and different
functionalities in the remaining part of the BL (no derivatization
[H], alcohol functionality [OH], thiol functionality [SH], and
carbonyl functionality [C(OMe),]) have allowed us to gain
insight into the chemical structure of the determinant. Specific
IgE shows enhanced recognition of proposed epitopes with
adequate functionality at C-3 and specificities mainly related
to the R1 acyl side chain [32,62] (Figure 3).

In view of the high degree of recognition of IgE antibodies
at the side chain of BL molecules, cross-reactivity between
AX and cefadroxil, which contains an identical side chain,
has been studied in patients who are selectively allergic to
AX. The results indicate that the percentage of cross-reactivity
between BLs with an identical side chain is high (38%) and
that this critical part of the molecule seems to play a key role
in these results [63].

Venemalm [64] studied amino cephalosporins and
identified a pyrazinone allergenic degradation product of
cefaclor and cephalexine. The formation of the structure
involved intramolecular cyclization by the side chain amino
group in intermediate products of aminolysis. In sera positive
to cefaclor by ImmunoCAP, specific IgE to similar pyrazinone
determinants was observed in 60% of cases

Carbapenems

Studies on the antigenic determinants of carbapenems are
scarce. However, reactions between carbapenems and proteins
have been described. These reactions result in a stable structure
consisting of the open BL ring bound to the carrier proteins
through an amide linkage. The specificity of the response to
carbapenems is likely to be related to the relatively stable
dihydropyrrole ring [65]. The stability of this conjugate would
lead to a high density of homogeneous epitopes.

A wide range of values for cross-reactivity between
penicillins and carbapenems has been reported in various
studies [66-67]; however, more recent prospective studies have
shown the incidence of cross-reactivity between penicillin and
carbapenem in skin tests to be around 1% [68-70].

Monobactams

Monobactams are BL compounds in which the BL ring
is alone. The only commercially available monobactam is
aztreonam, whose R substituent consists of the same side
chain as ceftazidime. This molecule might be expected to form
relatively stable homogeneous conjugates [65]. Three cell lines
of hybridoma that produce antibodies recognizing aztreonam
have been established [71]. Two of the monoclonal antibodies
recognize aztreonam and ceftazidime, indicating that the
same acyl side chain is a relevant part of the determinant.
The monoclonal antibody from the third line recognized a
new antigenic determinant and displays broad cross-reactivity
with several BLs [68].

Clavams

CLV is the only BL included in this group and is prescribed
in combination with AX. The complex chemistry of CLV has
made it difficult to advance our knowledge of its antigenic
determinants; diagnosis is incomplete when an AX-CLV
combination is involved in the reaction [6]. A CLV skin test

OH

cos Kt ™

Proposed 0
determinant

H,N

Figure 4. Proposed clavulanic acid pathway conjugation.
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(DAP Clavulanic, Diater SA) was recently patented and
commercialized for diagnostic purposes. Skin testing results
indicate that selective immediate reactions to CLV do occur
and account for around 30% of immediate allergic reactions
to the combination of AX-CLV [6]. Of note, patients with an
immediate positive response to CLV are younger than those
who are positive to AX, probably because younger patients
have had increased exposure to CLV; consequently, the
number of patients allergic to CLV is expected to increase in
the coming years [4].

The reactivity of CLV can be explained by its strained
bicyclic structure (BL fused to an oxazolidine ring, which
presumably reflects the substitution of an oxygen atom for
sulfur), the lack of an acylamino substituent at C-6, and
the presence of an exo-p-hydroxyethylidene function at
C-2 [72]. These structural differences increase chemical
reactivity to the CLV structure. It has been reported that CLV
can generate stable products from an intermediate structure
resulting from the opening of the 2 rings [73] through
a mechanism similar to the formation of adducts with
B-lactamases [74], as shown in Figure 4. These structures
may be involved in IgE recognition [65]. However, the
instability of the structure after protein conjugation may
involve more complex degradation pathways, leading to
multiple possible determinants. More in-depth studies using
defined structures are still needed.

Candidate Carrier Proteins

The immune response to BLs is determined not only
by the chemical structures of the metabolites, but also by
the nature of the adduct itself and the characteristics of its
uptake, processing, and presentation by antigen-presenting
cells [75]. Therefore, studies have been performed to analyze
binding of BLs to carrier molecules, as well as the ability of
the adducts formed to activate the immune system and their
immunopathogenic relevance. It is still not fully known how
haptenation occurs in vivo, nor do we fully understand the
amplification mechanisms that cause an allergic reaction
quickly after intake and the severe clinical manifestations.
One of the main limitations of in vivo studies is the difficulty
involved in detecting the BL adducts produced after treatment.
The first studies were performed to characterize the carrier
proteins modified by BP in vitro, and the initial experiments
were performed in alkaline pH (experimental conditions to
increase protein modification) [76], because the formation
of adducts is slower and detection is more difficult under
physiological conditions. New studies have been performed
under different experimental conditions to identify serum and
cellular proteins that can act as carrier molecules (see below).

Human Serum Albumin as a Model

Human serum albumin (HSA) is the most abundant
protein in plasma. It presents extraordinary ligand-binding
capacity and has been shown to play a crucial role as a carrier
for endogenous and exogenous compounds [77], including
several drugs. Based on this evidence, HSA was traditionally
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considered the main target protein in the haptenation process for
penicillins, and most studies have focused on characterization
of the penicilloyl-HSA adducts.

In an early study by Lafaye et al [78], the number of
penicillin molecules, which are covalently bound to HSA,
was directly proportional to the drug concentration. In fact,
the detection of penicilloyl groups decreased exponentially
over time after interruption of drug treatment, and the half-life
of penicilloylated HSA proved to be shorter than or equal to
that of nonmodified HSA [78]. Some studies have explored
the detection and identification of HSA residues modified by
BL antibiotics. Early studies by Yvon et al [79,80] revealed
BPO-HSA adducts in samples of serum from patients treated
with BP or samples generated in vitro and in which binding
of BPO was observed in 6 of the 59 lysines of HSA (Lys 190,
195, 199, 432, 541, and 545) using separation of trypsinized
peptides based on high-performance liquid chromatography
and peptide sequencing by Edman degradation.

Morerecently, the modification of HSA by flucloxacillin[81],
piperacillin [82-83], BP [84-85], and AX [21,86] has been
characterized using tandem mass spectrometry coupled to a
liquid chromatography system performed with serum from
patients treated with drugs or samples modified in vitro. In
addition, the grade of HSA modification is dependent on the
drug concentration and the incubation time used for the in vitro
modification [82-85], with BLs showing a preference for some
HSA-specific residues (Table 2 and Figure 5). Interestingly,
modified residues appear to vary widely between patients
in in vivo assays, although in the case of flucloxacillin, 3
residues always appear along with other residues that vary
from one individual to another [81] (Table 2). Although the
factors that determine which amino acids are modified by BLs
are not known, binding to lysine residues may be favored by
the presence of a serine close to the polypeptide chain or the
tertiary configuration of the protein [79-80].

Other Serum Proteins

Serum proteins other than HSA could be involved in
the haptenation process and in the induction of an immune
response; however, very little is known about their nature or
their role in the development of a hypersensitivity reaction. In
a study by Lafaye and Lapresle [78] based on blood samples
from patients treated with BP, BPO groups were detected in a
fraction of serum proteins where HSA had been removed, but
the modified proteins detected were not identified.

In alater study, HSA and transferrin were identified as target
proteins for ampicillin using 2-dimensional electrophoresis and
immunological detection with plasma from patients treated
with this drug [87].

In a study by our group based on immunological and
proteomics methods, we identified serum proteins modified
in vitro by AX. We observed that serum proteins other than
HSA, such as transferrin and immunoglobulin (light and heavy
chains), were also modified by AX [22,86]. The fact that other
relatively abundant serum proteins did not form detectable
adducts under the experimental conditions used suggests
that factors other than plasma protein concentration could
determine which serum proteins were targets for BL antibiotics.
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Table 2. HSA Residues Modified by Amoxicillin, Benzylpenicillin, Flucloxacillin and Piperacillin®

Amoxicillin Benzylpenicillin Flucloxacillin Piperacillin
Reference [21] [86] [79-80] [84] [85] [81] [82] [83]
Lys 4 +b 4o
Lys 12 +b +¢
Lys 20 +be
Lys 73 +b
Lys 137 +be +b +b +¢
Lys 159 +be +b
Lys 162 +be 4o
Lys 190 ++0 ++¢ +b +be +b +be +be +b
Lys 195 b b +4b 4be b b
Lys 199 ++0 +b +4be +b +b:e +e +b
Lys 212 +be +b +-be +¢
Lys 351 +b +be +b 4be +e
Lys 359 +b
Lys 372 +b
Lys 414 +b
Lys 432 +b +b +be +b +be +be +b
Lys 436 +° +°
Lys 444 +b
Lys 525 +be +b +be +¢
Lys 541 ++° +b +be +be Hbe +b
Lys 545 +° +b +be +¢ +o
Lys 560 +°

The most reactive residues, which were identified in the shortest times of incubation or with the lowest concentrations of drugs, are shown as ++.

®Residues identified in HSA-drug adducts generated in vitro.

‘Residues identified in HSA purified from the serum of patients who have received drug treatment (see the corresponding articles for the route of

administration).

Figure 5. HSA model with the lysine residues modified by amoxicillin,
benzylpenicillin, flucloxacillin, and piperacillin identified by mass
spectrometry in several of the studies referenced in the text. Atomic
coordinates are taken from code 1A06 [105] of the Protein Data Bank.
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Cellular Proteins

The formation of antigenic determinants with cellular
proteins is well documented. BP derivatives have the ability
to bind to the cellular membranes of macrophages [88-89] and
monocytes [90-91]. Formation of these antigenic determinants
is slower with cellular proteins than with serum proteins [92].
Acrecent study carried out using piperacillin and T-cell culture
revealed no cellular adducts [83]. Covalent binding of AX
to HLA class I molecules on the surface of B cells has been
reported to cause overexpression of these molecules [93].
Moreover, we recently showed that confocal fluorescence
microscopy with a biotinylated AX analog (AX-B) revealed
the presence of intracellular protein adducts and modified
proteins in extracts from AX-B-treated cell lines (monocytes,
B-lymphoma cells, and macrophages) with different patterns,
showing that the haptenation process may be cell type—
dependent [94].
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Relevance of Hapten-Protein Conjugates
in In Vitro Diagnostic Tests

In order to improve the sensitivity of diagnostic tests,
it is necessary to take into account the identity of the BL
determinants, the carrier proteins, and the characteristics of
the haptenation process.

Quantitation of Specific IgE

Immunoassay is the most widely used method for the
quantitation of specific IgE to BLs. In the routinely used
commercial fluoroimmunoassay platform ImmunoCAP-FEIA
(Phadia), haptens are bound to spacers on a solid phase with
high surface capacity. Specificity is 83.3%-100% and sensitivity
12.5%-45%, depending on the clinical manifestations and skin
test results [14]. In a recent study, a general decrease in the
sensitivity of this technique was observed over time [95].

Noncommercial radioimmunoassay is also used for the
determination of specific IgE antibodies. This approach
consists of a solid phase (sepharose, cellulose discs) on which
the BL structure is conjugated to a carrier molecule (such as
PLL, HSA, or aminospacers).

The best-known approach for the study of BL allergy is
RAST, in which a hapten-carrier conjugate is anchored to a
functionalized cellulose solid phase. The sensitivity of RAST
with BL-PLL is around 50%, with a specificity of around
80-95% [7,8]. The use of different carrier molecules has been
investigated in 2 comparative studies [96,97]. Blanca et al [96]
analyzed the influence of 2 carrier molecules (PLL and HSA)
in the detection of specific IgE to BP and found that the
nature of the carrier influenced the capacity for binding IgE
antibodies in RAST and that BPO-PLL was the best-recognized
structure [96]. Garcia et al [97] subsequently confirmed these
results by testing the detection of BP-specific IgE bound to
3 different carrier molecules: PLL, HSA, and aminospacers.
The test revealed better diagnostic sensitivity and specificity
for BPO-PLL and BPO-aminospacer than for BPO-HSA.
These results may be explained by the importance of hapten
density in relation to assay sensitivity [98-99], because HSA
has a much lower capacity for binding to penicillin molecules
than PLL. Furthermore, not all the BPO determinants bound
to the HSA are accessible for antibodies [100].

These results highlight the importance of the molecules
used as carriers for BLs in the detection of specific antibodies
and therefore in the sensitivity and specificity of immunoassays.

In order to improve the sensitivity of these tests, recent
studies have focused on the use of dendrimer structures as
carrier molecules for BLs [101]. Montafiez et al [102] proposed
nanoconjugates consisting of polyamidoamine dendrimers
bound to BP as an effective tool for the study of adverse
immune responses to drugs in humans. The same authors
also proposed new strategies for the functionalization of
solid phases, which would enable a higher density of antigen
determinants on the same solid phase and thus improve the
sensitivity of the test [38,103].

Other studies have focused on the search for new solid
phases that would enable increased surface density of the
immobilized nanoconjugates. Zeolite crystals [103] and silica
nanoparticles [53] have been tested as solid phases to which
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dendrimeric structures conjugated to BL structures are bound.
These approaches enhanced the sensitivity of the test without
appreciably decreasing specificity, thus indicating that these
materials are promising candidates for improving in vitro
clinical diagnostic practice.

Cellular Tests
Basophil Activation Test by Flow Cytometry

The basophil activation test has been used as a diagnostic
test for [gE-mediated reactions to drugs and is based on the in
vitro stimulation of basophils by the culprit drug in peripheral
blood. Several studies have analyzed the value of the test
in the evaluation of hypersensitivity reactions to BL and
revealed a sensitivity of 49% and specificity of 93% [15-16].
It has been observed that the sensitivity of this assay is higher
when haptens (drugs) not previously conjugated to a carrier
molecule are used [16]. Although the mechanism by which
these haptens interact with specific IgE bound to the surface
of basophils eliciting their activation remains unknown, the
kinetics of conjugation of BL with serological proteins suggest
that a yet unknown BL-carrier adduct produced during the test
procedure interacts with the specific IgE.

Lymphocyte Transformation Test by Flow Cytometry

The lymphocyte transformation test is an in vitro test based
on the measurement of T-cell proliferation in cell culture in the
presence of the drug of interest. In vitro proliferation suggests
a previous in vivo reaction due to sensitization. This test can
be used for the in vitro diagnosis of T cell-mediated reactions
to BLs, although it is not routinely recommended and is still
considered a research tool.

In a study performed by Whitaker et al [82], HSA modified
by piperacillin generated during a lymphocyte transformation
test was detected in the supernatant. In order to confirm the
antigenicity of piperacillin-HSA adducts, the authors generated
them in vitro under physiological conditions and observed a
positive proliferation in peripheral blood mononuclear cells
and T-cell clones from piperacillin-allergic patients.

Similarly, Meng et al [84] observed lymphocyte
proliferation using BP-HSA conjugates generated in vitro,
although stimulation was also detected when unconjugated
BP was used [84]. These results are consistent with those
of other studies [85,104], indicating that HSA conjugated
to different BL structures, as well as to the free drug, can
stimulate the proliferative response of lymphocytes from
patients with hypersensitivity to BLs. More studies are
needed in order to determine whether the inclusion of well-
characterized drug-carrier adducts can improve the sensitivity
of this test.

Concluding Remarks

BLs are small molecules that act as haptens and must bind
to a protein carrier to form BL-protein adducts with the ability
to induce an immune response that can vary: some patients react
to a specific BL and show tolerance to others, whereas other
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patients react to all BLs. This pattern is continuously changing
as BLs with different chemical structures are commercialized.
In order to characterize the different phenotypes of BL-allergic
patients, it is crucial to identify the BL (or its metabolites)
recognized by the immune system and the protein carrier.
Nanotechnology is a promising approach that will enable
better and more reliable IgE detection. The identification of BL
derivatives, suitable dendrimer structures, and well-recognized
proteins as more efficient carrier candidates will increase our
knowledge of IgE recognition and B-cell response and thus
enable personalized diagnosis and more appropriate alternative
treatment with BL antibiotics. The benefits of nanotechnology
in this setting should be addressed using a multidisciplinary
approach involving chemists, immunologists, and allergists.

Acknowledgments

We thank James R Perkins for his help with the English
language version of the manuscript.

Funding

The study was funded by FIS-Thematic Networks and
Cooperative Research Centres (RIRAAF/RD012/0013),
Junta de Andalucia (CTS 06603, PI-0545-2010, and PI-0699-
2011), ISCHI (P112/02529), Fundacién Salud 2000, MINECO
(SAF2012-36519 to DPS), and the People Programme (Marie
Curie Actions) of the European Union's Seventh Framework
Programme (FP7/2007-2013) under REA grant agreement
no. 300230.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

1. Blanca M, Vega JM, Garcia J, Miranda A, Carmona MJ, Juarez
C, Terrados S, Fernandez J. New aspects of allergic reactions to
betalactams: crossreactions and unique specificities. Clin Exp
Allergy. 1994;24:407-15.

2. Solensky R. Penicillin allergy as a public health measure. J
Allergy Clin Immunol. 2014;133:797-8.

3. Dona |, Blanca-Lopez N, Torres MJ, Garcia-Campos J, Garcia-
Nunez I, Gomez F, Salas M, Rondon C, Canto MG, Blanca
M. Drug hypersensitivity reactions: response patterns, drug
involved, and temporal variations in a large series of patients.
J Investig Allergol Clin Immunol. 2012;22:363-71.

4. Zambonino MA, Corzo JL, Munoz C, Requena G, Ariza A,
Mayorga C, Urda A, Blanca M, Torres MJ. Diagnostic evaluation
of hypersensitivity reactions to beta-lactam antibiotics in
a large population of children. Pediatr Allergy Immunol.
2014;25:80-7.

5. Romano A, Mayorga C, Torres MJ, Artesani MC, Suau R,
Sanchez F, Perez E, Venuti A, Blanca M. Immediate allergic
reactions to cephalosporins: cross-reactivity and selective
responses. J Allergy Clin Immunol. 2000;106:1177-83.

6. Torres MJ, Ariza A, Mayorga C, Dona |, Blanca-Lopez
N, Rondon C, Blanca M. Clavulanic acid can be the

J Investig Allergol Clin Immunol 2015; Vol. 25(1): 12-25

20.

21.

component in amoxicillin-clavulanic acid responsible for
immediate hypersensitivity reactions. J Allergy Clin Immunol.
2010;125:502-5 e2.

. Torres MJ, Romano A, Mayorga C, Moya MC, Guzman AE,

Reche M, Juarez C, Blanca M. Diagnostic evaluation of a large
group of patients with immediate allergy to penicillins: the
role of skin testing. Allergy. 2001;56:850-6.

. Blanca M, Romano A, Torres MJ, Fernandez J, Mayorga C,

Rodriguez J, Demoly P, Bousquet PJ, Merk HF, Sanz ML,
Ott H, Atanaskovic-Markovic M. Update on the evaluation
of hypersensitivity reactions to betalactams. Allergy.
2009:64:183-93.

. Levine BB. Immunologic mechanisms of penicillin allergy. A

haptenic model system for the study of allergic diseases of
man. N Engl J Med. 1966;275:1115-25.

. Gomez E, Blanca-Lopez N, Salas M, Canto G, Campo P, Torres

MJ, Mayorga C, Blanca M. Induction of accelerated reactions
to amoxicillin by T-cell effector mechanisms. Ann Allergy
Asthma Immunol. 2013;110:267-73.

. Warrington RJ, Silviu-Dan F, Magro C. Accelerated cell-

mediated immune reactions in penicillin allergy. J Allergy Clin
Immunol. 1993;92:626-8.

. J Fernandez, MJ Torres, J Campos, F Arribas-Poves, M Blanca;

DAP-Diater group. Prospective, multicenter clinical trial to
validate new products for skin tests in the diagnosis of allergy to
penicillin. J Investig Allergol Clin Immunol. 2013;23:398-408.

. Bousquet PJ, Pipet A, Bousquet-Rouanet L, Demoly P. Oral

challenges are needed in the diagnosis of beta-lactam
hypersensitivity. Clin Exp Allergy. 2008;38:185-90.

. Blanca M, Mayorga C, Torres MJ, Reche M, Moya MC, Rodriguez

JL, Romano A, Juarez C. Clinical evaluation of Pharmacia
CAP System RAST FEIA amoxicilloyl and benzylpenicilloyl in
patients with penicillin allergy. Allergy. 2001;56:862-70.

. Sanz ML, Gamboa PM, Antepara |, Uasuf C, Vila L, Garcia-

Aviles C, Chazot M, De Weck AL. Flow cytometric basophil
activation test by detection of CD63 expression in patients
with immediate-type reactions to betalactam antibiotics. Clin
Exp Allergy. 2002;32:277-86.

. Torres MJ, Padial A, Mayorga C, Fernandez T, Sanchez-Sabate

E, Cornejo-Garcia JA, Antunez C, Blanca M. The diagnostic
interpretation of basophil activation test in immediate allergic
reactions to betalactams. Clin Exp Allergy. 2004;34:1768-75.

. Lugue I, Leyva L, Jose Torres M, Rosal M, Mayorga C, Segura

JM, Blanca M, Juarez C. In vitro T-cell responses to beta-lactam
drugs in immediate and nonimmediate allergic reactions.
Allergy. 2001;56:611-8.

. Rodriguez-Pena R, Lopez S, Mayorga C, Antunez C, Fernandez

TD, Torres MJ, Blanca M. Potential involvement of dendritic
cells in delayed-type hypersensitivity reactions to beta-
lactams. J Allergy Clin Immunol. 2006; 118:949-56.

. Landsteiner K, Jacobs J. Studies on the Sensitization of Animals

with Simple Chemical Compounds. J Exp Med. 1935;61:643-56.
Gerberick GF, Troutman JA, Foertsch LM, Vassallo JD, Quijano
M, Dobson RL, Goebel C, Lepoittevin JP. Investigation of peptide
reactivity of pro-hapten skin sensitizers using a peroxidase-
peroxide oxidation system. Toxicol Sci. 2009;112:164-74.

Martin SF, Esser PR, Schmucker S, Dietz L, Naishitt DJ, Park BK,
Vocanson M, Nicolas JF, Keller M, Pichler W), Peiser M, Luch A,
Wanner R, Maggi E, Cavani A, Rustemeyer T, Richter A, Thierse

© 2015 Esmon Publicidad



3-Lactams in Protein Haptenation 23

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

HJ, Sallusto F. T-cell recognition of chemicals, protein allergens
and drugs: towards the development of in vitro assays. Cell
Mol Life Sci. 2010;67:4171-84.

Ariza A, Garzon D, Abanades DR, de los Rios V, Vistoli G, Torres
MJ, Carini M, Aldini G, Perez-Sala D. Protein haptenation
by amoxicillin: high resolution mass spectrometry analysis
and identification of target proteins in serum. J Proteomics.
2012;77:504-20.

Matzinger P. Tolerance, danger, and the extended family. Annu
Rev Immunol. 1994;12:991-1045.

Pichler WJ. Pharmacological interaction of drugs with antigen-
specific immune receptors: the p-i concept. Curr Opin Allergy
Clin Immunol. 2002;2:301-5.

Keller M, Lerch M, Britschgi M, Tache V, Gerber BO, Luthi M,
Lochmatter P, Kanny G, Bircher AJ, Christiansen C, Pichler
W]J. Processing-dependent and -independent pathways for
recognition of iodinated contrast media by specific human T
cells. Clin Exp Allergy. 2010;40:257-68.

Wuillemin N, Adam J, Fontana S, Krahenbuhl S, Pichler W], Yerly
D. HLA haplotype determines hapten or p-i T cell reactivity to
flucloxacillin. J Immunol. 2013;190:4956-64.

Levine BB,Ovary Z. Studies on the mechanism of the formation
of the penicillin antigen. Ill. The N-(D-alpha-benzylpenicilloyl)
group as an antigenic determinant responsible for
hypersensitivity to penicillin G. J Exp Med. 1961;114:875-904.
Zhang X, Liu F, Chen X, Zhu X, Uetrecht J. Involvement of the
immune system in idiosyncratic drug reactions. Drug Metab
Pharmacokinet. 2011;26:47-59.

Sanchez-Quintero MJ, Torres MJ, Blazquez AB, Gomez E,
Fernandez TD, Dona |, Ariza A, Andreu |, Melendez L, Blanca
M, Mayorga C. Synergistic effect between amoxicillin and TLR
ligands on dendritic cells from amoxicillin-delayed allergic
patients. PLoS One. 2013;8:74198.

Gell PGH,Coombs RRA. Clinical aspects of immunology. 1963,
Oxford, U.K: Blackwell.

Perez-Inestrosa E, Suau R, Montanez MI, Rodriguez R,
Mayorga C, Torres MJ, Blanca M. Cephalosporin chemical
reactivity and its immunological implications. Curr Opin
Allergy Clin Immunol. 2005;5:323-30.

Sanchez-Sancho F Perez-Inestrosa E, Suau R, Montanez
MI, Mayorga C, Torres MJ, Romano A, Blanca M. Synthesis,
characterization and  immunochemical  evaluation ~ of
cephalosporin antigenic determinants. J Mol Recognit.
2003;16:148-56.

Moreno F, Blanca M, Mayorga C, Terrados S, Moya M, Perez
E, Suau R, Vega JM, Garcia J, Miranda A, et al. Studies of the
specificities of IgE antibodies found in sera from subjects with
allergic reactions to penicillins. Int Arch Allergy Immunol.
1995;108:74-81.

de Haan P, de Jonge AJ, Verbrugge T, Boorsma DM. Three
epitope-specific monoclonal antibodies against the hapten
penicillin. Int Arch Allergy Appl Immunol. 1985;76:42-6.
Mayorga C, Obispo T, Jimeno L, Blanca M, Moscoso del Prado
J, Carreira J, Garcia JJ, Juarez C. Epitope mapping of beta-
lactam antibiotics with the use of monoclonal antibodies.
Toxicology. 1995;97:225-34.

Batchelor FR, Dewdney JM, Gazzard D. Penicillin allergy:
the formation of the penicilloyl determinant. Nature.
1965;206:362-4.

© 2015 Esmon Publicidad

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

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.

Montanez MI, Mayorga C, Torres MJ, Blanca M, Perez-Inestrosa
E. Methodologies to anchor dendrimeric nanoconjugates to
solid phase: toward an efficient in vitro detection of allergy to
beta-lactam antibiotics. Nanomedicine. 2011;7:682-5.
Dewdeney J. Inmunology of the antibiotics. The antigens, ed.
Sela. Vol. 5. 1997, New York, USA: Academic Press.

Baldo BA, Zhao Z, Pham NH. Structural determinants of
antibiotic allergy. Curr Allergy Rep. 2001;1:23-31.

Blanca M, Torres MJ, Mayorga C, Perez-Inestrosa E, Suau
R, Montanez MI, Juarez C. Immediate allergic reactions to
betalactams: facts and controversies. Curr Opin Allergy Clin
Immunol. 2004;4:261-6.

Torres MJ, Blanca M, Fernandez J, Romano A, Weck A, Aberer W,
Brockow K, Pichler WJ, Demoly P. Diagnosis of immediate allergic
reactions to beta-lactam antibiotics. Allergy. 2003;58:961-72.
Antunez C, Blanca-Lopez N, Torres MJ, Mayorga C, Perez-
Inestrosa E, Montanez MI, Fernandez T, Blanca M. Immediate
allergic reactions to cephalosporins: evaluation of cross-
reactivity with a panel of penicillins and cephalosporins.
Allergy Clin Immunol. 2006;117:404-10.

Executive summary of disease management of drug
hypersensitivity: a practice parameter. Joint Task Force on
Practice Parameters, the American Academy of Allergy, Asthma
and Immunology, the American Academy of Allergy, Asthma
and Immunology, and the Joint Council of Allergy, Asthma and
Immunology. Ann Allergy Asthma Immunol. 1999;83:665-700.
Levine BB,Redmond AP. Minor haptenic determinant-specific
reagins of penicillin hypersensitivity in man. Int Arch Allergy
Appl Immunol. 1969;35:445-55.

Blanca M, Vega JM, Garcia J, Carmona MJ, Terados S, Avila M),
Miranda A, Juarez C. Allergy to penicillin with good tolerance
to other penicillins; study of the incidence in subjects allergic
to beta-lactams. Clin Exp Allergy. 1990;20:475-81.

Bousquet PJ, Co-Minh HB, Arnoux B, Daures JP, Demoly
P. Importance of mixture of minor determinants and
benzylpenicilloyl poly-L-lysine skin testing in the diagnosis of
beta-lactam allergy. J Allergy Clin Immunol. 2005;115:1314-6.
Gadde J, Spence M, Wheeler B, Adkinson NF, Jr. Clinical
experience with penicillin skin testing in a large inner-city STD
clinic. JAMA. 1993;270:2456-63.

Romano A, Viola M, Bousquet PJ, Gaeta F, Valluzzi R, Caruso C,
Demoly P. A comparison of the performance of two penicillin
reagent kits in the diagnosis of beta-lactam hypersensitivity.
Allergy. 2007;62:53-8.

Treudler R,Simon JC. PPL and MDM skin test: new test kit is
helpful in detecting immediate-type allergy to beta-lactams. J
Dtsch Dermatol Ges. 2007;5:286-92.

Richter AG, Wong G, Goddard S, Heslegrave J, Derbridge C,
Srivastava S, Diwakar L, Huissoon AP, Krishna MT. Retrospective
case series analysis of penicillin allergy testing in a UK specialist
regional allergy clinic. J Clin Pathol. 2011;64:1014-8.

Blanca M, Mayorga C, Sanchez F, Vega JM, Fernandez J, Juarez
C, Suau R, Perez E. Differences in serum IgE antibody activity
to benzylpenicillin and amoxicillin measured by RAST in a
group of penicillin allergic patients. Allergy. 1991;46:632-8.

J Investig Allergol Clin Immunol 2015; Vol. 25(1): 12-25



24 Ariza A, et al.

53. Vida Y, Montafiez MI, Collado D, Najera F, Ariza A, Blanca M, 68. Frumin J,Gallagher JC. Allergic cross-sensitivity between
Torres MJ, Mayorga C, Perez-Inestrosa E. Dendrimeric antigen- penicillin, carbapenem, and monobactam antibiotics: what
silica particle composites: an innovative approach for IgE are the chances? Ann Pharmacother. 2009;43:304-15.
quantification. JMater Chem B. 2013;1:3044-50. 69. McConnell SA, Penzak SR, Warmack TS, Anaissie EJ, Gubbins

54. Torres MJ, Romano A, Blanca-Lopez N, Dona I, Canto G, PO. Incidence of Imipenem Hypersensitivity Reactions in
Ariza A, Aranda A, Montanez MI, Mayorga C, Blanca M. Febrile Neutropenic Bone Marrow Transplant Patients with a
Immunoglobulin E-mediated hypersensitivity to amoxicillin: in History of Penicillin Allergy. Clin Infect Dis. 2000;31:1512-4.
vivo and in vitro comparative studies between an injectable 70. Sodhi M, Axtell SS, Callahan J, Shekar R. Is it safe to use
therapeutic compound and a new commercial compound. Clin carbapenems in patients with a history of allergy to penicillin?
Exp Allergy. 2011;41:1595-601. J Antimicrob Chemother. 2004;54:1155-57.

55. Lin E, Saxon A, Riedl M. Penicillin allergy: value of including 71. Shimizu T, Souma S, Nagakura N, Masuzawa T, lwamoto Y,
amoxicillin as a determinant in penicillin skin testing. Int Arch Yanagihara Y. Epitope analysis of aztreonam by antiaztreonam
Allergy Immunol. 2010;152:313-8. monoclonal antibodies and possible consequences in

56. Antunez C, Martin E,CComeJo—Garua IJA' BIanca—Lopedz N, beta-lactams hypersensitivity. Int Arch Allergy Immunol.
R-Pena R, Mayorga C, Torres MJ, Blanca M. Immediate 1992:98:392-7.
hypersensitivity reactions to penicillins and other betalactams. 72. Baggaley KH, Brown AG, Schofield CJ. Chemistry and

- gulrl'r PhanTv?/ez- ZOOI-?J;1SZF:13327G_533\% o5 1D, Parker W Sk biosynthesis of clavulanic acid and other clavams. Nat Prod

. Sullivan TJ, Wedner HJ, Shatz GS, Yecies LD, Parker CW. Skin Rep. 1997;14:309-33.
testing to detect penicillin allergy. J Allergy Clin Immunol. 73. Finn MJ, Harris MA, Hunt E, Zomaya IE. Studies on the
- l1/|9a8c1/;6E8:?%i7c1h-t8e(r).PK Falkoff R, Zeiger R. Skin testing with hydrolysis of clavulanic acid. J Chem Soc, Perkin Trans 1.

- Magy E, ( , . 1984:1345-49.
gfnn (;)c(:lclﬁﬁrt]eoarglcicﬁ)]ear;lllelgs’;ei Er;g;reendtsbzviﬂ Ir?;g;ot\il\?s snl]q?htzgt 74. Trg_-(rjnblanyV\/, Héjgcénnet JE, Blanchgrd 1S. StructuLe of tlhe covslent
' adduct formed between Mycobacterium tuberculosis beta-
2958‘73”1558 ;56%91”'“”'” reagents. J Allergy Clin Immunol. lactamase and clavulanate. Biochemistry. 2008;47:5312-6.

+100:500-I1. 75. DiPiro JT, Adkinson NF, Jr, Hamilton RG. Facilitation of

29, I/(I)Irrﬁ{s _l\/IJéAnzrz]aA,/EJerE?ndez'i/,ll\/IRorlenofE, I__agugatJJ, l\/_lontz:ne?c penicillin haptenation to serum proteins. Antimicrob Agents

uiz-Sanchez anca M. Role of minor determinants o 27,
(e 2 o T s X ‘ Chemother. 1993;37:1463-7.
amox!c!“!n |n”the dlggnos.|s c.)flmmed|ate allergic reactions to 76. Levine BB. N(Alpha-D-Penicilloyl) Amines as Univalent
60 E?;?])c(gul\/:ni?ﬁreezrgEy.Ggrlgi)Sl.\isgr_]géA Fernandez J, Vega JM Hapten Inhibitors of Antibodydependent Allergic Reactions to
: RN o y o o Penicillin. J Med Pharm Chem. 1962;91:1025-34.
Terrados S, Avila M, Martin A, Suau R. Anaphylaxis to amoxycillin 77 F:?;cnlolr,l/l CuerryS ?(rerrr;enoe? Galliano M. Fanali G. Narciso P
but good tolerance for benzyl penicillin. In vivo and in vitro ' - . - . .
studies of specific IgE antibodies. Allergy. 1988;43:508-10. SfoﬁirrlTEr? :g?ﬂ Z.llz;?ztrliofgﬁ/llga[?fgg;g(c)ist)gillgg7%o6pertles
61. ETmand,\jzg,Torres MJf' RlRRtfugntes MS, lRObblf.S SE Mayorga tC 78. Lafaye P Lapresle C. Fixation of penicilloyl groups to albumin
anca Wi, UECTease of SEiective IMMUNOGIonulin & FESponse o and appearance of anti-penicilloyl antibodies in penicillin-
amoxicillin despite repeated administration of benzylpenicillin treated patients. J Clin Invest. 1988-82:7-12
and penicillin V. Clin Exp Allergy. 2005;35:1645-50. P ' I y
; 79. Yvon M, Anglade P, Wal JM. Binding of benzyl penicilloyl to
62. Montanez MI, Mayorga C, Torres MJ, Ariza A, Blanca M, Perez- h . . . : .
X S o uman serum albumin. Evidence for a highly reactive region
Inestrosa E. Synthetic approach to gain insight into antigenic o . :
X R . . at the junction of domains 1 and 2 of the albumin molecule.
determinants of cephalosporins: in vitro studies of chemical FEBS Lett. 1989-247-273-8
structure-IgE molecular recognition relationships. Chem Res et oo ' P e
. - 80. Yvon M, Anglade P, Wal JM. Identification of the binding sites
Toxicol. 2011;24:706-17. £ benzvl penicillovl. the all . tabolite of penicill

63. Miranda A, Blanca M, Vega JM, Moreno F, Carmona M), Garcia Oh enzy pelrg)lu N lea lergFeEnBlg Te a1%§|;g-(2)6§-e2n_?|,3 !1% on
JJ, Segurado E, Justicia JL, Juarez C. Cross-reactivity between 81 j e;erugwEaMum|nxmé)llgcu \e/L i gtt.h I\]R P: h ' d
a penicillin and a cephalosporin with the same side chain. - Jenkins RE, Meng , Elliott VL, Kitteringham NR, Pirmohame

: 0Q-FT1. M, Park BK. Characterisation of flucloxacillin and
Allergy Clin Immunol. 1996;98:671-7. L hl flucloxacillin h q o di

64. Venemalm L. Pyrazinone conjugates as potential cephalosporin 5-hydroxymethyl flucloxacillin aptenate HSA in vitro and in
allergens. Bioorg Med Chem Lett. 2001;11:1869-70. vivo. Proteomics Clin Appl. 2009;3:720-9. _

65. Edwards RG, Dewdney JM, Dobrzanski RJ, Llee D. 82. Whitaker P, Meng X, Lavergne §N, El-Ghaiesh S, .l\/lonsh| M,
Immunogenicity and allergenicity studies on two beta-lactam Eamshaw C, Peckham D, Gooi J, Conway S, Pirmohamed
structures, a clavam, clavulanic acid, and a carbapenem: M, Jenkins RE, Naisbitt D), Park BK. Mass spectrometric
structure-activity relationships. Int Arch Allergy Appl Immunol. charact_erlzatl_op o_f cwcu!atlng ar_1d funct_lon_al antigens derived
1988:85:184-9. from piperacillin in patients with cystic fibrosis. J Immunol.

66. Prescott WA, DePestel DD, Ellis JJ, E. Regal R. Incidence of 2011;187:200-11. . .

. El-Ghaiesh S, Monshi MM, Whitaker P, Jenkins R, Meng X,
83. El-Ghaiesh S, Monshi MM, Whitaker P, Jenkins R, Meng X

67.

Carbapenem-Associated  Allergic-Type  Reactions among
Patients with versus Patients without a Reported Penicillin
Allergy. Clin Infect Dis. 2004;38:1102-07.

Saxon A, Beall GN, Rohr AS, Adelman DC. Immediate
Hypersensitivity Reactions to Beta-Lactam Antibiotics. Ann
Intern Med. 1987;107:204-15.

J Investig Allergol Clin Immunol 2015; Vol. 25(1): 12-25

Farrell J, Elsheikh A, Peckham D, French N, Pirmohamed
M, Park BK, Naisbitt DJ. Characterization of the antigen
specificity of T-cell clones from piperacillin-hypersensitive
patients with cystic fibrosis. J Pharmacol Exp Ther.
2012;341:597-610.

© 2015 Esmon Publicidad



3-Lactams in Protein Haptenation 25

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Meng X, Jenkins RE, Berry NG, Maggs JL, Farrell J, Lane CS,
Stachulski AV, French NS, Naisbitt DJ, Pirmohamed M, Park
BK. Direct evidence for the formation of diastereoisomeric
benzylpenicilloyl  haptens  from  benzylpenicillin  and
benzylpenicillenic acid in patients. J Pharmacol Exp Ther.
2011;338:841-9.

Azoury ME, Scornet N, Delluc S, De la Rue-Cochin S, Nhim
C, Maillere B, Weaver R, Claude N, Joseph D, Pallardy M,
Identification and frequency of naive lymphocytes specific
for penicillin: implication in drug-allergy, in 6th Drug
Hypersensitivity Meeting. 2014: Bern (Switzerland).

Garzon D, Ariza A, Regazzoni L, Clerici R, Altomare A, Sirtori FR,
Carini M, Torres MJ, Perez-Sala D, Aldini G. Mass spectrometric
strategies for the identification and characterization of human
serum albumin covalently adducted by amoxicillin: ex vivo
studies. Chem Res Toxicol. 2014;27:1566-74.

Magi B, Marzocchi B, Bini L, Cellesi C, Rossolini A, Pallini V.
Two-dimensional electrophoresis of human serum proteins
modified by ampicillin during therapeutic treatment.
Electrophoresis. 1995;16:1190-2.

Binderup L,Arrigoni-Martelli E. [14C]-D-Penicillamine: uptake
and distribution in rat lymphocytes and macrophages.
Biochem Pharmacol. 1979:28:189-92.

O'Donnell CA, Foster AL, Coleman JW. Penicillamine and
penicillin can generate antigenic determinants on rat
peritoneal cells in vitro. Immunology. 1991;72:571-6.
Watanabe H, Grimsley G, Major GA, Dawkins RL. Increased
binding of D-penicillamine to monocytes in rheumatoid
arthritis. Clin Immunol Immunopathol. 1986;39:173-8.
Watanabe H, Kelly H, Dawkins RL. Association of HLA DR1
with high D-penicillamine binding to monocytes in females.
Microbiol Immunol. 1987;31:83-8.

Warbrick EV, Thomas AL, Stejskal V, Coleman JW. An analysis
of beta-lactam-derived antigens on spleen cell and serum
proteins by ELISA and Western blotting. Allergy. 1995;50:910-
7.

Morel E,Bellon T. Amoxicillin conjugates to HLA class |
molecules and interferes with signalling through the ILT2/LIR-
1/CD85j inhibitory receptor. Allergy. 2007;62:190-6.

Ariza A, Collado D, Vida Y, Montanez MI, Perez-Inestrosa E,
Blanca M, Torres MJ, Canada FJ, Perez-Sala D. Study of protein
haptenation by amoxicillin through the use of a biotinylated
antibiotic. PLoS One. 2014;9:290891.

Macy E, Goldberg B, Poon KY. Use of commercial anti-penicillin
IgE fluorometric enzyme immunoassays to diagnose penicillin
allergy. Ann Allergy Asthma Immunol. 2010;105:136-41.
Blanca M, Mayorga C, Perez E, Suau R, Juarez C, Vega JM,
Carmona M), Perez-Estrada M, Garcia J. Determination of IgE
antibodies to the benzyl penicilloyl determinant. A comparison
between poly-L-lysine and human serum albumin as carriers. J
Immunol Methods. 1992;153:99-105.

Garcia JJ, Blanca M, Moreno F, Vega JM, Mayorga C, Fernandez
J, Juarez C, Romano A, de Ramon E. Determination of IgE
antibodies to the benzylpenicilloyl determinant: a comparison

© 2015 Esmon Publicidad

98.

99.

100.

101.

102.

103.

104.

105.

of the sensitivity and specificity of three radio allergo sorbent
test methods. J Clin Lab Anal. 1997;11:251-7.

Lew AM. The effect of epitope density and antibody affinity on
the ELISA as analysed by monoclonal antibodies. J Immunol
Methods. 1984;72:171-6.

Lee D, Dewdney JM, Edwards RG. The influence of hapten
density on the assay of penicilloylated proteins in fluids. J
Immunol Methods. 1985;84:235-43.

Lafaye P, Lapresle C. Identification of two fixation sites for
penicilloyl groups on the albumin molecule from penicillin-
treated patients. FEBS Lett. 1988;234:305-8.

Montanez MI, Mayorga C, Torres MJ, Ruiz-Sanchez AJ, Malkoch
M, Hult A, Blanca M, Perez-Inestrosa E. Dendrimeric Antigens.
New Approaches Towards Detection of IgE-Mediated Drug
Allergy Reactions. In: Klajnert, Peng, Cefia, editors. Dendrimers
in Biomedical Applications. Cambridge: RSC Publishing; 2013.
p. 84-98.

Montanez MI, Perez-Inestrosa E, Suau R, Mayorga C, Torres
MJ, Blanca M. Dendrimerized cellulose as a scaffold for
artificial antigens with applications in drug allergy diagnosis.
Biomacromolecules. 2008;9:1461-6.

Ruiz-Sanchez AJ, Montanez MI, Mayorga C, Torres MJ, Kehr
NS, Vida Y, Collado D, Najera F, De Cola L, Perez-Inestrosa E.
Dendrimer-modified solid supports: nanostructured materials
with potential drug allergy diagnostic applications. Curr Med
Chem. 2012;19:4942-54.

Brander C, Mauri-Hellweg D, Bettens F, Rolli H, Goldman M,
Pichler WJ. Heterogeneous T cell responses to beta-lactam-
modified self-structures are observed in penicillin-allergic
individuals. J Immunol. 1995;155:2670-8.

Sugio S, Kashima A, Mochizuki S, Noda M, Kobayashi K.
Crystal structure of human serum albumin at 2.5 A resolution.
Protein Eng. 1999;12:439-46.

MJ Torres

Allergy Unit, IBIMA, Regional University Hospital
of Malaga, UMA

Plz. Hospital Civil s/n, Pabellon 6, 1* planta

29009 Malaga, Spain

E-mail: mjtorresj@gmail.com

MI Montaiiez

Research Laboratory, IBIMA, Regional University
Hospital of Malaga, UMA

Plz. Hospital Civil s/n, Pabellon 5, sotano

29009 Malaga, Spain

E-mail: maribel.montanez@ibima.eu

J Investig Allergol Clin Immunol 2015; Vol. 25(1): 12-25





