Chapter 11
Hypersensitivity Reactions to Beta-lactams

Maria J. Torres, Cristobalina Mayorga, Natalia Blanca-Lopez,
and Miguel Blanca

Abstract Beta-lactam antibiotics (BLs) are the most frequent cause of hypersen-
sitivity reactions mediated by specific immunological mechanisms, with two main
types, IgE reactions or T-cell-dependent responses. From a practical point of view,
these reactions can be classified into immediate, for those appearing within 1 h after
drug intake, and non-immediate, for those appearing at least 1 h after and usually
within 24 h of BL administration. The clinical symptoms differ according to this
classification. Urticaria and anaphylaxis are the most frequently recorded symp-
toms in immediate reactions and maculopapular exanthema and delayed urticaria in
non-immediate reactions. Although the exact diagnostic approach differs
depending on the underlying mechanism, it is based on the performance of skin
testing, laboratory tests, and drug provocation tests.

T cells are a key factor in all types of hypersensitivity reactions to BLs,
regulating both IgE production or acting as effector cells, with a different profile
of cytokine production. A Thl pattern is observed in both CD4" and CD8"*
peripheral T cells in non-immediate reactions, whereas a Th2 pattern is expressed
in CD4" T cells in immediate reactions.
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Abbreviations

AGEP  Acute generalized exanthematous pustulosis
APC Antigen-presenting cells

AX Amoxicillin

BAT Basophil activation test
BLs Beta-lactam antibiotics
BP Benzylpenicillin

BPO Benzylpenicilloyl
CLA Cutaneous lymphocyte antigen
CPO Cephalosporoyl

DC Dendritic cells

DIHS Drug-induced hypersensitivity syndrome

DPT Drug provocation test

DRESS  Drug hypersensitivity syndrome with eosinophilia and systemic
symptoms

FDE Fixed drug eruption

LTT Lymphocyte transformation test

MDM Minor determinants mixture
MPE Maculopapular exanthema
PLL Poly-L-lysine

PPL Benzylpenicilloyl-poly-L-lysine
RAST  Radioallergosorbent test

SJS Stevens—Johnson syndrome
TEN Toxic epidermal necrolysis

11.1 Introduction

Drug hypersensitivity includes reactions mediated by immunological mechanisms,
the most frequent of which are those induced by specific IgE antibodies or by
T-cell-dependent mechanisms (Blanca et al. 2009; Torres et al. 2003). The drugs
most often involved in these immunological reactions are the beta-lactam antibi-
otics (BLs), which have therefore become the best studied model. Other hypersen-
sitivity reactions are non-immunologically mediated—the most frequent of these
being cross intolerance to nonsteroidal anti-inflammatory drugs. This type of
reaction is not induced by BLs, and it does not therefore come within the scope
of this review.

According to the time interval between the drug administration and the devel-
opment of the symptoms, hypersensitivity reactions to BLs can be classified as
immediate (appearing within 1 h of drug intake) or non-immediate reactions
(appearing more than 1 h after drug intake) (Blanca et al. 2009). The former are
mediated by specific IgE antibodies and the latter mainly by a T-cell-dependent
mechanism.
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Although all BLs, including those more recently introduced on the market, can
induce hypersensitivity reactions, the particular BL involved depends on the pat-
terns of prescription and consumption in the population evaluated (Blanca 1995).
Benzylpenicillin (BP) was the first BL identified as responsible for allergic reac-
tions, but it has progressively been replaced by amoxicillin (AX) (Blanca 1995).
Other BLs, such as cephalosporins (Blanca 1995) and more recently clavulanic
acid, also contribute to inducing hypersensitivity reactions, most of them immediate
(Torres et al. 2010a). This tendency will probably change over the next few decades
as patterns of consumption are modified (Blanca 1995; Torres et al. 2010a).

The prevalence and incidence of hypersensitivity to BLs is unknown, with data
differing depending on the study (Rebelo-Gomes and Demoly 2005). Surveys
carried out in large series of patients with cutaneous symptoms showed that 19 %
of all the patients evaluated with a history of hypersensitivity reactions to BLs were
finally allergic (Rebelo-Gomes and Demoly 2005), with lower values when chil-
dren were evaluated (Caubet et al. 2011).

The immunological mechanisms involved in hypersensitivity reactions to BLs
follow the classification of hypersensitivity reactions described by Gell and
Coombs (1968), although further complexity has been added (Pichler 2003):

— Type I or immediate reactions, mediated by drug-specific IgE antibodies.

— Type II or cytotoxic reactions, responsible for immune hemolytic anemia and
thrombocytopenia as classical representatives.

— Type III reactions, also known as cytotoxic and immune complex reactions.
These are now considered rather rare and are mediated by drug-specific,
complement-fixing IgG or IgM antibodies. The classical entity seen in this
group is serum sickness.

— Type IV or delayed-type hypersensitivity reactions, where different T lympho-
cyte subpopulations participate as well as other immune system cells.

In this review we will analyze in detail the general characteristics of hypersen-
sitivity reactions to BLs, focusing on the mechanisms in both IgE-mediated (Type
1) and T-cell-dependent (Type IV) reactions.

11.2 Skin as a Target of Hypersensitivity Reactions

The skin is generally the target organ in hypersensitivity reactions to BLs (Blanca
et al. 2009; Torres et al. 2003). In the case of IgE-mediated reactions, symptoms can
be limited to the skin, as happens in urticaria with transient pruriginous wheals
occurring simultaneously at different sites of the body. This may or may not be
accompanied by angioedema, consisting of inflammation of the subcutaneous
tissue. IgE-mediated reactions also include anaphylaxis, which involves general-
ized pruritus, erythema, and angioedema: difficulty breathing; upper/lower airway
obstruction; and, in more severe cases, cardiovascular collapse leading to



168 M.J Torres et al.

anaphylactic shock. The reasons why some persons develop urticaria while others
develop anaphylaxis are currently not well understood.

The symptoms in T-cell-mediated reactions usually appear after 24-48 h,
although they can develop as soon as 1 h after drug administration leading to a
full expression in a few hours (Padial et al. 2008; Blanca-Lopez et al. 2009;
Warrington et al. 1993). The most frequent entities are usually mild, such as
MPE and delayed urticaria (Blanca et al. 2009; Romano et al. 1995; Terrados
et al. 1995; Garcia et al. 1997), but other more severe manifestations can also
appear. These latter include acute generalized exanthematous pustulosis; drug
hypersensitivity syndrome with eosinophilia and systemic symptoms/drug-induced
hypersensitivity syndrome (DRESS/DIHS); bullous eruptions such as erythema
multiform, Stevens—Johnson syndrome (SJS), and toxic epidermal necrolysis
(TEN) (Dofia et al. 2009); localized or generalized fixed drug eruption (FDE) and
contact dermatitis (de San et al. 1999); and serum sickness-like syndrome (Clark
et al. 2006). It is important to note that it is difficult to differentiate these symptoms
from those induced by viral or autoimmune diseases, especially in children where
viral infections are frequent (Mayorga et al. 2009).

The reasons why BLs, which are usually administered by oral or parenteral
routes, induce symptoms mainly affecting the skin are not completely understood.
In immediate reactions the release of histamine and other inflammatory mediators
produces the typical skin effects of wheals and erythema as well as pruritus. In
non-immediate reactions induced by drugs that require metabolism, there is pres-
ence in the skin of an incomplete metabolic system that does not totally detoxify
drugs. This is more difficult to explain in non-immediate reactions induced by BLs
where no metabolic pathway is needed.

Although classically the skin has been considered just a physical and biochem-
ical barrier of the organism, its importance as an immunological organ has been
stressed in recent years. The skin contains different cells related with the immuno-
logical response, including mast cells, macrophages, dermal dendritic cells,
keratinocytes, and Langerhans cells; these have been denominated the static skin
components that produce proinflammatory cytokines (Metz and Maurer 2009;
Fernandez et al. 2009; Ramirez-Gonzalez et al. 2009). These cytokines induce the
recruitment of cells from peripheral blood as antigen-presenting cells (APC), such
as Langerhans cells, dendritic cells (DCs), monocytes and macrophages, as well as
T lymphocytes expressing skin-homing receptors like the cutaneous lymphocyte
antigen (CLA) and different chemokine receptors (CCR10, CCR4, CCR6,)
representing the cellular basis of the immunological memory in the skin (Fernandez
et al. 2009; Blanca et al. 2000; Bos and Kapsenberg 1993). These cells form the
dynamic component of the cutaneous immunological system.
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Fig. 11.1 Chemical structure of different beta-lactam antibiotics: penicillins and cephalosporins
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11.3 Beta-Lactams as Haptens

The chemical structure of BLs is formed by a four-member ring, the so-called BL
ring. In penicillins it is bound to a five-member thiazolidine ring and in cephalo-
sporins a six-member dihydrothiazine ring (Fig. 11.1). Penicillins have only one
side chain at the R1 position and cephalosporins two, one at the R1 and the other at
the R2 position. The chemical substitutions at the different side chains produce a
wide range of BLs with different antibacterial activity and spectra that are also
differentially recognized by the immunological system (Blanca et al. 1994).

BLs are haptens that cannot be recognized by the immunological system and
bind spontaneously to exogenous or endogenous proteins that can later be processed
and recognized by the immunological system (Burke et al. 1991; Levine and Ovary
1961). This binding with the lysine residues produces the opening of the BL ring
inducing, in the case of BP, the benzylpenicilloyl (BPO) structure, the first anti-
genic determinant identified (Burke et al. 1991; Levine and Ovary 1961)
(Fig. 11.2). This has been used for skin test diagnosis by conjugating with PLL as
a carrier in what has been called the major determinant, analogous to what occurs
with protein allergens, because it was the most frequent structure recognized
(Adkinson et al. 1971). Human serum albumin is the candidate carrier protein and
BP and benzylpenicillenic acid selectively target different residues, Lys199 and



170 M.J Torres et al.

<" BENZYLPENICILLOYL .

(BPO) :
HH o H, 5-35
oy ”j;r‘ - ni,LN ~CosNa
o N\)< m H
o ? °

€O, Na* :>
HAPTEN

BENZYLPENICILLIN

HAPTEN-CARRIER
CONJUGATE

PROTEIN CARRIER

Fig. 11.2 Formation of the major determinant of benzylpenicillin

Lys525, respectively (Meng et al. 2011). In the degradation pathway of BP, other
metabolites can appear, such as benzylpenicilloic or benzylpenilloic, that can also
induce positive responses in the skin; these are commercialized as a minor deter-
minants mixture (MDM) (Parker et al. 1962; Levine and Redmond 1969). Similar
determinants are also generated from AX, such as amoxicilloic acid and diketopi-
perazine (Torres et al. 2010b).

The contribution to the antigenic determinant and the way the BL molecule is
recognized by IgE antibodies depend on the chemical structure. Using murine
monoclonal antibodies to BP three epitopes have been identified: the side chain,
the structure formed by the binding of the carbonyl of the BL to the amino group of
proteins, and the thiazolidine ring (De Haan et al. 1985). Another study generating a
complete panel of antibodies of different isotypes to AX (Mayorga et al. 1995)
showed that the side chain was the most important part of the molecule contributing
to the epitope, with the whole structure necessary for optimal recognition. Studies
carried out using human IgE antibodies showed that although differences in the side
chain structure were important for IgE recognition, the whole structure including
the protein carrier plus the BL was also necessary for the constitution of the
complete antigenic determinant (Perez-Inestrosa et al. 2005; Sanchez-Sancho
et al. 2003; Moreno et al. 1995).

These in vitro studies agree with clinical evidence that selective responses to AX
occur in a considerable number of cases as well as with varying degrees of cross-
reactivity between the different BLs (Moreno et al. 1995; Blanca et al. 1988, 1990).
Up to 30 % of allergic patients react with AX but have good tolerance to BP, though
this percentage is tending to increase over the years (Blanca et al. 1988, 1990). IgE
antibodies from selective responders to AX mainly recognize the AX side chain
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structure, whereas those patients with cross-reactive responses to BP do not differ-
entiate between the AX and BP side chain structures and also recognize the nuclear
part of the BL structure (Moreno et al. 1995).

The situation with cephalosporins is more complex, as there are four generations
of chemical structures and many more molecules with differences in the degrada-
tion pathway and generation of metabolites (Perez-Inestrosa et al. 2005). With these
drugs the opening of the BL ring by nucleophilic attack of proteins and other
reagents generates an intermediate cephalosporoyl (CPO) determinant which is
chemically unstable, suffering multiple fragmentation reactions (Fig. 11.3). Those
cephalosporins that have a good R2 leaving group undergo the process of expulsion
when they conjugate to carrier proteins by the opening of the BL ring. For these
cephalosporins the unstable dihydrothiazine moiety is enough to undergo further
degradation processes. As a result, conjugation of cephalosporins by the BL ring
leads to loss of the R2 side chain and to fractionation of the dihydrothiazine ring,
and this does not therefore form part of the epitope presented in the hapten—carrier
conjugate. Only the R1 side chain and a fragment of the BL ring remain bound to
the carrier protein, constituting the epitope resulting from these conjugates. The
presence of an R2 side chain that may act as a good leaving group is closely related
to enhanced reactivity of the BL ring for nucleophilic attack (Perez-Inestrosa
et al. 2005).

In depth studies of IgE, recognition to these resultant structures has involved the
synthesis of well-defined structures comprising the entire acyl side chain of differ-
ent cephalosporins and the aminoacidic residue included in the BL moiety of the
cephalosporins studied, linked as amide functions to an aliphatic (n-butyric) chain
(Sanchez-Sancho et al. 2003; Montafiez et al. 2011). The results showed that the
proposed skeleton epitopes involving the appropriate functionality and R1 side
chain were selectively recognized by IgE from patients allergic to cephalosporins
with the same or similar side chain structures.

11.4 Immunological Mechanisms Involved

Although Gell and Coombs described four main mechanisms of hypersensitivity,
the two mechanisms mainly involved in BLs are specific IgE antibodies and T-cell
mediation. However, T cells have an essential role in all types of hypersensitivity
reactions to drugs, regulating both IgE production or effector cells, depending on
the profile of cytokine production (Mosmann et al. 1986). Differences in the
cytokines and transcription factors have been detected in immediate and
non-immediate reactions, with a Th1 pattern with T-bet expression in both CD4*
and CD8" T cells in non-immediate reactions, and a Th2 pattern with c-Maf
expression in CD4™ T cells in immediate reactions (Cornejo-Garcia et al. 2007).
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Fig. 11.3 Formation of cephalosporin determinants

11.4.1 IgE-Mediated Reactions

In the sensitization phase BLs are taken up by the DCs, processed, and presented to
T cells in a Th2 microenvironment. These will proliferate and interact by two
signals (CD40-CD40L and the Th2 cytokines) with B cells, inducing the
corresponding switching to produce specific IgE antibodies to the hapten—carrier
conjugate which binds to high affinity Fce-RI on the surface of mast cells and
basophils. After a drug reexposure, this conjugate is recognized by specific IgE
antibodies at the cell surface, and after cross-linking the activation of a calcium-
dependent protein kinase cascade occurs with a subsequent release of inflammatory
mediators such as histamine, prostaglandin D2, sulphidoleukotrienes, tryptase, and
many cytokines. These mediators induce the symptoms of IgE-mediated reactions.

11.4.2 T-Cell-Dependent Responses

The skin is the target organ in the majority of hypersensitivity reactions to BLs.
This type of reaction can be monitored during the acute episode and the resolution
period in the affected skin and the peripheral blood in order to provide clues
concerning the pathophysiological mechanisms involved. This process parallels
the skin lesion involvement, and it is thought that after an antigenic stimulus
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originated in the skin, the specific immunological process is triggered, with the
arrival of lymphocytes via the peripheral circulation with the interplay of different
ligands and receptors, including adhesion molecules and chemokine receptors
(Mayorga et al. 2009).

The involvement of T cells in allergic drug reactions has mostly been studied in
non-immediate reactions, where the presence has been shown of activated T cells
expressing the CLA during the acute response that normalize when the clinical
reaction subsides (Picker et al. 1993; Leyva et al. 2000) as well as increased
production of the IFN-y, TNF-a, IL-2 and transcription factor, T-bet, and cytotoxic
markers perforin and granzyme B (Mayorga et al. 2009).

Considering the specific subpopulations involved, although in general there is a
predominant HLADR™ activation in the CD8™ cells in circulating cells in patients
with severe skin symptoms with CD4™ cells in weak maculopapular eruptions (Hari
et al. 2001), specific differences nevertheless exist depending on the exact entity
induced. This has been confirmed by immunohistochemical studies performed in
the skin, showing a mononuclear cell infiltrate composed mainly of T cells,
expressing activation markers (CD25, CD69, and HLADR) and the skin-homing
receptor CLA in both CD4" and CD8" subsets, with CD4" cells generally
predominating over CD8" cells (Pichler 2003; Rozieres et al. 2009; Torres
et al. 2004). Other cells such as neutrophils, eosinophils, macrophages, or
keratinocytes can take part, as in MPE where increased numbers of eosinophils
have been found in the papillary dermis (Mayorga et al. 2009).

Data from different studies show a parallelism between the results found in the
skin and those in the peripheral blood, with a higher participation of CD4" cells in
the more severe reactions (Torres et al. 2006). The trafficking of T cells is regulated
by differential cell-surface expression of chemokine and tissue homing receptors to
the skin, varying between entities (Foster 2001). In addition to high CLA expres-
sion, other receptors are involved, with chemokines playing a fundamental role
(Kunkel and Butcher 2002). Some reports have shown that most CLA* T cells
express other skin-homing chemokine receptors such as CCR4 and CCR10 (Tapia
et al. 2004; Homey et al. 2002; Soler et al. 2003) and a parallel increase in
chemokine CCL27 (CCR10 ligand) production in keratinocytes (Mizukawa
et al. 2002). In MPE, during the acute phase of the reaction, the presence of Thl
(CXCR9 and CXCR10) and skin-homing (CCL20 and CCL27) chemokines has
been identified in the skin, and their corresponding receptors (CXCR3, CCR6, and
CCRI10, respectively) in peripheral blood, which demonstrates the complexity of
lymphocyte recruitment (Fernandez et al. 2008). With respect to the cytokines and
cytotoxic marker expression in the skin, we found significant increases in TNF-a
(Fernandez et al. 2008), which can be related with the expression of CCL27 by
keratinocytes (Homey et al. 2002), and in IFN-y, which is the stimulus for
keratinocytes to produce CXCL9 and CXCL10 (Flier et al. 2001) (Fig. 11.4).

It is clear that immunological cellular mechanisms are responsible for the
non-immediate reactions to BLs (Pichler et al. 1998). This group includes a variety
of clinical entities formerly classified as Type IV reactions according to Gell and
Coombs and that have now been divided into four separate subgroups (Type IV
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Fig. 11.4 Immunological mechanism involved in non-immediate reactions to drugs,
maculopapular exanthema reaction

a—d) (Pichler 2003). These are elicited by different subsets of T cells, with distinc-
tive functions leading to tissue damage. BLs are involved in all four Type IV
reactions: Type IVa (Thl) reactions with macrophage activation, eosinophil-rich
exanthemas (Type IVb); bullous skin diseases (Type IVc); and neutrophil-rich
inflammations like AGEP (Type IVd).

Although most information about non-immediate reactions to BLs concerns the
specific effector T-cell response as described above, other cells, like DCs, also
participate. These are professional APCs essential for initiating T-cell responses,
the activities of which depend on the maturational status and which will modulate
the tolerant or the effector immune responses mediated by different subtypes of T
lymphocytes (Banchereau and Steinman 1998), with immature DCs (imDCs) and
semimature DCs related to tolerant immunologic responses and mature DCs
(matDC) to effector responses (Lutz and Schuler 2002). Several studies have
supported the role of DCs in the response to haptens (Enk et al. 1993; Arrighi
et al. 2001; Enk and Katz 1992), especially in contact dermatitis induced by
low-molecular-weight compounds, such as nickel (Boisleve et al. 2004) in which
the hapten by itself is able to produce DC maturation (Arrighi et al. 2001; Boisleve
et al. 2004). Although there is little information regarding the involvement of DCs
in non-immediate hypersensitivity reactions to BL, some studies indicate that BLs
interact differently with DCs in drug-allergic and nonallergic patients by the
modification of the maturational level of imDCs. AX increases the expression of
DC maturation and activation markers and decreases their endocytosis (Rodriguez-
Pena et al. 2006). Furthermore, AX-treated imDCs from patients with delayed
hypersensitivity induced an increased proliferation of allogenic T cells
(Rodriguez-Pena et al. 2006). However, AX was unlikely to induce full maturation
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of DCs because after 72 h of treatment, compared with other agents that interact
directly with receptors (LPS and TNF-a), it just induced a semi-maturation status
(Lutz and Schuler 2002; Granucci et al. 2001).

The immune response involves a tight interaction between the innate and the
adaptive immune systems, in which the NK—dendritic cell cross-talk has an impor-
tant role (Walzer et al. 2005; Marcenaro et al. 2005). As has been shown, DCs can
activate NK cells (Ferlazzo et al. 2004) and vice versa, and activated NK cells can
induce DC maturation or the death of imDC through the production of either
cytokines or cytotoxic factors (Vitale et al. 2004; Zhang et al. 2006), which can
be a mechanism for DC homeostasis to maintain the balance between tolerant and
immunologic responses (Walzer et al. 2005). In this sense, in non-immediate
reactions to AX, this drug is able to activate NK-producing cytotoxic markers
(perforin and granzyme B) mainly in the CD56%™ subpopulation and a Thl
cytokine (IFNy) in CD56"&" cells (Chaves et al. 2010). The increase in the
inflammatory NK subpopulation is mainly observed in the presence of
AX-matured DCs. Moreover, AX only increases the NK cytotoxic effect in allergic
patients, by an increase in annexin V binding to DC, preferentially imDC
(Cahves et al. 2010).

Several studies have reported the bidirectional modulation induced by NK/DC
cross-talk that includes maturation of DC and activation of NK cells (Marcenaro
et al. 2005; Moretta 2002; Ferlazzo et al. 2002; Gerosa et al. 2002). Data in allergic
patients show that the cytotoxic activity and cytokine release are well-differentiated
processes in NK cells and depend on the status of the DC present in the culture, with
imDC involved in NK cytotoxicity, whereas matDC are involved in cytokine
production. All these data support the hypothesis that the cross-talk between both
the innate and the adaptive immune systems, represented by NK cells and DCs, is
critical in the immunopathology of adverse drug reactions, having as a consequence
the amplification of the harmful effects observed in these reactions to drugs.

11.5 Clinical Approach to Hypersensitivity Reactions to
BLs

The clinical symptoms and the diagnostic approach differ between patients with
immediate reactions and those with non-immediate reactions. Table 11.1 lists the
clinical entities of the patients with hypersensitivity reactions to BLs as well as the
diagnostic methods currently used.
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Table 11.1 Types of reactions, mechanisms involved, and clinical symptoms according to the
Gell and Coombs classification

Type of reaction Clinical

Type I Urticaria

Immediate Angioedema
IgE-mediated Anaphylaxis

Type 11 Immune hemolytic anemia
Cytotoxic Thrombocytopenia

Antibody mediated

Type 111
Immunocomplex
Immunocomplex mediated
Type IV

Delayed-type

T-cell mediated

Blood cell dyscrasias

Organ-specific reactions

Serum sickness-like syndrome
Vasculitis

Organ-specific reactions
Maculopapular exanthema

Urticaria Stevens—Johnson syndrome
Toxic epidermal necrolysis

Organ-specific reactions

Acute generalized exanthematic pustulosis
DRESS/DIHS

Fixed drug eruption

Contact eczema

11.5.1 Diagnostic Workup

The diagnostic approach to patients with hypersensitivity reactions to BLs is based
on the performance of a clinical history followed by skin testing and a drug
provocation test (DPT) when indicated. In some cases laboratory tests can also
help with the diagnosis.

Skin testing is recommended to be done using benzylpenicilloyl-poly-L-lysine
(PPL) and MDM, consisting of BP and benzylpenilloic acid (Blanca et al. 2009) and
AX (Blanca et al. 2009; Torres et al. 2003). When the BLs involved in the reaction
are different to BP and AX and skin tests to PPL, MDM, and AX are negative, skin
testing with the culprit BL, such as cephalosporins or clavulanic acid, should be
done (Blanca et al. 2009; Torres et al. 2003, 2010a).

Depending on the type of reactions to be explored, skin tests can be done by
prick, intradermal, or patch testing. In IgE-mediated reactions the sensitivity of skin
testing is lower than previously thought, with the number of patients reacting to
penicillin decreasing and those reacting to AX increasing (Blanca et al. 2009;
Torres et al. 2003). In T-cell-dependent reactions, sensitivity of the order of
50-60 % has been reported although recent studies have shown lower figures,
with 10-20 % or even lower in children where most cases tolerate the BL impli-
cated in the reaction (Blanca et al. 2009; Torres et al. 2003; Caubet et al. 2011;
Padial et al. 2008; Blanca-Lopez et al. 2009; Terrados et al. 1995). In these
reactions aminopenicillins are the drugs most frequently implicated, followed
to a lesser extent by cephalosporins, with most patients tolerating BP
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(Blanca et al. 2009; Torres et al. 2003; Caubet et al. 2011; Padial et al. 2008;
Blanca-Lopez et al. 2009; Terrados et al. 1995).

In subjects with negative skin tests, a DPT can be done to confirm the diagnosis,
especially in mild reactions. This approach consists of an increasing administration
of the suspected drug to confirm the reaction or assess tolerance. This is
contraindicated in severe IgE and T-cell reactions but is mainly done in urticarial
reactions and MPE. This is particularly important in children with skin rashes
attributed to BL administration, where penicillin allergy is overdiagnosed and
symptoms are only reproducible in less than 7 % of the children studied by DPT
(Caubet et al. 2011).

Laboratory methods widely used to detect BL-specific IgE antibody include
immunoassays with different determinants such as BP, AX, and cephalosporins
conjugated to carrier molecules (human serum albumin, aliphatic spacers or PLL)
and then bound to solid phases (sepharose, cellulose discs) (Garcia et al. 1997;
Blanca et al. 1992). A commercial assay for routine analysis is the CAP System
FEIA method (Phadia, Uppsala, Sweden), which has a high surface capacity solid-
phase assay using a secondary fluoro-labeled antibody. The specificity of this
method ranges from 83.3 to 100 % with a sensitivity varying from 12.5 to 25 %,
depending on the study (Blanca et al. 2001; Sanz et al. 2009).

Another procedure that is increasingly used is the basophil activation test (BAT).
This is based on the capacity of basophils to upregulate activation markers like
CD63 or CD203c after the interaction of the drug with specific IgE antibodies at
their cell surface. It has a sensitivity of 48.6 % and a specificity of 93 % (Garcia
et al. 1997; Blanca et al. 2001; Sanz et al. 2009). In general, in vitro tests, although
less sensitive than skin testing, are complementary for the diagnosis of immediate
reactions to BLs, with some cases being skin test negative but in vitro test positive
(Torres et al. 2002).

The lymphocyte transformation test (LTT), although not routinely used, can be
used for the evaluation of non-immediate reactions to BLs (Nyfeler and Pichler
1997; Luque et al. 2001). In our experience, 57 % of patients have a positive LTT to
at least one of the penicillins tested, although when different BLs are used in the
stimulation, a heterogeneous response is observed (Luque et al. 2001). Moreover, a
study showed that the inclusion of autologous DCs as APC increases the sensitivity
of the LTT to AX with no changes in the specificity (Rodriguez-Pena et al. 2006),
properties that have been confirmed with other drugs (Lopez et al. 2009; Torres
et al. 2008) (Table 11.2).

11.5.2 Cross-Reactivity

Patients with specific IgE antibodies to one BL can recognize a different BL due to
similarities in their chemical structure and may therefore experience an allergic
response. This has been described more often between penicillins and first-
generation cephalosporins, although it can appear between any BL. Indeed,
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Table 11.2 Diagnostic

. . . Type of reaction Diagnostic methods
methods used in the diagnosis I m Sk
of hypersensitivity reactions mmediate pm t]e(sts
to BLs * Prick tests

* Intradermal tests

Laboratory tests

» Immunoassays (ELISA, RAST, CAP)

* Basophil activation test

Drug provocation tests®
Non-immediate Skin tests

* Intradermal tests (delayed reading)

* Patch testing

Laboratory tests

» Lymphocyte transformation tests

Drug provocation tests*

“If no contraindications or risk factors exist

cross-reactivity has been described between penicillins and cloxacillin, ampicillin,
methicillin, and AX (Blanca et al. 2009; Moreno et al. 1995; Torres et al. 1999,
2001; Co Minh et al. 2006).

The pattern of response varies between patients, and patients with a selective
response to AX have a reaction after AX administration or even with AX skin
testing while having good tolerance after BP administration. Similar patterns have
been detected in patients allergic to cloxacillin or penicillin V (Padial et al. 2008;
Blanca-Lopez et al. 2009; Romano et al. 1995; Terrados et al. 1995). Moreover, this
recognition is maintained over time independently of the BL administered
(Fernandez et al. 2005). This has recently been shown with clavulanic acid (Torres
et al. 2010a) where patients developing an IgE response to AX—clavulanic acid
administration responded to BP, AX, or clavulanic acid depending on their age.
Cross-reactivity with carbapenems and monobactams in penicillin-allergic patients
seems to be very low, less than 1 % with imipenem (Romano et al. 2006) and none
with aztreonam (Vega et al. 1991).

Considering cephalosporins, cross-reactivity in patients who had an IgE
response to penicillin was around 10 % (Romano et al. 2004). As mentioned
above, the degradation pathway of cephalosporins is quite different from that of
penicillins, and they are rapidly degraded and just the side chain at the R1 position
remains, with this part of the molecule being critical for recognition and therefore
for inducing cross-reactivity (Mosmann et al. 1986). This is the reason why first-
generation cephalosporins have higher cross-reactivity with penicillins than those
newly introduced into the market. Cross-reactivity is higher when the side chain is
identical, increasing to 30 % in cases of selective responders to AX when cefadroxil
is administered (Miranda et al. 1996). Similar results are found in patients with
immediate allergic reactions to cephalosporins that may or may not cross-react with
penicillin, and even tolerate other cephalosporins with different side chains. A high
degree of cross-reactivity has been detected between cephalosporins with similar or
identical side chains at the R1 position, as is the case of ceftriaxone, cefotaxime, or
cefepime (Romano et al. 2000; Antinez et al. 2006a).
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Finally, cross-reactivity in non-immediate hypersensitivity reactions seems to be
very low between penicillins and cephalosporins and even within the penicillins
where cross-reactivity to other penicillins with different side chains is infrequent
(Padial et al. 2008; Blanca-Lopez et al. 2009; Romano et al. 1995; Terrados
et al. 1995).

11.5.3 Natural Evolution

Patients with IgE-mediated responses to BLs experience a decrease in the produc-
tion of the antibodies over time that results in the negativization of skin and
laboratory tests like the radioallergosorbent test (RAST) and BAT (Blanca
et al. 1999; Fernandez et al. 2009). This was first observed in patients with clear
anaphylactic reactions but who were skin test negative when a long time had passed
between the reaction and the allergological work-up (Blanca et al. 1999). The rate
of negativization of the skin test depended on the BL inducing the reaction, with
those cases involving IgE recognition of BP decreasing more slowly than those with
selective responses to AX (Romano et al. 2004). Whether this decrease in sensitiv-
ity is accompanied by good tolerance or not is still not clearly known. Moreover,
after new exposure a booster effect can appear and resensitization occurs, as has
been detected in both skin tests and laboratory tests (Antinez et al. 2006b). This is
the reason why it is recommended to repeat the study in those cases with a clear
reaction and a negative allergological work-up before confirming that patients are
nonallergic (Blanca et al. 2009). Additionally, after a new contact a booster
response occurs to the original sensitizer independently of the BL administered,
such that IgE antibodies can increase to BP although the new contact was with AX,
for example (Antunez et al. 2006b).

In the case of T-cell responses, although the possibility of a decrease in the
response also exists, sensitivity is maintained longer with the presence of drug-
reactive T cells, even many years after the avoidance of contact with the culprit
drug (Padial et al. 2008; Blanca-Lopez et al. 2009; Romano et al. 1995; Terrados
et al. 1995; Beeler et al. 20006).

11.6 Concluding Remarks

T cells have an essential role in hypersensitivity reactions to BLs, in the case of
immediate reactions by regulating IgE production and in the case of non-immediate
reactions by acting as effector cells. The monitoring of the acute hypersensitivity
response in non-immediate reactions showed that both CD4* and CD8™ T cells are
involved, with the expression of a number of cell-surface markers that enable them
to migrate to the skin. Furthermore, the expression of the different markers is
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related with the different entities induced and their severity. Exploration of the
T-cell function can be used as a diagnostic tool.

New insights into the interaction of T cells with dendritic cells and NK cells
show that the development of the reaction involves an interaction between the
innate and the acquired immune systems.
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