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Purpose of review

To analyse the available data in the field of immediate allergic

reactions to b-lactams, with particular emphasis on more recent

studies, and to comment on the future role of this group of

antibiotics.

Recent findings

The world of b-lactams has become more complex than initially

thought, due to the increased number of chemical structures

available, the wide variety of indications for their use in treating

different infectious diseases, and possibly also due to the

interaction of other as yet undetermined factors. Benzyl

penicillin, the original inducer of allergic reactions, has now

largely been replaced by amoxicillin and, to a lesser extent, by

cephalosporins in inducing IgE-mediated allergic reactions.

These structures often share extensive cross-reactivity, eliciting

clinical reactions to many compounds, especially amongst

penicillins. In other circumstances selective responses are

observed which are restricted to one group or one single

compound, as occurs in the group of cephalosporins. The

application of new determinants for skin testing and the use of

adapted in-vitro studies have enabled these findings to be

confirmed in detail.

Summary

Results indicate that evaluation of immediate reactions to b-
lactams requires the use of several determinants for both in-vitro

and in-vivo testing, and which must reflect the relevant drug

involved in eliciting the response. This tendency will be

strengthened in the future if use of benzyl penicillin continues to

decrease as a drug to which populations are exposed.
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Introduction
Allergic reactions to b-lactam represent the most

frequent cause of immunological drug reactions

mediated by specific immunological mechanisms [1–3].

They constitute a model for understanding drug allergy

and immunology [3] and have provided the largest

number of manuscripts, resulting in many questions

which have opened up new fronts [2,4]. Improvements

in the production process of b-lactams aimed at reducing

allergenicity and immunogenicity have been accompa-

nied by a variation in the chemical structure, required to

increase the antibiotic spectrum or bypass the action of

b-lactams [2,5]. This has resulted in a number of

reactions remaining important and new determinants

being recognized by the immunological system, with the

existence of cross-reactors and selective responders

within both immediate IgE- and T-cell mediated

responses. Although the genetic basis for this is

unknown, the highly variable patterns of consumption

from one country to another, with the common

denominator of a high consumption of amoxicillin and

the progressive disappearance of benzyl penicillin,

influence the response [5].

An increasing number of manuscripts, many differing

from the classical viewpoint, have contributed over the

last two decades to changes in the views held on allergic

reactions to b-lactam [6–17]. Although these include

both clinical and basic research with IgE- and T-cell

mediated responses [18], this review will focus exclu-

sively on IgE-mediated responses.

Three periods can be identified from examination of the

voluminous literature available. The first dates back to

the 1940s, when a huge number of immunochemical

studies identified the chemical structures which were

candidates for recognition [2,19–21]. Very soon after,

several reports of reactions appeared after their clinical

use [22–25]. These led to a consistent understanding,

which in turn has provided the background necessary to

evaluate allergic reactions over several decades [4,24].

An initially slow, progressive change in the patterns of

consumption, together with the introduction of new

structures, produced a limited number of observations

suggesting that a broader pattern of recognition was

taking place [26–28]. The long-held classical dogma was

that benzyl penicillin conjugates to a carrier, inducing
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the benzyl penicilloyl (BPO) determinant. cross-reactiv-

ities between different penicillins were quite high, side-

chain specific responses were negligible, in-vivo tests

with major and minor determinants would provide the

diagnosis in more than 90% of cases, and the oral route

was not relevant in inducing an allergic reaction [4]. By

the 1980s, however, a number of clinical observations,

together with some immunochemical work, were ques-

tioning these views [6–17].

Because this classical view was held for so long, other

possibilities were not initially considered seriously [2,26–

28]. The generalized use of penicillin V in Scandinavian

countries motivated the inclusion of penicillin V for in-

vitro testing [29], but unfortunately no clinical studies

were carried out to determine whether selective reac-

tions occurred. The similarities between penicillin V and

penicillin G, however, are not that significant so we use

both drugs in our protocols for evaluating IgE responses

to penicillin G [7]. The last period is characterized by

variations in patterns of response from country to

country, but as the same protocols were not used by all

groups, comparison of results was hampered [15,18,30].

Up to now two main blocks of opinion have existed: the

initial position still supported by American investigators

who maintain the classical view [4] and the European

experience, mostly provided by our group, whose

opinions have been reflected in a recently published

position paper [31,32 ..]. We will now look at some of

these controversies and disagreements [33–35] and

suggest ideas for using similar methodologies to evaluate

a problem in which, despite differences in observations,

a number of similarities do exist that are in agreement

with the patterns of consumption of b-lactams [32..].

The clinical problem
Initial observations indicated that there were patients

who developed severe anaphylactic reactions to amoxi-

cillin but who had good tolerance to benzyl penicillin

[6,7]. In-vitro studies indicated that these patients

developed IgE antibodies which recognized preferen-

tially the side chain structure [17,36,37]. Further

observations indicated that skin testing with major and

minor determinants was not sufficient to establish the

diagnosis, thus invalidating the idea that if a patient had

a positive history but a negative test, the likelihood of

good tolerance was greater than 90% [4]. Another

observation was that amoxicillin taken orally was some-

times a cause of anaphylaxis, contrary to published views

[4,38].

Analysis of the consumption of antibiotics during this

period showed that in 1995, amoxicillin was prescribed

twice as much as erythromycin and tenfold more than

ampicillin. Since 1984 the trends for antimicrobial drug

prescribing and penicillin G have decreased and the role

of cephalosporins has increased [39]. In a recent study

carried out in patients allergic to penicillins, amoxicillin

was the drug most frequently reported as inducing

allergic reactions [34]. This raises questions as to

whether amoxicillin, a very widely used drug, induces

different rates of reaction in allergic patients. Differences

in prescription habits may account for a low number of

cases, but these do not explain the overall pattern of

response. It has therefore become necessary to include

amoxicillin in routine skin testing [4,32 ..]. Because skin

testing has no optimal sensitivity, in-vitro testing might

be required as a complementary test [7,32..]. Even so,

nearly 30% of patients will require controlled adminis-

tration of the antibiotic [40,41], though we do not

recommend controlled administration in patients who

are highly susceptible [31,32 ..].

What are the penicillin determinants?
A critical issue in understanding immediate hypersensi-

tivity reactions to b-lactams has been the definition of

the epitope or the antigenic determinant [2,22,23,42].

From the outset, the best identified structure was the

BPO determinant that was recognised by IgE and IgG

antibodies (Abs) [22]. However, the generation by

penicillin of different metabolites with different possi-

bilities for conjugation led researchers to seek other

determinants. The structures considered were benzyl

penicilloic, benzyl penicillenic, benzyl penamaldate,

benzyl penaldate, benzyl penicoil and benzyl penicilanyl

[2]. A detailed description is shown in Fig. 1. Advanced

immunochemical analyses concerning IgE specificities

are lacking. A recent study has shown that the equivalent

structure to penicilloyl and penicanyl in penicillin V and

amoxicillin did not contribute significantly to the

recognition. When several combinations were used for

studying in-vitro IgE antibodies, however, an improve-

ment in the diagnostic sensitivity of the test was

apparent [43].

In-vitro testing showed from the very beginning that a

number of patients were skin test negative to BPO but

positive to minor determinant mixture (MDM). The

definition of minor determinants was made without an

in-vitro immunochemical validation. Consequently,

much confusion exists in the literature concerning

comparison between the original minor determinants

described and the in-vivo determinants used.

The concept of major and minor determinants has been

associated with the appearance of urticaria and anaphy-

laxis, respectively [2]. It has been proposed that

anaphylactic patients have IgE antibodies that mainly

recognize the minor determinants whereas patients with

urticaria have, in addition to IgE antibodies, IgG

antibodies to BPO. We have been unable to corroborate
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this, and the presence of IgG antibodies does not appear

to distinguish between patients with anaphylaxis or

urticaria and exposed controls [44].

What are the haptenic determinants in
cephalosporins?
Because cephalosporins are subjected to nucleophillic

attack at the same position as benzyl penicillin, the

cephalosporoyl determinant was compared with the

corresponding BPO [45]. Most of the information

available comes from in-vitro studies [46]. Chemical

differences in cephalosporins are recognized by IgE

antibodies with different patterns [47]. However, large

systematic studies including clinical data are unavailable.

Experimental prototypes have recently been produced,

but with no information about the specific technical

details and with only single cases having been tested

[48,49]. Only one series has been validated in which sera

from different individuals included those with a response

to cephalosporins [50]. This lack of knowledge hinders

our understanding of cross-reactivity between penicillins

and cephalosporins [51].

Despite structural similarities between penicillins and

cephalosporins, both groups of drugs differ in the

product obtained from the nucleophillic opening of the

b-lactam ring. In penicillins the nucleophillic opening

takes place very quickly and effectively, making a stable

conjugate, but cephalosporins suffer an extensive

fragmentation process in the dihydrothyazine portion,

leading to a large number of degradation products [52].

The C7 substitution plays a dominant role in the

formation of the epitope. A number of studies consider

that R1 and R2 contribute to determinants and that

these must be taken into account when assessing cross-

reactivity. The fact that the R2 determinant is lost

during conjugation, however, means it is impossible for

this structure to contribute to the constitution of the

antigenic determinant [47].

Lack of understanding of the exact chemical structure of

cephalosporin antigenic determinants has hindered

clinical interpretation of adverse reactions to these drugs

and delayed our understanding of the mechanisms

involved in the specific recognition and binding of IgE
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molecules to these antigenic determinants. A series of

chemically well defined structures comprising the entire

acyl side chain R1 and the aminoacidic residue included

in the b-lactam moiety of the cephalosporins have been

synthesized and linked as amide functions to an aliphatic

(n-butyric) chain. They were used to study the molecular

basis of the recognition of different cephalosporins by

IgE antibodies from patients allergic to cephalosporins.

Results obtained in radioallergosorbent test (RAST)

inhibition studies correlated well with skin tests. Fine

structural recognition was detected between IgE anti-

bodies in different sera. Thus, these synthesized

compounds incorporate the appropriate epitope recog-

nizable by IgE antibodies and provide the basis for

understanding the pathway of cephalosporin conjugation

to carrier proteins, to determine the structural require-

ments needed to be recognized by IgE antibodies, and,

finally, to obtain an efficient in-vitro test to detect these

antibodies. Modifications in the chemical structure are

now underway in our laboratories to enhance the

specificity and sensitivity of the recognition process.

The problem of cross-reactivity between
b-lactams
Whether a patient with an allergic reaction to penicillins

can safely take b-lactams is often questioned. Of these,

cephalosporins are the most important, although other b-
lactams may often be involved [5,31]. Most studies

addressing the question of cephalosporins have been

carried out by selecting more or less well defined groups

who were originally allergic to penicillin. Thus, the

question to be solved is what probability has a patient of

tolerating a penicillin if he or she is allergic to

cephalosporin. A major limitation is that these studies

use a low number of cases with a rather heterogeneous

selection of patients [53,54]. This problem is not

negligible, because many patients who develop an IgE

response to cephalosporin prove to be allergic to

penicillin after completing the study. Furthermore, we

have been unable to show the co-existence of sensitivity,

and neither are we able to identify a priori which factors

help in establishing cross-reactivity. It has been sug-

gested that immunochemical studies may predict cross-

reactivity [12,47], but this has not been fully corrobo-

rated [11,55]. IgE antibodies to BPO recognize other b-
lactam structures, including monobactams, but in spite of

this immunochemical recognition, good tolerance has

been observed in patients who are highly sensitized to

benzyl penicillin [53,56].

What do we expect from in-vitro studies?
One of the main problems we are now facing is that

sensitivity of in-vivo and in-vitro tests is decreasing, and

this tendency is expected to continue because of the

reduction in the use of penicillin G. Another problem is

that to achieve optimal sensitivity with amoxicillin

determinants, concentrations as high as 20 mg/ml must

be used, with the consequent risk of systemic reactions

[40,41]. New or improved in-vitro tests are therefore

necessary. For many years, human serum albumin (HAS)

has been used as an adequate carrier for in-vitro testing

[29], but in order to find solid phase assays with a higher

capacity for hapten fixation, poly-L-lysine or amino

spacers have been successfully applied [36,37]. These

in-vitro studies have limitations, however, because not

all cases are diagnosed and because a very high number

of cases still remain which are skin test positive but

RAST negative [7,40,41]. Furthermore, some cases can

be RAST positive but skin test negative, so that both

approaches are often necessary for testing [57].

For interested clinicians and for many researchers, in-

vitro studies have been used as a model for defining in

detail many of the specificities described and also for

understanding cross-reactivities. Our experience with

large groups of sera indicates that three main groups of

patients who are allergic to penicillins can be identified:

those who recognize the common structure, those who

recognize the side chain of penicillin with a very high

degree of cross-reactivity with other penicillins, and those

who mainly recognize the side chain of amoxicillin [58].

Limitations with both in-vivo and in-vitro studies have

led investigators to propose alternative tests. The

cellular allergosorbent test assay is based on the property

of basophils releasing histamine and sulfidopeptide

leukotrienes after in-vitro stimulation with allergens or

drugs [59]. Although a number of studies have been

carried out with allergens, sufficient experience is not

yet available for IgE responses to b-lactams. Further

evidence is now available, however, concerning the

monitoring by flow cytometry of basophil activation. The

number of cells can be quantitated by measuring IgE or

its receptors and CD63 on the basophil surface and

making a comparison with a control to establish whether

the response is positive or negative [60]. This technique

has been used in individual cases and limited series of

drug allergy patients [61–63]. When used to study allergy

to b-lactams, a number of studies indicate that sensitivity

is similar or better than that for specific IgE determina-

tion [60]. Both Basotest and cellular allergosorbent test,

however, are not as reproducible as immunoassays,

making their routine use difficult. The second unre-

solved question concerns whether these tests are able to

define selective or cross-reactive responders, as has been

shown with in-vitro methods.

Is it possible to generate new in-vitro or
in-vivo conjugates to improve understanding
and diagnosis?
Efforts to characterize hapten carrier conjugates have

been unable to provide information concerning the true
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situation. Despite the initial use of HSA [29], it was soon

ascertained that polylysine was very useful for in-vivo

diagnosis [36,37], and therefore HSA has been replaced

by other spacers [64]. This in-vitro conjugate, however,

does not represent the original conjugate generated in
vivo.

The approach developed by our group has been to

create a structure with a high hapten density in the

carrier [36,37]. The technology consists of the use of

polyamidoamino dendrimers (GnP, n = 0–6), with a

globular structure similar to HSA, which can be densely

penicilloylated with precisely defined chemical struc-

tures. This represents significant progress compared with

conventional benzyl penicilloyl conjugates (BPO–HSA

and BPO–polylysine) [65]. Preliminary RAST inhibition

studies have confirmed the usefulness of penicilloylated

polyamidoamino dendrimers as conjugates for the

recognition of IgE antibodies from patients allergic to

penicillin. We are now ready to evaluate the relevance of

the size of the hapten–carrier conjugate and hapten

density profile in recognition, simply by changing the

generation of the starting dendrimer. Thus, presenting

many penicillin determinants to specific IgE antibodies

using structures able to carry many hapten molecules

would increase in-vitro sensitivity. Consequently, these

compounds can be considered promising candidates for

use in the development of a new in-vitro test, with

increased sensitivity for the diagnosis of allergy to b-
lactam antibiotics compared with the tests used until

now. Three-dimensional architecture is a factor of

remarkable importance due to the strict requirement

for optimal recognition processes. To exploit more

widely the biological advantages of large molecule

drug–polymer conjugates and to examine more thor-

oughly how structure, molecular weight, and spatial

architecture correlate with biological profile it is essential

to develop definite conjugates that have a restrained

molecular weight composition, the same molecular

distribution, and uniform pendent structure [66]. Cur-

rently, we have been successful in developing an in-vitro

assay with this structure and the possibility of conjugat-

ing different penicillin determinants simultaneously,

which will permit improvement of the in-vitro assay.

To create an in-vitro conjugate that mimics the original,

however, is a difficult task and at present we are far from

finding a solution.

Conclusion
Allergy to b-lactams, the most important cause of allergic

drug reactions, has become a more complicated problem

due to the contribution of different chemical structures

in inducing clinically relevant specificities. This has

been extensively demonstrated for IgE-mediated reac-

tions, leading to revision of the role of current in-vitro

and in-vivo tests for the diagnosis of immediate reactions.

Nevertheless, further re-evaluation and readaptation

analyses need to be carried out. Variations in the patterns

of recognition between different countries mean this

research must be undertaken by different groups.

Because b-lactams are used to treat different processes

and denial of these drugs may have a detrimental effect,

falsely labelling patients as allergic or nonallergic should

be avoided wherever possible by application of the

knowledge acquired. Advances made over recent years

enable a more rational approach to this problem,

although further clinical and laboratory research, to-

gether with a broader view of the situation, is still

required in order to solve daily diagnostic problems.

Bearing in mind the progress made over the last decade,

the future looks promising, provided several groups work

on the problem and researchers are able to generalize the

practice of evaluating allergic reactions to b-lactams in

accordance with these recommendations.
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