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Introduction

Allergic reactions to betalactams, although not common,
constitute the most frequent cause of adverse drug
reactions induced by a specific itnniunological mechan-
ism. Both cellular and humoral responses are involved in
eliciting the reactions [1,2]. Although the incidence has
decreased in recent years, perhaps as a result of improved
manufacturing processes [3,4], some patients still suffer
allergic reactions from these beneficial antibiotics [5-8].

These days the betalactam family consists of two major
classes, penicillins and cephalosporins. and four minor,
monobactams, carbapenems., oxacephems and clavams
(Fig. 1). The major clavam, clavulanic acid, is included in
this survey, although it is a betalactamase inhibitor and
not an antibiotic. A list of different antibiotics belonging
to these groups is presented in Table 1. Early studies with
benzyl penicillin in man and animals [9 11] demonstrated
that it was immunogenic and most of the antibody
induced was directed against a structure formed by a
reaction between the betalactam carbonyl and amino
groups from lysines in proteins. This grouping, known as
benzyl penicilloyl, was termed the major determinant
accordingly. Initially it was believed that the side chain of
the penicillin (Fig. 1, R group) played a minor role in the
specificity of the antibody produced [11,12] and that the
nuclear portion (common to all penicillins, see Fig. I, A
and B rings) was the most important part of the
determinant structure. This led to the assutnption that all
penicillins would crossreact and patients allergic to one
would react to all [13,14-16]. Whilst crossreaction
between penicillins may be extensive for some patients the
situation is much more complex because of the increased
number of new betalactam antibiotics available and their
frequency of use. So on the one hand there arc studies
which show that crossreactivity can be extended across
classes of betalaetam antibiotics, for example, penicillins
with cephalosporins [17-20]. penicillins with carbape-
nems [21]. and cephalosporins with monobactams [22],
whilst other studies highlight that some patients are
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sensitive to individual penicillins [23-28]. or other beta-
lactam antibiotics [13.29-31]. This spectrum of crossreac-
tivity is partly due to individual patients' responsiveness,
but it is also related to the structures of the betalactam
antibiotics in the various classes. In this review, the
immunochemistry of betalactam antibiotics is discussed
highlighting side chain specificity. Whilst many determi-
nants from betalactams have been shown to be involved
in allergic reactions, side chain specificity offers explana-
tions for both crossreactivities and some selective re-
sponses. In the light of this information, our recent data
on amoxyciilin induced allergy are also discussed and
recommendations made to aid diagnosis.

Betalactam antibiotics: structures, immunogenicity
and allergenicity

Structural comparisons between the betalactam anti-
biotics are a useful starting point. By definition all
betalactam antibiotics contain the characteristic 4-tnem-
bered betalactam ring (ring A in Fig. I) which, except for
monobactams, is fused to another 5- or6-membered ring
{ring B in Fig. 1). All, except clavams. contain a side chain
joined to the betalactam ring (C-6 position or C-7 for
cephalosporins and oxacephems) and some (cephalospor-
ins. carbapenems and oxacephems) contain another side
chain joined to ring B(Fig. I). The nucleus formed by ring
A (monobactams) or A and B (the rest) distinguishes the
class of antibiotic and is therefore different between the
classes. However the side chains, whilst of considerable
diversity, can be very similar or identical for members of
different classes.

Low molecular weight drugs and chetnicals are too
small to initiate an immune response and yel tnany such
compounds have been shown to cause allergic reactions.
Pioneering work by Landsteiner and Jacobs [32] and
Eisenc/tf/. [33] suggested an answer to this paradox which
led to the Hapten theory of drug immunogenicity. Here
the low rnolecular weight compound covalently couples
to proteins and can thus be presented to the immune
system as a hapten. All betalactam antibiotics have this
ability via reaction of the betalactam ring with protein
amino groups, although the outcome varies for the
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various classes. For penicillins the reaction gives the
penicilloyl group which is known as the major determi-
nant. This is because initial studies [9-11] suggested that it
was the major reaction product and in treated patients
penicillin antibody responses seemed to be directed
against this determinant. Other studies dispute this [2,34]
and suggest that other so ealled 'minor' determinants may
be more important, but penicilloyl is the most well
known. The allergenicity of penicillins is not in doubt
with anaphylactic cases being described very soon after
treatment became available [35].

Cephalosporins also react with protein amino groups
via the betalactam ring to form immunogenic conjugates
[19], but unlike penicillins a 'cephalosporyl' determinant
is probably only formed transiently before degrading to
simpler structures. Thus, the immunochemistry of cepha-
losporins has proved to be much more complex than that
of penicillins.

For the remaining betalactam antibiotics, aztreonam
has been shown to react with protein amino groups to
form immunogenic conjugates [36] and a case of aztreo-
nam allergy has been reported [29]. Edwards et al. [37]
investigated the immunogenicity of an experimental
carbapenem (MM22383) following a case of occupatio-
nally induced allergy. This carbapenem was a contact
sensitizer in guinea-pigs and reacted with protein amino
groups giving conjugates which resulted in specific anti-
body in rabbits.

COOH

Onocephems

Fig. 1. General structures of betalactam
antibiotics. R. C-6 (or C-7) side chain.
R'. second side chain. A. betalactam
ring. B. second fused ring.

Table I. List of antibiotics belonging to the six betalactams
containing groups

Penicillins
Penicillin G
Penicillin V
Methicillin
Oxacillin
Cloxacillin
Nafcillin
Ampicillin
Amoxyciilin
Carbenicillin
Ticarcillin
Azlocillin
Mczlocillin
Piperacillin
Propicillin

Monobactams
Aztreonam

Carhapenems
Imipenem

Cephalosporins
Cephalothin
Cefazolin
Ccphaloridine
Ccphalexin
Cephradine
Cefradoxyl
Cefamandole
Cefuroxime
Ccfonicid
Cefotetan
Cefo ran ide
Cefotaxime
Ceftixozime
Ceftriazone
Cefoperazone
Ceftazidime

Clavams
Clavulanic acid

Oxacephem.s
Moxolactam
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The remaining betalactams are both very interesting
and show that studies on penicillins should not be
extrapolated to other betalactam classes. Clavulanic acid,
a betalactamase inhibitor, which is always formulated
with other penicillins, has been investigated for its
intrinsic immunogenicity [37]. Although it reacts with
protein amino groups, the resulting conjugates are not
immunogenic and clavulanic acid itself failed to contact
sensitize guinea-pigs. This unusual behaviour was attri-
buted to its complex chemistry which results in a
multitude of small "haptens' being introduced onto
proteins which would not be expected to give a good
immunogen. This predicted low immunogenicity/allerge-
nicity has been borne out in clinical use since only one
example of a clavulanic acid specific reaction has been
reported [38], Likewise, moxalactam (the only oxace-
phem in general use), whilst protein reactive was not
immunogenic and heat aggregated protein conjugates
were required for antibody production [39]. The reasons
for this are not known but could be similar to the clavams.
This may suggest that moxalactam has a low allergenic
potential and certainly we are unaware of any allergic
case.

Specifieitiy studies of betalactam antibiotic induced
immune responses

Penicillins

As mentioned previously, early studies implicated the
benzyl penicilloyl structure as an important determinant.
The recognition of this 'major determinant' was followed
by the development of an improved skin-test reagent,
benzyl penicilloyl polylysine (PPL) to aid diagnosis of IgE
mediated penicillin allergy [40]. However, not all penicil-
lin allergies were detected with PPL and soon 'minor
determinant mixture" (MDM) consisting of benzyl peni-
cillin and some of its breakdown products was also being
employed [41]. Radioallergosorbent test (RAST) assays
capable of detecting minor determinant specific IgE
antibody in patients* sera have also been developed
[42.43]. More recently, Harle and Baldo [44] used
radioimmunoassays employing ampiciilin, amoxyciilin
and ticarcillin related solid phase assays and hapten
inhibition studies in order to define the human IgE
binding regions of these penicillins. They found that, not
only the side chain but also, the betalactam and thiazoli-
dine rings were important determinant structures. Again
using RAST, Juhlin and Wide [45] employed assays with
benzyl- and phenoxy methyl-penicilloy! specificities (de-
rived from Pen G and Pen V) and found sera which were

positive in only one of the assays, implying that there was
some side chain specificity. Skin-test studies carried out
by Shibata et al. [46] employed reagents which could only
present the side chain structure of benzyl penicillin and
methicillin and yet 29 and nine respectively of 46 patients
gave weal-and-flare responses suggesting significant side
chain responsiveness.

Experimental studies using a variety of techniques have
also shown that side chain specificity cannot be ignored.
Atsumi [47] prepared polycional anti-benzyl penicilloyl
antibodies which were absorbed onto a ben/y! penicilloy-
lated solid phase. The antibody was then eluted using a
variety of conjugates and compounds to investigate
specificity. Five populations of antibody were obtained
using compounds representing discrete parts of the benzyl
penicilloyl-protein determinant suggesting that anti-
bodies recognizing parts of the side chain and nuclear
(common) structures were present. It was significant that
the nuclear specific antibodies recognized the penicilloyl
conjugates of a range of penicillins equally well, whereas
side chain specific antibodies were more discriminating.
Nishida [48] using alkaline hydrolyzed penicillin and
Munro et al. [49] using penicilloic and penilloic acids
studied the crossreacting potential of benzyl peniciiloy!
antibodies and also found side chain specificity. Oxacillin
and its halogenated analogues, all containing an isoxazole
side chain grouping and penicillins substituted in the
alpha position of the side chain with amino (ampicillin
and amoxicyllin) or alkyl (phenethicillin and propicillin)
groups were all poorly recognized by the antibody. More
recent studies have investigated monoclonal antibodies
raised against benzyl penicilloylated bovine gamma
globulin. De Haan et al. [50] prepared three such mouse
IgG monocionals and investigated their ability to bind
benzyl penicillin, ampicillin. amoxyciilin. 6-amino peni-
cillanic acid (the parent nucleus structure of all penicillins
with no side chain) and their respective penicilloyl protein
conjugates. One monoclonal was strongly side chain
specific, another reacted well with al! native penicillins
suggesting specificity for the thiazolidine ring, whilst the
third recognized mostly the linkage structure between the
penicillin and the protein with some side chain influence.
Fukushima [51] isolated a mouse IgE monoclonal which
was strongly side chain specific but also reacted with
certain cephalosporins.

These studies clearly show that in spite of their small
size penicillins can still present a range of antigenic
determinants to the immune system resulting in anti-
bodies specific for discrete parts of their structure. The
ability of a patient to react to other penicillins depends on
the specificity of their particular response and which
penicillin they have been given.
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Cephalosporins

Initial studies on cephalosporin induced allergy were
hampered because early cephalosporins contained peni-
cillin contaminants [52]. However, cases of cephalosporin
allergy with no penicillin involvement have been reported
[31,53-55]. Regarding specificity, early experimental
studies concluded that the C-7 side chains of cephalospor-
ins play a major role in determining the specificity of
antibodies [18,19,56 59]. For example, antiserum against
a cefazotine conjugate crossreacted poorly with conju-
gates of cephalothin and cephaloridine [58,59] whereas
anti-sera raised against the latter two cephalosporins
crossreacted well [18,19,56]. Cephalothin and cephalori-
dine have the same thiophene side chain but cefazoline
has a very different tetra/ole group. More recent studies
using monoclonal antibodies raised against a cephalexin
conjugate [60] confirmed that the side chain was a
determinant but also highlighted other determinants
involving part of the degraded cephem nucleus and the
protein-cephem linkage region.

Other betalactams

A case of allergy to aztreonan has been reported [29],
apparently precipitated by the first exposure, which was
confirmed by skin test and provocation. The response was
very specific. Studies by Adkinson et al. [36] suggested
that aztreonam would give side chain specific responses
but see below. Documented allergy to carbapenems is
restricted to one subject by occupational exposure to
MM22383, an experimental carbapenem [37]. Diagnosis
was confirmed using patch tests employing MM22383
and RAST with a MM22383-polylysine conjugate. The
only carbapenem in clinical use, imipenem has only been
investigated for its potential to crossreact in patients
already allergic to penicillins [14].

'Unique* specificities and crossreactions between
betalactam antibiotics: examples and explanations

Most patient studies have only employed PPL and MDM
based on benzyl penicillin because no other reagents are
commercially available, but it is widely believed that they
are suflicient. with rare exceptions, to diagnose all
penicillin allergies. Broad crossreactivity between penicil-
lins can only occur if the nucleus (the common structural
feature) is the most important part of the allergenic/
immunogenic determinant, but if a patient has mounted a
significant itnmune response against a side chain determi-
nant of a penicillin which is different to that of a benzyl
penicillin, then the patient may only respond to that
penicillin and be skin-test negative to the usual reagents.
Nurnerous studies confirm that this can occur.

Luton [28] reported a patient who was allergic to benzyl
penicillin but could tolerate methicillin and more recently
Antonicelli et al. [30] showed that patients could be
selectively allergic to piperacillin. Studies which have
employed semi-synthetic penicillins or related minor
determinants as skin-test materials [43,46,61,62] have also
concluded that significant numbers of patients do not
respond to benzyl penicillin reagents but are allergic to
other penicillins. Van Dellen et al. [61], using major and
minor determinants of benzyl penicillin, ampicillin and
methicillin found patients who responded to reagents
from all three penicillins and some who only responded to
a specific penicillin. These results were confirmed by
Solley ('/ al. [62]. A recent study by Silviu-Dan et al. [63]
investigated a population of 228 patients using BPP and
MDMs skin-test reagents prepared from benzyl penicillin
and ampicillin. Of 40 patients who were skin-test positive
to one or more reagents, six (I5'̂ l̂i) reacted only to
ampicillin MDM. The authors concluded that these
patients were responding to side chain specific determi-
nants. The side chain of ampicillin differs from benzyl
penicillin in having an alpha amino group. Similarly in
the studies mentioned above [28,30.61,62]. methicillin
and piperacillin have very different side chains to benzyl
penicillin and would not be expected to crossreact if side
chain responses predominated.

Another aspect of side chain specific responses is the
possibility of crossreaction with other betalactam anti-
biotics which share the same or very similar side chain
although their class defining nucleus (rings A and B in
Fig. 1) is different. This phenomenon could be partly
involved in the widely held belief that extensive crossreac-
tion exists between penicillins and cephallosporins in
penicillin allergies. Early studies employed cephalothin,
cephaloridine (both cephalosporins) and benzyl penicil-
lin. These three antibiotics have very similar side chain,
thiophene for the cephalosporins and phenyl for benzyl
penicillin, and would be expected to crossreact if side
chain responses were involved. Many other cephalospor-
ins have different side chains to benzyl penicillins and
studies using rabbit antibodies raised against cephalo-
sporins of this type and direct challenge studies in
cephalosporin [31] and penicillin allergies [62] have shown
that crossreacting is not common. The latter study was
particularly significant since 0/27 confirmed penicillin
allergies (skin-test positive) responded when given
cephallosporins.

Regarding monobactams, experimental and clinical
studies using penicillin and cephalosporin allergies have
shown that aztreonam has a low potential for crossreac-
tion [23.36,64-68] and this has been attributed to side
chain speeificity [36]. Rabbit antibodies to aztreonan were
only inhibited by ceftazidime which has the same side
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chain and not by other penicillins, cephalosporins or
monobactams. A recent clinical case [29], whilst confirm-
ing that aztreonam allergies may tolerate treatment with a
number of penicillins and cephalosporins, also showed
that the patient in question tolerated ceftazidime suggest-
ing that the response was not side chain specific. Chal-
lenges with other monobactams would have been interest-
ing but were not feasible. Carbapenems (imipenem) may
not share the lack of crossreactivity enjoyed by aztreo-
nam. Saxon et al. [21] investigated 40 subjects with a
history of penicillin allergy using major and minor
determinants of benzyl penicillin and equivalent materials
from imipenem. Twenty subjects showed positive re-
sponses, 10 to penicillin reagents, nine to penicillin and
imipenem reagents and one to imipenem reagents. Minor
determinants from both materials appeared to demon-
strate the highest level of crossreactivity suggesting that
nuclear related determinants might be involved. Benzyl
penicillin and imipenem have very different side chains
but. as suggested by Saxon et al. [21], the nuclear
structures may form similar minor determinants. In the
carbapenem induced allergy case studied by Edwards et
al. [37] IgE antibody from the patient was not inhibited by
a benzyl penicilloyl conjugate but minor determinants
were not investigated.

Amoxyciilin induced allergy in Spain

In 1988 [24] we described three subjects with histories of
allergy to amoxyciilin who were skin-test negative to PPL
and MDM and tolerated therapeutic doses of benzyl
penicillin and phenoxymethyl penicillin. By skin test or
RAST, or in two cases by challenge, all three patients
were shown to be specifically allergic to amoxyciilin.
These studies were extended [25] to investigate the
incidence of this phenomenon. A total of 288 subjects
with a history of a penicillin allergy were studied using
skin tests with PPL, MDM. amoxyciilin and ampicillin.
RAST with benzyl penicilloyl and amoxycilloyl and
challenge with benzyl penicillin, phenoxymethyl penicil-
lin and amoxyciilin. Sixty-four subjects (22%) were
confirmed to be allergic and 20 of these (7'X, of total
subjects, 31% of the allergic) only gave responses to
amoxyciilin. Most cases were IgE mediated but we have
found some delayed reactors [21,69,70]. Others have also
found significant numbers of patients specifically res-
ponding to the alpha amino penicillins [26,43,70,71]. In
the latter work 26% of the subjects objectively allergic to
penicillins were found to be allergic to amoxyciilin and/or
ampicillin alone. Ampicillin (similar to amoxyciilin)
specific allergies which were not diagnosed by conven-
tional skin-test reagents were also described by Silviu-
Dan et al. [63]. In this study 228 subjects were skin tested

for penicillin allergy and 6/40 were positive (15%), only
responding to ampicillin reagents. Our sttidies atid others
mentioned previously go against the belief that conven-
tional benzyl penicillin based reagents are suitable for the
diagnosis of the vast majority of penicillin reactors. We
believe that for amoxyciilin, and to a lesser extent
ampicillin. two factors are responsible, specificity and
level of use.

Specific responses will only occur if the drug in question
forms a unique structural determinant, which for the
penicillins would probably have to involve the side chain.
A key structural feature of amoxyciilin and ampicillin is
the alpha amino group in the side chain.

The remaining phenyl (ampicillin) or p-hydroxy phenyl
(amoxyciilin) groups are not so different to many other
penicillins. The importance of the amino group was
highlighted in clinical studies by Voorhorst and Spare-
boom [72]. Using patch tests, one penicillin allergic
patient only responded to penicillins containing an alpha
amino group of the correct stereochemistry. We have
studied thespecificity of IgE antibody in patients who are
allergic to amoxyciilin, benzyl penicillin and both [74.75].
Typical results are shown in Fig. 2. Using RAST
inhibition employing whole detertninants (benzyl penicil-
lin and amoxyciilin coupled to butyl amine), side chain
only (phenyl acetic acid and para hydroxy phenyl gly-
cine), and nuclear only structures (6-aminopenicillanic
acid coupled to butyl amine and thiazolidine) we have
found that amoxyciilin specific IgE is markedly side chain
specific whereas benzyl penicillin specific IgE is best
inhibited by whole determinant. Further studies are in
progress but 40 sera specific for amoxyciilin or benzyl
penicillin follow this tendency. Therefore we believe that
amoxyciilin specific allergy is a predominantly side chain
specific response which would not be diagnosed by
conventional skin-test reagents. An interesting observa-
tion which could relate more to cephalosporin imtnuno-
chemistry is that an unexpected number of our amoxycil-
lin-specific allergies can tolerate cephalosporins with a
structurally similar side chain [75]. This could imply that
although the side chain predominates for these patients,
some other penicillin related structural element not
available on cephalosporins does play a role.

The second factor is level of usage. A drug capable of
causing specific responses may still not become promitient
because it is little used. Others have reported selective
allergic reactions to betalactam antibiotics, but the cases
are few and antibiotic use lower than for amoxyciilin;
cloxacillin [27], aztreonam [29] atid piperacillin [30].

In Spain, more than 50% of the antibiotic prescriptions
are for amoxyciilin [25] and that coupled with the
propensity to give specific reactions could result in a high
number of allergies who cannot be diagnosed by conven-
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tional reagents. For example, in our study [25] 50% of the
allergic group had received amoxyciilin compared with
only 28% receiving benzyl penicillin and 18 (90%) of the
amoxyciilin specific allergies had knowingly received
amoxyciilin. A similar phenomenon has been observed
before. Using RAST assays specific for penicilloyl deter-
rninant from benzyl penicillin and phenoxymethyl
penicillin. Juhlin and Wide [45] showed that a higher
percentage of sera collected over the period 1974-1978
was specifically positive to PenW-oy\ RAST than during
the period 1967-1971. The authors suggested that the
results reflected the increased use of Pf/fV since 1971 and
both RAST systems should be employed for diagnostic
purposes.

Our findings could also suggest that amoxyciilin has a
higher inherent immunogenicity than some other betalac-
tams as has recently been described for cefaclor [76].
However, information mentioned in the latter work

clearly shows that this is not the case. Overall we believe
that our discovery of relatively large numbers of specific
amoxyciilin allergies is due to the high usage and specific
responsiveness of this valuable antibiotic in Spain.

Relevance of these findings in the clinical evaluation
of subjects allergic to betalaetams

As already mentioned, only benzyl penicillin related skin
tests are commercially available; PPL and MDM are
available in Europe, but PPL is only available in USA.
Therefore, unless amoxyciilin reagents are specifically
prepared and used, cases of selective amoxyciilin allergy
will be under-evaluated. In our studies the criteria used to
diagnose a subject as being selectively allergic to amoxy-
ciilin are as follows: history of an immediate reaction to
amoxyciilin with negative skin test to PLL and MDM and
good tolerance to benzyl penicillin and phenoxy methyl
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penicillin. In addition the subject should have a positive
skin test and/or be RAST positive to amoxyciilin. If. in
the presence of a strong suggestive history, both the
amoxyciilin and the skin test and RAST are negative, a
controlled challenge with amoxicillin needs to be made to
confirm the case as selectively allergic [23,27..3O].

Summary and future prospects

This review highlights data from the last 30 years which
clearly shows that the side chain of penicillins and other
antibiotics make an important contribution to the speci-
ficity of the immune responses [73]. Our very recent
studies show that under certain circumstances side chain
responsiveness ean lead to a significant number of allergic
subjects who cannot be diagnosed by the only commer-
cially available reagents. This is not to say that other
determinants are not important, as shown by the work of
Saxon et al. [21] with imipenem showing unexpected
crossreactivities with penicillins probably due to nuclear
determinant similarities. However, many clinical and
experimental studies carried out over the years with a
relatively small number of penicillins and cephalosporins
have extrapolated crossreactivity data to include families
of antibiotics rather than considering some of the indi-
vidual members. Studies similar to those carried out on
the more recent betalactams, imipenem and aztreonam
should be carried out on the more recent cephalosporins
to establish crossreactivity profiles so that objective
judgments can be made.

Our studies show that in populations where amoxycii-
lin is used extensively there is a well defined phenomenon
of selective amoxyciilin allergy which is related to the
specificity of the amoxyciilin responsiveness. These
patients represent a sub-group of amoxyciilin allergies
where the side chain contributes in a more selective way to
the antigen binding site. These results have not been
observed for benzyl penicillin [77] but may apply to other
antibiotics. We believe that the limited range of skin-test
materials available at present should be extended to
include conjugates of amoxycilloyl-polylysine in addition
to amoxyciilin itself. The development of sensitive in vitro
assays for quantifying amoxyciilin specific antibodies is
also required. Perhaps side chain only specific reagents
for the more common antibiotics would also be of value.
Pharmaco-epidemiological studies are required to estab-
lish the relationship existing between the use of different
betalactam compounds and the appearance of allergic
reactions to them. In addition, genetic studies are needed
in order to elucidate the mechanisms whereby some
subjects develop a response to common antigenic deter-
minants and others more selectively to the side chain.
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