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1 | DESCRIPTION OF INVENTION AND
POTENTIAL APPLICATIONS

Cephalosporins are, after penicillins, the most important #-lactam
inductors of immediate allergic reactions. Their antigenic determi-
nants are not completely identified due to difficulties for studying
the structure of cephalosporin-protein conjugates, hampering the
existence of in vitro tests with enough sensitivity to detect cephalo-
sporin allergy.! Therefore, the only diagnostic standardized options
are skin tests and drug provocation tests, which are risky, especially
in cases of severe reactions. This forces physicians to select alter-
native p-lactams that, although safe for penicillin/cephalosporin-al-
lergic patients, could be less effective and pose problems related to
costs and antibacterial resistance. Therefore, an accurate in vitro
diagnosis is demanded not only for cephalosporin-allergic reactions,
but also for those induced by cross-reactive penicillins with similar
or identical R* side chain.

Our patent covers pyrazinone derivatives as novel potential anti-
genic determinants of a-aminocephalosporins to diagnose f-lactam
aIIergies.2 A straightforward synthetic protocol for precisely defined

pyrazinone structures corresponding to cefaclor and cefadroxil was
developed, and they were used for quantification of specific IgE an-
tibodies to such cephalosporins in immunoassays.?*

The pyrazinone determinant was designed according to our deg-
radation hypothesis for a-aminocephalosporins after their protein
conjugation,3 briefly summarized in Figure 1B. Haptenation occurs
through nucleophilic opening of the p-lactam ring by amino groups
of lysines via amide formation (Figure 1A). The resulting cephalo-
sporoyl structure is unstable, which fragments the dihydrotriazine
portion, arising multiple possible degradation structures. One likely
structure exhibits the aldehyde functional group in the carbon 6,
whose reactivity against the amino group of the R! side chain of
a-aminocephalosporins provokes an intramolecular cyclization. The
resulting six-member cycle oxidizes forming a stable pyrazinone.
The synthetic pathway for patented compounds followed the Ugi/
Deprotect/Cyclize strategy (Figure S1), affording target pyrazinone
(1 and 2) with yields ranging from 25% to 99%.%%

The in vitro specific recognition of pyrazinone derivatives in
the context of allergy to a-aminocephalosporin was found in their
immunological evaluation through competitive immunoassays
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FIGURE 1 Cephalosporin epitope formation pathways and synthetic antigenic determinants. (A) Our hypothesis of how cephalosporins
(general) haptenate proteins, and which are our proposed synthetic determinants; (B) hypothesized aminocephalosporin haptenation
pathway, focusing on the reactivity of the additional amino group in RY, and the resulting candidate target determinant, pyrazinone; (C)
structures of the synthetic antigenic determinants reported for cefaclor and cefadroxil
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in patients allergic to these cephalosporins. Structure-activity
relationship (SAR) studies were carried out for evaluating the
recognition of different structures (previously described syn-
thetic determinants (3 and 4) and novel pyrazinones (1 and 2)
(Figure 1C)) through radioallergosorbent test (RAST) inhibition.
The pyrazinone 1 was recognized in 63% of patients with cefaclor
immediate reactions,® whereas the pyrazinone 2 was recognized
in 66% of amoxicillin-allergic patients with cross-reactivity to ce-
fadroxil (Figure 2).2 Cefadroxil is the most likely cephalosporin
to cross-react with amoxicillin, since they share the same R? side

chain. Moreover, no recognition of pyrazinone 2 was observed in

Amoxicillin-allergic patients with
cross-reactivity to cefadroxil
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cefadroxil-tolerant patients with amoxicillin inmediate reactions.*
The latter result could be explained because the generated pyr-
azinone 2 is exclusively derived from cefadroxil, and amoxicillin
would not structurally be transformed in pyrazinone. According
to these results, we hypothesize that pyrazinone 1 may be recog-
nized by IgE specific to cefaclor or cefprozil (cephalosporins with
equal RY) but to a lesser extent by IgE specific to ampicillin (pen-
icillin containing the same RY). Further studies are still needed to
evaluate whether this in vitro tool would represent a safe alterna-
tive to in vivo tests for determining cross-reactivity, since negative

skin test is not enough for predicting tolerance.”
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Based on the outstandingly observed specific IgE recogni-
tion from patients with a-aminocephalosporin immediate re-
actions,>* these pyrazinone structures could be potentially
involved in the sensitization of aminocephalosporin-allergic re-
actions; therefore, we claimed the use of these structures to di-
agnose patients with p-lactam immediate reactions, especially for

oc-aminocephalosporins.2

2 | PATH TAKEN TO THE INVENTION

Structural studies to identify the drug epitope linked to the protein
are difficult to perform.® Our first attempt consisted of employing
a simple amino compound, butylamine, as emulator of lysine resi-
dues in B-lactam haptenation.” Butylamine-molecule simplicity was
not enough to elucidate the chemical structures in the mixture of
compounds resultant from cephalosporin conjugation, in which the
presence of the R! was the only structural information available (by
nuclear magnetic resonance) regarding epitopes.® Using such series
of monomeric cephalosporin-butylamine conjugates, immunochemi-
cal inhibition studies confirmed the importance of this side chain in
specific IgE recognition.” Further studies have involved more pre-
cise epitope structure elucidation through synthesis and immuno-
logical evaluation of well-defined proposed antigenic determinants
for cephalosporins, which included the p-lactam fragment opened
by butylamine, chosen as nucleophile to emulate the protein lysines
(Figure 1A,B).87

We tested the immunoreactivity of model synthetic determi-
nants of several cephalosporins, consisting of R* and some portion of
the dihydrothiazine ring with varied functional groups at the carbon
6, concluding that this determinant type defined reaction specificity,
so that the strongest recognition occurred when the R! of a syn-
thetic inhibitor matched that of the culprit cephalosporin. Additional
cross-reactivity occurred with structurally related RY. Moreover,
the functional group in the carbon 6 refined IgE molecular recogni-
tion, being improved with hydroxymethyl and aldehyde functional-
ities compared with methyl group, whereas mercaptomethyl group
showed no recognition.” The immunological evaluation of such
structures (3 and 4) with amino-R! side chain and hydroxymethyl
functional group at carbon 6 in cefaclor-allergic patients, and in ce-
fadroxil-allergic patients, indicated potential application for evaluat-
ing reactivities, although with different extent of recognition, 12%
vs 66%, respectively (Figure 2).2°

Given the importance of IgE recognition of determinants with
the aldehyde functionality at carbon 6, we considered intramo-
lecular rearrangement with primary amino groups present at R! of
cephalosporins. This immunochemical consideration was supported
by a Venemalm study,'® in which the aminolysis of a-aminocephalo-
sporins resulted in a pyrazinone derivative, although isolated with
low yields. In the same study, for evaluating IgE recognition from
cefaclor-allergic patients, a pyrazinone analog was synthesized for
coupling to the ImmunoCAP solid phase that could determine pyra-

zinone-specific IgE antibodies in 60% of cefaclor-allergic patients.'°

This analog is structurally different from this isolated pyrazinone:
presenting an additional methylene moiety between the carrier
and the pyrazinone ring.*® Since small differences in the chemical
structures could have important implications in immunological rec-
ognition, we synthesized the precise cyclized structures (1 and 2)
to evaluate their role in RAST inhibition studies, showing that 63%-
66% aminocephalosporin-allergic patients were positive to their cor-
responding pyrazinone (1 or 2).2*

Achieving the structures 1 and 2 is not trivial; we previously
tried other five different synthetic routes, involving each at least
8-10 time-consuming reaction steps, to reach the desired pyraz-
inone without success. Finally, the Ugi/Deprotect/Cyclize strat-
egy enabled the efficient versatile synthesis of target molecules
(Figure 51).2°

3 | CONCLUSIONS

Studies in sera from a-aminocephalosporin-allergic patients indicate
a role for both pyrazinone structures (1 and 2) in specific IgE rec-
ognition. These pyrazinones are potential epitopes derived exclu-
sively from a-aminocephalosporins. These structures are useful for
in vitro diagnosis of patients suffering suspected allergic reactions to
cephalosporins or penicillins containing a-amino-R! side chain, dem-
onstrating to be promising tools for confirming cefaclor immediate
reactions and determining in vitro cross-reactivity to cefadroxil in
amoxicillin-allergic patients. Moreover, their evaluation as skin test
reagents should be useful to further understand their impact in clini-

cal practice.
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Synthetic Methodology
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Supplementary Figure 1. Synthetic methodology follow to achieve hypothesised pyrazinone-type
determinants derived from cefaclor (1) and cefadroxil (2). The protocol involves the
Ugi/Deprotect/Cyclize strategy,2 shows efficiency and versatibility for different side chains R!.
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