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Abstract

One of the major objectives at the end of this century is the development of “alternative” tests for
the evaluation of the pharmacological and/or toxicological activity of newly developed molecules.
Contact allergy is no exception to the rule and many research programs have been started to
develop in vitro techniques for the detection of allergizing compounds. In parallel with these
biological studies, another approach is becoming important and will no doubt become more so,
namely, the study of structure—activity relationships (SARs). This consists of using molecular or
physicochemical properties to predict and, in certain cases, quantify the allergizing potential of a
new molecule without using any biological test. Three main approaches are currently under study:
the creation of allergy databases, the design of “expert” computerized systems, and the development
of quantitative SARs. These three often complementary approaches are still at the development
stage, but we can begin to see their potential and limitations. The aim of this article is not to give an
exhaustive description of all the systems developed worldwide, but to illustrate each approach by
giving some important examples.

Abbreviations: (Q)SAR, (quantitative) structure—activity relationships; RAI, reactive alkylation
index; RAI,, reactive alkylation index calculated with the dose used at challenge; RAI;, reactive
alkylation index calculated with the dose used at incubation

Introduction

One of the major objectives at the end of this
century is the development of “alternative”
tests for the evaluation of the pharmacological
and/or toxicological activity of newly
developed molecules. Contact allergy is no
exception to the rule and many research
programs have been started to develop in vitro

techniques for the detection of allergizing
compounds (Barbier et al., 1994). Until now,
despite the considerable effort expended in the
last few years, the complex character of the
biological mechanism of allergy has prevented
the development of a reliable test. Various
promising routes are currently being explored,
but are not expected to yield a result for several
years.
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In parallel with these biological studies,
another approach is becoming important and
will no doubt become more so, namely, the
study of structure-—activity relationships
(SARs). This consists of using molecular or
physicochemical properties to predict and, in
certain cases, quantify the allergizing potential
of a new molecule without using any biological
test.

Three main approaches are currently under
study:

1. The creation of allergy databases.

2. The design of “expert” computerized sys-
tems.

3. The development of QSARs (quantitative
structure—activity relationships).

These three often complementary
approaches are still at the development stage,
but we can begin to see their potential and
limitations. The aim of this paper is not to give
an exhaustive description of all the systems
developed worldwide but to illustrate each
approach by giving some important examples.

Molecular basis of contact allergy and support
for structure—activity relationships

The first stage in the induction or elicitation of
a contact allergy is the interaction of the
hapten — a small molecule of low molecular
weight — with a protein, to form an antigenic
complex. It is now accepted that, in the vast
majority of cases, this interaction involves the
formation of a covalent, and therefore irrever-
sible, bond between the hapten and the protein
(Lepoittevin et al., 1997). This implies that the
hapten has chemical reactivity characteristics
that allow it to form bonds with the side-chains
of amino acids. The modified protein(s) is then
processed by antigen-presenting cells, yielding
antigenic peptides that are reexpressed on the
surface of the cell in association with class I or

class II major histocompatibility complex
molecules (Kalish, 1995). These modified
peptides are then involved in the selection and
activation of T lymphocytes that bear a
lymphocyte receptor with a suitable geometry.

What do we currently know about the
relationship between the chemical reactivity
and structure of the hapten and the nature
and selectivity of the immune response?

Chemical selectivity of haptens toward amino
acids

Studies performed in the last few years on the
mechanisms involved in the modification of
proteins by small xenobiotic molecules have
made it possible to demonstrate the involve-
ment of a wide variety of mechanisms, depend-
ing on the structure of the hapten. One direct
consequence of this diversity is the existence of
selectivity in the modification of amino acids.
Thus, we have been able to show that methyl
alkanesulfonates, which are lipophilic methyl-
ating agents and strong allergens, modify,
almost exclusively, histidine and methionine
residues in proteins (Lepoittevin and Benezra,
1992), while the a-methylene-y-butyrolactones,
the main allergens in plants of the Asteraceae
family, mainly modify lysine residues (Franot
et al., 1993). Similarly, dinitrohalogenated deri-
vatives, such as DNCB (dinitrochlorobenzene)
or DNFB (dinitrofluorobenzene), are known to
react readily and rapidly with lysine groups,
while DNTB (dinitrothiocyanobenzene) reacts
preferentially with thiol residues. It should be
noted that, in contrast to the first two
derivatives, which are strong allergens, DTNB
only sensitizes under extreme conditions (in the
presence of immunostimulating adjuvants) and
behaves more as a tolerogen on simple
application to the skin. This major difference
in the activation of the immune system,
apparently linked to differences in reactivity
and selectivity, is, for the moment, poorly
understood.



The importance of reaction mechanisms

The selectivity of haptens for certain amino
acids is directly related to the electron density
at the reaction site (determined by the
structure of the molecule) and to the type of
chemical reaction that takes place. The
chemical reactions can be divided into several
groups on the basis of their characteristics and
the mechanisms involved in the breaking and
forming of bonds. Thus, molecules with very
similar structures can give rise to the formation
of different intermediates, for example during
metabolization, which lead to different reac-
tion mechanisms. The case of eugenol and
isoeugenol is interesting in this respect.

These two molecules, present in many
natural extracts, have very similar structures,
but their allergizing potentials are very differ-
ent, eugenol being a weak sensitizer, and iso-
eugenol a relatively strong one. Recent studies
in the mouse seem to indicate that these two
very similar molecules are metabolized in
different ways and have very different reaction
mechanisms (Bertrand et al., 1997), which
could explain the observed differences in
sensitization potential. Eugenol seems to be
metabolized to an electrophilic orthoquinone
after a demethylation step (Figure 1), whereas
isoeugenol seems to be directly oxidized to a
quinonemethide (Figure 2).

Consequences

One direct consequence of the selectivity of
haptens for amino acids is differences in the
site of modification of proteins and in the
density of these modifications. These
differences, initially purely chemical, appear
more and more to have a major impact on the
response of the immune system. The selectivity
of haptenization sites is directly involved in the
selection of the peptides that are presented by
antigen-presenting cells to T lymphocytes and
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Figure 1. Proposed mechanism to explain the sensitizing
potential of eugenol in mice. Arrows indicate major reactive
sites.
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Figure 2. Proposed mechanism to explain the sensitizing
potential of isoeugenol in mice. Arrows indicate major reactive
sites.

thus in the selection of lymphocyte receptors.
This selectivity also indirectly controls the
haptenization level of the protein(s), since it
appears that epitope density on the surface of
the antigen-presenting cell could directly or
indirectly influence the orientation of the
immune response towards a Thl or Th2
profile, a high epitope density favoring Thl
and a low epitope density Th2 (Murray, 1998).

Contact allergy databases
Introduction

Several types of contact allergy databases can
be considered. That most often encountered is
the “personal” database that contains all the
allergology information from a private consul-
tancy or a hospital department, one of the best
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examples being that of the Dermato-Allergol-
ogy Department at Leuven, which has
developed a highly comprehensive diagnostic
aid program (Dooms-Goossens et al., 1992).
In our case, the objective is slightly different,
being to list all the cases of contact allergy
reported in the literature in a database that is
as complete as possible, listing the maximum
information for each case, with the orientation
being not clinical, but “chemical”.

Development

Currently, the most complete database is that
developed in Palo-Alto by CCS Associates in
collaboration with H.I. Maibach of the
University of San Francisco and Professor C.
Benezra (Benezra et al., 1985). The main
sources of data used are the cases of allergy
published in Contact Dermatitis since 1975.
The information compiled and entered in the
database for each allergen is:

Identification: Name, chemical structure and
Chemical Abstracts number.

Allergologic data: Primary sensitizer or elicitat-
ing agent, number of reported cases and
condition of the patient (with eczema or
another pathology, or healthy).

Technical data: Type of test (open epicutaneous
test or patch test), concentration, vehicle,
intensity of reaction, tests on man or on an
animal model, number of subjects tested and
Contact Dermatitis reference.

Evaluation: Confidence level.

The last point deserves some explanation. The
confidence level is graded from 0 to 5 and
represents an assessment of the relevance of
the information. This in no way involves a
judgement of the investigator’s work, but
rather assesses the weight to be given to this

information in the database, an important
point if these databases are to be used predic-
tively. Examples of the criteria used to assess
the confidence level are the inclusion of
controls, the purity of the compounds tested
and the number of cases.

The database can be searched by name, by
Chemical Abstracts number, by chemical
structure, and by all the previously defined
biological parameters, either independently or
in combination. Searching is performed using
the program PROPHET, which consists of a
hierarchical tree based on chemical structures
and substructures (Table 1) selected for their
importance in contact allergy. This type of
approach was developed in the 1970s to create
carcinogen databases and was then extended to
contact allergy. The tree is currently based on
250 chemical structures.

Table 1. Examples of groups and subgroups used to classify
chemical substances

Group Subgroup

Alcohol/thiols Benzyl alcohols

Enols
Aldehydes Conjugated aldehydes
Aromatic aldehydes
Hydrazones
Terpenes Monoterpenes
Sesquiterpenes
Diterpenes
Triterpenes

The chief use of a system of this type is to
answer questions such as:

e Does this compound belong to an allergiz-
ing group?

e Which compounds are liable to give allergic
cross-reactions?

e What concentration and what vehicle
should be used to test this product?

e What is the relevance of these responses?



Limitations: The main limitations of this
system result from the way in which it is
compiled, with the data being extracted from
the literature and therefore subject to the
inherent bias of scientific publications; for
example, a severe reaction in a few individuals
will often be better documented than moderate
reactions in a larger number of patients.

Expert systems
Introduction

“Expert” systems are decision-aiding
programs, based on the use of large databases,
that can use, for example, the structural,
physicochemical, and electronic data for a
new compound and compare them with the
data stored in memory to give an opinion as
to the allergizing status of a molecule. The new
parameters thus defined are then fed into the
database to improve the expert system.

Various approaches

In the expert system field, many parameters
can be considered.

Structural alerts: These consist of total or
partial chemical structures known to present
allergizing risks. They are mainly defined by
analysis of the literature and contact allergy
databases and allow the expert system to
detect a “risk.” One system based on this
approach is currently marketed under the
name of DEREK (Deductive Estimation of
Risk from Existing Knowledge).

This expert system consists of a “control”
program that analyses the structure of the
molecules and a database consisting of “rules”
in the form of substructures known to be
associated with allergizing activity (Barratt et
al., 1994). Examples of “rules” are shown in
Table 2.
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Risk indicators: These are physicochemical
parameters that favor allergizing potential.
Each positive parameter is considered as an
aggravating factor without taking into account
the intensity of aggravation. Examples of risk
indicators are:

e Presence of one or more reactive chemical
groups

e Molar refractive index
e Number of hydrogen bonds

e Number of electron pairs on oxygen or
nitrogen

e Number of NH or OH groups

e Number of ionizable groups

e Number of aromatic structures

e Number of heterocycles

e Number of metabolizable groups

Each parameter can be allocated a numer-
ical coefficient of varying size, depending on its
effect on the mechanism of the allergy. The
potential risk is evaluated by taking all these
factors into account. The development of such
systems is still in its infancy and will require a
long validation phase to distinguish those
factors that are really important from those
that are anecdotal.

Limitations: One of the main limitations of this
system is that, at the present time, the effects of
metabolization are not considered and the
process is based simply on the structure of the
tested molecule, which is not necessarily that
which reacts with the skin proteins.

Quantitative structure—activity relationships
(QSAR)

Introduction

The main objective of the QSAR approach is
to define a certain number of “quantifiers” for
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Tuable 2. Examples of rules and chemical structures used by DEREK to predict the sensitizing potential

Chemical function Substituants Structure
Aldehydes R = alkyl, aryl j’L
R 'H
Ketones R, R' = alkyl, aryl o
FxJL R!

Aldehydes, amides, esters and
o,B unsaturated ketones

R=H
Phenyl esters R = alkyl, aryl

R! = any
Hydroquinones and their R =H, alkyl
0-alkyl precursors R! = any
Catechols and their O-alkyl precursors R =H, alkyl

R!= any
Anhydrides R = any
Aromatic primary and secondary amines R = alkyl, aryl

R!=any
Alkyl halides R = alkyl

X =ClBrI

R =H, C, N, O (not OH)
R' = not heteroatoms, esters, ketones
R? = not aryl except if
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a given biological reaction, then combine these
to give a quantitative estimate of the biological
activity; it therefore no longer simply answers
the question whether the molecule is poten-
tially allergizing, but also gives a quite accurate
indication of the expected intensity of the
biological response. The currently most highly
developed quantifier is the relative alkylation
index (RAI) (Fraginals et al., 1991).

Definition of the RAI

This quantifier gives an estimate of the level of
modification of proteins by a potentially
allergizing molecule and assumes that the
intensity of the biological response is directly
related to the level of modification. This is a

simple hypothesis taking into account three
parameters, the dose of the product applied to
the skin, its lipophilicity and its chemical
reactivity. These parameters were chosen
because it has been known experimentally for
a long time that the allergizing response
increases with an increase in each of these
parameters. In the RAI model, the epidermis
is divided into a series of units of finite volume.
These volumes, mainly lipophilic in nature, are
traversed by a polar liquid and contain a large
number of proteins (Figure 3).

The amount of product entering one unit of
volume is assumed to be proportional to the
dose of product applied to the skin and is
expressed as the logarithm of the dose D. The
residence time of the test molecules in the unit
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Figure 3. Basis of the Relative Alkylation Index (RAI).

volume is proportional to their lipophilic
character measured by the logarithm of the
partition coefficient P, which represents the
relative affinities of the allergen in an octanol-
water mixture; the more lipophilic the product
and the greater its log P, the longer it remains
in the unit volume. The chemical reactivity of
the allergen toward proteins is itself expressed
as the logarithm of its rate constant k for a
model nucleophile, butylamine. It is assumed
that this reaction is first order, i.e., that the
proteins are always in excess relative to the
allergen.

It is thus possible to express the relative level
of modification of the proteins by the equation:

RAIl =alogk + blog P+ clog D (1)

where a, b and ¢ represent the relative weight of
each parameter. At the present time, these
constants are determined experimentally and
are only valid for a series of molecules with the
same reaction mechanism, and it is for this
reason that the RAI is defined as a relative
index of alkylation.

The intensity of the allergic reaction
increases with increase in each of these
parameters, and thus with an increase in RAI,
up to a certain limit called the overload point.
This point, an experimental observation, is still
poorly understood, but probably corresponds
to the saturation of the biological mechanisms
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and the setting up of regulatory mechanisms.
Application

A series of molecules with structures similar to
those of the a-methylene-y-butyrolactones has
been synthesized and studied (Fraginals et al.,
1991; Franot et al., 1994a,b). On reaction with
proteins, these molecules form the same type
of epitope as that produced by reaction with
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Figure 4. Reaction of o,B-unsaturated and substituted lactones
with proteins.

the corresponding a-methylene-y-butyrol-
actone (Figure 4).

The various substituents were chosen to
cover a significant range of reactivity. These
molecules make it possible both to observe the
effect of the chemical reactivity on the biologi-
cal activity and also to develop the RAI by
simultaneously varying the kinetic constant
and physicochemical factors.

Before assessing the biological activity of
these compounds, we evaluated their relative
reactivity for butylamine (rate constant k),
chosen as a nucleophile model; the partition
coefficients P were determined by calculation.

When the allergizing activity was tested in
the guinea-pig, these compounds proved to be
good allergens. Initial modeling using the
previously determined kinetic constants and
the calculated log P values indicates a good
correlation for
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RAI =log D +2logk + 0.5 log P 2)

Using this definition of the RAI, it is then
possible to define the equation for the biologi-
cal reactivity as

Biological response = a(RAI) —b(RAIL)?
+c(RAL)+d (3)

where a, b and ¢ are positive numerical
coefficients and d is a constant for a given
series of compounds. In our case, if the bio-
logical response is expressed as a percentage of
the maximum observed response, using the
biological results obtained during this study,
we generate an equation of the type:

% Response = 73.0(RAI,) —7.2(RAI,)?
+17.5(RAI,)—208 4)

As can be seen in Figure 5, there is a good
correlation between the observed biological
responses and those calculated using the above
equation.

Limitations: Currently, RAI has two main
limitations. First, it is a relative system that
gives good results within a series of analogous
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Figure 5. Correlation between observed and calculated response
to substituted lactones according to equation (4).

compounds that react with proteins by the
same mechanism, but cannot yet be used to
assess the allergizing potential of molecules
belonging to two very different families.
Second, at present, this mathematical model
does not take skin penetration factors into
account in the evaluation of the dose of
product actually reaching the reaction site.

Conclusion

Although they have proved themselves in other
domains, in contact allergy, we are still at the
very beginning of the development of
structure—activity relationships. Owing to the
complex biological mechanism involved, the
number of parameters that must be taken into
account is much greater. Nevertheless, the few
pilot approaches that have been developed are
very promising and should rival or comple-
ment alternative biological tests.
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