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Sensitisation of the respiratory tract to chemicals resulting in respiratory allergy and allergic asthma is an
important occupational health problem, and presents toxicologists with no shortage of challenges. A
major issue is that there are no validated or, even widely recognised, methods available for the identifi-
cation and characterisation of chemical respiratory allergens, or for distinguishing respiratory allergens
from contact allergens. The first objective here has been review what is known (and what is not known) of
the mechanisms through which chemicals induce sensitisation of the respiratory tract, and to use this
information to construct a hybrid Adverse Outcome Pathway (AOP) that combines consideration of both
skin and respiratory sensitisation. The intention then has been to use the construction of this hybrid AOP

Received 12th October 2017,
Accepted 18th January 2018

DOI: 10.1039/c7tx00272f

to identify areas of commonality/confluence, and areas of departure/divergence, between skin sensitis-
ation and sensitisation of the respiratory tract. The hybrid AOP not only provides a mechanistic under-
standing of how the processes of skin and respiratory sensitisation differ, buy also a means of identifying
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General introduction

There are at the disposal of toxicologists a variety of tools for
the identification and characterisation of skin sensitising
chemicals, and for the conduct of effective risk assessments.
The situation that pertains with allergic sensitisation of the
respiratory tract and occupational asthma is very different, and
here there are available no validated methods for hazard
assessment. This lack of suitable methods creates challenges
for the toxicologist charged with identifying health risks
associated with respiratory allergy.

In this article we will explore areas of commonality and
areas of divergence between the responses induced by contact
allergens and respiratory allergens, using for this purpose the
vehicle of a hybrid Adverse Outcome Pathway (AOP). The con-
struct of this AOP is intended to address three main objectives:

(a) to identify areas of commonality/confluence between
skin sensitisation and sensitisation of the respiratory tract that
will aid in the development of novel methods for the identifi-
cation and characterisation of chemical respiratory allergens,
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areas of uncertainty about chemical respiratory allergy that benefit from a further investment in research.

(b) to identify points of departure/divergence between the
processes involved in skin sensitisation and sensitisation of
the respiratory tract to enhance further understanding of
such differences, and to create new opportunities for dis-
tinguishing between contact allergens and chemical respirat-
ory allergens,

() to identify areas of uncertainty that would benefit from
an investment in further research.

In developing and exploiting such an AOP it is necessary
first to review briefly the differences between skin sensitisation
and sensitisation of the respiratory tract, and to identify some
of the toxicological challenges.

Introduction to chemical allergy

Allergy resulting from exposure to chemicals is an important
occupational health issue, and can take a variety of forms.
Those of greatest relevance are allergic contact dermatitis
(ACD) resulting from skin sensitisation, and occupational rhini-
tis and asthma caused by sensitisation of the respiratory tract.!

It is important to appreciate that chemical allergens display
selectivity with respect to the type of sensitisation that they
will induce, and the form that subsequent allergic reactions
will take. Thus, many chemical allergens, either preferentially,
or often exclusively, induce skin sensitisation and ACD. In con-
trast, other chemicals (substantially fewer in number) selec-
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tively induce allergic sensitisation of the respiratory tract and
occupational asthma. Some chemicals have the potential, in
different subjects, to induce different forms of allergy, but
most chemical allergens display some degree of selectivity."

Skin sensitisation

Many thousands of chemicals have been implicated as contact
allergens. In common with all forms of allergic disease, ACD
develops in 2 phases. In the first phase skin exposure of an
inherently susceptible subject to a threshold or greater concen-
tration of a contact allergen causes priming of the immune
system. If the induced immune response is sufficiently vigor-
ous then systemic sensitisation is acquired such that future
skin contact with the same chemical allergen will provoke an
accelerated and more aggressive secondary immune response
resulting in a cutaneous inflammatory reaction that is recog-
nised clinically as ACD."

Although our understanding is incomplete, much is known
of the mechanisms through which skin sensitisation is
acquired. The processes involved can be summarised briefly as
follows. For an immune response to be induced, and for skin
sensitisation to be acquired, the contact allergen must gain
access across the stratum corneum and reach the viable epider-
mis and beyond. Here a variety of important events take place,
including the formation of immunogenic complexes following
the stable association of the chemical with proteins. These
hapten-protein complexes are recognised, internalised and
processed by populations of cutaneous dendritic cells (DC),
including epidermal Langerhans cells (LC), that play pivotal
roles in the initiation and regulation of skin sensitisation.
Migratory DC (some at least of which carry antigen), travel
from the skin, via afferent lymphatics, to regional lymph
nodes draining the site of exposure. Here the hapten complex
is presented to responsive T lymphocytes. The central event in
the development of skin sensitisation is the antigen-induced
activation of responsive T lymphocytes and their division and
differentiation resulting in immunological primining.' ™

It is essential to appreciate that skin sensitisation is a
complex biological process that requires directed interactions
between a variety of cells and molecules to elicit responses
that are tightly regulated in time and space." Some of these
complexities will been considered when the AOP for skin sen-
sitisation is addressed later in this article.

A general appreciation of the mechanisms involved has
facilitated the development and application of methods for the
identification of skin sensitisation hazards. In the first
instance such methods were developed in Guinea pigs, the
most widely used being the Guinea Pig Maximisation Test
(GPMT)’ and the occluded patch test of Buehler.® These test
methods were later largely superseded by the mouse Local
Lymph Node Assay (LLNA).””® More recently still attention has
turned to the development of alternative approaches that
obviate the use of experimental animals, and some in vitro
methods have now been validated and have been translated
into OECD (Organisation for Economic Cooperation and
Development) guidelines.'*™?
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In addition to the alternative tests that have now been vali-
dated, there are other approaches (both in vitro methods and
those based on structure-activity relationships) that are at
various stages of development and evaluation, and some of
these will no doubt be strong candidates for validation in the
future."*""” Moreover, consideration has been given to whether
integrated testing strategies, that combine data from two or
more individual alternative test methods, can be used to
improve the accuracy of hazard identification.'®>°

Finally, it is clear that, in addition to effective hazard identi-
fication, there is a need - for the purposes of accurate risk
assessment and human health protection - to have infor-
mation about potency. This is particularly important for skin
sensitisation because it is known that contact allergens vary by
up to 5 orders of magnitude with respect to their relative sensi-
tising potency.' For this purpose the LLNA has proven to be of
considerable value. The end point used for hazard identifi-
cation in the LLNA is the proliferation of draining lymph node
cells (LNC) induced by topical exposure of mice to the test
chemical. Importantly, it is known that LNC proliferation is
not only causally linked with the development of skin sensitis-
ation, but also correlates quantitatively with the extent to
which sensitisation is acquired. It has therefore been possible
to use the LLNA for the purpose of measuring the relative sen-
sitising potency of contact allergens.”’*° The authors are
aware that currently work is being undertaken to determine
whether some of the non-animal approaches that have recently
been developed for hazard identification might also provide
some information about relative potency.

Thus, the position with skin sensitisation can be summar-
ised as follows. An increasingly sophisticated understanding of
the cellular and molecular events and processes that are
required for the acquisition of skin sensitisation has provided
a sound scientific basis for the development of effective
methods for hazard identification, hazard characterisation
and risk assessment.

This situation differs significantly from sensitisation of the
respiratory tract and chemical respiratory allergy.

Sensitisation of the respiratory tract

Occupational asthma resulting from allergic sensitisation of
the respiratory tract to chemicals is associated with significant
morbidity, and is clearly an important health concern.?'*?
Compared with contact allergens, far fewer chemicals have
been confirmed as respiratory allergens; the total number
being somewhat less than 80. Among those commonly impli-
cated are diisocyanates, acid anhydrides, chloroplatinate salts
and some reactive dyes.>*®

Our understanding of the mechanistic bases for the devel-
opment of sensitisation of the respiratory tract to chemicals is
much less complete than it is for skin sensitisation, and as a
consequence there remain a variety of significant toxicological
challenges. Many of the problems have been the subject of
recent review articles.”*?*” Although inevitably there are
debates about the fine detail of biologic processes, the main
areas of uncertainty and controversy with respect to chemical
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respiratory allergy are: (a) the route(s) of exposure though
which sensitisation of the respiratory tract can be achieved,
and (b) the relevance of, and requirement for, IgE antibody.
The continuing lack of a consensus about these issues, and in
particular uncertainty about the need for IgE antibody for the
acquisition of sensitisation, has been a major factor in pre-
venting the development of approaches for the identification
and characterisation of chemical respiratory allergens. Thus,
there are currently no validated, or even widely used or
accepted, methods for assessment of the respiratory sensitis-
ing potential of chemicals. This does not reflect a lack of
endeavour. In fact over several decades there have been a
variety of approaches proposed,*®>® but it remains the case
that there is no accepted test available for predictive testing or
hazard characterisation.

The major uncertainties associated
with chemical respiratory allergy
Routes of exposure

The phrase ‘respiratory sensitisation’ has commonly led to the
assumption that inhalation exposure is a mandatory require-
ment for the development of sensitisation of the respiratory
tract to chemical allergens. (In fact, a better descriptor is ‘sen-
sitisation of the respiratory tract’, and this is the notation that
the authors have favoured in this article.) This has resulted in
a view that only methods incorporating exposure via the respir-
atory tract (or in vitro tests incorporating appropriate tissue or
cells derived from the respiratory tract) will be suitable for the
identification of chemical respiratory allergens.

However, there is good reason to believe that, based on
both studies in experimental animals, and clinical experience,
effective sensitisation of the respiratory tract can be acquired
by skin exposure to the relevant chemical allergen.’®°® This
should come as no real surprise. It is clear that many chemi-
cals are able to again access across the skin and trigger an
immune response, and indeed even high molecular weight
proteins can induce adaptive immune responses following
skin exposure.®” There is, moreover, some direct evidence from
studies conducted in Guinea pigs that skin exposure is con-
siderably more effective than inhalation exposure at inducing
sensitisation of the respiratory tract to a known chemical res-
piratory allergen, diphenylmethane diisocyanate (MDI).%
Given that background, there is no reason why, following skin
exposure, chemical respiratory allergens should not provoke
the quality and vigour of immune response required for
effective sensitisation of the respiratory tract. The nature of
such responses is addressed below. The effectiveness of skin
exposure for the acquisition of sensitisation of the respiratory
tract to chemicals has two important implications.

The first of these is that the differences between chemical
allergens with respect to the type of sensitisation they will pre-
ferentially induce, and the form that allergic reactions will
take, cannot be a function solely of the route through which
exposure occurred.
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The second is that there is no reason why there should be a
need to necessarily base proposed predictive test methods on
inhalation exposure, or on the interaction of chemicals with
respiratory tract cells or tissue. That is, a suitable method for
identification of chemical respiratory allergens could just as
legitimately be based on skin exposure, or events and
responses induced following interaction of test chemicals with
skin or skin cells.

The relevance of, and requirements for, IgE antibody

The main area of continuing controversy with respect to
chemical respiratory allergy is the mechanism(s) through
which allergic sensitisation of the respiratory tract is acquired.
By definition, the development of allergy is dependent upon
the elicitation of an adaptive immune response. The question
here is what is the nature of that response?

In sensitisation of the respiratory tract to proteins, IgE anti-
bodies play a central, and mandatory, role. In protein respirat-
ory allergy, and other forms of allergy to proteins (such as for
instance in most types of food allergy), it is IgE antibody that
induces sensitisation. Allergen-specific IgE antibody associates
with local tissue mast cells and basophils. Following sub-
sequent exposure, the inducing allergenic protein binds to,
and cross-links, IgE antibody displayed at the mast cell
surface. This cross-linking in turn causes mast cell activation
and degranulation, and the release of both pre-formed and
newly synthesised mediators (such as histamine) that together
induce a local inflammatory reaction associated with vasodila-
tion, induration and oedema.

It appears reasonable, therefore, to speculate that IgE per-
forms a similarly pivotal role in the development of sensitis-
ation of the respiratory tract to chemicals. Indeed, it is the
case that for all chemical respiratory allergens that have been
investigated in any detail there is evidence in each instance for
at least some cases of confirmed occupational asthma being
associated with IgE antibody specific for the inducing chemi-
cal allergen." Although this confirms that chemical respiratory
allergens are able to elicit IgE responses, the difficulty is that it
is not always possible to demonstrate an association with
detectable IgE antibody. That is, cases of chemical allergen-
induced occupational asthma in which there is no detectable
serum IgE antibody of the appropriate specificity. In some
instances, with for example the acid anhydrides and chloro-
platinate salts, there can be a fairly close association between
clinical symptoms and IgE antibody.®® 7® With other chemical
respiratory allergens, and in particular with the diisocyanates,
the picture is rather different. In the case of diisocyanates only
a fraction, and sometimes only a small fraction, of sympto-
matic subjects have been shown to have discernible levels of
serum IgE antibody.”*”°

In the case of diisocyanates, therefore, the available data
suggest that IgE antibody has a low predictive sensitivity for
occupational asthma. However, it is important to note that
even in the case of diisocyanates, where detection of IgE has
proven the most problematic, there is a general view that the
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presence of serum IgE antibody is highly predictive of occu-
pational asthma.”"7476:80-82

Nevertheless, the absence of a demonstrably close associ-
ation between IgE antibody and clinical symptoms has led to
the suggestion that diisocyanate-induced occupational asthma
(in particular) is an IgE-independent disease;*>®** the impli-
cation being that allergic sensitisation of the respiratory tract
to chemical allergens can be achieved via immunological
mechanisms other than IgE antibody.

Before exploring what those other mechanisms might be, it
is appropriate to consider critically the view that IgE antibody
is not an important - or indeed mandatory - requirement for
chemical respiratory allergy. It is the view of the present
authors that in fact IgE is more closely associated with occu-
pational asthma to chemical allergens than has been recog-
nised previously. That view is based upon two main
considerations.

The first of these, and arguably the most important, is the
fact that it is notoriously difficult to prepare appropriate
hapten-protein conjugates that can be used as substrates in
detection systems for the measurement of anti-hapten
antibodies.®>7®81828587 Of particular importance in creating
an appropriate conjugate are the molar ratio of the hapten:
protein reaction mixture, and the nature of the -carrier
protein.”® It is possible, and even probable, therefore, that in
many instances hapten-specific IgE antibody (which in any
event will be present at only low levels in plasma) will be
missed with a false negative result.

The second consideration is the persistence of detectable
IgE antibody. The half-life of unbound plasma IgE is low at
approximately 2 days,*® and for this reason the detection of
hapten-specific IgE antibody becomes less successful as the
period from previous exposure increases.”*

To summarise, it is clear that chemical respiratory allergens
do have an inherent potential to induce IgE antibody, and that
with some classes of allergen that potential is frequently
realised, such that there is a relatively close association
between IgE and symptoms of occupational asthma. Although
in the case of diisocyanates (in particular) it has frequently
been difficult to show such an association, there are good
reasons (described above) to suppose that the technical
difficulties in detecting hapten-specific IgE antibody results in
a significant underestimation of the correlation between
serum IgE and occupational asthma to chemical allergens. (In
this context it is possible that the development of effec-
tive diisocyanate hapten-protein conjugates is particularly
problematic.”®)

However, even if there is a serious underestimation of the
correlation between hapten-specific IgE antibody and chemical
respiratory allergy, the uncertainties described above have
resulted in the scientific community having little confidence
in, or enthusiasm for, the use of methods in which identifi-
cation of respiratory sensitising potential is predicated on the
elicitation of IgE antibody responses. It is this uncertainty
about the pivotal events in the development of sensitisation of
the respiratory tract to chemical allergens that has proven the
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major hurdle in designing suitable (and widely acceptable)
predictive test methods.

Of course, this same uncertainty also creates difficulties in
fashioning an AOP for chemical respiratory allergy. Attempts
have been made to develop such AOPs,*™! but there remains
a need to find a solution to the conundrum of the relevant
immunological effector mechanism(s).

The mechanistic basis for chemical
respiratory allergy: a proposed way
forward

In an AOP described relatively recently,®® an attempt was made
to solve this issue by consideration of the relevant cellular
effector mechanisms, which in turn is based on an appreci-
ation of the essential differences between skin sensitisation
and sensitisation of the respiratory tract (see next section).

A focus on the role played by T lymphocytes is an attractive
option for two main reasons. The first is that, by definition,
allergy - including allergy to chemicals - is dependent upon
the elicitation of an adaptive immune response, and almost all
adaptive immune responses are associated with T lymphocyte
responses. The second is that the induction of IgE antibody
production is highly dependent on an appropriate T lympho-
cyte response.

The proposal is that the development of sensitisation of the
respiratory tract to chemicals, and the elicitation of respiratory
allergy and occupational asthma, is associated with, and
dependent upon, the initiation of selective T helper 2 (Th2)-
type immune responses. Th2 cells are the source of cytokines
(interleukins 4, 5 and 13) that promote the development of
allergic responses and the production of IgE antibody.! The
argument is that a selective Th2 response will favour both the
elaboration of IgE antibody and respiratory sensitisation, and
that even if IgE antibody is (for whatever reason) not produced,
then a preferential stimulation of a Th2 response will be
sufficient for sensitisation of the respiratory tract to be
acquired.®®

The attractiveness of this proposal is that a common
mechanism for chemical respiratory allergy is identified based
upon the preferential elicitation of selective Th2 cell
responses, and that this is consistent with both IgE-dependent
and IgE-independent sensitisation of the respiratory tract.

The evidence for chemical respiratory allergens inducing
selective Th2-type immune responses is reviewed briefly below.

The key difference between skin
sensitisation and sensitisation of the
respiratory tract

The induction by chemical allergens of preferential forms of

sensitisation poses an intriguing question. Why is it that some
contact allergens are never associated with sensitisation of the
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respiratory tract, while some chemical respiratory allergens are
never, or only rarely, associated with skin sensitisation?
Phthalic anhydride, a chemical known to cause occupational
asthma, provides an illustrative example of the latter; a chemi-
cal respiratory allergen that only very rarely has been reported
to cause skin sensitisation and ACD.”

The key difference between skin sensitisation and respirat-
ory sensitisation is the nature and quality of the adaptive
immune responses required for their acquisition. That is,
contact allergens and chemical respiratory allergens elicit
different qualities of immune response that result in different
forms of sensitisation. The quality of an adaptive immune
response is governed largely by the balance between discrete
functional subpopulations of T lymphocytes.

A detailed survey of cellular immunology is not required
here, and for the purposes of this article it is necessary only to
identify the main subpopulations of T lymphocytes that are
relevant for the initiation and regulation of allergic sensitis-
ation to chemicals. It is now recognised that there exists a
variety of important functional subsets of CD4" T lymphocytes,
including Th1, Th2 and Th17 cells, and regulatory T cells
(Treg).”>®> These cells, together with CD8" T lymphocytes,
have responsibility for orchestrating differentiated adaptive
immune responses that are tailored to meet the challenges
posed to host defence by specific antigenic threats. These
same cell types are involved in the initiation and regulation of
immune responses to chemical allergens.>*%7

It has become clear from experimental studies in rodents
that T lymphocyte subsets, and their cytokine products, govern
the form that allergic reactions will take. In most experimental
systems, and based primarily on cytokine secretion patterns, it
has been reported that contact allergens induce selective Th1-
type immune responses, whereas chemical respiratory aller-
gens elicit Th2-type responses.*®*!>398719 Thyg, these animal
data are consistent with the proposal described above that a
common feature of immune responses to chemical respiratory
allergens, and the acquisition of sensitisation of the respirat-
ory tract, is the elicitation of a selective Th2 response and the
production of Th2 cytokines such as IL-4, IL-5 and IL-13.

Evidence from human studies also points to an important
role for Th2-type responses in the development of respiratory
sensitisation to chemical allergens and occupational
asthma.'® It is known that, irrespective of a central role for
IgE antibody, occupational asthma is associated with T lym-
phocyte responses.’®”*°° In addition, it has been shown that
in subjects with occupational asthma to diisocyanates, the
interferon y (IFN-y) gene promoter is hypermethylated result-
ing in down-regulated IFN-y gene expression.''® It is known
that a reduced potential to produce IFN-y favours the develop-
ment of selective Th2 responses. Another intriguing obser-
vation was reported by Newell et al. (2013)."*" Volunteers with
or without atopic dermatitis (a Th2-biased disease) were sensi-
tised with 2,4-dinitrochlorobenzene (DNCB), a contact allergen
that fails to induce sensitisation of the respiratory tract or res-
piratory allergy. In normal subjects, as expected, sensitisation
to DNCB was associated with a systemic Th1l response. In
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patients with atopic dermatitis the Th1 response was reduced
with a significant skewing of immune responses to DNCB
towards a Th2 phenotype.''* These data provide an elegant
demonstration of the influence of the immune phenotype of
the subject, and the balance between Th1- and Th2-type
responses, on the form immune responses to chemical aller-
gens will take in humans. Under normal circumstances
contact allergens will preferentially elicit selective Thil
responses, whereas chemical respiratory allergens will favour
the development of Th2 responses.'®®

Therefore, based upon both experimental data and obser-
vations in humans, it is proposed that, for the purposes of this
article at least, and for the development of a hybrid AOP, the
induction of preferential Th2 responses is acknowledged as
being an essential requirement for effective sensitisation of
the respiratory tract, and as a distinguishing characteristic of
chemical respiratory allergens.

Having established this unifying characteristic of chemi-
cal respiratory allergens (and the basis for the elicitation by
contact and respiratory allergens of divergent forms of sen-
sitisation), the next step is to examine the pathways to the
dual adverse outcomes of ACD and chemical respiratory
allergy, and to identify common events, and events and pro-
cesses that differ between skin sensitisation and sensitis-
ation of the respiratory tract. To this end it is appropriate to
use as a template the AOP that has been developed for skin
sensitisation.

Responses to chemical allergens in the
context of the AOP for skin
sensitisation

Adverse outcome pathways are analytical constructs that
describe series of linked events (key events) that culminate in
an adverse health or environmental effect (outcome).''> '
Since the concept was introduced, possibly the most fully
developed AOP is that describing skin sensitisation,'**™'” and
as indicated above this will be used as a basis for considering
areas of commonality and areas of divergence between skin
sensitisation and sensitisation of the respiratory tract. There is
no requirement here to rehearse in full detail aspects of the
skin sensitisation AOP; for that purpose readers are referred to
the relevant OECD (Organisation for Economic Cooperation
and Development) monograph,'> and to detailed reviews of
the cellular and molecular processes through which skin sen-
sitisation is acquired that are available elsewhere.**

The AOP for skin sensitisation recognises a number of
steps along the pathway from: chemical exposure, creation of
an immunogenic complex, internalisation, processing, trans-
port (to regional lymph nodes) and presentation of that
complex, the elicitation of danger signals that act as important
cofactors for the initiation of adaptive immune responses, and
the activation, division and differentiation of T lymphocytes.
This results in the acquisition of sensitisation. Following that,
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the steps to the adverse outcome are: subsequent exposure of
the sensitised subject to the inducing chemical allergen, the
elicitation of a secondary T lymphocyte response, and the
induction of a cutaneous inflammatory reaction that is recog-
nised clinically as ACD.*

From these steps the AOP identifies 4 key events in the
development of skin sensitisation. These key events are those
considered to be essential for the effective induction of sensit-
isation and are as follows: Key event 1 (Molecular Initiating
Event): The formation of stable (covalent) hapten-protein com-
plexes (sensitising chemicals must be naturally electrophilic,
or converted to an electrophilic species). Key event 2: The
stimulation of a local inflammatory response, involving kerati-
nocytes, that results in the elicitation of danger signals and
cofactors that promote and support adaptive immune
responses. Key event 3: The activation of DC. Key event 4: The
activation, division and differentiation of T lymphocytes that
results in skin sensitisation."*

For both skin sensitisation and sensitisation of the respirat-
ory tract the stimulation of a T lymphocyte response is a man-
datory step. However, as reviewed above, the important obser-
vation is that these different forms of sensitisation are driven
by discrete immune responses. The question is, therefore, why
is it that these two classes of allergen, that are both of low
molecular weight, both naturally (or potentially) protein reac-
tive, and both inherently immunogenic, stimulate qualitatively
divergent T lymphocyte responses. In this article we examine
each of these 4 Key Events from the perspective of possible
similarities and differences between contact allergens and
chemical respiratory allergens that might account for their ulti-
mate stimulation of divergent immune responses resulting in
different forms of sensitisation. In addition, and in advance of
considering in turn each Key Event, structural aspects of res-
piratory sensitisation are reviewed.

Structural features of contact and
respiratory chemical allergens

One important consideration that needs to be addressed here
is the potential impact of chemistry on exposure. It is appreci-
ated that for a chemical to induce skin sensitisation is must
transit effectively across the stratum corneum and gain access
to the viable epidermis. This process is influenced, among
other factors, by lipophilicity and molecular weight."*®
However, as discussed previously, there is good reason to
suppose that the development of respiratory sensitisation to a
chemical allergen can be acquired via skin contact. Thus, in
the context of this exercise, it appears unreasonable to
suppose that the differences between contact allergens and
chemical respiratory allergens are predicated on either differ-
ential access to the viable epidermis following skin exposure,
or on a requirement for different routes of exposure to effect
sensitisation. Therefore, for the purposes of this article the
potential impact of different routes of exposure, or of differen-
tial toxicokinetics in the skin, will not be explored.
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There have been many attempts to characterise structure—
activity relationships for chemical respiratory allergens. The
objectives being to identify structural alerts that might serve as
a basis for hazard identification, and to determine whether
there exists a ‘chemical’ basis for distinguishing between
contact and respiratory allergens.’®>”°%1197123 Thege studies
have met with various degrees of success. One problem has
been the inclusion criteria for such analyses, with some inves-
tigators choosing to include both true chemical respiratory
allergens (where the mode of action necessarily involves the
elicitation of an adaptive immune response), together with
chemical asthmagens where the adverse health effect is
mediated by non-immunologic mechanisms, such as for
instance irritation. (The inappropriate pooling of true respirat-
ory allergens and non-immunologic asthmagens for the pur-
poses of classification and labelling has been a long-standing
subject of debate."”""'?*) Notwithstanding this, there are two
features that are commonly identified as being associated with
chemical respiratory allergens. The first is ‘hard’ electrophilic
activity, and the second is an ability to cross-link pro-
teins."?®'*” These are factors that will influence the interaction
of chemical allergens with host proteins, and could therefore
potentially impact on the formation of hapten-protein com-
plexes and the way that they are recognised and processed by
elements of the immune system.

Defining the structural characteristics of chemical respirat-
ory allergens is of considerable value, particularly if such
understanding can be translated into methods that will
support hazard identification and characterisation. However,
in the context of this article the important consideration is the
effect that structural properties might have on downstream
biological and immunological events that drive sensitisation
of the respiratory tract, and which distinguish chemical respir-
atory allergens from contact allergens. For this we turn to an
exploration of the Key Events identified in the AOP for skin
sensitisation.

Key event 1 (molecular initiating
event). Formation of stable hapten-
protein complexes

Low molecular weight chemicals are too small to engage effec-
tively with the immune system and elicit an immune response.
To acquire immunogenic (and allergenic) potential they must
form stable associations with proteins and create complexes
that can be processed and presented to responsive T lympho-
cytes. The first formal recognition of the need for an associ-
ation of chemicals with proteins to induce sensitisation was
reported over 80 years ago by Landsteiner and Jacobs in
1935."% The formation of hapten-protein conjugates is recog-
nised as being an essential requirement for the development
of sensitisation, and therefore all contact allergens are natu-
rally protein-reactive, or can be converted to electrophilic
species either by air oxidation and/or within the skin.
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Naturally, the requirement for the formation of hapten-protein
conjugates applies equally to contact allergens and chemical
respiratory allergens.

The interesting question is whether the nature of the conju-
gates required for skin sensitisation and sensitisation of the
respiratory tract differ. There is evidence that this might
indeed be the case. For instance, it has been reported that the
nature of antigen can influence the characteristics of induced
T lymphocyte responses, and the balance between Thl and
Th2 cells.’* It seems self-evident that the characteristics of an
antigen should have an important impact on the induced
immune response; this would enable such responses to be tai-
lored to meet effectively the nature of the threat. What is not
clear, however, is how the formation of a hapten-protein conju-
gate might be fashioned in such a way as to influence the
nature of an immune response. One possibility is that some
forms of protein modification resulting from interaction with
chemical allergens may mimic post-translational modifi-
cations, and as such have the potential to influence the localis-
ation and processing of the haptenated protein that will in
turn impact on the quality of downstream immune responses.

Arguably one of the most interesting developments regard-
ing this question has been the observation that some chemi-
cals, including chemical respiratory allergens, associate selec-
tively with lysine residues'*®'*! (consistent with ‘hard’ electro-
philic activity'**'*7). This raised the possibility that contact
allergens and respiratory allergens might display differential
amino acid selectivity during interaction with proteins."*> The
ability of some protein-reactive chemicals to favour lysine (Lys)
rather than cysteine (Cys) has been demonstrated using the
Direct Peptide Reactivity Assay (DPRA), an alternative (non-
animal) method for the identification of skin sensitising
chemicals.'® It was found that chemical respiratory allergens
showed a preference for association with Lys, whereas contact
allergens in most cases favoured Cys.'*?

These data are intriguing, but care is needed in their
interpretation. For instance, the amino acid selectivity
reported using the DPRA'® measured peptide binding under
highly defined experimental conditions, and it is uncertain
whether in other situations, that perhaps more closely
resemble biological reality, the Lys/Cys binding preferences
would be as clear-cut."** Moreover, it is possible that not all
classes of chemical respiratory allergens show the same prefer-
ence for Lys.'*’

Despite some uncertainties, it would be unwise currently to
discount the possibility that amino acid selectivity plays a role
in influencing the evolution of selective T lymphocyte
responses, and this is certainly an area that would benefit
from further research.

Another possibility is that preferential association of chemi-
cals with proteins at the level of the whole molecule plays a
role in directing the nature of immune responses. In a series
of investigations conducted some years ago the selectivity of
contact allergens and chemical respiratory allergens for cell-
associated and soluble (serum) proteins was characterised.
Although both types of chemical allergen displayed an
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inherent potential to bind to cell-associated or soluble proteins
when mixed with cells or serum alone, a different picture
emerged when the chemicals were incubated with cells and
serum together. Under those conditions it was found that
some contact allergens bound selectively to cellular proteins,
whereas chemical respiratory allergens favoured association
with serum proteins.’*® One speculation prompted by these
observations was that the apparent preference of respiratory
allergens for serum proteins might, in part, arise simply as a
result of albumin being an abundant serum protein that is
comprised of a large number of lysine residues."*® Such an
interpretation is consistent with the peptide selectivity data
summarised above, and with the observation that albumin
appears to be a major target protein for the respiratory allergen
hexahydrophthalic anhydride (HHPA).">” However, other
factors are also at play because it has been reported that
although HHPA favours association with albumin, it forms
adducts with only a relatively small fraction of lysine residues
available on this protein.'?®

Working from first principles, it seems self-evident that the
nature of hapten associations with protein should have an
important impact on the form that induced immune
responses to chemical allergens will take. Despite there being
some intriguing indications that this might be the case, the
picture remains unclear. A detailed characterisation of the
hapten-protein adducts that drive the eventual emergence of
preferential T lymphocyte responses would be great value and
of considerable interest. However, such investigations will be
extremely demanding technically and a resolution may be
some way off, although it must be acknowledged that some
progress has been made in the characterisation of skin sensit-
isation adducts. In the meantime there are other factors,
including the elicitation of danger signals, that are known to
influence the evolution of immune responses.

Key event 2. Danger signals and
cofactors

In 1935 Landsteiner and Jacobs made the observation that a
common feature of contact allergens is that they display some
potential to induce irritation."*® More recently it has become
accepted that skin sensitisation requires, or is at least most
effective when there is, some local trauma." In recent years the
nature of the signals that result from that trauma, and the
ways in which they influence innate and adaptive immune
function, has attracted considerable attention.

The term ‘danger signal’ was first introduced by
Matzinger.**'*° The concept, which is now well-established,
is that for the deployment of a full adaptive immune response
molecular signals, in addition to antigen, have to be available
(so called ‘danger signals’). That is, the launch of an adaptive
immune response is dependent upon recognition of signals
that indicate that there has been an incursion by a pathogenic
microorganism, and/or tissue disruption/inflammation that
might indicate a threat. In practice these signals represent the
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interface between the innate and adaptive immune systems,
and provide - in principle - a mechanism through which
elements of innate immunity can influence the trajectory of
immune responses. Danger signals are known to play impor-
tant roles in the acquisition of skin sensitisation.'*' %’

Danger signals fall into 2 main groups; pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs). As the term implies, DAMPs are endogen-
ous non-microbial signals that are generated as the result of
cell/tissue trauma. These signals can be of a variety of types
and sources that include, among others, heat shock proteins,
extracellular matrix proteins, uric acid crystals and hyaluronic
acid.'*®7°° 1t is DAMPS that, in most circumstances, are of
greatest relevance to the development of allergic sensitisation.
The signals provided by PAMPs and DAMPs are delivered via
pattern recognition receptors (PRR) that are expressed by a
variety of cell types. Among the most important PRR are the
Toll-like receptors (TLR) that are membrane-associated, and
the nucleotide-binding oligomerisation domain-like (NOD-
like) receptors (NLR) that are cytosolic.'>"*>>

Collectively, ligand activation of these PRR initiates a series
of events and processes, including notably inflammasome acti-
vation and inflammatory responses.’>'** The molecular
mechanisms involved are complex. For instance, the NLR
family of proteins comprises a large number of intracellular
sensors,'*” the best studied of which is NLRP3 which has been
shown to be required for normal immune responses to skin
sensitising chemicals."*®

The inflammatory reactions induced by the elicitation of
danger signals will have a significant impact on the develop-
ment of immune responses to chemical allergens, not least
through the elevated expression of cytokines and chemokines,
that in turn will influence the behaviour of DC'*® (see next
section). It is tempting to speculate that contact allergens and
chemical respiratory allergens may induce different types of
cell trauma, and elicit different patterns of danger signals,
such that the characteristics of downstream immune
responses are affected. A systematic comparison of the pat-
terns of DAMPs induced by exposure to contact and respiratory
allergens has not yet (as far as these authors are aware) been
undertaken. However, such research may prove profitable in
characterising early molecular events that influence the sub-
sequent development of differentiated immune responses.

Another signalling mechanism that may be relevant for the
discrimination between different classes of chemical allergen
is the Nrf2-Keapl-ARE pathway. It has been shown that the
nuclear factor erythroid 2-related factor 2 (Nrf2)-Kelch-like
ECH-associated  protein-1  (Keapl)-antioxidant response
element (ARE) pathway plays an important role in the acqui-
sition of sensitisation."®”'*® The Keapl protein can be
regarded as a sensor that is equipped with Cys residues. Under
normal conditions, in the steady state, Keap1 is closely associ-
ated with the Nrf2 transcription factor. However, when there is
covalent interaction between electrophiles and these Cys resi-
dues then Nrf2 disassociates from Keapl and accumulates in
the nucleus triggering the expression of genes that have ARE
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in their promoter regions."”® It has been proposed previously
that if contact allergens favour interaction with Cys residues
then their activation of the Nrf2-Keapl-ARE pathway might
result in patterns of gene transcription that will favour the
development of Thi-type responses and the acquisition of skin
sensitisation. The argument is that, in contrast, chemical res-
piratory allergens will induce the transcription of other genes
that favour the elicitation of Th2 responses and sensitisation
of the respiratory tract."”® Although this is an attractive hypo-
thesis, this distinction between contact and respiratory aller-
gens in this regard may not be so clear-cut. Thus, some chemi-
cal respiratory allergens have been found to elicit positive
response in predictive test methods based on the activation of
Nrf2."?

It seems highly likely that the innate immune system will
be affected by the nature of cell trauma and the danger signals
released following exposure to chemical allergens of different
types. It is reasonable also to expect that this in turn will influ-
ence the characteristics of downstream adaptive immune
responses and the type of sensitisation that will be acquired.
However, what is required is a detailed analysis of patterns of
DAMPs elicited by chemical allergens to determine whether
danger signals truly represent a pivotal decision point in deter-
mining the form allergic responses will take. If danger signals
do indeed govern the characteristics of adaptive immune
responses then it is likely that their influence will be mediated
through the agency of DC.

Key event 3. The activation of dendritic
cells

Epidermal DC (Langerhans cells; LC) were first identified by
Paul Langerhans in 1868."° However, the first full systematic
descriptions of the phenotypic characteristics and functional
properties of DC in lymphoid organs were published by
Steinman and Cohn over a century later."®*'®! Dendritic cells
are now known to be orchestrators of adaptive immune
responses having responsibility for the recognition, internalis-
ation, processing and presentation of antigen to responsive T
lymphocytes. 6153

It is clear too that DC are heterogeneous in nature, and a
variety of phenotypic subsets have been described that display
different functional properties."®*%” This is true also in the
skin where both epidermal LC and dermal DC play roles in the
initiation and regulation of cutaneous immune responses,
including skin sensitisation.'®*'7?

The question we address here is whether this family of DC,
either individually or collectively, is able to determine the
form that immune responses to chemical allergens take, and
the type of sensitisation that will be acquired. We propose that
DC will ‘read’ chemical allergens, or rather hapten-protein
complexes, and tailor the quality of immune responses accord-
ingly - favouring either Th1- or Th-2 type responses. It is likely
that how the antigen is read will, in this case, be governed by
the nature of the haptenated protein, and by the character-
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istics of danger signals and the down-stream immunological
milieu they create. In this way DC may trigger responses that
will result in sensitisation of the respiratory tract.

Certainly there is evidence that DC can induce Th2-type
responses, and that there exist specialised subsets of DC that
preferentially promote the development of Th2 cells.'®*'7478
In some instances selective Th2 responses may be triggered by
discrete functional sub-populations of DC, in other circum-
stances the ability to promote Th2 cell development may be
conferred on plastic DC by DAMPs and the cytokines and
other stimuli resulting from their recognition.'”® 8%

The exact mechanisms through which DC acquire and
express a Th1l or Th2 bias is not clear, although the cytokine
interleukin 12 (IL-12) may be one important influence. The
induction of selective Th1 responses is dependent on the avail-
ability of this cytokine, and if it is unavailable, or if produc-
tion is compromised, then Th2-type responses will be
favoured.'® "

Another factor that may affect the polarisation of DC func-
tion is IL-10, an anti-inflammatory cytokine. Evidence for this
derives from experimental studies that examined the migration
of epidermal LC from the skin of mice following topical
exposure to DNCB (a potent contact allergen), or to trimellitic
anhydride (TMA; a known human respiratory allergen). It was
observed that the migration of LC from the skin towards
regional lymph nodes was considerably faster following treat-
ment of mice with DNCB compared with TMA, even though
the concentrations of DNCB and TMA used displayed the same
levels of overall immunogenicity. Subsequent experiments
revealed that the slower tempo of LC migration in response to
TMA was due to the stimulation by this chemical of local IL-10
production that resulted in the reduced expression of the
proinflammatory cytokines required for the normal mobilis-
ation and migration of LC."* The potential significance of this
difference is that a slower tempo of migration (as seen with
TMA) might confer on LC a Th2 bias because while in transit
the cells have longer to mature before reaching the draining
lymph node.' In addition to the effect of LC maturity at the
time of arrival in draining lymph nodes, it has been suggested
that the ratio of DC to T lymphocytes in nodes can impact on
the selectivity of Th1/Th2 responses."®®

Although other factors may be relevant also, the conclusion
drawn is that DC are likely to play pivotal roles in shaping
immune responses to chemical allergens. This might be dic-
tated by discrete functional subsets of DC pre-committed to
favouring either Thl or Th2 cell development, and/or by
plastic DC where a Thl or Th2 bias might be acquired by
responses to DAMPs and other microenvironmental stimuli
such as IL-10 and IL-12. This appears to be a critical check-
point in the development of sensitisation to chemical aller-
gens, and the medium through which the nature of hapten-
protein complexes, and patterns of danger signals and other
molecular signals, will influence subsequent immune
responses and the outcome of exposure. This is clearly an area
where a continued investment in research is warranted, with
an emphasis on characterising the molecular events and
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Fig. 1 Interplay between key events 1, 2 and 3.

signals that drive DC to elicit selective Th cell responses to
chemical allergens, and that in turn determine the form aller-
gic sensitisation will take.

Before looking at the final Key Event, it is appropriate to
summarise briefly the potential interplay between Key Events
1, 2 and 3. This is illustrated in diagrammatic form in Fig. 1.

The end result of these key events is to engage with relevant
DC and to equip them with the ability to process antigen, and
to migrate to draining lymph nodes where presentation of that
antigen to responsive T lymphocytes occurs. Chemical aller-
gens could, in theory at least, act directly on DC to effect the
necessary changes. This could occur. There is some experi-
mental evidence to support this,'** and there are some novel
test methods for the identification of skin sensitisation poten-
tial, such as the human Cell Line Activation Test (h-CLAT),
that are predicated on the ability of chemicals to cause pheno-
typic changes (consistent with cellular activation) on surrogate
DC in vitro."> However, it is very difficult to be certain if it is
truly the free chemical that acts on DC, or whether the chemi-
cal first has to form a stable association with protein. So, as
illustrated in Fig. 1, it is possible chemical alone, or chemical
associated with protein, can at least in part stimulate the
necessary activation of DC required for development of an
immune response. However, there can be little doubt that, in
addition, there is usually a critical need for the chemical itself,
or hapten-protein complexes, to stimulate the elicitation of
DMAPs and other danger signals to drive the full deployment
of activated DC. It is these activated DC that, when they reach
the draining lymph nodes, present antigen to responsive T
lymphocytes and initiate Key Event 4.

Key event 4. The activation, division
and differentiation of T lymphocytes

This is the final Key Event on the road to the acquisition of
both skin sensitisation and sensitisation of the respiratory
tract. Both forms of sensitisation are dependent upon the
antigen-driven activation of responsive T lymphocytes, their
division, and differentiation into effector and memory popu-
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lations. There is no need here to provide a commentary on the
complex cellular processes that characterise the activation of T
lymphocytes. Suffice it to say that the effective acquisition of
sensitisation is dependent upon an adequate vigour and
appropriate quality of response. The vigour of the response
will be dependent upon both the extent of cell division (that
determines the degree of clonal expansion of allergen-respon-
sive T lymphocytes), and the repertoire diversity of responsive
T lymphocytes (the number of clones that are able to recognise
and respond to presented antigen).’®'*>'°® As has been
described above, the quality of response will be determined by
the balance achieved between various functional subpopu-
lations of T lymphocytes. Thus, both skin sensitisation and
sensitisation of the respiratory tract rely on the activation, divi-
sion and differentiation of allergen responsive T lymphocytes.
Where they differ is in the quality of that response with respect
to T lymphocyte subsets.

The development of skin sensitisation and the subsequent
elicitation of ACD are known to involve both Thi-type CD4"
and CD8" T lymphocytes. In fact, the most important effector
cells in eliciting ACD are antigen-specific CD8" T
lymphocytes.> #7719 There are also other cells that play a
part in this process, including for example Th17 cells and
natural killer (NK) cells."*”? It is beyond the scope of this
article to consider in any greater detail the cell types that
promote and regulate the elicitation of ACD (reviews are avail-
able elsewhere> '), the point to make is that much less is
known about the T lymphocytes that contribute to the develop-
ment of respiratory reactions to chemical allergens. The evi-
dence is that Th2-type cells play a central role, but the possi-
bility that other cells may also contribute cannot be excluded.

In summary, the sequences of events that have been
tracked here result in the provocation by contact allergens and
chemical respiratory allergens of discrete T lymphocyte
responses, and it is these divergent responses that eventually
result in the elicitation of different forms of allergic reaction.

The aim now is to synthesise what is known of this pathway
to sensitisation and allergic reactions into a hybrid AOP that
uses as its foundations the AOP that has been developed pre-
viously for skin sensitisation.'"

A hybrid AOP

Before considering the construct of a hybrid AOP for skin and
respiratory sensitisation it is appropriate to reflect briefly on
some more general aspects of the AOP as a tool for describing
toxicological modes of action. There is little doubt that AOPs
have had a positive impact on toxicology, and have provided a
new model and a new lexicon for describing the sequence of
events that will result in adverse health effects or environ-
mental insults. However, AOPs in their current manifestation
are not without limitations, and some of those limitations are
relevant to the process of sensitisation.

For instance, it might not always be the case, in the AOP for
sensitisation at least, that each Key Event necessarily plays an
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essential role. Thus, for instance, as described above, and as
illustrated in Fig. 1, it is possible that activation of DC might
result from the direct effect of the inducing chemical itself, or
a of hapten-protein complex. Although the elicitation of
danger signals will usually occur, and will likely have the great-
est impact on the activation of DC, it might not always be a
mandatory step - the necessary signals being provided by
direct contact of DC with the chemical allergen or with the
hapten-protein complex.

Another issue is the fact that AOPs, including the AOP for
skin sensitisation, do not readily accommodate considerations
of thresholds and to do so remains a substantial challenge,
despite recent proposals.*®’ The acquisition of sensitisation is
a threshold phenomenon, and throughout the course of the
AOP for skin sensitisation thresholds can be discerned for
each key event. Thus, the successful acquisition of sensitis-
ation is dependent upon there being a sufficient level of
exposure to chemical, the formation of adequate numbers of
hapten-protein conjugates, a level of trauma necessary to
deliver costimulatory signals, and a sufficient number of acti-
vated antigen-bearing DC to trigger an immune response of
the vigour necessary to result in sensitisation. These quantitat-
ive aspects are not readily captured in a conventional AOP, and
it is possible, in the context of this exercise, that quantitative
factors play a role on determining the quality of immune
response that will develop.

It is also potentially relevant that, to date at least, most
AOPs have not considered the question of mixtures. This is cer-
tainly true for sensitisation. It is possible that components in
mixtures that themselves are not able to induce sensitisation
could impact on the vigour or quality of sensitisation induced
by other components that are chemical allergens. One example
will serve to illustrate the point. In an experimental system it
has been shown that the admixture of DNCB with a non-sensi-
tising skin irritant (sodium lauryl sulphate; SLS), while having
no impact on skin penetration, reduced the concentration of
DNCB required to elicit a significant T lymphocyte in draining
lymph nodes.>**

Finally, the responses that ultimately result in an adverse
outcome will commonly be subject to internal checks and bal-
ances and regulatory interventions that might serve to modify
or weaken the response, or even halt its progress altogether.
For example, it is known that responses to skin sensitisers are
subject to endogenous immunoregulatory mechanisms that
serve to dampen immune responses and thereby prevent the
development of potential damaging levels of immune reactiv-
ity.>*?%* In this instance the immunoregulatory influence may
be a function of CD4" Tregs.?”"'977199:20

Against this background, and acknowledging that in the
above respects the current model of AOPs may have some
limitations in reflecting all aspects of pathways to toxicity, the
plan here is to illustrate a hybrid AOP for sensitisation to
chemicals. As discussed above, the AOP for skin sensitisation
provides an excellent foundation for this exercise, not least
because the key events described there are in general terms
identical to those needed for the acquisition of respiratory sen-
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sitisation. That is, for sensitisation of the respiratory tract
there are requirements for exposure (at the required level and
at a relevant tissue site), the formation of immunogenic
hapten-protein complexes, the elicitation of danger signals to
support initiation of an adaptive immune response, the acti-
vation of local DC, and the proliferation and differentiation of
specific T lymphocytes. The differences are of fine detail rather
than of separate pathways or key events.

A hybrid AOP is illustrated in diagrammatic form in Fig. 2.
The Key Events for the development of skin and respiratory
sensitisation remain the same. As indicated above, the differ-
ences are small, but clearly of considerable importance in
determining the form immune responses will take.

Before attempting to catalogue those differences it may be
helpful to put immune responses to chemical allergens into
the broader context of host defence and protective immunity.
As discussed previously, the immune system has important
qualitative aspects such that responses can be tailored to
address particular challenges. Maintenance of human health
demands that the immune system is able to deal effectively
with a very wide range of pathogenic microorganisms; viruses,
bacteria, fungi, protozoa and multicellular parasites. No single
type of immune response would able to counter such very
diverse infectious agents, and for this reason there has evolved
the capacity to ensure that responses are properly aligned with
particular antigenic threats. The ways in which the relevant
information is acquired by the immune system is only incom-
pletely understood, but it is clear that the nature of the
antigen(s) encountered, the danger signals that are elicited
(PAMPs) by their incursion, and the way in which antigen is
processed and presented, will all undoubtedly influence the
nature of the induced T cell response and the form that protec-
tive immune responses will take. Thus, small differences in
the early events during immune responses can have profound
effects on protective immunity. The point is that similarly
small differences associated with the early Key Events in the
acquisition of sensitisation to chemical allergens will have
equally significant effects on the form that allergic sensitis-
ation will take. With an appreciation that small variations in
those early events will likely determine whether skin sensitis-
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ation or sensitisation of the respiratory tract predominates, the
likely most important variables are identified in Fig. 2.

Fig. 2 serves to illustrate the fact that there are areas of con-
vergence where the main events on the pathway to sensitis-
ation are broadly the same for contact and respiratory chemi-
cal allergens. It also identifies areas of potential divergence
where there exist nodes of activity where small variations may,
individually or collectively, drive the downstream immune
response in different directions. Some of the possible factors
that might be responsible to the induction of divergent
responses have been discussed above, and include: structural
properties, amino acid selectivity, differential induction of
DAMPs, other cofactors and cytokines, and engagement with
DC with inherent or acquired differences in functional
properties.

Pursuing the argument that small differences in the early
stages of the pathway might result in profound effects on the
characteristics of the developing immune response, it is appro-
priate to ask whether the sum of those small differences may
be associated with variable patterns of gene transcription that
cut across recognised Key Events in the AOP. It is early days,
but there is reason to believe that immune responses to
contact and chemical respiratory display differential patterns
of gene expression and of epigenetic signatures.”®?°°72%8

The differences in the AOPs to skin sensitisation and sensit-
isation of the respiratory tract do not immediately offer the
basis for the development of novel approaches for the selective
identification of respiratory allergens, or for distinguishing
between contact and respiratory allergens. However, an
appreciation of nodes in the pathway where differences may
originate does suggests areas that are worthy of an investment
(or a continued investment) in research. These research needs/
opportunities are shown in Table 1.

Recommendations for future research

Before discussing briefly possible future research opportu-
nities that are identified on consideration of the hybrid AOP
for sensitisation, it is important to make clear that other
approaches may prove to be of equal or greater productivity.
Thus, it might be that robust gene expression and/or epige-
netic signatures will in the future reveal clear differences
between contact and respiratory allergens, that reflect the
divergent immune responses they elicit, and will form
the basis for a new generation approach to hazard
characterisation.

In tandem, opportunities exist for more focused research
predicated on the hybrid AOP, and these are highlighted in
Table 1. The present authors recommend that the areas likely
to be most productive include: a more detailed comparison of
the structural characteristics of contact and respiratory chemi-
cal allergens, further exploration of the observation that in
some circumstances chemical allergens of different types
display variable amino acid selectivity, a comparative analysis
of DAMPs, other cofactors and cytokines associated with skin
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Table 1 Research needs and opportunities: differentiation between chemical contact and respiratory allergens

Event/characteristics Potential points of divergence

Research needs and opportunities

Structural characteristics/chemistry - Valency

- Differing electrophilic reaction

mechanisms
KEY EVENT 1 Protein reactivity

KEY EVENT 2 Inflammation/
elicitation of danger signals
- Differential induction of
cytokines and chemokines

- Engagement with different DC
populations.

- Differential activation and/or
mobilisation of DC

- Differential processing

« Induction of qualitatively
divergent immune responses

KEY EVENT 3 DC activation

KEY EVENT 4 T lymphocyte
activation/proliferation

and respiratory sensitisation, and an assessment of the impact
of different subsets of DC on the development of sensitisation.
In addition, it would be very valuable to identify in humans
the functional subpopulations of T lymphocytes that are
stimulated by different classes of chemical allergen.

It is our view that these areas have the potential to provide
a basis for the design of new methods for the identification of
chemical respiratory allergens, and for further characterisation
of the differences between skin sensitisation and sensitisation
of the respiratory tract.

Conclusions

Considering the challenges and uncertainties associated with
sensitisation of the respiratory tract by chemicals has been
instructive in formulating a hybrid AOP for skin and respirat-
ory sensitisation. The hybrid AOP does not itself solve those
challenges, or resolve those uncertainties, nor does it reveal a
previously unrecognised approach to hazard characterisation
of chemical respiratory allergy. What it has achieved, however,
is to highlight those areas where the pathways to skin sensitis-
ation and sensitisation of the respiratory tract might diverge. A
focus on these nodes may provide an important step forward
in our understanding of the mechanisms through which
chemical allergens are able to cause different forms of allergy,
and offer opportunities for the design of effective methods for
the identification of chemical respiratory allergens.
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