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Contact dermatitis
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Abstract | Contact dermatitis (CD) is among the most common inflammatory dermatological
conditions and includes allergic CD, photoallergic CD, irritant CD, photoirritant CD (also called
phototoxic CD) and protein CD. Occupational CD can be of any type and is the most prevalent
occupational skin disease. Each CD type is characterized by different immunological mechanisms
and/or requisite exposures. Clinical manifestations of CD vary widely and multiple subtypes may
occur simultaneously. The diagnosis relies on clinical presentation, thorough exposure assessment
and evaluation with techniques such as patch testing and skin-prick testing. Management is
based on patient education, avoidance strategies of specific substances, and topical treatments;
in severe or recalcitrant cases, which can negatively affect the quality of life of patients, systemic

Allergen
A substance, usually a protein,
that can stimulate the immune

system and induce sensitization.

Irritant

A substance that has irritant
properties that does not rely
on the process of sensitization
or immunological memory.
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medications may be needed.

Contact dermatitis (CD) is among the most com-
mon inflammatory dermatological conditions and is
caused by the exposure to exogenous substances that
elicit an immune response resulting in inflammation
in the skin and/or mucous membranes"?. Categories
of CD include allergic CD (ACD), photoallergic CD
(PACD), irritant CDD (ICD), photoirritant CD (PICD,
or phototoxic CD) and protein CD (PCD) (TABLE 1).
Contact urticaria has some overlap with PCD (BOX 1).
Occupational CD encompasses all types of CD that
relate to exposures in the work environment and is the
most common occupational skin disease. ICD is caused
by direct cellular toxicity leading to the inflammation
and activation of the innate immune system, whereas
ACD results from type IV delayed-type hypersensitivity
involving both innate and acquired immune responses.
After the initial exposure to an allergen that generates
a pro-inflammatory skin environment (but no clin-
ical signs or symptoms), ACD lesions develop dur-
ing subsequent exposures following the activation of
antigen-specific effector and memory T cells. Although
exposure to the relevant allergen most commonly occurs
through the topical contact route, other routes, such as
ingested, airborne and parenteral, may be important in
specific cases. Exposure to non-self materials is a requi-
site for developing all CD types; by contrast, such exog-
enous exposures can play a role in other inflammatory
dermatoses, such as Staphylococcus aureus in atopic
dermatitis (AD), but are not a prerequisite. In PACD
and PICD, the addition of light exposure triggers the
allergic or irritant reaction. CD may arise from readily
identifiable, easily avoidable culprits and resolve after
a limited time; in other cases, the course is chronic,
diagnostically challenging and can lead to substantial

negative effects on the quality of life (QoL). The diag-
nosis relies on clinical presentation, thorough exposure
assessment and a patch test (for ACD and PACD), which
is the gold standard for the identification of contact aller-
gens, or a skin-prick or prick-prick test (for PCD); ICD
is a diagnosis of exclusion. Contact allergy is identified
by a positive patch test reaction (that may or may not be
of current clinical relevance). The distinction between
ACD and contact allergy is important — individuals
who have contact allergy can develop ACD due to expo-
sure to the contact allergens to which they are sensitized
(indicated by a positive patch test reaction). However,
someone with contact allergy does not necessarily
develop ACD to that allergen. The field of CD is unique
in the breadth of the investigative techniques utilized in
clinical practice, the opportunity to cure disease without
medication or surgery, and the integral role that patients
play throughout the process of their care from diagnosis
to disease resolution. Herein, we present a Primer on the
epidemiology, mechanisms and pathophysiology of CD
as well as on its diagnosis and screening, management
approaches, effect on the quality of life of patients, and
future outlook.

Epidemiology

Prevalence

Overall, the most common form of CD is ICD, account-
ing for 80% of cases®. Typically, ICD is caused by the
cumulative effect of weak irritants such as soap and water.
Other common irritants include degreasing agents, cos-
metics, dust, foods and solvents®. Most studies on ACD
are based on highly selected clinical populations present-
ing to specialized patch testing clinics and it is there-
fore difficult to estimate the incidence and prevalence
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Table 1| Overview of the types of contact dermatitis

Type of Primary Examples of culprits Evaluation
contact immunological technique
dermatitis  mechanisms examples
Allergic® Type IV hypersensitivity Metals, fragrances, Patch testing,
reaction preservatives, dyes, repeat open
adhesives, topical application
medications (for test/use test
example, antibiotics),
rubber accelerators

and antioxidants

Photoallergic  Type IV hypersensitivity Chemical sunscreens,  Photopatch
reaction; requires light ~ NSAIDs, fragrances testing
exposure (primarily
on the ultraviolet A

spectrum)

Irritant Direct cellulardamage  Soaps and detergents,  No routine testing
water, acids, alkalis, available; it is
adhesives, solvents, oils  a diagnosis of

exclusion

Photoirritant  Direct cellular damage; Plants and fruits, No routine testing

(also called requires light exposure  medications available

phototoxic)  (primarily on the
ultraviolet A spectrum)

Protein Type | and type IV High-molecular-weight  Short-term
hypersensitivity proteins, especially occluded patch
reactions food proteins such testing (may be

asin vegetables’”, done on finger or
spices’’*, animal palm), prick-prick
protein®’*?’°, wheat’’’  testing, skin-prick
and milk*’®*"%; other testing
substances include

enzymes® and latex®®!

and cross-reactivity
has been described
between several
protein sources®*’

2Can often coexist with irritant contact dermatitis.

of ACD in the general population. Among 5,597 clinic
patients specifically referred to members of the North
American Contact Dermatitis Group (NACDG) for
assessment of contact allergy, 66.6% had at least one pos-
itive reaction to a patch test and 50.2% had a final, pri-
mary diagnosis of ACD". By contrast, among a randomly
selected group of 3,119 people from five European coun-
tries, 27% of individuals had a positive patch test and
therefore had contact allergy. The diagnosis of ACD
was estimated at 8.2% based on the presence of contact
allergy, a clinical history compatible with CD and a his-
tory of exposure to the allergen suspected to have caused
the dermatitis’. A systematic review and meta-analysis of
20,107 individuals from the general population found a
similar prevalence of contact allergy in ~20% of people".
This meta-analysis included 22 studies from Europe,
4 from North America and 2 from Asia. No studies from
Africa or South America were identified. The prevalence
of contact allergy was consistently ~20% across China,
North America and Europe.

The prevalence of ACD in paediatric populations
has frequently been underestimated, with the assump-
tion that children have immature immune systems
and limited exposure to allergens. However, ACD is
increasingly recognized and studies have found positive
patch test reaction rates of 54-65%, with higher relevant

reaction rates than in adult populations. This difference
is probably because proportionately fewer children are
patch tested and only when there is a very high clinical
suspicion for ACD*”".

Rates of photocontact allergy have been reported
to vary from 5.7% in the United Kingdom to 49.5% in
China®. These differences likely result from variations
in skin type, ultraviolet (UV) light exposure, sunscreen
and topical medication use, and photopatch testing
utilization.

The prevalence of PCD worldwide is unknown; how-
ever, most cases seem to have an occupational origin,
mainly in food handlers’, and there is often a history of
pre-existing dermatitis. PCD constituted 11% of all cases
of occupational skin disease between 2005 and 2011 in
Finland". There is a paucity of data on the prevalence of
PCD in other geographical areas.

Occupational CD. Occupational ICD is the most com-
mon type of occupational CD; however, the prevalence
is not known and is likely to be far greater than reported.
The workers most commonly affected by occupational
CD include hairdressers, health-care workers, metal
workers, blacksmiths, painters, construction workers
and food processing workers''. Common occupational
allergens include thiurams and carbamates (rubber
accelerators), epoxy resin (which has various appli-
cations), formaldehyde (a preservative) and nickel
(a metal)'"'?. The NACDG reported that 10.2% of
individuals evaluated at tertiary referral centres who
received a patch test in 2015-2016 had occupationally
related skin disease’. The European Surveillance System
on Contact Allergies (ESSCA) found a similar rate of
occupational CD, with a diagnosis in 10.3% of patients
from non-specialized clinics and in 44.6% from special-
ized clinics''. Estimates from other surveillance studies
in the United Kingdom suggest that the incidence of
occupational CD is 13-34 cases per 100,000 workers'>'“.

There is less data on occupational CD in Asia,
probably owing to the lack of an established system in
reporting these diseases. However, a review found that
occupational skin disease in industrial workers in Asia
was more common than in Western countries, prob-
ably owing to the reduced emphasis on preventative
measures”. Of note, the occupational dermatoses seen
in health-care workers, food processing workers and
domestic workers were similar.

A study from Australia found that, of 2,177 patients
diagnosed with occupational skin disease, 44% had ICD
and 33% had ACD'®. There is a lack of data regarding
the incidence in South America, with cases of occu-
pational CD vastly underreported. However, a study
from Brazil that assessed the sociodemographic profile
of patients with occupational CD attending a tertiary
centre from 2000 to 2014 found that occupational CD
in this population was five times more likely to occur in
men than in women; those working in the construction
sector had the highest rates of occupational CD and, for
women, the most common occupation was domestic
work"”. The incidence of occupational CD in the general
population was not assessed. There are also insufficient
data regarding occupational CD in Africa.
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Risk factors

Risk factors for ACD can be acquired or innate. Acquired
risk factors include underlying inflammatory skin dis-
eases such as ICD and stasis dermatitis, which facilitate
the development of ACD due to skin barrier damage.
Innate risk factors include genetic susceptibility, such
as mutations in the gene encoding filaggrin (a filament
aggregating protein, which is important for epidermal
differentiation and skin barrier function), and ethnic-
ity, with some reports suggesting that those with darker
skin types have a lower risk of ACD than individuals
with lighter skin types owing to better barrier function
(for example, more limited increases in transepidermal
water loss after exposure to topical irritants)'®. The prev-
alence of contact allergy and ACD is also greater among
women than men, probably resulting from occupational
and domestic exposures, rather than from any intrin-
sic differences of skin vulnerability between the sexes”.
Additionally, on average, ACD starts at a younger age
in women (20-29 years old) than in men (50-59 years
old)>. Patients with AD have a reduced threshold to irri-
tant exposure owing to factors such as increased tran-
sepidermal water loss and therefore have an increased
risk of developing ICD’'. However, the association
between AD and ACD is much more complex and the
results from different studies have been conflicting”**.
A recent large, single centre investigation over a 30-year
time period found that contact allergy to topical pro-
ducts was more prevalent in those with AD than in those
without AD*. However, this study also found that con-
tact allergy to metals such as nickel and cobalt was less
likely to occur in those with AD than in those without
AD for reasons that remain unclear. Conversely, previ-
ous studies have suggested that filaggrin deficiency, as
observed in AD, is a risk factor for nickel contact allergy
owing to the reduction in nickel chelation in individuals
with reduced filaggrin function®**. Another systematic
review and meta-analysis showed that, in patients with
mild AD (in general population studies), the prevalence
of contact allergy was higher than in controls, whereas
a lower prevalence was observed in patients with more

29

severe forms of AD who were referred for patch testing”.

Box 1| Contact urticaria

Contact urticaria (CU) clinically presents with a pruritic wheal, which typically appears
within 60 minutes of exposure to the culprit urticant and resolves within 24 hours*®’.
CU is divided into three subtypes: immunological CU (ICU), non-immunological CU (NICU)
and mixed CU (also called CU of unknown origin)*****. ICU involves an IgE-mediated
reaction that requires prior sensitization (similarly to allergic contact dermatitis

and photoallergic contact dermatitis), while NICU results from the direct release of
urticants, such as histamine, without the need for prior sensitization. The mixed or
undetermined subtype has a less well-defined mechanism. Common causes of ICU
include plant or animal proteins, grains, and enzymes®*’. NICU can occur with exposure
to substances such as nettles, cinnamon derivatives, benzoic acid and sorbic acid*®.
In some cases, ICU can present with systemic symptoms and even anaphylaxis.
Evaluation with various testing methods, such as skin-prick test (for ICU) and open
test/skin provocation test (for NICU) can be performed. In the case of ICU, testing for
the presence of IgE-specific antibodies to the suspected culprits within the patient’s
serum can be obtained. Treatment includes the avoidance of identified causes,
protective equipment (such as gloves for unavoidable occupational food exposures),
antihistamines (for ICU), aspirin or NSAIDs (for NICU), management of acute symptoms
(such as adrenaline for ICU with anaphylaxis), and other immunosuppressive options in
cases of severe, recalcitrant CU**°.
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One explanation for these findings may be that patients
with severe AD are referred for patch testing to rule out
ACD when dermatitis is difficult to control or to evalu-
ate alternative diagnoses prior to initiating systemic
treatment.

The primary risk factor for PCD is workplace hand-
ling of food***". In a registry study from Finland over
a 12-year period, occupations shown to be at risk for
PCD included bakers, pastry cooks and confectionery
makers as well as farmers, veterinary personnel, chefs,
gardeners and hairdressers'’. Occupation is also an
important risk factor for the development of ICD and
ACD. The highest risk occupations include hairdressers,
health-care workers, beauticians, construction workers,
metal workers and those in the foodservice industry>'*2.
Employees in these professions are frequently exposed
to common irritants such as soaps, water, detergents,
rubber, solvents, oils, and foodstuffs and such exposures
can precede ACD” due to allergens such as hair dyes,
metals, epoxies, acrylates and rubber accelerators.

Trends in allergens
Although the prevalence of contact allergy is generally
comparable between Europe, North America and Asia,
allergen trends vary between regions and over time
(FIG. 1)*". Nickel is the leading contact allergen in most
industrialized countries worldwide*. The prevalence of
nickel contact allergy in the general European popula-
tion is approximately 8-19% in adults”. Since the intro-
duction of the European Union (EU) Nickel Directive
in 1994, which came into force in 2000 and into full
force in 2001, several European countries have reported
significant decreases in nickel sensitivity, particularly
in women aged 18-35 years (11.4% in 2006 compared
with 19.8% in 1998 among participating Danish adults)*
and in patients with dermatitis aged 18-30 years. The
northern European countries have observed the great-
est prevalence reductions, possibly due to the lack
of enforcement of the EU Nickel Directive in some
southern European countries”. However, the overall
prevalence of nickel sensitization still remains high,
particularly in women™*. Similarly, the introduction of
legislation regulating hexavalent chromium in cement
and consumer leather goods in the EU has resulted in a
decrease in the prevalence of chromium allergy™.
Whereas the frequency of nickel sensitivity has
decreased in Europe since the implementation of
the EU Nickel Directive, nickel sensitivity remains
an issue in the United States, where nickel release is
unregulated. In a study of 44,908 patients patch tested
in the United States included in the North American
Contact Dermatitis Group (NACDG) screening series
from 1994 to 2014, nickel contact allergy significantly
increased over time from 14.3% in 1994-1996 to 20.1%
in 2013-2014 (REF*). However, the rate of positive reac-
tions to nickel related to occupational exposure signif-
icantly decreased from 7.9% in 1994-1996 to 1.9% in
2013-2014. Other countries that have reported increas-
ing rates of nickel sensitivity include Taiwan (from 14.3%
in 1978-1990 to 23.0% in 1991-2003)"', Singapore (from
13.9% in 1984-1985 to 19.9% in 2001-2003)* and China
(from 15.4% in 1990 to 31.6% in 2006-2009)*.

NATURE REVIEWS | DISEASE PRIMERS | Article citation ID: (2021) 7:38




PRIMER

Hapten

A chemical that reacts with
skin self-proteins through a
process termed haptenization;
haptens bind to self-proteins
and generate hapten—
self-protein complexes

(or haptenated proteins)

that will be processed

in hapten—self-peptide
complexes (or neo-antigens).
These neo-antigens will then
be presented in MHC to T cells.
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Fig. 1| Top sensitizers in various regions worldwide. Prevalence of the most common allergens among various locations.
Nickelis the most commonly identified contact allergen worldwide, followed by methylisothiazolinone or fragrance mix |,
depending on the region. The presented data is based on studies from Europe (12 countries, time period 2013-2014)*,
Germany, Austria and Switzerland (2007-2018)**, Greece (20104-2016)**, North America (2015-2016)", Australia
(2001-2010)* and Singapore (2009-2013)***. “Combined average of percentage of patients sensitized to methylisothi-
azolinone 0.02%, 0.05% or 0.2%.*Combined average of percentage of patients sensitized to methylchloroisothiazolinone/
methylisothiazolinone (MCI/MI) 0.01% or 0.02%. ESSCA, European Surveillance System on Contact Allergies.

p-Phenylenediamine (PPD), a component present
in oxidative hair dyes, is an important contact allergen,
particularly for hairdressers in their occupational set-
ting. However, a recent analysis from 46 departments
in 12 European countries showed an overall decline in
PPD patch test positivity from 4.1% in 2004 to 3.2%
in 2013-2014 (REF*). This decline is probably due to the
reduced use of PPD in oxidative hair dyes as it is being
replaced with derivatives®.

Other important trends include the recent epidemic
of ACD to methylisothiazolinone (a preservative), which
peaked in the first half of the 2010s before legislation
was introduced in Europe to prohibit methylisothia-
zolinone in leave-on personal care products and to reduce
the concentration in rinse-off products to 15 ppm (REF*).
A similar epidemic of ACD to methacrylates (specifi-
cally hydroxyethyl methacrylate (HEMA)) has occurred
in recent years, previously associated with industrial
exposures but now also with artificial nails, resulting
in HEMA being added to the baseline patch test series
worldwide****. Novel contact allergens will continue to
be identified and new sources of known allergens will be
discovered, necessitating the reporting of sentinel cases
and the flexibility of baseline patch test series.

Mechanisms/pathophysiology

The development of CD relies on a chain of complex,
interlinked and finely controlled processes. ICD, PICD,
ACD, PACD and PCD engage different arms of the
immune system and therefore have varied underlying
mechanisms. ICD is mainly due to the toxicity of chem-
icals on skin cells, which triggers inflammation by the
activation of the innate immune system*>*’. By contrast,
ACD is due to type IV delayed-type hypersensitivity

responses’’ ! induced by the immunogenic properties
of a subset of chemicals and requires the activation of
both innate and acquired immunity. The mechanisms
for PICD and PACD are similar to those of ICD and
ACD, respectively, but require the addition of light
exposure. All chemicals per se may induce ICD upon
repeated exposure, with very large differences in the
concentrations of individual irritants that are required to
elicit a response™. By contrast, only a minority of chem-
icals, called haptens, may induce ACD>** (see below).
The skin inflammation that develops in sensitized indi-
viduals occurs with the recruitment and (re)activation
of antigen-specific effector memory T cells in the skin.
Finally, although the pathophysiology of PCD remains
largely unclear, it is thought to be due to combined type I
and type IV hypersensitivity reactions™.

Irritant CD
The mechanisms by which chemicals cause skin
irritation are poorly understood and vary from the dis-
organization of the lipid bilayers of cell membranes to
the damage of epidermal barrier proteins such as kerat-
ins, claudins, involucrin and filaggrin®®'. Certain chemi-
cals, such as acids, bases or detergents, trigger an intense
cell necrosis, causing major disruption of the skin bar-
rier; these chemicals are known as corrosives. Corrosive
substances irreversibly damage the skin beyond repair,
whereas irritant substances lead to a reversible local
inflammatory reaction caused by the innate immune
system of the affected tissues. Irritants have minimal
and reversible effects on epidermal cells and may require
repetitive applications before an ICD reaction occurs®.
In both cases, the release of stress-associated mole-
cular patterns (reactive oxygen species (ROS), ATP)
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Sensitization

The initial phase of contact
allergy where the immune
system is primed to the
allergen after exposure, with
subsequent immune memory
that can recognize the allergen
with re-exposure.

Elicitation

In a previously sensitized
individual, re-exposure to an
allergen can cause mobilization
of the immune system
(immunological memory).

Prehaptens

Haptens that need to be
activated by exogenous
triggers (such as UV light, air or
others) before they can react
with self-proteins.

Prohaptens

Haptens that need to be
activated by endogenous
mechanisms (via enzymes or
other biological processes)
before they can react with
self-proteins.

and damage-associated molecular patterns (DAMPs;
high-mobility group protein B1 (HMGBI1), heat-shock
proteins, IL-1a) by injured cells are sensed by receptors
of the innate immune system on surrounding healthy
cells (FIC. 2)°¢*. The recognition of these ligands results
in the release of a myriad of chemokines*®, derivatives
of arachidonic acid metabolism® and proteases” within
minutes or hours after contact. Irritants may also excite
nociceptors, thereby producing acute pain and neuro-
genic inflammation through the release of vasoactive
peptides such as substance P®. This release induces
vasodilation and the infiltration of diverse leukocytes
(neutrophils, eosinophils, basophils and/or inflamma-
tory monocytes) from the blood into the skin®’’, which
further amplify the reaction. The resulting physiologi-
cal signs of irritation include damage to the epidermis
with spongiosis (characterized by intercellular oedema),
microvesicle formation and/or necrosis (which can be
detected by histology), and clinical manifestations such
as erythema, induration (hardened skin) and oedema,
which can be associated with painful and burning areas
of skin. The inflammatory reaction resolves with the
removal of the offending agent(s) and the elimination
and replacement of injured or dead cells by skin repair
processes.

Allergic CD

In contrast to ICD, ACD is induced in sensitized
individuals after contact with certain chemicals, also
referred to as haptens, or metals®®”’. If haptens and
metals are non-immunogenic by themselves, by bind-
ing to self-proteins, they generate neo-antigens that are
eventually recognized by the immune system as “altered
self”2. ACD is a type IV delayed-type hypersensitivity
response that develops in two temporally dissociated
phases: sensitization and elicitation. After permeation of
the allergen into the skin and the formation of hapten—
self-protein complexes™”' (see below), ACD requires the
generation of a local inflammatory milieu in the skin for
an efficient T cell priming in lymphoid organs by migra-
tory skin dendritic cells (DCs)”. At this stage, individu-
als are sensitized and have a contact allergy, although
they remain asymptomatic. Subsequent exposure to the
chemical leads to the localization to the skin and reac-
tivation of hapten-specific effector and memory T cells,
which kill haptenized keratinocytes. This elicitation
phase results in the development of local erythema and
epidermal spongiosis, which is the most characteristic
histological appearance of ACD lesions’’. The persis-
tence of a local and systemic T cell memory promotes
the recurrence of the disease, also known as ACD flares,
and the progressive worsening of skin inflammation
upon hapten re-exposure (FIG. 2).

Initial sensitization: the formation of hapten-
self-protein complexes. The mechanisms by which hap-
tens react towards self-proteins have been extensively
studied and include mainly interactions between electro-
philic residues of the chemical and nucleophilic residues
of certain protein amino acids, notably cysteine, lysine or
tyrosine, as well as free radical reactions®>*””*. However, a
majority of haptens are not per se electrophilic but gain
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protein reactivity via prior transformation: prehaptens
are activated outside the skin via chemical or physical
activators such as air oxidation or photo-activation,
whereas prohaptens (such as urushiol, derived from the
poison ivy plant, or PPD, a hair colouring chemical)
are activated inside the skin via biotic activation by dif-
ferent detoxifying enzymes such as cytochrome P450
isoenzymes, alcohol and aldehyde dehydrogenases,
monoamine oxidases, and others™. Of note, metal ions
such as nickel, chromium and cobalt compose a specific
category of allergens that react somewhat differently
with self-proteins; these allergens generate non-covalent
coordination chelation complexes with amino acids such
as histidine”.

Several factors mitigate the formation of hapten-
self-protein complexes upon chemical exposure. One
important aspect is the size” and intrinsic lipophilic or
electrophilic nature’” of the allergen itself as well as dif-
ferent exposure metrics such as the dose, frequency’,
duration”, and vehicle or formulation through which
the compound is applied®. These parameters dictate the
permeation of the compound through the different
layers of the skin and thus the localization and quantity
of hapten-self-protein complexes that are generated®"*.
Alternatively, the formation of these complexes can
also be influenced by factors such as the humidity of
the skin®, the genetic susceptibility of the skin bar-
rier (for example, filaggrin or claudin deficiency) and
a genetic deficiency in detoxification enzymes (for
example, arylamine N-acetyltransferases 1 and 2 or
glutathione-S-transferases)* .

The activation of innate response: the generation of a
pro-inflammatory milieu in the skin. It is important to
note that hapten exposure does not necessarily lead to an
efficient T cell sensitization. A genuine immunological
tolerance can develop in exposed individuals through
the activation of regulatory T (T,,,) cells and subsequent
anergy, with the resulting deletion of antigen-specific
T cells®*. This concept has been illustrated in exper-
imental models of ACD exposed to clinically relevant
molecules, such as fragrances, dyes and drugs, which fail
to induce a response in normal mice but trigger a strong
reaction in T,,, cell-depleted animals™*.

Nevertheless, by creating a potent pro-inflammatory
milieu into the skin, certain haptens endowed with a
strong sensitizing potential generate the conditions neces-
sary to circumvent tolerance mechanisms’>”. When
this occurs, hapten exposure prompts the full migration
and activation of skin DCs that have engulfed hapten—
self-protein complexes and subsequent T cell priming
in effector and memory subsets. Conversely, the mech-
anisms for sensitization by compounds with weak or
very weak sensitizing properties remain obscure. Such
compounds induce a substantial proliferation of T cells
in the draining lymph nodes” but no differentiation
into effector cells that can trigger skin inflammation,
even upon repeated administration and at high hapten
doses*¥. Hypotheses include specific genetic predispo-
sitions, as noted in individuals with a family history of
sensitization to weak sensitizers, and possible associa-
tions with peculiar SNPs in genes encoding TNE, IL-16
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Fig. 2 | Schematic representation of the pathophysiology of ICD and
ACD. Irritant contact dermatitis (ICD) develops due to toxic effects of
chemicals on skin cells, which trigger an acute reaction through the release
of damage and stress signals and subsequent innate immune cellinfiltration.
Irritants also excite nociceptors, thereby producing acute pain and
neurogenic inflammation. In allergic contact dermatitis (ACD), after
permeation of the allergen into the skin and the formation of hapten—
self-protein complexes, the generation of the local inflammatory milieu into
the skin induces T cell priming in lymphoid organs by migratory skin
dendritic cells. The nature of skin dendritic cells responsible for T cell
priming as well as the nature of hapten-specific T cell polarization and its
MHC restriction varies depending on haptens and models. Subsequent
contact with the chemical may lead to the mobilization and reactivation of

hapten-specific effector and memory T cells into the skin through a complex
and highly intricate inflammatory process in which neutrophils,
IL-17-producing y8 and conventional ap T cells, mast cells, or inducible
skin-associated lymphoid tissue (iSALT)-forming M2 macrophages are key.
Cytotoxic CD8* T cells then kill haptenized keratinocytes and potentiates
the (re)activation of other inflammatory cells, which leads to the formation
of local erythema, epidermal spongiosis and vesicles in severe cases.
Anintense itch—scratch cycle can also be initiated in response to the release
of numerous pruritogens. Finally, the resolution of inflammation requires
the recruitment and activation of forkhead box protein P3 (FoxP3")
regulatory T cells and regulatory B cells. Importantly, resident memory
T cells persist long term in the healed skin of ACD patients, where they may
trigger flare-up reactions upon re-exposure. NK, naturalkiller; T,,, T helper.
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or C-X-C motif chemokine 11 (CXCLI11)*. Sensitization
to weak allergens could also be promoted by the provi-
sion of an external adjuvant signal through the simul-
taneous administration of several allergens® and/or
irritants”’, an underlying psychological stress®™, or a
concomitant infection. Additionally, although skin or
intestinal microbiota were shown to be dispensable for
strong sensitizers, they may also play a role in the sensi-
tization to weak haptens”. Such signals could maximize
the immunogenic potential of skin DCs to prompt the
priming of effector T cells.

The activation of innate immunity by strong sensitizers.
Major progress has been made in recent years to under-
stand how strong haptens activate innate immunity.
Similar to irritants, innate responses are primarily
triggered via the intrinsic pro-inflammatory or toxic
properties of the causative allergen and involve the indi-
rect or direct activation of pattern recognition receptors
(PRR) (FIG. 3)

By accumulating within the cell, strong sensitiz-
ers, such as urushiol or experimental molecules like
2,4,6-trinitrochlorobenzene and oxazolone, stimulate
the release of ROS and an increase in hyaluronidase

PRIMER

activity’®”. These processes lead to the degradation
of high-molecular-weight hyaluronic acid present in the
extracellular matrix'®. The resulting low-molecular-
weight hyaluronic acid fragments act as DAMPs and,
in combination with other molecules such as HMGBI
(REF.'Yy or human beta-defensins 2 or 3, activate
Toll-like receptor (TLR) platforms. TLR2 and TLR4
activation triggers NF-«kB signalling to stimulate the
production of several inflammatory cytokines key in
ACD, including TNE, IL-6, IL-12, IL-23, pro-IL-1p
and pro-IL-18 (REFS'*>'%). The relative contribution of
each cytokine varies depending on the specific haptens
and models'”". The production of active IL-1f or IL-18
requires the activation of caspase 1 using an NLRP3
inflammasome-dependent mechanism'*>'°>'%, Similar to
irritants, inflammasome activation is induced indirectly
by cell damage and the release of ATP into the extra-
cellular space'””. Of note, an ITAM-coupled receptor—
Syk-CARD9-BCL10-dependent signalling cascade was
recently identified as a key pathway in hapten response'®.

One of the ITAM-coupled receptors involved in this
signalling may be the C-type lectin receptor Mincle
(Clec4e). This receptor is strongly up-regulated in
response to skin damage and senses cholesterol sulfate,

ECM by-products: Cholesterol sulfate ATP
low MWHA, HMGB1, ~ '
HSP and others / ot
AR\ ITAM
TLR4 ﬁl)ﬁﬁ TLR2 %R Mincle? Others? P2ZX7R
¥
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NLRP3 inflammasome
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Pro- IL 18
IL-1B and
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Y Keapl —— TNFIL6,
C -« (0 IL-12 and
Hapten-self- IL-23
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Fig. 3 | Recognition of haptens and metal allergens by the innate immune system. Haptens and metal allergens
trigger innate immunity through the direct or indirect activation of pattern recognition receptors (PRRs). By accumulating
within the cell, strong haptens induce cell death and/or the release of a multitude of damage-associated molecular
patterns from injured cells. The production of reactive oxygen species (ROS) and an increase in hyaluronidase activity
trigger the degradation of high-molecular-weight hyaluronic acid (MWHA) present in the extracellular matrix (ECM),
which activates, in combination with other damage-associated molecular patterns (ATP, high-mobility group protein B1
(HMGB1), heat-shock proteins (HSP), etc), Toll-like receptors (TLR2 and TLR4) and purinergic receptors (P2X7R).

This results in the production of key cytokines, including TNF, IL-6, IL-12, IL-23, IL-1p and IL-18, in an NF-kB-dependent
or NLRP3 inflammasome-dependent manner. Complementary mechanisms to trigger inflammation include an ITAM-
coupled receptor-Syk-CARD9-BCL10-dependent signalling cascade, induced possibly by cholesterol sulfate released
from the damaged epidermis, as well as the unfolded protein response (UPR) pathway, activated in response to unfolded
or misfolded proteins. Unlike organic haptens, metal allergens activate PRRs by binding directly to human TLR4 or via
mitochondrial ROS (mitoROS). By promoting ROS and hapten detoxification, the cytosolic hapten sensor Keap1 and
the transcription factor Nrf2 participate to maintain skin tolerance to chemical sensitizers. ER, endoplasmic reticulum.
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a molecule present in the epithelial layer of barrier
tissues at relatively high concentrations'®. Finally, as
strong haptens generate numbers of unfolded and/or
misfolded proteins inside the cell, they also activate the
unfolded protein response to trigger inflammation'®.

In contrast to organic haptens, metal allergens use
slightly different mechanisms to generate the ini-
tial pro-inflammatory milieu, by direct binding to
human (but not mouse) TLR4 for nickel, cobalt and
palladium', or via an ATP signalling-independent
NLRP3 inflammasome activation by mitochondrial ROS
for chromium''"'"%,

Thus, electrophilic and oxidative stress as well as
cell damage are at the centre of hapten immune recog-
nition and need to be tightly controlled. By promoting
ROS and hapten detoxification, the cytosolic hapten
sensor Keapl and the transcription factor Nrf2 play
a fundamental part in the maintenance of skin toler-
ance. This role was illustrated in Nrf2-deficient models,
which mounted robust responses to weak allergens com-
pared with their non-reactive wild-type counterparts'"’.
Alternatively, Nrf2 could directly regulate the expression
of key inflammatory genes to prevent or inhibit immune
reactions to chemical allergens'"".

The activation of adaptive responses: the mobiliza-
tion and contribution of skin DC subsets. To migrate
into the draining lymph nodes, skin DCs integrate a
multitude of inflammatory signals not only provided
by the direct stimulation of their PRRs but also by the
skin environment. Seminal studies have described
the inflammatory dialogue existing between kerat-
inocytes and Langerhans cells (LCs) to promote LC
mobilization from the epidermis'*>'">. Recent works,
using new genetic or imaging tools, have explored how,
in the skin, resident and newly recruited immune cells
cooperate to orchestrate the DC migration and matu-
ration processes. In mice, possibly activated through
Mas-related G protein-coupled receptor member
b2 (or its human MRGPRX2 homologue)''®'", skin
mast cells produce TNF and histamine to activate
DCs''®!"%. In parallel, mast cells, aided by skin macro-
phages, also induce the recruitment of neutrophils from
the periphery'?, a crucial event amplifying DC acti-
vation and migration towards draining lymph nodes.
Hence, the acute depletion of mast cells or neutro-
phils before sensitization substantially abrogates T cell
priming'*'.

Several DC subsets colonize the skin at homeo-
stasis and are responsible for sensitization. LCs pave
the epidermis, whereas conventional type 1 and type 2
DCs (¢cDC1 and cDC2) are present in the dermis.
Plasmacytoid or monocyte-derived DCs can be recruited
into the skin upon exposure and augment the pool of
haptenated DCs'*. In preclinical models, the contri-
bution of skin DC subsets is dependent on the mouse
strain and the hapten dose™'**. LCs, which express
Langerin (also known as C-type lectin domain family 4
member K), mediate tolerance in response to weak and
tolerogenic haptens® but, by contrast, are required for
ACD responses induced by strong haptens, in particu-
lar at low hapten doses'**'**. At higher concentrations,

haptens further permeate in the skin and are taken up
by dermal DCs (including Langerin* cDC1 and cDC2),
which thereby complement (in normal mice) or com-
pensate (in timed-inducible LC depletion models) LC
activity'>~'?%. However, these findings were challenged
by specific models of constitutive and timed-inducible
LC depletion, based on the use of human Langerin
promoter, which demonstrated that LCs suppress
responses to strong haptens in an IL-10-dependent
manner™. Thus, skin DCs may be functionally redun-
dant in ACD. Of note, plasmacytoid DCs have not been
found to play a key role in hapten sensitization and the
functional relevance of monocyte-derived DCs remains
unknown'*»'%,

The activation of adaptive responses: hapten-specific
T cell activation. Hapten sensitization results in the full
activation and proliferation of CD4* and CD8* T cells
and B cells within 5-7 days in mice or 10-15 days in
humans. A large diversity of T cell polarization was
reported both in models and patients, with effector lym-
phocytes mainly producing type 1 (IFNy, TNF), type
17 (IL-17) and type 22 (IL-22) cytokines but also type 2
(IL-4, IL-5, IL-9, IL-13) cytokines in response to certain
chemicals®>**"*!. The variability in T cell polarization
seems to be related to the capacity of haptens to acti-
vate specific pathways of innate immunity. By binding
to TLR4, nickel stimulates IL-23 production by human
monocyte-derived DCs to promote IL-17-producing
CD4* T cells'*. Fluorescein isothiocyanate exposure
leads to canonical type 2 polarization mediated by the
release of keratinocyte-derived thymic stromal lympho-
poietin (TSLP) and subsequent activation of TSLP-
responsive LCs or dermal cDC2 cells'**"**'**, A similar
diversity of responses was also observed in the mole-
cular signatures of positive patch test lesions induced by
different allergens, with prominent type 1 and type 17
polarization induced by molecules such as nickel and
mixed type 1-type 17-type 2 polarization in response
to fragrances and rubber'*.

So far, it is largely unknown why some haptens could
stimulate different pathways of innate immunity. An
attractive hypothesis suggests that the capacity of hap-
tens to stimulate specific pathways of innate immunity
could be associated with their ability to preferentially
bind certain amino acids (notably lysine or cysteine);
however, so far, there is no formal demonstration of this
mechanism.

It is noteworthy that some T lymphocytes activated
in response to hapten exposure are not restricted to
conventional MHC class I or class II molecules. Indeed,
recent studies based on in vitro T cell clone technol-
ogy have demonstrated that many small and extremely
hydrophobic haptens, such as 2,4-dinitrochlorobenzene,
cinnamaldehyde, benzoate or benzyl cinnamate, stimu-
late the production of inflammatory cytokines by T cells
restricted for cell-surface glycoproteins CD1a, CD1b,
CDIc or the antigen-presenting glycoprotein CD1d"**'?".
The molecular features of the hapten-induced CD1a-d
response remain unclear but, by inserting within CD1
pockets, haptens could serve as classical epitopes,
unmask reactive areas at the CD1a surface or promote
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the presentation of endogenous self-lipids to stimu-
late TCR responses'*®. Although largely absent in mice
(except for CD1d, which is responsible for the activation
of NKT cells in mouse ACD'**-'*), the importance of
CD1 reactivity may be underestimated in ACD devel-
opment as recently illustrated by the transgenic over-
expression of the human CD1a molecule in mice, which
triggered a potent LC-dependent CD1a-restricted CD4*
T cell response to urushiol*'.

Importantly, a variety of immune cells endowed with
regulatory potential are activated in parallel of effector
lymphocytes, including ICOS* forkhead box protein P3
(FoxP3)* T, cells, CD5*CD1d" regulatory B cells and
invariant NKT cells, which limit the activation of skin
DCs and the expansion, differentiation and egress of
effector T cells from the draining lymph nodes'**'*>'%,
Although partially understood, the regulatory mecha-
nisms are multiple and involve direct cell-cell contact
via gap junctions or Fas-FasL signalling, the secretion
of inhibitory cytokines such as IL-10 and TGF, the reg-
ulation of ATP turnover by the 5-nucleotidases CD73
and CD39 (also known as ectonucleoside triphosphate
diphosphohydrolase 5) with the subsequent production
of immunosuppressive adenosine, and possibly the
deprivation of the IL-2 pool'*~'*. A majority of these
mechanisms are also triggered when individuals are
exposed to non-immunogenic doses of allergens.
IL-10-producing FoxP3* T, cells notably maintain the
tolerogenic state of skin DCs*. Tolerogenic DCs then
produce adenosine'™” and/or TNF'®' to precipitate the
anergy and deletion of T cell precursors® or to pro-
mote the generation of CD8" T, cells*. Hence, the
production of a pro-inflammatory milieu provides
the cues necessary to counterbalance T, cell suppres-
sion and leads to the priming of hapten-specific effector
T cells. The mechanisms by which the milieu circum-
vents T, cell retro-control remain largely unknown
but could involve cytokines such as IL-6, Il-1p and
11-15 (REF'2).

Hapten exposures following sensitization: the key role
of cytotoxic CD8" T cells and neutrophils in the forma-
tion of ACD lesions. ACD lesions develop in sensitized
individuals after a secondary contact with the causa-
tive allergen and typically show a polymorphic cellular
infiltrate dominated by T cells and neutrophils’'. CD8*
T cells are localized both in the epidermis and dermis,
whereas CD4" T cells are mainly found in the dermis, at
least in mice'. Possible explanations for this differential
localization include the increased expression of specific
chemokine receptors as a response to the chemokines
produced by the exposed keratinocytes and the cyto-
toxic properties that enable CD8" T cells to degrade the
dermal-epidermal junction more efficiently than CD4*
T cells. In patch test models, human CD8* T cells are
the main epidermal T cells (M.V., unpublished data).
Additionally, unconventional lymphocytes, such as yd
T cells”*, NKT cells'** and innate lymphoid cells (includ-
ing NK cells'**'*"), and other inflammatory cells, such
as monocytes and macrophages'”, eosinophils'**, and
mast cells'"’, also accumulate in ACD lesions. Together,
these cells participate in a complex and highly intricate

PRIMER

inflammatory process that orchestrates the formation of
the cutaneous findings of ACD.

Cytotoxic CD8* T cells are commonly considered
the primary and key driver of ACD inflammation.
Indeed, animals deficient in CD8* T cells are unable to
develop a skin response to a multitude of experimental
haptens®'*’. The participation of effector CD4* T cells
as a key driver of disease has also been suggested for
some haptens'**-'*, In fact, T cells operate at three dif-
ferent levels to promote the formation of ACD lesions:
they initiate the infiltration of blood leukocytes within
the tissue (at hapten doses that classically fail to induce
such recruitment in non-sensitized individuals)'®, kill
haptenized keratinocytes, a major histological hallmark
of ACD reaction'**'*® and potentiate the (re)activa-
tion of other inflammatory cells, which exaggerate the
inflammation.

T cells are possibly reactivated by endothelial cells
of postcapillary venules, which have captured the
allergen'®’. By producing IFNy and IL-17 (REFS'**'%"), they
activate the endothelium to produce CXCL1, CXCL2
and CXCLS, which results in the early extravasation of
neutrophils into the tissue parenchyma'®. Neutrophils,
in turn, release granules that contain multiple attractants
or cytotoxic mediators (such leukotrienes B4, C-C motif
chemokine 1 (CCL1), CCL2, CCL5, CXCL9, CXCL10,
FasL, perforin and extracellular matrix-degrading
enzymes'*) that mediate tissue injury and promote the
infiltration of blood leukocytes, including CD8* and
CD4* T cells. If neutrophils are depleted at this stage,
few T cells infiltrate the skin and the ACD reaction
is minimal'?"'*. Thus, all the skin cells that amplify
neutrophil recruitment, such as IL-17-producing der-
mal y§ T cells'”’, CD4* T helper 17 (T};17) cells'”’, and
TNEF-producing and serotonin-producing mast cells'”?,
exaggerate the reaction. Mast cells are stimulated during
this phase by C5a complement generated in response to
hapten-IgM immune complexes through a specific pro-
cess requiring the participation of NKT cells and B cell
immunity established during the sensitization phase'””.
In the parenchyma, T cell activation is next amplified in
different leukocytes-clustering structures, such as induc-
ible skin-associated lymphoid tissues (iSALT), formed
early during the elicitation phase of the ACD response
around postcapillary venules'”. iSALTs are composed
of various types of leukocytes, including iSALT-driving
perivascular macrophages, dermal DCs and T cells. Some
clusters of inflammatory CX3C chemokine receptor 1
(CX3CR1)* monocytes and T cells are also formed after
a few hours on top of iSALT, close to the hair follicle'”.
These clusters favour the infiltration of CD8*-C-X-C
chemokine receptor type 3 (CXCR3)" T cells into the
epidermis, where they kill keratinocytes presenting aller-
gen on their cell surface through perforin and Fas/FasL
mechanisms'”®. Additionally, by producing IFNy, IL-17
or IL-2 upon reactivation, CD8* T cells prime skin cells
for killing by other cells, notably CD4* T,1 cells'”,
NKT cells'”, y§ T cells, NK cells"*°, or inflammatory
monocytes and macrophages'®”'”>'”°. Of note, sev-
eral studies have reported the capacity of mouse and
human liver NK cells to mediate antigen-dependent
responses to haptens and metals'®"'%2. Although
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experimental evidence showed that the NK cell role
is minor after classical skin sensitization'*, the adop-
tive transfer of those cells confers potent reactions
with memory features'® through a process requiring
the participation of skin macrophages and the NLRP3
inflammasome'.

Resolution of ACD inflammation and development of a
local and systemic T cell memory. The resolution of an
ACD reaction requires the removal of the offending
allergen and the activation of numerous mechanisms
of regulation, most notably the recruitment and acti-
vation of FoxP3" T,,, cells'"* and peritoneal CD22* Bla
regulatory cells'®” as well as the engagement on epi-
dermal cells and dermal mast cells of regulatory, non-
MHC ligands such as programmed cell death 1 ligand 1
(PDL1)'®". FoxP3* T, cells with high functional
and phenotypic diversity are found in the inflamed
skin'’"'*. They infiltrate the skin concomitantly with
effector T cells, where they progressively inflect the
course of skin inflammation in an IL-10-dependent and
CTLA4-dependent manner'”*-'**, In parallel, adoptive
transfer experiments in mice have shown that they also
regulate leukocyte influx into the skin by downregulat-
ing the expression of E-selectin and P-selectin'*® and
strengthening junctions on the vascular endothelium'”’.
Finally, some skin T, cells leave the inflamed skin to
migrate back to the draining lymph nodes, where
they probably participate to terminate the systemic
immune response'®. Beyond their essential function
in preventing and regulating inflammation, recent
work demonstrates that FoxP3* T, cells also partake
in tissue repair'*®. It will be interesting to determine
whether these cells help in the renewal of the spongiotic
epidermis in ACD.

Importantly, upon the resolution of inflamma-
tion, effector T cells progressively differentiate into
memory T cells. Several types of memory T cells are
generated, bearing the same TCR'”, including the cir-
culating effector and central memory T cells*”, as well
as tissue-resident memory T cells (Tg,,)""**"", which
accumulate in the sites of prior reactions in response to
keratinocyte-derived IL-15 and IL-7 (REF*"), autocrine
production of TGFp*”, and the persistence of the aller-
gen in the epidermis'*. The speed at which the allergen
or irritants are eliminated from the skin remains poorly
studied and understood and is associated with epidermal
renewal. One month after skin contact, low amounts of
hapten can still be detected'”. Ty, cells are key in the
recurrence of the pathology with allergen (re)exposure.
They persist long term'** and are responsible for the early
and intense flare-up reactions, which tend to develop
on previously affected but healed skin of patients with
ACD'”. By contrast, circulating memory T cells are
responsible for delayed and mild flare-ups on previ-
ously non-involved skin'****. Of note, T, cells express
several inhibitory receptors, such as programmed cell
death protein 1 (PD1) or T cell immunoglobulin and
mucin domain-containing protein 3 (TIM3, also known
as hepatitis A virus cellular receptor 2), which keep them
in check by engaging their respective ligands expressed
on keratinocytes or other skin cells to preserve skin

integrity and avoid the development of severe and

persisting inflammation'*’.

PICD and PACD

PICD and PACD result from the combined action of
light, especially in the UVA (wavelength of 320-400 nm),
UVB (290-320nm) and visible (400-700 nm) light
regions, and photoreactive chromophores, referred to
as photosensitizers®*>*",

When a photosensitizer absorbs a photon, it enters
a transient activation state and elicits a chemical
reaction by transferring the energy of the photon to
another molecule*”. A major target of this transfer is
cellular oxygen, resulting in the increased production
of ROS (for example, singlet oxygen, hydroxyl radi-
cals and superoxide anions)** in target tissues, leading
to photo-oxidative stress*””. Excessive ROS produc-
tion overwhelms the antioxidant defence systems and
injures cells by inducing irreversible DNA and RNA
damage as well as membrane and/or organelle altera-
tions through lipid peroxidation and by inhibiting key
cytoprotective enzymes, which precipitates cell death
in surviving or healthy neighbouring cells and/or skin
inflammation?'**'*. Alternatively, photosensitizers may
also use light energy to form stable photoproducts with
cell biomolecules; for example, the covalent binding of
psoralen to DNA?". Ketoprofen (an anti-inflammatory
drug) and its derivatives®'**'* were also reported to
generate hapten complexes by binding to self-proteins,
which leads to T cell sensitization and a subsequent
PACD reaction after repeated exposure. Of note, hap-
tens responsible for PACD can be the photosensitizer
itself, which behaves in this case as a prehapten, or a
novel hapten, a photohapten, created upon light energy
transfer'.

The sequential events leading to PICD and PACD
are virtually the same as those of ICD and ACD, respec-
tively, except for the requirement of light for dermatitis
to occur”'. Hence, by inducing photo-oxidative stress,
photosensitizers may trigger innate inflammation
through various mechanisms, including the activa-
tion of the transcription factor NF-kB*", the assembly
of the NLRP3 inflammasome complex*', and the
stimulation of redox-sensitive signal transduction
pathways like c-Jun N-terminal kinase (JNK) and
p38 mitogen-activated protein kinase (MAPK)>".
Additionally, DAMPs (for example, calreticulin, uric
acid, HMGBI) released locally in response to irradiation-
induced and chemical-induced cell apoptosis and
necrosis”’** play a major part in activating skin DCs
and priming for efficient T cell sensitization against
photosensitizers. However, the molecular mechanisms
behind photo-damage and chemo-damage are highly
complex and major progress remains to be made to
improve our understanding of the development of such
reactions. Recent observations using in vitro models of
photodynamic therapy, which uses the properties of light
and photosensitizers to kill neoplastic cells, suggest that
the nature and extent of photo/chemo-damage depend
on multiple factors, including the type of photosensi-
tizer, its concentration, its subcellular localization, the
amount of energy and the fluence (energy per unit area)
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Fig. 4 | Typical CD reactions to various chemicals. Reaction caused by allergic contact dermatitis (CD) to hair dye
products used on eyebrows (part a) and scalp (part b), fragrances in a lipstick (part c), shaving foam (part d), chromium
found in a leather wristwatch strap (part e), p-phenylenediamine used in a semipermanent tattoo on the hand (part f),
rubber chemicals in gloves (part g) and glues used in dental care (part h). Photoirritant CD reaction to citrus juice (part ).
Part i adapted from REF®.

rate applied, and the characteristics of each cell type*”.
The thickness of the horny layer of the skin, the degree of
melanin pigmentation and the immunological status
of the affected person are additional factors that further

influence photosensitivity reactions™".

Diagnosis, screening and prevention
Clinical presentation
Clinical manifestations of CD vary by factors such as
the specific allergen, irritant or protein culprit, route of
exposure, degree of sensitivity, skin type, chronicity
of the dermatitis and exposure to the offending agent,
and others (FIG. 4). The skin reaction typically begins at
sites that have been in either direct or indirect contact
with the offending exogenous stressor. It is impossible
to make a reliable clinical distinction between the CD
subtypes on the basis of the morphology of skin lesions,
although ACD has a tendency to form vesicles and even
bullae and PCD often begins with wheal (a swollen
erythematous area) and flare reactions that gradually
become more eczematous. Generally, the morphology
of acute CD is characterized by oedema, erythema
and vesicles, whereas chronic dermatitis shows xerosis
(dry skin), scales, hyperkeratosis and fissures (tears in
the skin). Acute and chronic CD can be distinguished
clinically but may overlap, such as during acute worsen-
ing of chronic lesions. In cases of hand dermatitis, spe-
cific clinical findings may aid in differentiating between
CD subtypes. ICD tends to localize to the interdigital
spaces and dorsal side of the hands and fingers but
the involvement of these areas is not specific to or
required for a diagnosis of ICD. Notably, ACD and ICD
often present simultaneously on the hands; analyses
of exposures and the results of patch testing can aid in
the diagnosis.

Traditionally, ACD tends to spread outside of the
skin area that had direct allergen contact if the allergen

exposure persists or the amount of allergen exposure is
substantial’**. However, ICD may also spread in selected
cases, such as from the hands to the forearms**. Systemic
ACD is a less common subtype of ACD observed in a
minority of cases where eczematous lesions classically
manifest in flexural areas (among others) following sys-
temic (for example, oral or parenteral) exposure to an
allergen. A systemic ACD reaction can also be elicited
by drugs, in particular antibiotics; this variant has been
described as symmetrical drug-related intertriginous and
flexural exanthema and typically involves the buttocks™”.
Examples of other clinical presentations of systemic ACD
include vesicular hand dermatitis (also called pompholyx
or dyshidrosis), vasculitis or erythema multiforme-like
lesions, diffuse maculopapular lesions, eyelid oedema
or dermatitis, flare of prior patch test reaction sites, and
worsening of underlying eczematous dermatitis*****.

Airborne ACD results from contact allergens dis-
tributed through the air before deposition on the skin;
reactions typically affect exposed sites of skin such as
the face, hands and forearms. An airborne ACD can be
caused by exposures to allergens, for example, in plants
and preservatives added to paints. PACD can present
with a similar distribution as airborne ACD, typically
affecting sun-exposed areas (and often sparing shaded
submental and retroauricular areas, for example) and
arises following the exposure to ingredients found in,
for example, cosmetics, sunscreens, and topical medi-
cations and requires light exposure®. Photoreactions
arise at doses of sunlight that are commonly regarded as
harmless in the absence of photosensitizers.

Consort (also known as connubial) ACD is an
uncommon result of allergen exposure from a partner
or close contact in the distribution of the exposure (for
example, transfer of a product from the lips of a partner
to the cheek of the person with ACD). Culprits impli-
cated in consort ACD are commonly cosmetic products

NATURE REVIEWS | DISEASE PRIMERS | Article citation ID:

(2021) 7:38

11




PRIMER

e Clinical presentation
° Exposure assessment
e Patch test

I

Positive patch test

* Exposure to the allergens with a positive patch test detected
e The exposure can partly or fully explain the dermatitis
¢ A temporal relationship exists between exposures to

the allergen and outbreaks or severity of the dermatitis

| I l

Positive photopatch test

|
[

Clinical Contact with

Topical Airborne Systemic pattern proteins
exposure exposure exposure suggestive (typically
l l l of PACD in food)

v v

ACD Airborne Systemic PACD PCD
l ACD ACD
V } }

e If dubious relevance, a repeat ¢ In case of drugs, patch testing should

¢ In addition to
conventional

¢ The diagnosis

V

Negative patch test

|

* Exposures to irritants
are identified and
quantified

© The exposure can
explain the dermatitis
partly or fully

* A temporal relationship
exists between exposures
to the irritant and
outbreaks or severity
of dermatitis

|

ICD

open application test or use
test can be performed with
products under suspicion

if they are also suited for skin
contact (‘leave on’ products)

only be performed by experts and
after careful consideration of risks

versus benefits

® In case of chemicals present in food an
oral provocation testing can be considered

patch testing,
photopatch

testing should
be performed

requires a positive
skin prick or
prick-prick test to
proteins or food
handled by the patient

Fig. 5 | Diagnostic algorithms for contact dermatitis. General diagnostic algorithms for the evaluation of allergic contact
dermatitis (ACD), airborne ACD, systemic ACD, photoallergic contact dermatitis (PACD), protein contact dermatitis (PCD)

and irritant contact dermatitis (ICD).

such as lipsticks, moisturizers and aftershave as well as
topical medications.

As other conditions, including cutaneous T cell
lymphoma, pre-bullous bullous pemphigoid (a phase
of bullous pemphigoid prior to the onset of bullous
lesions), psoriasis and paraneoplastic phenomena, can
mimic and/or coexist with ACD and cause recalcitrant
dermatitis, when patients are not responding as expected
to allergen avoidance strategies and other interventions
(see Management), it is important to perform a skin
biopsy and proceed with additional clinical investiga-
tions. However, there are no diagnostic histopathological
findings on skin biopsy that are consistently observed
in CD.

Diagnostic work-up

The diagnostic test for ACD and PACD is the patch test,
whereas the prick test, prick-prick test and, sometimes,
specific serum IgE levels are used for the diagnosis of
PCD. In all cases, these investigations are combined with
the clinical presentation and an exposure assessment
to reach a diagnosis; exposure assessment is helpful to
determine which substances should be used for testing
and to devise an avoidance plan based on the identified
culprits. The diagnosis of ICD and PICD relies solely
on the clinical presentation, exposure assessment to
irritants, and exclusion of ACD (FIG. 5). Skin biopsies
are generally of limited value in diagnosing CD but
can be helpful in certain cases to further evaluate the
differential diagnosis.

Exposure assessment. The tools used to determine rele-
vant exposures include taking a comprehensive history
from the patient as well as the knowledge of exposures in
different occupations, consumer settings and products.
Ingredient labelling on different types of products is a
major source of information, especially when it concerns
cosmetics. However, even product labelling can provide
incomplete information; prior studies have identified
unlisted formaldehyde or formaldehyde-releasing pre-
servatives in personal care products®”*’'. It is often
much more difficult to obtain reliable information about
the composition of other consumer products, including
paints, glues, textiles and footwear, as well as of med-
ical accessories as illustrated by the many recent cases
of ACD to chemicals in glucose sensors*. If a material
safety data sheet exists, this should be consulted but,
importantly, it cannot be used to exclude the presence
of an allergen™”.

Spot-tests can also help determine exposures and to
evaluate products for the release of nickel, chromium,
cobalt, formaldehyde and isothiazolinones. Spot-tests
rely on a compound that, by binding to the substance of
interest, forms a complex that changes the colour of the
test solution. Thin-layer chromatography is a chemical
method that can physically separate compounds present
in a mixture or product and may be used for materials
such as (extracts from) textiles; the thin-layer chroma-
tography plates with the separated compounds may be
used directly for patch testing”**. The fraction that causes
areaction is then subjected to further chemical analysis
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Fig. 6 | Grading system for patch test reactions. The photographs show examples of different grades of patch test
reactions. Doubtful (?+) reaction showing macular erythema only and no infiltration (part a). Positive (+) reaction with
homogenous erythema and infiltration in the test area (part b). Positive (++) reaction; in addition, vesicles are seen (part c).
Positive (+++) bullous reaction (part d). Irritant reaction, with dry and shiny skin (part ). The edge effect may be interpreted
differently depending on the test substance (parts f and g); it can be due to irritation or, in the case of corticosteroids, it may
be interpreted as a positive reaction (corticosteroids have an anti-inflammatory effect more concentrated in the centre
leading to an allergic reaction at the rim of the test site).

to determine the offending substance?**. Exposure meas-
urements of allergen directly on the skin can be done for
nickel and cobalt*** and have been developed for PPD
from hair dyes as part of an experimental setup. This can
be done by swabbing or rinsing the skin before and after
some hours of normal work procedure and then subject-
ing the deposited material to relevant chemical analysis
for detection of the allergen. These methods should be
further developed to be integrated in the routine clini-
cal work-up of individuals with suspected ACD. If air-
borne or systemic ACD is suspected from the clinical
pattern, exposure assessment should entail the potential
of airborne or systemic exposures, for example, by drugs
(see below).

Patch test. The patch test is the gold standard for diag-
nosing contact allergy. However, the presence of contact
allergy (sensitization to a substance) in an individual is
not sufficient to establish the presence of ACD and an
assessment of the allergen’s current relevance and rela-
tionship to the clinical pattern, such as distribution and
effects of dose and time of exposure, is also required
for diagnosis*’. The patch test is a clinical provoca-
tion test in which the contact allergens under suspi-
cion are applied to small areas of skin (~0.5cm?), most
commonly on the upper back, using chambers that are
affixed to the patient’s skin with tape. With this test-
ing method, the allergen is applied on the skin under
occlusion within the patch test chamber. The specific
substance concentration varies by allergen; some aller-
gens are available as finished products from different

manufacturers, prepared with fixed concentrations and
vehicles (often petrolatum or water and rarely alcohol).
The optimal concentration has been determined to pro-
duce an allergic response with patch testing but without
causing substantial irritation to the skin or other adverse
effects. Exact dosing is also important for reliability, as an
excessive dose can cause both false-positive test reactions
and lead to active sensitization, whereas an insufficient
dose can lead to false-negative test results”**. The patches
are left in place for 2 days before removal and a reading is
performed according to an internationally agreed-upon,
semi-quantitative scale (FIG. 6)**". This scale is used for
all skin types but evaluation may be more challenging
in darker skin types, for example, owing to less visible
erythema. Optimally, three readings are performed after
the removal of patches, including at day (D) 2, D3 or D4,
and D7. If only one reading is performed, D4 should be
used to ensure high sensitivity. If no late reading (D7)
is done, 15% of positive test reactions may be missed**.
Some allergens are especially prone to appearing late,
for example, corticosteroids owing to their inher-
ent anti-inflammatory properties, or metals, gallates,
gentamycin and neomycin®. A positive corticosteroid
patch test reaction may also only appear at the rim of
the patch (FIG. 6f,9), where the anti-inflammatory action
is minimal.

Patch testing in cases where systemic ACD to medi-
cations is suspected requires special expertise as the dis-
ease may be reactivated by patch testing. Although this
occurrence is rare, severe reactions to medication can
lead to substantial morbidity. Both the medical literature
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and relevant guidelines®' should be consulted prior to

performing patch tests in such cases.

Some substances become allergens after exposure
to light and can lead to PACD in sensitized individu-
als. In cases where these allergens are suspected, photo-
patch testing, a variant of traditional patch testing, can
be performed. With photopatch testing, a group of
known photo-allergens are exposed to UV light after
a set time of occlusion on the skin. Specific guide-
lines exist for the selection of relevant substances and

242

procedures®”.

Selection of test substances for patch testing. Around
5,000 substances have been identified as potential
contact allergens®*; as a result, the selection of substances
to apply for each individual patient is a crucial step in
the patch testing process. Baseline test series exist, which
typically contain 30-100 test substances and match the
exposures to allergens in a specific geographical area.
Often, national CD groups further adjust or add test
substances of local relevance. Generally, patients with
suspected ACD are tested with the baseline series, which
is also supplemented with specialized test series and
individual allergens relevant to the patients’ exposures
such as occupation, hobbies and skin-care products. The
choice of test substances is based on a meticulous and
systematic exposure analysis drawing on all available
types of information*.

Products used by the patient may be included in the
patch test procedure, especially products intended for
prolonged skin contact such as moisturizers, gloves and
textiles; wash-off cosmetics should be diluted prior to
testing to avoid irritant skin reactions, which may be
misinterpreted as allergic skin reactions. To minimize
the risk of irritation, a semi-occlusion can be used by
fixing the test material directly to the skin with spe-
cial tape after allowing the substance to dry*”. This
procedure may be conducted in addition to the test-
ing of the specific, potentially allergenic ingredients
in the product. Products with a high or low pH should
never be patch tested, as skin necrosis and scarring
may occur. Products with unknown composition or
those with strong allergens, such as acrylates or epoxy
resins, should not be used for patch testing as these
may cause active sensitization. Instead, these allergens
should be evaluated through a standardized patch test
substance series in which a safe test concentration has
been established.

Skin-prick test. Skin-prick tests are used to evaluate
immediate type I allergic immune reactions, which are
classically caused by proteins or, rarely, by chemicals.
The typical clinical reaction occurs as a contact urticarial
reaction, which presents as immediate (within 1 hour),
transient (lasting <24 hours) urticaria at the site of con-
tact with the offending agent. However, vesicles and
chronic dermatitis may occur, particularly in cases of
repeated skin exposures to type I allergens.**.

In cases of suspected PCD, skin-prick testing with
standard solutions of food proteins can be performed
but, more often, a variant called prick-prick testing with
the food itself is used™. The skin-prick test is typically

performed on the ventral forearm, where drops of aller-
gen in solution are applied and pricked into the upper
layers of the skin with a small lancet, whereby hista-
mine and other mediators are released if the individual
has been sensitized previously to the specific allergens
tested. Negative (saline) and positive (histamine) con-
trols should be tested as well. A positive reaction appears
as a wheal and flare reaction after 15-20 minutes. When
performing skin-prick testing, safety items such as
a crash cart should be available in the clinic owing to
the increased risk of type I hypersensitivity reactions
and potential anaphylactic reactions. Standard pan-
els of type I allergens exist, including of food, but they
do not cover all relevant allergens; thus, patients may
also be advised to bring fresh food they are exposed to
while at work for testing. These foods are then used for
prick-prick testing**.

Diagnosis

Following a positive patch test to a substance, an analysis
should be performed to pinpoint the sources of exposure
to the allergen. Depending on the clinical presentation,
a search for relevant exposures may focus on topical
products used on the skin (the typical route of exposure
in ACD), airborne products (particularly for certain
allergens such as fragrances) and/or systemic products
(for example, foods, medications, implants), which
may be considered in clinical presentations suggestive
of systemic ACD. When a current exposure relevant
to the dermatitis is detected, a diagnosis of ACD can
be made®”. The use of a step-wise procedure for expo-
sure assessment has been suggested*** and has led to the
diagnosis of ACD in half the cases.

The diagnosis of ICD can only be made after an
exhaustive exposure analysis is performed and the
relevant exposure to irritants at the sites of dermati-
tis is detected that can qualitatively and quantitatively
explain the disease partly or fully. A time-relationship
should be present between exposure and initiation or
worsening of the disease. In many cases, patch testing is
needed to exclude the diagnosis of ACD, as there are no
unique clinical or histological signs that can be used to
reliably differentiate between ICD and ACD. ACD also
often co-exists with ICD*". In such cases, it is especially
important to make an exhaustive exposure assessment
and determine whether both diagnoses are relevant, for
example, by different exposures and ideally by obser-
vations over time following exposure interventions.
The proportion of ACD and ICD co-existence depends
on the specific patient population studied and how
strictly the diagnostic criteria are applied; rates range
from 5%* to 50%*.

The diagnosis of PCD is generally made when there is
a typical clinical presentation (for example, eczematous
hand dermatitis) along with a positive prick-prick test to
a food item handled by the patient.

Criteria for establishing the occupational causa-
tion and aggravation of CD have been developed*’
(BOX 2). The essence of these seven criteria is imple-
mented in most guidelines for diagnosing occupational
CD today, usually with criteria 1-5 being more or less
obligatory.
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Box 2 | The Matbhias Criteria for establishing occupational causation and
aggravation of CD

At least 4 out of 7 criteria should be positive to conclude that the contact dermatitis
(CD) is probably occupational®°.

1.
2.

N o v bW

Typical clinical presentation consistent with CD

Workplace exposure to potential cutaneous irritants or allergens supported by
toxicological data or clinical experience

. Anatomical distribution of dermatitis consistent with workplace exposure
. Temporal relationship between exposure and onset of CD

. Non-occupational exposures excluded as probable causes

. Dermatitis improves away from work exposure

. Patch or provocation tests identify a probable causal agent

Ancillary testing methods

Repeated open application test. In a repeated open appli-
cation test (ROAT), patients simulate normal product
use by applying a product intended for long-term skin
contact (leave-on product) that is suspected of causing
ACD directly to the skin. This test is employed to clarify
the clinical relevance of a positive patch test in relation
to the use of the product or in the case of a negative
patch test when a strong suspicion concerning a par-
ticular product remains. If the ROAT is positive, the
next step is normally to identify the causative allergen.
ROATS have also been used for scientific purposes to
establish thresholds of reaction to allergens under real-
life conditions. Usually, the ROAT is performed in the
elbow flexure or at the lower or upper arm, as these skin
sites are easily accessible to the patient (who is going to
perform the applications) with applications 2-3 times a
day for at least 2 weeks (and for topical corticosteroids
for up to 4 weeks). A scale has been developed for read-
ing reactions™'. The ROAT is more sensitive than patch
testing, as positive test reactions may appear following
30 times lower doses per application®?. If applications
of an allergen are made on a skin site where an allergic
reaction has previously appeared, a positive reaction
will develop faster, in some cases within hours, and can
be triggered by lower doses of allergen than on naive
skin sites. This phenomenon is due to the formation of
memory T cells present in the skin following an allergic
reaction, which trigger a response upon re-exposure™’.
Of note, false negatives may also occur with the ROAT*”.

Oral provocation tests. These tests may be considered
when systemic ACD to chemicals in food is suspected
and, ideally, they should be performed in a dose-response
manner with increasing concentrations of allergens and
with a placebo control in a blinded way**. In general
clinical practice, however, oral provocation tests are not
routinely performed. In the case of drugs, oral provoca-
tion tests should only be performed by experts in a hos-
pital setting and after careful consideration of potential
complications from the provocation.

Screening and prevention

There are no screening programmes for CD for the
general population, in part as the disease is either
straightforward to identify or is more complex and
requires a specialist to evaluate and diagnose.

PRIMER

Information about skin care, skin protection (for
example, correct use of gloves) and reduction of irritant
exposures have been shown to decrease the number of
new cases of ICD in relevant occupations®>***; how-
ever, education needs to be intermittently repeated to
be effective over time. In some regions, regulations have
been instituted targeting important allergens in an effort
to reduce contact sensitization rates”’. Nickel release
from metal items in close and prolonged contact with
the skin has been successfully regulated in some areas
of the world, reducing the proportion of young women
developing ACD from nickel from approximately 20% to
10%*. Recently, the preservative methylisothiazolinone
was banned from leave-on products in many countries
and restricted to a low level of use in rinse-off products
owing to an epidemic of ACD caused by this substance
in consumer products; the number of individuals with
ACD due to methylisothiazolinone has subsequently
decreased*. Such interventions at the community level
can also be very effective.

Management

Early diagnosis and treatment have been shown to
improve the prognosis in patients with eczematous
hand dermatitis**®. Regulatory interventions aimed at
reducing exposures to specific allergens not only have
an effect on the number of new cases of ACD but also
typically reduce the severity of disease in those already
sensitized. At an individual level, it is important to
understand which allergens one is sensitized to and how
to avoid them.

The mainstay of CD management is to remove
offending allergens for ACD, PACD and PCD and to
remove offending irritants for ICD and PICD. This pro-
cess involves a thorough evaluation of each case to under-
stand key exposures and to develop avoidance strategies.
Patient education is also essential for a successful out-
come. The use of bland emollients that do not contain
irritants and allergens to which the patient is sensitized
and applications of topical anti-inflammatory treat-
ments may be helpful for mild cases of CD. Systemic
treatments may be added for moderate-to-severe CD
(FIG. 7). When persistent CD remains, further evalua-
tion for alternative diagnoses may be needed to rule out
other causes.

Patient education

Equally important to defining irritants and what allergens
an individual is sensitized to is educating patients about
the mechanisms behind their CD and the approaches
to avoidance strategies. To achieve a cure and remain
CD free, patients must understand the key aspects of
their disease, such as where their allergens and potential
cross-reactors (typically, but not exclusively, substances
with similar chemical structures) are found, what is
the expected time course between allergen exposure
and cutaneous and/or symptom manifestation, and
how threshold effects are involved in the elicitation of
ACD?. This process will also prevent unnecessarily
extreme avoidance strategies that some patients may
believe are required. For ACD, reactions typically occur
1-2 days after exposure and, even for the most sensitive
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e As for mild dermatitis, for localized disease
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Fig. 7| Suggested algorithm for the treatment of allergic contact dermatitis. Avoidance of documented allergens and
irritants is typically the first-line management approach. If this fails to cure the dermatitis but the dermatitis is mild in nature,
the addition of bland emollients without the individual's identified contact allergens and/or topical anti-inflammatory
agents, as needed, can be added. If the mild dermatitis is still not cured, phototherapy could then be considered.

For moderate-to-severe dermatitis, if localized, topical anti-inflammatory agents can also be used as needed. Additionally,
dietary elimination trials of proven contact allergens can be considered for both recalcitrant localized disease and
recalcitrant generalized disease. For persistent, moderate-to-severe disease despite the above measures, phototherapy
and then systemic immunosuppressants/immune modulators can be considered. PUVA, psoralen plus UVA. ?Inactive
ingredients should be checked for the presence of the allergens. "These medications may be considered ‘off-label’ when
being used for contact dermatitis. “Not a suitable long-term treatment option.

patient, there will be a lowest limit of allergen dose per
unit area below which patients will not have an immune
reaction despite prior sensitization. For example, most
patients allergic to nickel tolerate stainless steel earrings
containing nickel as, typically, nickel is not released
from stainless steel in a high enough dose per unit
area to cause a reaction even in someone sensitized
to itfﬁ,lhﬂ.

As ICD can cause an impaired skin barrier, which
predisposes to ACD, and ICD and ACD often coexist,
it is important to avoid situations that can lead to ICD.
Examples include avoiding repetitive wetting and drying
of the skin, minimizing friction and rough fabrics against
the skin, avoiding direct skin contact with solvents,
oils and detergents by appropriate personal protective
equipment, using cool or lukewarm water instead of hot
water when washing, using soap substitutes rather than
soap, wearing gloves for a prolonged period of time only
when necessary and frequently using bland emollients to
enhance skin barrier function. At times, topical cortico-
steroids can also help minimize inflammation caused by
ICD. Recalcitrant ICD in the occupational setting may

require systemic treatments (FIC. 7) and, sometimes,
a period away from work or even a job change.

Acute ICD from acids or alkalis, which typically
occurs in the occupational setting, can cause severe
burns and ulcerations. Such patients need to be managed
emergently and, depending upon the extent of skin and
mucous membrane involvement, may need care similar
to that of a burn patient’.

Algorithm for treatment

For many patients with defined contact allergens, irri-
tants, protein contact allergens and photocontact aller-
gens, topical avoidance alone is curative’'. When the
initial avoidance changes are not successful, a follow-up
visit (for example, after 6-8 weeks) should be scheduled
to perform an additional exposure review and provide
further education about the patient’s allergens and irri-
tants. In some cases, there may be inadvertent exposures,
a need for further encouragement (for example, if not
all of the adjustments initially reccommended have been
made) and/or occult exposures that were not thought
of at the initial discussion. When CD persists, medical
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management can be approached in a step-wise man-
ner starting with treatments that have the fewest side
effects and progressing, as necessary, to those with more
frequent and potentially severe adverse effects.

Topical treatments. Topical corticosteroids are used as
a mainstay of treatment of inflammation in all types of
CD. Although calcineurin inhibitors (tacrolimus and
pimecrolimus) and topical phosphodiesterase inhibitors
(crisaborole) are off-label use for ACD, these agents are
known to be effective steroid-sparing agents for the treat-
ment of AD*. Topical tacrolimus has been used to treat
nickel-induced ACD** and tacrolimus pretreatment sig-
nificantly decreased inflammation in patients sensitized
to diphenylcyclopropenone®. A barrier cream contain-
ing glutathione and iron sulfate blocked the elicitation
of allergy to hexavalent chromium in patients previously
sensitized to potassium dichromate’®. In the selection
of topical treatments, knowledge of the inactive ingre-
dients in the vehicle is essential, as an individual’s con-
tact allergens may be present; incidental use of a topical
medication containing contact allergens may lead to
recalcitrant dermatitis. ACD secondary to the topical
corticosteroid active ingredient itself can also occur but
it is less common than ACD to the inactive ingredients
of the vehicle.

Phototherapy. For recalcitrant CD not responding to
topical treatments, phototherapy (primarily narrow-
band UVB or psoralen plus UVA (PUVA)) can be used.
Factors that may limit the possibility of phototherapy
use include distance to a treatment centre (although
home units can be arranged) and a history of skin can-
cer, which is more relevant with PUVA. UV light induces
apoptotic cell death in activated T cells, increases T, cell
activity and numbers, and decreases the responsiveness
of antigen-presenting cells**. Narrow-band UVB photo-
therapy involves 2-3 treatments weekly for at least
4-6 weeks with progressively higher doses of UV light
to suppress immune reactions®*°. Once remission is
achieved, patients can be treated with decreasing weekly
doses (for example, once or twice per week for several
months) and then treatment is stopped. PUVA is a type
of photochemotherapy in which psoralen, a photosensi-
tizing chemical, is administered orally or topically (in a
soak form) and intercalates with DNA; when exposed to
UVA, gene expression is modified*. Although psoralen
is associated with PICD reactions, its photosensitizing
properties can also be employed in a controlled setting
as a treatment option, using UVA with progressively
incremented lengths of exposure time. Once remission is
achieved, patients can be treated with decreasing weekly
doses as with other forms of UV treatments*®,

Systemic therapy. There are various systemic treatments
for patients with recalcitrant ACD, including off-label
uses and medications on the horizon*” (FIC. 7). Current
systemic treatments for recalcitrant CD include systemic
corticosteroids and cyclosporine (neither is preferred as
along-term option), methotrexate, azathioprine, myco-
phenolate mofetil, and dupilumab. Future potential
treatments include JAK inhibitors*”” and other biological
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therapies blocking the various inflammatory cascades
present in CD*®. Individual patients may also have spe-
cific contraindications to the use of a particular systemic
treatment; newer treatment options, such as dupilumab,
offer an alternative adverse effect profile and can also
be beneficial for other potential co-morbidities (for
example, atopic dermatitis and asthma).

Topical allergens

It is important to provide patients written infor-
mation detailing each allergen to which they have
reacted on patch testing. Both digital and hard copy
information materials should be easily accessible in
clinics. Information sheets for distribution to patients
can be found on various websites and in textbooks
(Supplementary Table 1).

When reviewing allergens with patients, it is also help-
ful to group a patient’s allergens into general categories,
such as metals, rubber allergens, textile dyes, preserva-
tives and fragrances, and to review the functions of each
allergen and potential exposure sources”. Certain aller-
gens may belong to multiple categories and within seem-
ingly unrelated exposures there may lie a cross-reactor
(for example, colophony, a plant resin, is a fragrance
cross-reactor); a lack of understanding of these complex-
ities can lead to unresolved CD. Furthermore, given the
evolving nature of product development and applications
for chemical compounds, clinicians and scientists con-
tinue to identify new clinical scenarios to consider for
specific allergens and, conversely, as a result of the edu-
cation process, patients may identify exposures to aller-
gens that may not be obvious to the treating physician.
Patients must also understand how to read ingredient
lists, looking for cross-reactors or alternative chemi-
cal names for their allergens, and recognize that terms
such as “hypoallergenic”, “dermatologist tested”, “for
babies” and “dermatologist recommended” are mean-
ingless from a contact allergy perspective. Additionally,
fragrance chemicals are permitted in “fragrance-free”
products as long as the fragrance is not solely used to
impart an odour to a product”’. Furthermore, many
patients believe that “all-natural” products are safe, but
many natural products contain botanical derivatives that
are common ACD offenders””’. Additionally, certain bar-
rier strategies are not universally effective; for example,
certain allergens, such as methacrylates, can penetrate
commonly used glove materials (for example, nitrile)*”*.
Moreover, the very gloves used to protect the skin often
contain rubber additives that can be culprits in causing
or perpetuating ACD¥.

In addition to advising patients on what products and
other exposures to avoid, the identification of alternative
topical products that would be safe to use based on the
individual patient’s contact allergens is also a key part of
the process. Useful resources that are currently available
include the contact allergen management programme
(CAMP; www.contactderm.org) and Skin Safe Products
(www.skinsafeproducts.com), which offer patients
a listing of numerous products such as soaps, sham-
poos, lotions, and prescription and over-the-counter
medications without their identified contact allergens.
Both resources have programmes that enable patients
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to easily shop for products using a computer or cell
phone. Depending on the identified contact allergens,
alternatives for products such as clothing, gloves and
other miscellaneous items may also be important for
successful avoidance (Supplementary Table 2) and a list
of alternatives for items ranging from earplugs to house-
hold glues is available*”. Patients may also utilize various
tests (Supplementary Table 3) to determine if products/
items are allergenic for them, although false-negative
results can occur. Despite efforts to educate patients,
it can be difficult for them to remember the outcomes

276

of patch testing””®.

Systemic allergens

Although ACD is primarily caused by topical sensitiza-
tion followed by topical re-exposure, ingested, inhaled or
implanted allergens may lead to a recalcitrant, systemic
ACD?»#*027_For the ingested route, potential contact
allergens, such as metals, fragrances and preservatives,
are present in foods and beverages (Supplementary
Table 4). Point system low-cobalt”* and low-nickel*”
diets have been suggested, on the assumption that only
~1% of individuals will react to low daily levels of dietary
consumption®***. A study found that 47% of patients
allergic to fragrance improved on a low balsam of Peru
diet*'. Several potential allergens may be added to vari-
ous foods; a review of common sources of many of these
additives and alternative options for allergic patients is
available’®.

In an effort to minimize the morbidity associated
with systemic medications in patients with substantial,
clinically bothersome dermatitis not responding to top-
ical allergen avoidance, some authors have found that
dietary trials may be helpful; in these trials, the ingested
sources of identified contact allergens are eliminated
from the patient’s diet before gradual reintroduction
after approximately 6-8 weeks. Avoided foods or bever-
ages can be reintroduced initially in small quantities
and one at a time in 5-7-day intervals. Food diaries are
helpful to track whether certain exposures reproduci-
bly cause symptoms up to 2 days after ingestion. If even
small quantities consistently cause symptoms, these
should be completely eliminated from the diet. If patients
do not experience any improvement within 1 month of
initiating such dietary changes, it is recommended that
they resume their regular diet.

In a relatively similar process to aeroallergen immu-
notherapy, tolerance to systemic nickel dermatitis was
induced by administering minute amounts of nickel
granules to ingest daily, gradually increasing the dos-
age until reaching a maintenance dosage 2-3 times per
week for 1 year’®. Patients who continued on this main-
tenance dose ingested nickel in their diet without restric-
tion and remission of dermatitis was maintained in 67%
of patients. However, this nickel oral hyposensitization
treatment is not currently widely available. Chelating
therapy, such as disulfiram, while previously used for
systemic contact allergy to nickel*****, is associated with
liver and nervous system toxicities and is therefore not a
recommended treatment”®.

In a very small subset of patients sensitized to a mate-
rial used in an implanted device, such as orthopaedic and

dental implants, endovascular devices, pacemakers, and
intrauterine devices, dermatitis can occur with manifest-
ations ranging from involvement immediately above the
device to a more generalized dermatitis*’~** or even at
a site or sites distant from the implanted device?**"-*
or causing systemic symptoms without cutaneous
signs*>*%. For suspected cases of implant-related ACD,
depending upon the location of the implant, the risks
involved with its removal and the temporal connection
of symptoms with the device placement, the removal of
the implant can be considered, with or without replace-
ment with a non-allergenic substitute or by using a
device coating®**>-*”. However, one of the proposed
major criteria for the evaluation of an implant-related
ACD is complete recovery after removal of the offending
implant®®. The decision to remove an implanted device
should be weighed carefully as the removal of a
device containing one of the identified contact allergens
does not guarantee the resolution of dermatitis. Thus,
other approaches, such as the exploration of alternative
causes or other contributing factors that can be more
easily addressed, may be beneficial. Additionally, if
removal is not feasible or reccommended, treatment with
oral immunosuppressants can be considered to modify
the patient’s immune response to the device*”.

Airborne and photo-allergens

Allergens reported to cause airborne dermatitis include
plants, acrylates, epoxies, rubber additives, isothiazoli-
nones, benzalkonium chloride and other preservatives,
and metals*”. These exposures may occur in the occu-
pational and non-occupational settings. For airborne
allergens, treatment approaches include minimizing
direct exposure, reducing time outdoors and removing
offending plants from inside and near the home (for
plant allergens)*”, or repainting the walls (for contact
allergy induced by allergens emitted from wall paint)*'.
Other strategies include increasing ventilation and wear-
ing masks, booties, aprons and/or goggles for indoor
exposure, especially if occupational®. A barrier cream
was shown to prevent airborne propolis CD in one case
report®®.

If the above measures fail, phototherapy’” or sys-
temic therapies®” can be instituted (FIC. 7). Weekly dos-
ing of azathioprine®”* and methotrexate’” have been
studied for the treatment of airborne parthenium ACD.
Compared to azathioprine, methotrexate clears derma-
titis in significantly fewer weeks*”. Cyclosporine has also
been used to treat airborne ACD**.

The management of PACD includes allergen avoid-
ance, strict sun avoidance, photo-protective clothing
and sunscreen use. Topical corticosteroids or calcineu-
rin inhibitors can be used to relieve inflammation in
uncomplicated cases®””. Often, airborne plant allergens
can cause chronic dermatitis of exposed skin. For severe
and recalcitrant cases, systemic agents can be used with
airborne and other forms of ACD (FIG. 7).

Occupational allergens

The treatment of airborne occupational ACD involves
increasing ventilation and wearing protective equip-
ment when appropriate (Supplementary Table 2),
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which should be supplied by the employer; however,
protective equipment can also be associated with ACD,
ICD and other reactions®®. The evaluation of air sam-
ples for the presence of allergens may also be beneficial
in developing intervention strategies and workplace
modifications.

Multidisciplinary interventions have been used
successfully in Europe and Canada for workers with
occupational CD*”~*"? and studies from the Middle East
and Asia have emphasized the need for multispecialty
involvement’ ', Since occupational irritants often
coexist with occupational allergens, it is important to
also minimize the exposure to both when managing
occupational CD’". Recommendations to alternate
work and non-work days or switching, at least for a
short time period (for example, weeks), to duties not
involving wet work or glove wearing may help improve
certain occupational CD before returning to regularly
scheduled duties’®. Some patients may also require sev-
eral weeks away from work in cases of particularly severe
or widespread dermatitis.

Patients with severe and persistent occupational CD
despite job modifications may require a job change.
Unfortunately, sometimes even a change in occupation
may not cure a chronic occupational CD*'%, which can
require long-term systemic treatment.

As with all types of ACD, treatment of PCD involves
the avoidance of allergens. However, this may not be
practical for some patients particularly as, most often,
PCD occurs in the occupational setting. High-dose top-
ical corticosteroids can decrease inflammation but may
not be successful in treating PCD and can lead to adverse
effects, particularly with chronic use (FIC. 7). Tacrolimus
0.1% ointment was reported to successfully treat patients
with PCD from chicken and halibut”.

Quality of life

Patients with dermatitis (with the most common
groups broadly defined as atopic, contact and sebor-
rhoeic) have been estimated to have the highest global
disease burden of all skin conditions as measured in
disability-adjusted life years*”’. Evidence suggests that
ACD, in particular, has a substantial effect on patients’
QoL. Data for patients with occupational CD (which
includes both ACD and ICD) using both generic and
dermatology-specific indices demonstrate a reduced
QoL. Methodological variation as well as heterogene-
ous definitions of occupational CD make comparisons
difficult®”'. In addition to the effects of CD symptoms,
the negative impacts on QOL can also be measured
by the concurring psychosocial, functional and often
socioeconomic impairment, particularly with occupa-
tional CD**. Importantly, the subjective QoL impair-
ment in ACD can outweigh objective assessments of
severity and is therefore crucial in evaluating the overall
disease burden®***.

Tools to measure dermatological QoL, including
the DLQI and the Skindex, have been employed to
evaluate the effect of ACD in adults’; none have been
validated in children to date but are currently under
development. Many studies employing these tools
find that patients with ACD report a worse QoL than
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those with psoriasis®*******?’; it is notable that ACD, an
exogenous (usually curable) inflammatory disease con-
notes worse QoL than a chronic, incurable skin condi-
tion. ACD patients experience impairment in multiple
categories; those with hand dermatitis and occupa-
tional disease generally note more frequent functional
impairment’>***%2% Patients with ACD most often
report that the symptoms of itch, sleep disturbance*”
and skin sensitivity’*® negatively affect their QoL;
cracking, sloughing, flaking and peeling of the skin are
particularly bothersome®'.

Emotional impact significantly impairs QoL and is
striking in ACD patients*****°. Embarrassment, most
often associated with facial dermatitis™*, and depres-
sion are notable*”, although the prevalence of depression
among those with ACD is currently unknown. An ACD-
specific QoL instrument, divided into three domains,
highlights more nuanced drivers of emotional impair-
ment. The physical domain includes symptoms or signs
of itching, cracking, sloughing or flaking, burning or
stinging, irritation, and pain. The emotional domain
includes feelings of frustration with disease persis-
tence and chronicity (“never goes away”), annoyance,
embarrassment, unpredictability (“out of control”) and
worry about exposures to triggers. Finally, the func-
tional domain includes limitations due to difficulties in
concentrating or focusing, constant thoughts about the
skin condition, effects on sleep, and effects on social life.
Addressing and targeting the disease-specific emotional
needs of patients with ACD enables a more personalized
approach and improved care™’.

Patch testing and subsequent allergen avoidance
remain the mainstay for diagnosis and management of
ACD and have demonstrated great benefit to patients,
both in terms of disability and QoL?*******-*% Some
studies have shown significant QoL improvement in all
patients who have undergone patch testing, irrespec-
tive of result™***. Others demonstrate improvement
only in patients who have a positive patch test***** or a
more marked benefit among this cohort than in tested
controls™. In another study, emotional wellbeing was
noted as the domain most impacted and most responsive
to change with intervention (patch testing and allergen
avoidance)®!. Certain factors have also been correlated
with greater improvement after patch testing, including
a lower number of positive reactions and an improved

ability to recall allergens®*.

Outlook

Monitoring sensitization trends

The field of CD is constantly evolving and rapidly
expanding. Changes in chemical applications within
products, consumer exposure trends, and industrial
practices contribute to novel allergens and sensitiza-
tion patterns. Between 2008 and 2015, approximately
17 newly described allergens were reported each year,
with one-third found in cosmetics™”. These realities
necessitate regular updates to patch test baseline series;
for example, propolis and HEMA were recently added
to the European Baseline Series in place of primin and
clioquinol because of infrequent positive and relevant
reactions to the latter two™*.
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Updating the patch test procedure

The primary diagnostic tool in ACD remains the patch
test, which was first described by Josef Jadassohn in
1895. Since then, patch testing and its principles have
generally remained the same and it is still the gold stand-
ard diagnostic test with a reasonable degree of reproduc-
ibility. One of the greatest challenges in reading patch
tests is differentiating irritant from allergic reactions.
Many allergens, such as cocamidopropyl betaine, car-
bamate mix and benzalkonium chloride, are marked
irritants as well as allergens**~**>. Some authors have
also proposed the inclusion of sodium lauryl sulfate as a
marker of increased skin reactivitiy’*>***. A concurrent
sodium lauryl sulfate reaction and macular erythema-
tous reactions to other allergens that are known to have
strong irritant properties could lead to the interpretation
of these reactions as irritant in nature rather than weakly
allergic. Future developments in patch testing should
make use of advances in dermatopharmacokinetics to
determine methods for the identification of allergenic-
ity and for the reduction of irritancy and false-positive
reactions. It has been suggested that patch test removal
can occur at 24 hours in the majority of cases, without
losing positive results, rather than the current interna-
tional standard of 48 hours**~***. Further investigations
are needed to evaluate whether patch test occlusion
can indeed be performed for a shorter duration, which
would be more convenient for patients®”.

Preventing sensitization

The prevalence of contact allergy in approximately
one-quarter of the general population calls for more
stringent ways to prevent sensitization’. Concerted
efforts need to be made by industry to reduce the expo-
sure to allergens, even weak ones, whenever possible. For
example, health-care workers become sensitized to weak
allergens in hand cleansers, which they are required to
use as part of their occupation®’. These efforts must
also weigh the necessity for certain ingredients such as
preservatives to prevent infectious contaminants within
products.

Intervening early
Although the early diagnosis and management of CD
has been shown to improve patient outcomes*”’, there
is limited information in the literature regarding the
screening of patients in high-risk industries for hand
dermatitis. The Hand Dermatitis Screening Tool has
recently been developed and tested in health-care work-
ers and may serve as a useful screening tool, especially in
the prevention of ICD***. Patients with newly diagnosed
occupational CD have been found to have inadequate
knowledge of both skin care and treatment, which was
more pronounced in males and older individuals™”.
Workers in high-risk occupations should be educated
on skin care through, for example, hand hygiene pro-
grammes, which have been shown to reduce the prev-
alence and severity of hand dermatitis. Repeating
programmes at regular intervals is also essential as
effectiveness is attenuated over time®*****>,

There is often a substantial time delay between the
onset of symptoms and the individual seeking medical

attention, particularly in occupational CD, which may be
seen as ‘part of the job. A delay in presentation as well as
other factors, including smoking and stress, have been
shown to be associated with a poorer prognosis®**'%*°,
An Australian study reported the mean duration of
occupational CD symptoms before presentation to a
physician as 120 weeks™”. Other studies show that nearly
a quarter of patients have waited over 1 year to see a
physician®® and that patients may wait an average of over
2 years before seeing a dermatologist™*.

Advancing through technology

Technological advances in proteomics have enabled the
identification of contact allergen-induced changes in
protein profiles. Further genomic and proteomic studies
are required to gain a deeper understanding as to how
contact sensitization occurs, to aid diagnosis through
the development of biomarkers and to identify novel
drug targets. Biomarkers would be particularly useful
to differentiate between ACD, ICD and other types of
eczematous dermatoses™’. The development of in vitro
assays for the detection of contact allergens would be a
positive step towards the replacement of current animal
testing. Research and development of alternative, 3D
skin constructs for product testing is ongoing™. Other
advances might include the detection of the uptake of
haptens in the skin to determine how allergens are dis-
tributed. A recent proof-of-concept study showed that
imaged mass spectrometry can be used for the visualiza-
tion of nickel, including its penetration and distribution
in human skin*'.

Adopting new treatment approaches
There is emerging evidence that biologics may play a
role in the treatment of ACD. Dupilumab is a mono-
clonal antibody that has been approved for use in AD
and several other conditions such as asthma®*”. New evi-
dence is emerging to also support the use of dupilumab
in patients with recalcitrant ACD***>***. The first report
observed a dampened patch test response in a patient
on dupilimab’®. A case series showed a potential bene-
ficial effect in ACD caused by sesquiterpene lactones™®.
Another study described a patient with refractory ACD
to nickel secondary to numerous endovascular stents and
clips who was successfully managed with dupilumab**’.
Furthermore, a case series of three patients successfully
treated with a 90% sustained clinical improvement after
6-13 months of dupilumab treatment is encouraging®*.
Despite this, a number of patients with AD on dupi-
lumab were reported who underwent patch testing with
subsequent positive results, suggesting that not all ACD
reactions are necessarily suppressed by the medication®®.
Further clinical studies are required to investigate the use
of dupilumab and other biologics in ACD**.
Previously, the innate immune system was thought
to only play a part in the initial sensitization phase of
ACD. However, recent advances have shown that it is
likely to be responsible for several aspects of the elic-
itation phase, thereby providing a diverse variety of
therapeutic targets'’***”!, including the interactions
between macrophages, T cells, NK cells and other sig-
nalling molecules. T cells are the primary mediators
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of inflammation in ACD and the chemokine receptor
(CKR) system is a crucial regulator of T cell movement.
There are several different chemokines and CKR sys-
tems involved in the various stages of ACD, with spe-

cific chemokines appearing to be hapten dependent

and patient specific. The CKR systems, particularly
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