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Abstract

Interest in the development of methods to evaluate the respiratory sensitization potential of low
molecular weight chemicals continues, but no method has yet been generally accepted or validated.
A lack of chemical reference standards, together with uncertainty regarding relevant
immunological mechanisms, have hampered method development. The first key event in the
development of either skin or respiratory sensitization is the formation of stable adducts of the
chemical with host proteins. This event is measured in the Direct Peptide Reactivity Assay (DPRA)
using cysteine- and lysine-containing model peptides. It is hypothesized that protein reactivity and
subsequent adduct formation may represent the earliest point of divergence in the pathways leading
to either skin or respiratory sensitization.

DPRA data for 200 chemicals were compiled and grouped into respiratory, skin and non-
sensitizers. Chemicals grouping was based on extensive literature research and expert judgment.
To evaluate if chemical groups represent different peptide reactivity profiles, peptide reactivity
data were clustered and compared with information on protein binding mechanisms and chemical
categories available via the OECD Toolbox.

Respiratory sensitizers (n=15) showed a significant (3-fold) higher lysine reactivity than skin
sensitizers (n=129). However, this difference was driven largely by the high representation of acid
anhydrides among the respiratory sensitizers that showed clear lysine selectivity.

Collectively, these data suggest that preferential reactivity for either cysteine or lysine is associated
primarily with chemical structure, and that lysine preference is not a unifying characteristic of

chemical respiratory allergens.
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Introduction

Many low molecular weight chemicals (900 Dalton) have the potential to induce skin sensitization
resulting in allergic contact dermatitis (ACD). Others, far fewer in number, are able to induce
sensitization of the respiratory tract associated with respiratory allergy and asthma (Kimber et al.
2011). Although the distinction between contact allergens and chemical respiratory allergens is
not absolute, there are clearly differences between chemical allergens with respect to the
characteristics of immune responses they preferentially elicit, and the form that sensitization will
take. The factors that drive different pathways of sensitization remain unclear, and it is likely that
there are a number of important influences (Kimber et al. 2011; Kimber et al. 2018).

There has been a continuing commitment to the development of methods for evaluation the
respiratory sensitizing potential of chemicals, but no method has yet been formally validated or
widely accepted (Arts 2020; Basketter et al. 2017; Kimber et al. 2018). Several factors have
contributed to the lack of such a method, including uncertainty about the precise immunological
mechanisms through which chemicals cause sensitization of the respiratory tract (Arts 2020; Isola
et al. 2008; Kimber et al. 2010). Moreover, there has often been confusion about the discrimination
between true chemical respiratory allergens that, by definition, induce sensitization via
immunological processes, and chemicals that cause occupational asthma through other, non-
immunological, mechanisms (most recently reviewed by Arts 2020). As a result of this confusion,
it has been problematic to compile definitive lists of chemicals that provide reference standards
for evaluating the ability of test methods to distinguish between chemical respiratory allergens,
contact allergens and non-sensitizing chemicals.

Recently similarities and differences between contact allergens and chemical respiratory allergens
have been mapped in Adverse Outcome Pathways (AOP) for skin and respiratory sensitization

(Kimber et al. 2014; Kimber et al. 2018; Sullivan et al. 2017). One possibility is that mechanistic
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aspects of the first Key Event (KE)/Molecular Initiating Event (MIE) in the pathways leading to
acquisition of sensitization, that is the formation of stable adducts with host proteins, represents
the earliest point of divergence between contact allergens and respiratory allergens. One
potentially important aspect of the electrophilic interaction of chemical allergens with host proteins
is selectivity for different amino acid residues, and in particular, selective association with either
cysteine or lysine. A number of previous investigations have sought to determine whether the
preferential association with cysteine or lysine provides a signature for contact or respiratory
allergens (Dik et al. 2016; Lalko et al. 2011; Lalko et al. 2012). Results have been somewhat
variable, and therefore there is a need now for a more systematic approach to address this question.
We here describe a detailed examination of the amino acid reactivity profiles of respiratory and
skin sensitizers. For this purpose, we have attempted to distinguish carefully between true chemical
respiratory allergens, and contact allergens that lack the potential to induce sensitization of the
respiratory tract. From these groups of chemical allergens (and from chemicals identified as
lacking sensitizing activity) we have selected for further analysis those for which there are data
available on their behavior in the OECD 442C compliant in vitro predictive test for sensitizing
chemicals, the Direct Peptide Reactivity Assay (DPRA) (Gerberick et al. 2004).

We here describe patterns of reactivity with cysteine and lysine displayed by skin and respiratory

sensitizing chemicals, and by non-sensitizing chemicals.

Materials and Methods

DPRA data set

A set of chemicals with Direct Peptide Reactivity (DPRA) data - according to OECD 442¢ (OECD
2020b) - was derived from published sources (Avonto et al. 2018; Dik et al. 2016; Gerberick et al.

2004; Gerberick et al. 2007; Hirota et al. 2018; Hoffmann et al. 2018; Lalko et al. 2013; Lalko et
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al. 2012; Natsch et al. 2013; OECD 2020a; Urbisch et al. 2015; Wareing et al. 2017; Yamashita et
al. 2015) and in-house generated data for four chemicals (unpublished). Missing CAS numbers
were amended and a general test chemical name was chosen per CAS number. The DPRA data
was adapted as follows: negative peptide depletion values were set at 0% depletion, all peptide
depletion values were rounded to a whole number, and redundant data points were excluded from
further analyses. Data points were considered as redundant if both cysteine and lysine peptide
depletion values were identical after rounding up to whole numbers. Chemicals were excluded
from the data set for one of the following reasons: they were natural products without defined
structures (e.g., treemoss, jasmine, ylang ylang) or other mixtures (e.g., kathon CG, the mixture of
2,4-/2,6-toluene diisocyanate); co-elution occurred with either the cysteine or lysine peptide; there
was uncertainty about chemical identification; the evidence for clear grouping as skin or
respiratory sensitizer was insufficient.. In total, 200 chemicals with 845 DPRA data points and 337
non-redundant DPRA data points for each, cysteine and lysine reactivity, were used in analyses
(Suppl. Table 1).

The 200 chemicals were further annotated with chemical category information according to “US-
EPA New Chemical Categories” and protein binding mechanism according to Organisation for
Economic Co-operation and Development (OECD) and OASIS which were derived from the
Quantitative Structure Activity Relationship (QSAR) Toolbox 4.4 (OECD 2020a) and are
provided in Suppl. Table 1. “US-EPA New Chemical Categories” is a profiler to identify whether
a chemical belongs to one of the 66 chemical categories analyzed in the Environmental Protection
Agency (EPA) program and is used for hazard assessments of chemicals by the EPA (OECD
2020a; US EPA 2010). Protein binding by OECD (102 alerts) and by OASIS (112 alerts) were
used as profilers to identify protein binding mechanisms (OECD 2020a). Results of both profilers

were consolidated and in case of mixed results (e.g., Acetylation by OECD and Schiff base
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formation by OASIS) were combined. In case of “No alert found” by only one of the profilers, the

result was overruled by the alert of the other profiler.

Chemical Grouping

Prior to analysis, the 200 chemicals with DPRA data were grouped according to the following
descriptors: respiratory sensitizer (n=15), skin sensitizer (n=129), or non-sensitizer (n=56). It is
well known that the number of chemicals for which there is strong evidence to support a respiratory
sensitizer grouping are far fewer than skin sensitizers (Arts 2020; Kimber et al. 2014). Much effort
on developing QSAR alerts and databases has been done, but lesser effort on the identification of
true respiratory sensitizers versus potential respiratory sensitizers and non-immunological
asthmagens (Arts 2020). To assure that all chemicals selected as respiratory allergens have strong
supportable evidence, a thorough expert review of the literature was conducted using a weight of
evidence approach. Clinical evidence in humans that the substance can lead to sensitization of the
respiratory tract associated with allergic symptoms required the availability of confirmed cases of
allergic asthma or other related allergic respiratory conditions (rhinitis, extrinsic allergic alveolitis)
along with an immunological assessment (e.g., IgE levels by ELISA, skin prick test data). It was
also critical to have reliable data supporting the extent and type of exposure to the specific chemical
being evaluated. Thus, there was a need for confirmation of direct exposure to the chemical.
Chemicals where the evidence available suggested the asthma symptoms were caused by non-
immunological mechanisms as well as agents causing anaphylaxis were not included in the
respiratory sensitizer grouping.

For the skin sensitizer and non-sensitizer analyzed in this paper, the groupings were based on those
proposed in previous publications (Api et al. 2017; Basketter et al. 2014; Hoffmann et al. 2018).

Briefly, existing LLNA data were used along with human evidence. The human evidence consisted
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of data from human maximization tests, human repeat insult patch tests, and/or diagnostic patch
tests. The LLNA data were collected from the literature, LLNA databases (e.g., NICEATM) and
from the proprietary database of the Research Institute for Fragrance Materials (RIFM). The
LLNA studies were conducted according to the OECD test guideline 429 “Skin sensitization: local

lymph node assay’ (OECD 2010) or similar protocols.

Data analysis

The arithmetic mean of the non-redundant lysine and cysteine peptide depletion per chemical was
calculated and used to generate boxplots to reflect the distribution of lysine and cysteine peptide
reactivity according to the sensitizing groups, chemical categories and protein binding
mechanisms.

Boxplots, the cluster analysis as well as graphs were generated using JMP® Pro 15 (SAS Institute
Inc., Cary, North Carolina, US). A Student’s t-test (with o = 0.01; ns = p > 0.05, ** =p < 0.01,
*#% = p <0.001) was conducted to test whether the two groups of respiratory and skin sensitizers
are equal with regard to their cysteine, lysine and average peptide reactivity or not using JMP®
Pro 15. For the cluster analysis, one to ten clusters were examined using K-Means cluster analysis
and the most suitable number of clusters was identified based on the cubic clustering criterion
(CCC) to minimizing the within-cluster sum of squares. The distribution of chemical categories

per cluster was generated with Microsoft® Excel ® for Office 365 MSO 16 (ProPlus).
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Results

Peptide reactivity per sensitizer groups

The arithmetic means of the non-redundant cysteine and lysine DPRA depletion values were
calculated for each chemical (n=200) and chemicals were grouped as respiratory sensitizers
(n=15), skin sensitizers (n=129), or non-sensitizers (n=56). Respiratory sensitizers were
determined based on weight of evidence and expert judgement and are listed in Table 1.

In order to display the distribution of the lysine and cysteine peptide depletion data and identify
potential differences between the sensitizer/non-sensitizer groups, boxplots were used (Figure 1).
A Student’s t-test (with a = 0.01) was conducted to identify significant differences between
respiratory and skin sensitizers. Significant differences were found with regard to lysine (p <
0.0001) and average of lysine and cysteine (p = 0.0089), but not cysteine (p = 0.9933) peptide
reactivity. The results are aligned with the assumption that respiratory sensitizers are more lysine
than cysteine reactive.

However, the variability (interquartile range box and whiskers, outliers) is remarkably high for all
groups. The median of lysine peptide reactivity shows a nine times higher lysine depletion value
for respiratory than skin sensitizers (64% versus 7%), whereas the arithmetic mean shows a three
times higher lysine depletion value than skin sensitizers (52% versus 17%). This may be partly
explained by the number of outliers (n=13, including 4 acrylates) in the group of skin sensitizers
for lysine reactivity (highly reactive compounds towards both peptides with the exception of
bromohexane (CAS# 111-25-1), but also by the high variability and the low number of respiratory
sensitizers.

Non-sensitizers demonstrated minimal reactivity towards the cysteine and lysine peptides (in
average below 6.4%) except 19 chemicals (including 7 acids) that showed peptide depletion

despite not being considered as skin sensitizers (see comment section in Suppl. 1).
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Clustering chemicals according to peptide reactivity

To identify potential peptide reactivity patterns or clusters of all 200 chemicals, a principal
component (PC) analysis with 2 variables, cysteine and lysine peptide depletion, was conducted.
Using a k-Means analysis (one to ten clusters) and the cubic clustering criterion (CCC), eight
clusters were identified as the most suitable number of clusters and are shown as a Biplot (Figure
2) and as values in a table (Table 2).

The eight clusters can be partitioned into the top three clusters with the highest average lysine
depletion (>58%) with the number 1, 3 and 6 as well as the top three clusters with the highest
average cysteine depletion (>73%) with the number 1, 5, 6, and 8. Cluster 6 contains chemicals
with the highest average cysteine and lysine peptide depletion (both >87%), cluster 8 those with
only high average cysteine depletion (=95%) and cluster 3 with only high lysine depletion (>73%).
Cluster 4 represents minimally reactive chemicals (both <3% depletion) and, clusters 2 and 7,
somewhat medium cysteine and lysine reactive chemicals, respectively. Clusters 1 and 2 have the
highest standard deviation, but all clusters show standard deviations (based on mean values from
different publications) that are below or at the max assay standard deviation for replicates for
cysteine (<14.9%) and lysine depletion (<11.6%) (OECD 2020b).

Six of eight clusters contain at least one of the 15 respiratory sensitizers including cluster 4, the
minimal reactivity cluster. Cluster 7 (somewhat medium cysteine and lysine reactivity) and 8 (only
high cysteine reactivity) contain none of the respiratory sensitizers. The majority of the respiratory
sensitizers (Table 1) represent anhydrides and diisocyanates, which separate in two distinct clusters
with the highest number of respiratory sensitizers: Cluster 3 (only high lysine reactive chemicals,
n=8) with five respiratory sensitizers and cluster 5 (high cysteine reactive chemicals, n=19) with

four respiratory sensitizers. Cluster 3 contains phthalic anhydride, cyclohexane dicarboxylic
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anhydride (or hexahydrophthalic anhydride), benzene-tricarboxylic anhydride (or trimellitic
anhydride), tetrachlorophthalic anhydride, and glutaraldehyde as well as bromohexane (skin
sensitizer) and two non-sensitizers. This cluster represents an average cysteine depletion of 12%
and an average lysine depletion of 73% (

Table 2). Almost all anhydrides of this data set are located in cluster 3, with the exception of maleic
anhydride, which is in a cluster with higher cysteine depletion (cluster 1, label number 150) and
chlorendic anhydride, which is — together with the respiratory sensitizer piperazine (label number
175) — in a cluster of minimal peptide depletion (cluster 4, label number 99). Cluster 5 contains
hexamethylene diisocyanate, 2,6-toluene diisocyanate, methylenediphenyl diisocyanate,
isophorone diisocyanate as well as 13 skin sensitizers and 1 non-sensitizer. This cluster contains
almost all diisocyanates, except 2,4-toluene diisocyanate (cluster 2, label number 28). Cluster 5

represents 95% average cysteine depletion and 31% average lysine depletion (Table 2).

Peptide reactivity per chemical category and protein binding mechanism

In order to further elucidate, if the chemical categories play a role in the overall lysine and cysteine
peptide reactivity of the sensitizer/non-sensitizer groups, chemicals were annotated with their US-
EPA New Chemical Categories derived from the QSAR Toolbox 4.4 (OECD 2020a).

In total, 128 of the 200 chemicals were categorized according to the US-EPA New Chemical
Categories, thus 36% were not categorized. Of the 128 categorized chemicals, 14 are respiratory
sensitizers (missing: chloramine-T, label number 98), 84 are skin sensitizers and 30 are non-
sensitizers with a total of 21 different chemical categories identified. In alignment with the cluster
analysis results, anhydrides tend to be more lysine- versus cysteine-reactive with the exception of
maleic anhydride (label number 150) and chlorendic anhydride (label number 99) and

diisocyanates tend to be more cysteine- versus lysine-reactive (Figure 3). No other chemical
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category shows a clear distinction between cysteine and lysine reactivity or the difference is based
on an n=1 such as e.g. aldehydes grouped as respiratory sensitizer.

Furthermore, mechanistic protein binding domains were analyzed to determine whether or not
there was a preferential lysine or cysteine reactivity. Protein binding alerts generated using OECD
and OASIS from the QSAR Toolbox 4.4 (OECD 2020a) found that for 103 of the 200 chemicals
(13 respiratory sensitizers, 84 skin sensitizers and 6 non-sensitizers), none of the 13 distinct groups
of protein binding mechanisms was particularly lysine- or cysteine-reactive (Figure 4).
Mechanisms such as acetylation and SNAr, as well as partly Michael addition, only showed a

tendency towards higher lysine reactivity compared to other binding mechanisms.

Chemical categories per cluster

The clusters identified by principal component analysis and the analysis of the peptide reactivity
per chemical category showed that peptide-binding preference can be specific for chemical
categories such as anhydrides and diisocyanates. To differentiate, if clusters represent specific
chemical categories (as in the case of anhydrides and diisocyanates) or if chemical categories can
be found in various clusters, a distribution of the 21 chemical categories in the eight different
clusters is visualized (Figure 5).

Figure 5 shows that certain chemical categories (e.g. aldehydes, esters and phenols) can be found
in almost all clusters and certain clusters (e.g. cluster 4) contain multiple chemical categories (12
of 21). As shown in Figure 2, anhydrides can be found predominantly in cluster 3, but also in
cluster 1 and 4. However, cluster 3 also contains other chemical categories such as neutral organics,
as well as the promiscuous aldehydes and esters. Diisocyanates are predominantly in cluster 5,
which in turn also contains e.g. polynitroaromatics, acrylates and ester. Cluster 4, which contains

the minimally peptide reactive chemicals is the most diverse (12 chemical categories) and with the
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highest number of chemicals (n=90) of which 36 chemicals are not categorized. All other clusters

revealed four (cluster 3) to eight different chemical categories per cluster.
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Discussion

One of the most interesting, and seemingly intractable, questions in the study of allergic
sensitization is why some chemical sensitizers are associated with respiratory allergy and asthma,
whereas others are associated only with skin sensitization and allergic contact dermatitis (ACD).
The question is of more than simply academic interest because the answer might hold the key to
elucidating mechanistic differences between classes of chemical allergens, and provide a basis for
predictive identification of chemical respiratory allergens; a goal that has so far remained elusive.
It has been argued that there must exist a point of divergence on the pathway leading to
sensitization where contact allergens and respiratory allergens diverge such that different qualities
of immune response are elicited (Kimber et al., 2018). One theory is that the nature of initial
interaction with proteins to form an immunogenic hapten-protein conjugates represents that point
of divergence. This theory has been lent credence by results of preliminary studies that reported
differences between contact and respiratory allergens with respect to amino acid selectivity
(Hettick et al. 2012; Holsapple et al. 2006; Hopkins et al. 2005; Lalko et al. 2012). A theory has
been that contact allergens favor cysteine-rich cellular proteins, whereas respiratory allergens
favor interaction with lysine-rich human serum proteins (Hopkins et al. 2005). However, not all
studies have observed the same patterns (Dik et al. 2016; Lalko et al. 2011; Lalko et al. 2012).
The purpose of the investigations reported here was, therefore, to explore in a more systematic
way whether there exist consistent differences between contact and respiratory allergens with
respect to amino acid selectivity during hapten-protein formation. For this purpose it was necessary
first to identify groups of chemicals, based upon literature review and expert judgement, that could
be considered with confidence as being skin sensitizers only, respiratory sensitizers, or non-
sensitizing chemicals. This was an important preliminary step because research on the

characteristics of chemical respiratory allergens has been plagued by an inability to distinguish
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between true respiratory sensitizers that act through immunological mechanisms, and other
chemicals that cause asthma via other (non-immunological) mechanisms or agents causing
anaphylaxis. Thus, one important objective was to distinguish true respiratory allergens from
chemicals associated with non-allergic asthma using a weight of evidence approach.

For the purposes of this exercise classification as a true respiratory allergen required a sound
clinical evidence of exposure resulting in symptoms in the respiratory tract (related to e.g., asthma,
rhinitis, alveolitis) along with an immunological assessment (e.g., IgE levels by ELISA, skin prick
test data). It must be acknowledged that using these criteria some generally recognized respiratory
sensitizers may not have been included in the respiratory allergen category, either through lack of
evidence or peptide reactivity data from DPRA studies, conducted according to OECD 442c.
However, for the purpose of determining whether respiratory allergens display clear amino acid
preferences it was important to be certain of allergenic properties. For instance, chemicals such as
azodicarbonamide and methyl methacrylate that are sometimes cited as being respiratory
sensitizers were excluded from the respiratory allergen group based on a holistic review of the
available data (Arts and Kimber 2018; Borak et al. 2011). For the skin sensitizers and non-
sensitizer chemicals considered in this paper, the groupings were based on those proposed
previously (Api et al. 2017; Basketter et al. 2014; Hoffmann et al. 2018). The supporting data were
based on LLNA studies and on human data (human maximization tests, human repeated insult
patch tests, and diagnostic patch tests). However, it must be appreciated that known chemical
respiratory allergens are able to induce positive responses in the LLNA (Basketter et al. 2017), and
that many (but not all) chemical respiratory allergens have some potential to cause ACD as well

as sensitization of the respiratory tract (Kimber et al. 2011).
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The important point is, however, that in addressing the objective of these investigations only
chemicals known to cause sensitization of the respiratory tract were included in the respiratory
allergen set. It is acknowledged that applying these criteria some true respiratory allergens may
have been excluded based on either a lack of standard DPRA data, and/or the absence of
convincing evidence to support this classification.

Data from DPRA studies, conducted according to OECD 442c, were used to map the reactivity
profiles of respiratory, skin and non-sensitizers towards cysteine- and lysine-containing peptides.
Cysteine and lysine reflect hard and soft nucleophiles, respectively, and are prone to react with
either hard or soft electrophiles (LoPachin et al. 2019; Mekenyan et al. 2014). The DPRA is the
most widely used peptide reactivity assay with a large and consistent dataset available. Although
the applicability domain of the DPRA can be extended by modifications to the protocol, for
instance to measure the peptide reactivity of inorganic compounds (e.g., platinum compounds)
(Hemming et al. 2019), results from modified protocols were not included here to ensure
consistency and comparability of DPRA data.

Respiratory sensitizers displayed a significantly (3-fold) higher reactivity with lysine than did skin
sensitizers. However, this difference was driven largely by the high representation among the
respiratory sensitizer set of acid anhydrides that displayed a clear preference for lysine. This is
consistent with the report of Dik et al. (2016) which found that amino acid binding preference is
chemical class specific, and not necessarily indicative of respiratory sensitization potential.
Anhydrides (other than chlorendic anhydride) showed high reactivity with lysine usually paired
with low cysteine reactivity (except in the case of maleic anhydride). This is a profile different
from that observed with diisocyanates that displayed stronger reactivity with cysteine. The

reactivity clusters of anhydrides and diisocyanates suggest that the former (shared with the skin
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sensitizer bromohexane and two non-sensitizers) is less common for skin sensitizers than the
diisocyanate-cluster, which is grouped together with 13 skin sensitizers.

Dik et al. (2016) have shown that anhydrides tend to react well with cysteine and lysine following
even short exposure times, but interestingly lose reactivity towards cysteine after more prolonged
(24 h) incubation. In general, anhydrides are readily hydrolyzed to their corresponding acids which
are usually not protein reactive (Kreiling et al. 2017; Yamashita et al. 2015). Their hydrolysis
could be pH-dependent and thus, lysine-reactivity may differ depending on the buffer system used,
which has been shown recently for isocyanates and anhydrides in the Peroxidase Peptide
Reactivity Assay (Ryan et al. 2020). In aqueous culture systems, anhydrides may undergo rapid
hydrolysis prior to reaching cellular molecular targets which could lead to false-negative results in
in vitro tests (Narita et al. 2017). Therefore, the instability of such anhydrides can affect the overall
reactivity assessment. Nevertheless, the high lysine reactivity and low cysteine reactivity pattern
of anhydrides is consistent with previous findings of other studies and seem to be less common for
skin sensitizers. Phthalic anhydride exclusively reacts with lysine residues (Gerberick et al. 2007,
Natsch 2010), and it is a respiratory allergen that is believed not to cause skin sensitization or ACD
(Basketter and Kimber 2016).

The exceptions to the anhydride-reactivity pattern are maleic and chlorendic anhydride. Maleic
anhydride hydrolyzes to acid similar to other anhydrides (Environment Agency Austria 2015) but
shows high cysteine reactivity, and therefore may not lose reactivity towards cysteine after 24 h
incubation in the DPRA. Chlorendic anhydride, which is also thought to hydrolyze to acid
immediately (ECHA 2011), behaves slightly differently in the DPRA. It shows low lysine
reactivity combined with low cysteine reactivity, albeit being reactive to cysteine (>72% depletion)

after 20 min in the DPRA (Dik et al. 2016). Other aliphatic amines (skin sensitizers and non-
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sensitizers) also show rather low peptide reactivity, except 2,5-diaminotoluene sulfate (a skin
sensitizer).

Apart from diisocyantes and anhydrides, no other chemical category was found to have a distinct
preferential amino acid reactivity profile. However, many (36%) of the skin sensitizers and non-
sensitizers and one respiratory sensitizer (chloramine-T) could not be categorized according to US-
EPA New Chemical Categories (structure categorization of chemical groups), which is a similar
deficit as reported by Golden et al. (2020). Less discriminatory than chemical categories were
protein binding mechanisms since none of those appeared to be associated with a preference lysine
reactivity.

In conclusion, there is no clear discrimination between confirmed chemical respiratory allergens
and skin sensitizing chemicals with respect to cysteine/lysine binding preferences. The
interpretation is that if the pathways leading to skin and respiratory sensitization diverge at the
stage of hapten-protein adduct formation the distinction is not as simple as a preferential
association with cysteine or lysine. It may be that the kinetics of conjugate formation, and/or the

promiscuity of protein interactions play more decisive roles.
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Figures

Figure 1: Overview of lysine and cysteine and average of lysine and cysteine peptide reactivity as
% depletion of respiratory (n=15), skin (n=129, solid dots are outliers) and non-sensitizers (n=56,
open circles are outliers) depiced as boxplots. Asterisks (*) and horizontal bars indicate intergroup
differences between respiratory and skin sensitizers by Student’s t-test (ns = p > 0.05, ** =p <

0.01, *** =p <0.001). Results and graph are generated by JMP® Pro 15.

Figure 2: Biplot of principal component analysis of cysteine and lysine peptide reactivity of all
reactive chemicals. Chemicals are clustered by k-Means Cluster (n=8) for cysteine (PC1) and
lysine (PC2) peptide depletion (%). Data points represent arithmetic means of non-redundant
DPRA cysteine and lysine depletion values of 200 chemicals, including 15 respiratory sensitizers
(asterisks and label), 120 skin sensitizers (solid dots) and 56 non-sensitizers (open circles). Graph

is generated by JMP® Pro 15.

Figure 3: Peptide reactivity of chemicals by chemical categories (US-EPA) and groups of
respiratory (n=14, asterisks), skin (n=84, solid dots) and non-sensitizers (n=30, open circles).
OECD QSAR toolbox version 4.4 categorized 128 chemicals according to US-EPA. Results are

shown as boxplots by JMP® Pro 15.

Figure 4: Peptide reactivity of chemicals according to their protein binding mechanisms by OECD
and OASIS and groups of respiratory (n=13), skin (n=84, solid dots) and non-sensitizers (n=6).
OECD QSAR toolbox version 4.4 identified protein binding mechanisms for 103 chemicals.

Results are shown as boxplots by JMP® Pro 15.
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Figure 5: Distribution of chemical categories per cluster. Chemical categories are according to US-
EPA and cluster are defined by principal component analysis (Figure 2). Shown are the number of
chemicals (n=200) per chemical category and cluster and asterisks represents the presence of at

least on respiratory sensitizer per chemical category and cluster. Graph is generated with Excel.
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Table 1: List of chemicals with available DPRA data that are grouped as respiratory sensitizers
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(n=15) based on expert judgment using a weight-of-evidence approach.

Table 2: Lysine and cysteine peptide reactivity as % depletion of the protein-reactive chemicals
according to the 8 clusters (Figure 2). Results are shown as arithmetic means and standard

deviation (STD) of all analyzed chemicals (n=200) and are generated by JMP® Pro 15.
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Label Test chemical CAS#

10 1,2,4-Benzene-tricarboxylic anhydride ~ 552-30-7
12 1,2-cyclohexane dicarboxylic anhydride 85-42-7
16 1,6-hexamethylene diisocyanate 822-06-0
25 2,4,6-Trichloro-1,3,5-triazine 108-77-0
28 2,4-Toluene diisocyanate 584-84-9
30 2,6-Toluene diisocyanate 91-08-7
57 4,4'-Methylenediphenyl diisocyanate 101-68-8
98 Chloramine-T 127-65-1
99 Chlorendic anhydride 115-27-5
135 Glutaraldehyde 111-30-8
143 Isophorone diisocyanate 4098-71-9
150 Maleic anhydride 108-31-6
174 Phthalic Anhydride 85-44-9
175 Piperazine 110-85-0
190 Tetrachlorophthalic anhydride 117-08-8

Cysteine reactivity

(% depletion)

Lysine reactivity

(% depletion)

Cluster N Mean STD Mean STD
1 8 73 +15 58 49
2 29 44 +13 9 +6
3 8 12 +8 73 +6
4 90 4 +5 3 +4
5 18 95 +5 31 +8
6 10 95 49 87 +6
7 11 9 +8 29 +9
8 26 95 +6 5 +6
Sum 200
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Supplement

Suppl. 1: List of analyzed chemicals (n=200) with according grouping into respiratory (n=15), skin
(n=129) and non-sensitizers (n=56), their cysteine and lysine depletion (%) data and references,
protein binding mechanisms (OECD and OASIS), chemical categories (US-EPA) and cluster
information. DPRA results are shown as arithmetic mean for each CAS# and are based on non-
redundant DPRA values.

-

Suppl 1.xIsx
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Figure 1: Overview of lysine and cysteine and average of lysine and cysteine peptide reactivity as %
depletion of respiratory (n=15), skin (n=129, solid dots are outliers) and non-sensitizers (n=56, open circles
are outliers) depiced as boxplots. Asterisks (*) and horizontal bars indicate intergroup differences between
respiratory and skin sensitizers by Student’s t-test (ns = p > 0.05, ** = p < 0.01, *** = p < 0.001).

Respiratory Sensitizer

Skin Sensitizer

Non-Sensitizer

Results and graph are generated by JMP® Pro 15.
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Figure 2: Biplot of principal component analysis of cysteine and lysine peptide reactivity of all reactive
chemicals. Chemicals are clustered by k-Means Cluster (n=8) for cysteine (PC1) and lysine (PC2) peptide
depletion (%). Data points represent arithmetic means of non-redundant DPRA cysteine and lysine depletion
values of 200 chemicals, including 15 respiratory sensitizers (asterisks and label), 120 skin sensitizers (solid
dots) and 56 non-sensitizers (open circles). Graph is generated by JMP® Pro 15.
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Figure 3: Peptide reactivity of chemicals by chemical categories (US-EPA) and groups of respiratory (n

asterisks), skin (n

30, open circles). OECD QSAR toolbox version 4.4

84, solid dots) and non-sensitizers (n=

categorized 128 chemicals according to US-EPA. Results are shown as boxplots by JMP® Pro 15.
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28 Figure 4: Peptide reactivity of chemicals according to their protein binding mechanisms by OECD and OASIS
29 and groups of respiratory (n=13), skin (n=84, solid dots) and non-sensitizers (n=6). OECD QSAR toolbox
30 version 4.4 identified protein binding mechanisms for 103 chemicals. Results are shown as boxplots by
JMP® Pro 15.
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Figure 5: Distribution of chemical categories per cluster. Chemical categories are according to US-EPA and
cluster are defined by principal component analysis (Figure 2). Shown are the number of chemicals (n=200)
per chemical category and cluster and asterisks represents the presence of at least on respiratory sensitizer

per chemical category and cluster. Graph is generated with Excel.
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