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ABSTRACT
The induction of immunological responses that trigger bio-physiological symptoms in the respiratory
tract following repeated exposure to a substance, is known as respiratory sensitization. The inducing
compound is known as a respiratory sensitizer. While respiratory sensitization by high molecular weight
(HMW) materials is recognized and extensively studied, much less information is available regarding
low molecular weight (LMW) materials as respiratory sensitizers. Variability of symptoms presented in
humans from such exposures, limited availability of (and access to) documented reports, and the
absence of standardized and validated test models, hinders the identification of true respiratory sensi-
tizers. This review aims to sort suspected LMW respiratory sensitizers based on available compelling,
reasonable, inadequate, or questionable evidence in humans from occupational exposures and use this
information to compose a reference list of reported chemical respiratory sensitizers for scientific
research purposes. A list of 97 reported respiratory sensitizers was generated from six sources, and 52
LMW organic chemicals were identified, reviewed, and assigned to the four evidence categories. Less
than 10 chemicals were confirmed with compelling evidence for induction of respiratory sensitization
in humans from occupational exposures. Here, we propose the reference list for developing novel
research on respiratory sensitization.
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Introduction

Respiratory sensitization associated with occupational inhal-
ation exposures is a serious health issue in occupational
medicine with potentially life-threatening consequences.
Occupational exposures and respiratory sensitization related
to HMW substances, such as proteins, are well established
(Wild and Lopez 2003; Raulf et al. 2018). In contrast, less is
known about LMW chemicals. Although many have been
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reported as respiratory sensitizers, this class of chemicals
lacks rigorous scientific scrutiny (Huby et al. 2000; Dufour
et al. 2009; Krutz et al. 2020).

While there have been significant innovations in testing
for skin sensitization with the development of multiple
in vivo, in vitro, and in silico models that have been standar-
dized, validated, and are now used to set guidelines and
regulate exposures, research on respiratory sensitization is
still in its infancy. There are no established animal models
and due to bans or restrictions on animal testing of cosmetic
products and their ingredients in some countries or regions
around the world, the ability to validate innovative
approaches to identify respiratory sensitizing chemicals and
set sensitizing thresholds has been limited (Kimber et al.
1996; Arts 2020; Pemberton and Kimber 2021).

In the absence of adequate models to understand the
immunology and mechanisms underlying respiratory sensi-
tization, scientists and regulators are obliged to rely on the
use of limited cellular assays or chemical analyses that are
not designed to test for respiratory sensitization specifically.
Using the expert judgment and the weight of evidence
(WoE) approach, the European Chemical Agency (ECHA),
German list of Maximum Concentrations and Biological
Tolerance Values at the Workplace (DFG DF 2020) and UK
Health and Safety Executive (UK-HSE 2001) have developed a
list of compounds that are labeled as respiratory sensitizers.
Also, other published lists have identified different LMW
chemicals with the potential to be respiratory sensitizers
(Jarvis et al. 2015; Dik et al. 2016; Krutz et al. 2021). However,
these lists do not significantly overlap because there is a gen-
eral lack of agreement on what criteria should be considered
when categorizing a chemical as a respiratory sensitizer.
Thus, the conventional approach is a hazard- and risk-based
classification system that has led to the use of low-quality
reports, extrapolation of structural chemistry, and WoE from
skin sensitization tests to designate whether a chemical is a
respiratory sensitizer. Such a conservative approach may
potentially mislead research efforts to develop human-rele-
vant models to identify respiratory sensitizers and accurately
investigate respiratory sensitization. Furthermore, this lack of
agreement has amplified confusion in the field, as any novel
approaches to identify respiratory sensitizers are flawed due
to the lack of an agreed-upon, positive control for a LMW
respiratory sensitizer.

It is impossible to understand the mechanism of respira-
tory sensitization or identify new respiratory sensitizers with-
out having a reference set of existing chemicals that are
known respiratory sensitizers. It is challenging to identify
LMW respiratory sensitizers as they have a broad spectrum of
inhalation exposure-related respiratory effects in humans.
With no accepted in vivo and in vitro approaches to evaluate
and classify them based on their potential and potency, lev-
eraging existing epidemiologic studies and reevaluating
human data from workplace exposures is an opportunity for
gaining more understanding (Isola et al. 2008; Kimber et al.
2010; Arts 2020). However, the challenge is to retrospectively
evaluate published data, identify knowledge gaps, and apply
the conclusions to categorize these chemicals based on the

quality of their evidence (Pemberton and Kimber 2021). The
medical history of human subjects adds another layer of
complexity to data evaluation, especially whether an individ-
ual is predisposed or genetically susceptible to exhibit
respiratory symptoms upon exposure to potential respiratory
sensitizers (Venables et al. 1989; Bernstein 2003; Yucesoy
et al. 2012). A comprehensive review carried out for the
European Commission highlights that identifying the specific
LMW chemical responsible for respiratory sensitization in an
occupational setting is challenging due to complex exposure
patterns and a clear causality to asthma is not always given
(Bloemen et al. 2009). For example, highly reactive chemicals,
such as diisocyanates, are also known to be respiratory irri-
tants, which may complicate the assessment of biological
responses as irritation or sensitization, especially in animal
models (Pauluhn and Mohr 2005; ECHA-RAC 2020). An add-
itional challenge is related to the development of animal-
alternative models that account for the highly complex tissue
architecture and bio-physiologic function of the human
respiratory tract, which includes multiple cell types and sys-
tems, such as epithelial cells, inflammatory cells, sensory and
autonomic nervous systems, secretory, and endocrinal sys-
tems (Van Lommel et al. 1999; Noguchi et al. 2020). Animal
models have been used widely, but none of them are gener-
ally accepted nor validated due to the inability to distinguish
between irritation and sensitization responses, and their
human relevance is not well defined (Pauluhn 2008; Aun
et al. 2017; Tanner and Single 2020).

Furthermore, another challenge is pinpointing respiratory
sensitization symptoms in humans and identifying precise
biomarkers in the test models directly associated with
respiratory symptoms (Kimber et al. 2011). Respiratory sensi-
tizers can induce a complex combination of symptoms,
including respiratory irritation, inflammation, mucus secretion,
cough and asthmatic-like bronchoconstriction and airway
hyper reactivity. Depending on the chemical and its expos-
ure, symptoms can additionally be classified as immediate or
late-onset (Malo and Chan-Yeung 2009). An immunologic
component of sensitization can be identified by measuring
serum IgE and IgG antibodies. These symptoms can also be
distinguished as local (rhinitis and airway inflammation) and
systemic (asthma and immunologic reactions detected in the
plasma samples).

The limited number of LMW chemicals identified as
respiratory sensitizers, the broad variability in symptoms
observed in the adult human population, and the absence of
appropriate in vitro/in vivo models compound the difficulty of
identifying respiratory sensitizers (Pemberton and Kimber
2021). Here, we have collected and evaluated existing epi-
demiological studies and case reports purporting to identify
human respiratory sensitizers, focusing on LMW chemicals.
We have identified those respiratory sensitizers that are sup-
ported by compelling evidence in humans and propose they
should be used as positive controls in future studies of
respiratory sensitization with high confidence. As such, this
review is strictly limited to evaluating evidence observed in
humans from occupational exposures and does not consider
additional data or their chemical reactivities as WoE. This
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data analysis is not intended for use in hazard assessments
or risk assessments of these chemicals.

Materials and methods

Building an inventory of respiratory sensitizers and
data review

An inventory of 97 LMW chemicals reported to be respiratory
sensitizers was generated from six sources (UK-HSE 2001;
Jarvis et al. 2015; Dik et al. 2016; DFG DF 2020; ECHA 2021;
Krutz et al. 2021). The following databases were searched for
relevant publications and chemical information: PubMed,
OECD Toolbox, REACH documents, ECHA entries, and add-
itional nonpublic databases to which authors may have had
access (e.g. Embase, Web of Science, and the Research
Institute for Fragrance Materials (RIFM) database). Fifty-two of
the 97 substances selected were identified as organic LMW
chemicals with literature available for review. Materials, such
as heavy metals, inorganic salts, proteins, polymers, and non-
chemical entities (e.g. house dust mites) were not considered
under this comprehensive review. Search terms were
designed to inclusively capture general sensitization data in
reports independent of whether data was captured in respira-
tory or dermal systems to ensure the best chance of obtain-
ing all available respiratory sensitization reports, for example
(“chemical name” or “chemical synonym” or “CAS RN”) and
(sensit� or respiratory or allerg� or asthma or rhinitis). The lit-
erature search included years from 1930 to 2021. Pertinent
references were identified by evaluating titles and abstracts
using the inclusion and exclusion criteria. Reports were also
extracted if the citations from the searched studies were
determined to be relevant. The following inclusion and exclu-
sion criteria were used to identify relevant references on
52 chemicals.

Inclusion and exclusion criteria search results
1. The report should specify or suspect the route of expos-

ure of the chemicals as inhalation.
2. The chemical exposures must take place in an occupa-

tional setting. Exposures related to personal use of prod-
ucts containing the chemical of interest are excluded as
they are considered as low confidence.

3. The data are presented in an epidemiological study, a
clinical case report or any peer-reviewed scientific litera-
ture. Data obtained from intentional exposures in test
subjects for pointed scientific evaluations are
not considered.

4. The presented observations and evaluations are from
adult human subjects and not from children, animals, or
animal-alternative models.

5. Articles from languages other than English with no trans-
lations are not considered.

The identified chemicals were evaluated based on the accu-
mulated literature and subsequently classified into one of
four categories as defined below: Compelling evidence,
Reasonable evidence, Inadequate evidence, or Questionable

evidence. Those chemicals with no relevant data were desig-
nated as uncategorized and the chemicals with no associated
CAS numbers were removed from the final lists. Figure 1 out-
lines the process of sorting the accumulated evidence into
high, moderate, and low confidence categories, which were
then refined to represent the final 4 groups.

Scoring system

The gathered evidence was limited to epidemiological stud-
ies and clinical case reports from occupational exposures in
humans. These reports were evaluated based on the follow-
ing set criteria, summarized in Table 1.

1. Compelling Evidence – LMW chemicals having strong evi-
dence in humans regarding occurrences, chemical identity,
exposure route, and symptoms that are well-documented
and evaluated and confirmed by a medical professional.
a. Requirements for evidence related to exposure

i. Confirmed report with “confirmation” in the
form of documented exposure (with testing) or
individual knowledge of direct exposure to a
single chemical exposure (handled or proc-
essed) followed by testing of the individual or
testing at the exposure location, AND

ii. Reaction occurred within a reasonable period
following exposure, or upon re-challenge with
the suspected offending substance
AND

iii. Only citations dealing with adult-aged workers
and patients were considered.

b. Documented confirmation of a reaction in a medical
setting including using patch tests, skin prick tests,
serum IgE, pulmonary function testing, or other
forms of medically supervised re-challenge and
observations.

c. Data/observations collected by a qualified or authori-
tative source and not anecdotal but observational.

2. Reasonable evidence – LMW chemicals having strong
evidence in humans regarding occurrences, exposure
route and symptoms but with insufficient clarity on the
specific chemical identity and subjects’ medical history
showing prior incidences of atopy and/or respira-
tory issues.
a. Group of individuals in a shared location experienc-

ing the same or similar respiratory symptoms with
clear exposure primarily to the substance in ques-
tion (may be in a mixture or other substances in
occupational setting might be present, but the
documented scenario contains reasonable evidence
to believe the exposure was predominately to the
substance in question), OR

b. The subjects’ medical history (atopic status or his-
tory of respiratory issues before the onset of symp-
toms) was considered to identify the possibility of
predisposition to sensitization.

794 N. SADEKAR ET AL.



3. Inadequate evidence – LMW chemicals having limited
single individual clinical case reports with documented
observations not necessarily confirmed or evaluated by a
medical professional.
a. Case reports involving a single (individual) case of

respiratory sensitization were included and scored.
However, these cases were flagged for detailed
review to discern whether the report was based on
the reaction of a single subject who may have
unique susceptibilities not reflected in the
broader population.

b. The substance being investigated was contained in
a mixture. Thus, it was unclear whether exposure
was predominantly to the substance in question, or
whether additional substances, possibly also associ-
ated with respiratory sensitization, contribute to
observed effects, OR

c. A substance belonging to a cluster of reported
respiratory sensitizers. However, reports for that sub-
stance as a respiratory sensitizer were scored as
Compelling evidence only if actual data on that sub-
stance were presented in the report.

d. Patient or colleague reports likely but not definite
exposure, OR

e. Cases with ambiguous routes of exposure, OR
f. There is reason to believe an individual might have

been exposed to a substance, but it cannot be
definitively confirmed.

g. Reaction occurred outside a reasonable period fol-
lowing exposure.

h. No medical confirmation of sensitization exists or
was conducted.

i. Symptoms/reactions were reported by a patient or
colleague but not necessarily directly observed by a
qualified health professional or another authoritative
source.

4. Questionable evidence – LMW chemicals having anec-
dotal evidence that are summaries of self-reported
exposure and symptoms and are not clinical case reports
or epidemiological reports with expert confirmation or
evaluation establishing an exposure-effect relationship.
a. The report consists solely of anecdotes or patient

report without any observation of symptoms by an
attending physician or other healthcare professional
or authoritative source.

b. If the publication cites the primary source of a
respiratory sensitization claim, then that source was
checked and scored.

Results

A comprehensive literature review on 52 LMW chemicals was
carried out to identify those respiratory sensitizers supported
by compelling evidence of respiratory sensitization in
humans. Table 2 depicts the compelling evidence category,
where the chemicals are recognized as the reference list
among the reported respiratory sensitizers for use as positive
controls in respiratory sensitization-related research.

Of the 52 chemicals reviewed, 51 have molecular weights
below 500 g/mol. The chemical chlorhexidine (CAS #55-56-1)
has a molecular weight above 500 g/mol and did not have
any published reports that could be categorized into one of
the four categories (see Table 6). In addition, three chemicals
did not have an associated CAS # and could not be

Figure 1. Process outline for sorting the evidence on respiratory sensitization observed in humans. (�) Total three chemicals with no associated CAS numbers could
not be identified and therefore, were removed from the specific categories. LMW: low molecular weight; RS: respiratory sensitizers.
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specifically identified. Therefore, the following chemicals were
removed from the final lists: diazonium tetrafluoroborate salt
from category 2, penicillin from category 3, and diazonium
chloride salts from category 4. As such, the final lists have
seven chemicals in category 1 that are confirmed with com-
pelling evidence of respiratory sensitization in humans (Table
2), 10 chemicals in category 2 with reasonable evidence of
respiratory sensitization (Table 3), 25 in category 3 with inad-
equate evidence for respiratory sensitization (Table 4), 3 in
category 4 with questionable evidence (Table 5), and the
remaining four chemicals were uncategorized (Table 6).

Apart from identifying a handful of chemicals as con-
firmed respiratory sensitizers, this review process also draws
attention to chemicals from the same functional group scat-
tered across the evidence-based categories. To demonstrate
this observation, two chemicals from each category (except
the questionable evidence category) representing an anhyd-
ride and a diisocyanate, are discussed having varying confi-
dence levels as respiratory sensitizers.

Compelling evidence

The 7 chemicals listed in Table 2, show compelling evidence
of inhalation exposure-based respiratory sensitization

symptoms. The reports provide details on measured air con-
centration levels that the subjects were exposed to during
their working hours. The symptoms experienced by subjects
were evaluated and documented by medical professionals.
The subjects were also evaluated using a combination of
confirmatory tests, which included pulmonary function test-
ing, patch testing, skin prick tests, serum antibody evalua-
tions, or re-challenges. Overall, the evidence presented here
provides a clear exposure-effect relationship for these chemi-
cals that are expected to serve as reference chemicals for
development of respiratory sensitization research.

Trimellitic anhydride (TMA)
There is strong evidence supporting TMA as a respiratory
sensitizer (Zeiss et al. 1977, 1982; Bernstein et al. 1983;
McGrath et al. 1984). The reports are detailed in terms of the
patients’ clinical history, with well-documented symptoms for
both physiological and immunological responses, identifica-
tion of exposures and characterization of exposure concentra-
tions, and confirmation of observations with respiratory
re-challenge and/or skin tests. From all the reviewed reports,
those providing strong evidence had a small number of sub-
jects, about 5 out of 42 (Zeiss et al. 1977; McGrath et al.

Table 1. Summary of criteria for data evaluation and categorization of reported respiratory sensitizers.

Evidence/data category Compelling evidence Reasonable evidence Inadequate evidence Questionable evidence

Chemical exposure Exposure is CONFIRMED by:
1. Documentation of

exposure

AND

1. Measurement of
exposure in
environment

Exposure is SUPPORTED
by either:

1. Documentation of
exposure

OR

1. Measurement of
exposure in
environment

But there is a possibility of
interference due to other
chemical exposures at the
same facility

Insufficient data on exposure to
responsible chemical

OR
exposure cannot be confirmed

No documented evidence of
exposure

AND
Missing any alternative

assessment to
confirm exposure

Exposure route Confirmation of inhalation exposure by expert analysis of
patient documentation.

Suspected inhalation exposure
OR
Inhalation exposure is not

confirmed by other means

No documented evidence of
inhalation exposure

although inhalation
exposure possible

Symptom evaluation Documented confirmation of a reaction by a medical
professional including using pulmonary function testing, skin
observations, serum IgE, OR other forms of medically
supervised observations during initial presentation.

No medical confirmation of
symptoms OR reported
by patient

No medical evaluation
OR
documented symptoms based

only on a questionnaire
OR

Symptoms only
patient reported

Confirmatory tests Documented by a medical professional including using
pulmonary function testing, patch tests, skin prick tests,
serum IgE, OR other forms of medically supervised
observations during initial presentation or re-challenge

No confirmation or evaluation by
a medical professional

No existing confirmatory tests

Medical history No prior incidents of atopy or
respiratory issues in
majority of subjects

Presence of atopy or
respiratory issues in
majority of subjects that
may complicate
exposure responses

Prior incidents of atopy or respiratory issues

Subjects evaluated in reports Multiple subjects at multiple facilities
OR
Multiple subjects in a single facility

Single individual
OR
reports of single individuals in unrelated scenarios

Subject age Adult
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1984) with a history of respiratory or other health issues
before presenting with occupational exposure-related
respiratory symptoms. In addition, reports from Patterson
et al. (1978) and Zeiss et al. (1982) have well-documented
observations in humans from an immunological perspective
for TMA exposure-induced respiratory sensitization.
Although these observations are variable, asthma-like

symptoms may correlate with the presence of serum IgA
and IgM antibodies, and rhinitis and immediate-type asthma
may correlate with the presence of serum IgE antibodies.
Thus, there is high confidence that this chemical is a con-
firmed respiratory sensitizer and is an ideal positive control
for developing laboratory models to evaluate respiratory
sensitization.

Table 2. Compelling evidence.

Category 1 – Compelling evidence CAS# References

Chloramine T 127-65-1 Bourne et al. (1979); Dijkman et al. (1981); Kramps et al. (1981)
Diphenylmethane diisocyanate 101-68-8 Tanser et al. (1973); Zeiss et al. (1980); Baur et al. (1984); Hur et al. (2008)
Hexahydro phthalic anhydride 85-42-7 Moller et al. (1985); Nielsen et al. (1994)
Hexamethylene diisocyanate 822-06-0 Alexandersson et al. (1987); Grammer et al. (1988); Vandenplas et al. (1993)
Piperazine 110-85-0 McCullagh (1968); Hagmar et al. (1982); Hagmar and Welinder (1986)
Toluene diisocyanate 26471-62-5 Porter et al. (1975); Weill et al. (1975); Butcher et al. (1977, 1982)
Trimellitic anhydride 552-30-7 Patterson et al. (1982); Zeiss et al. (1982); Bernstein et al. (1983); McGrath et al. (1984)

Table 3. Reasonable evidence.

Category 2 – reasonable evidence CAS# References

Ethylene Diamine 107-15-3 Lam and Chan-Yeung (1980); Nakazawa and Matsui (1990)
Glutaraldehyde 111-30-8 Jachuck et al. (1989); Gannon et al. (1995); Di Stefano et al. (1998)
Himic anhydride 826-62-0 Rosenman et al. (1987)
Hydroxylamine 7803-49-8 Tran et al. (2009)
Maleic anhydride 108-31-6 Durham et al. (1987); Lee et al. (1991)
Methyl cyanoacrylates 137-05-3 Lozewicz et al. (1985)
Methyltetrahydrophthalic anhydride 11070-44-3 Nielsen et al. (1992, 1994)
Naphthalene diisocyanate 3173-72-6 Alexandersson et al. (1986)
Ninhydrin 485-47-2 Piirila, Estlander, Hytonen, et al. (1997)
Tetrachlorophthalic anhydride 117-08-8 Schlueter et al. (1978); Howe et al. (1983); Venables et al. (1987); Liss et al. (1993)

Table 4. Inadequate evidence.

Category 3 – inadequate evidence CAS# References

2-hydroxyethyl methacrylate 868-77-9 Lindstrom et al. (2002); Hagberg et al. (2005)
2-methyl-4-isothiazolin-3-one 2682-20-4 Bourke et al. (1997)
5-chloro-2-methyl-4-isothiazolin-3-one 26172-55-4 Bourke et al. (1997)
Azodicarbonamide 123-77-3 Slovak (1981); Malo et al. (1985); Normand et al. (1989)
Benzyl dimethyl dodecyl ammonium chloride 139-07-1 Burge and Richardson (1994)
Benzyl n-butyl phthalate 85-68-7 Cakmak et al. (2014); Wang et al. (2021)
Cyanuric chloride 108-77-0 Jones et al. (1998); Morfeld and Yong (2019)
Di(2-ethylhexyl) phthalate (DEHP) 117-81-7 Oie et al. (1997); Ait Bamai et al. (2014)
Dibutyl phthalate 84-74-2 Maestre-Batlle et al. (2020)
Diethyl phthalate 84-66-2 Dallongeville et al. (2016)
Ethyleneimine 151-56-4 Kanerva et al. (1995); Leffler and Milton (1999)
Ethylene oxide 75-21-8 Deschamps et al. (1992); Verraes and Michel (1995)
Hexachlorophene 70-30-4 Nagy and Orosz (1984)
Isononanoyl oxybenzene sulfonate 123354-92-7 Stenton et al. (1990)
Isophorone diamine 2855-13-2 Vandenplas et al. (2017)
Isophorone diisocyanate 4098-71-9 ECHA (2010)
Methyl methacrylate 80-62-6 Marquardt et al. (2009); Uriarte et al. (2013)
N-methyl morpholine 109-02-4 Belin et al. (1983)
N-methyl piperazine 109-01-3 Welinder et al. (1986)
Phthalic anhydride 85-44-9 Kern (1939); Chester et al. (1977); Wernfors et al. (1986); Piirila, Keskinen, et al. (1997)
Piperazine dihydrochloride 142-64-3 Pepys et al. (1972)
Triethanolamine 102-71-6 Herman (1983)
Triethylene tetramine 112-24-3 Fawcett et al. (1977)
Triglycidyl isocyanurate 2451-62-9 Piirila, Estlander, Keskinen, et al. (1997); Meuleman et al. (1999); Anees et al. (2011)
Urea formaldehyde 9011-05-6 Day et al. (1984); Hoey et al. (1984)

Table 5. Questionable evidence.

Category 4 – questionable evidence CAS# References

Ethyl acrylate 140-88-5 Cohen et al. (1974)
Formaldehyde 50-00-00 Dahlgren and Talbott (2018)
Persulfate salts (sodium persulfate) 7775-27-1 Parra et al. (1992); Nilsson et al. (2016)
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Toluene diisocyanate (TDI)
As evidenced from this review process, the epidemiological
reports on TDI provide strong support for a preferred positive
control in respiratory sensitization-related research projects.
These reports are detailed epidemiological studies on occu-
pational exposures to TDI and the resultant respiratory health
effects in exposed workers. As per the observations in Elkins
et al. (1962), 15 work facilities using polyurethane were eval-
uated following reports of TDI exposure-related toxicity in
workers. Although the authors mention TDI is most widely
used in the manufacturing of polyurethanes, their evaluations
at these 15 plants do not rule out the exposures to other
mono or diisocyanates. However, a few other reports provide
a clear correlation between TDI exposure and related health
effects in workers from TDI manufacturing facilities (Porter
et al. 1975; Weill et al. 1975; Butcher et al. 1977). A common
observation is that the sensitized subjects appear to return to
normal respiratory physiology eventually once they are
removed from the area of exposure. Additionally, there is a
possibility of a reduction in specific antibodies (IgE) in indi-
viduals that do not present with asthma-like symptoms from
TDI exposures upon removal from the work areas or control-
ling the occupational TDI exposure concentrations to below a
certain level (Porter et al. 1975; Karol et al. 1979; Butcher
et al. 1982; Musk et al. 1982).

Reasonable evidence

The 10 chemicals listed in Table 3, had reasonable evidence
of respiratory sensitization in humans from occupational
exposures. The epidemiological or clinical case reports avail-
able provide sufficient evidence of respiratory sensitization
effects in affected humans but there are still some areas that
need further confirmation. For example, the exposure assess-
ments do not identify a clear exposure–effect relationship for
the responsible chemical. There are other potentially reactive
chemicals being used concurrently in the facilities that may
also be responsible for the symptoms observed in affected
subjects. The medical history of the subjects also reveals a
possible interference from preexisting health conditions, such
as the atopic status and/or incidents of childhood asthma.
This category of chemicals may present respiratory sensitiza-
tion effects in exposed individuals due to cross reactivities
from other similarly reactive chemicals being used simultan-
eously and may also affect individuals that are either predis-
posed or hypersusceptible to respiratory sensitization from
such exposures.

Tetrachlorophthalic anhydride (TCPA)
The collected evidence points to an exposure-effect relation-
ship from occupational exposures to TCPA; however, the

confidence is low due to the absence of characterization of
exposure concentrations in the workplace and/or added com-
plexity because of the subjects’ medical history (Schlueter
et al. 1978; Howe et al. 1983; Liss et al. 1993). Documented
reports show the subjects having a history of respiratory ill-
ness or were active smokers at the time of the report. In add-
ition, a series of publications provide snapshots in time along
a 12-year journey of a follow-up study involving seven
women (Howe et al. 1983; Venables et al. 1987; Venables and
Newman Taylor 1990; Barker et al. 1998). Each of these
reports provides some form of evidence for TCPA exposure-
associated physiological and immunological symptoms; how-
ever, the primary publication by Howe et al. (1983) did not
characterize the workplace TCPA exposures. In some cases, it
was observed that workplace exposures involved other chem-
icals in addition to TCPA, such as benzophenone tetracarbox-
ylic dianhydride (BTDA), finely divided silica, glass fiber,
fiberglass, epoxy resin, lactose, and blue pigment (Schlueter
et al. 1978; Venables and Newman Taylor 1990). As such, this
chemical is not an optimal choice to serve as a positive con-
trol for scientific research on respiratory sensitization.

Naphthalene diisocyanate (NDI)
Of all the reviewed reports, only one provides reliable evi-
dential support for NDI as a respiratory sensitizer in humans.
Alexandersson et al. (1986) reported observations in 23 sub-
jects working at a rubber plant using NDI in the tire manu-
facturing process. The authors provide a detailed analysis of
the workers’ symptoms along with characterized NDI expo-
sures at their workstations. However, the subjects were not
tested for evidence of sensitization by immune activation via
confirmatory tests, such as serum antibodies or skin tests.
Also, the report does not explicitly clarify if other isocyanates
were being used at the plant which could have also contrib-
uted to the symptoms. Therefore, there is not enough confi-
dence for NDI to be considered a positive control for
scientific research on respiratory sensitization.

Inadequate evidence

The 25 chemicals listed in Table 4 have very low confidence
as reference chemicals. The available reports show insuffi-
cient evidence of respiratory sensitization in humans from
occupational exposures to these chemicals. The details on
confirmation of exposure–effect relationship for the respon-
sible chemical and the specific inhalation route of exposure
are lacking. There is no systematic evaluation or confirmation
of symptoms by a medical professional, and the details
regarding documentation of such tests are either missing or
non-existent. Also, the scattered evidence available as indi-
vidual case reports for these chemicals portrays an image of
a low incidence of respiratory sensitization in humans. Thus,
rendering these chemicals unsuitable for respiratory sensitiza-
tion research.

Table 6. Uncategorized.

Unclassified CAS# References

Chlorhexidine 55-56-1 NA
Chlorendic anhydride 115-27-5 NA
Dimethyl phthalate 131-11-3 NA
Phenyl isocyanate 103-71-9 NA

798 N. SADEKAR ET AL.



Phthalic anhydride (PA)
In this review, much of the literature poorly supported the
occupational cases of respiratory sensitization from PA
exposures. Chester et al. (1977) summarized findings in a
single subject case report. However, when compared to the
other published reports, more information is required to
establish if the subject was hyper-susceptible to PA-based
respiratory sensitization. There are detailed observations of
occupational asthma supported with either a re-challenge
test, cessation of symptoms upon withdrawal from the
workstation, or confirmation from a skin test or specific
serum antibody testing. It was noted that the subjects com-
monly experienced respiratory irritation and immediate-type
respiratory sensitization; however, the medical histories or
possible cross-reactivity from other anhydrides further com-
plicate these reports (Kern 1939; Chester et al. 1977;
Wernfors et al. 1986; Baur et al. 1995; Piirila, Keskinen, et al.
1997). Thus, there is very low confidence in PA for use as a
positive control in developing scientific research for respira-
tory sensitization.

Isophorone diisocyanate (IPDI)
A few published reports are available on IPDI occupational
exposure-related respiratory sensitization (ECHA 2010). All
these case studies are summarized in REACH registered dos-
sier reported on the ECHA website, and it is noted that the
observations are from single individuals where the expo-
sures were not characterized (Tyrer 1979; Clarke and Aldons
1981), and it was not established if the subjects had any
prior respiratory problems which may have contributed to
their symptoms (Germanaud et al. 2003). Full-text reports
were not available for this review. Therefore, based on the
REACH dossier summary, there is weak evidence of respira-
tory sensitization in humans from occupational exposure to
IPDI and would not constitute an appropriate choice for a
positive control in scientific research on respiratory
sensitization.

Questionable evidence

The case reports evaluated for the three chemicals in this cat-
egory did not have well-documented observations to make a
clear connection between exposure and occurrence of symp-
toms. The reports are missing exposure characterization, spe-
cific antibody testing, respiratory re-challenge, or
confirmation of the exposed chemical. The reports on formal-
dehyde and persulfate salts did not provide a systematic
evaluation of the presented cases (Parra et al. 1992; Nilsson
et al. 2016; Dahlgren and Talbott 2018). The review of an
Occupational Health Care Report on ethyl acrylate by NIOSH
highlights that although ethyl acrylate is considered a poten-
tially toxic chemical, the subjects did not exhibit symptoms
of respiratory sensitization upon exposure to ethyl acrylate
(Cohen et al. 1974).

Uncategorized

The chemicals listed in Table 6 do not have human evidence
for respiratory sensitization in the form of an epidemiological
or clinical case report.

Discussion

Generally, substances that cause respiratory sensitization in
humans upon inhalation exposure are encountered primarily
in occupational settings where a sizeable workforce presents
with respiratory effects. The number of cases has dramatically
diminished possibly through improvements in personnel
safety, the identification of respiratory sensitizers in epi-
demiological studies, and measures taken to monitor occupa-
tional exposures (Paris et al. 2012; Ribeiro et al. 2014).
However, as experimental models are yet to be developed,
identifying true respiratory sensitizers is challenging, specific-
ally for LMW chemicals. This is an even more significant chal-
lenge with the restrictions on animal testing of chemicals
used in cosmetics products in some countries and
regions worldwide.

Scientists have attempted to identify potential respiratory
sensitizers by extrapolating chemical properties based on
functional groups (Enoch et al. 2012) and reactivities, as
well as by using analytical methods developed for identify-
ing skin sensitizers as the WoE; for example, direct peptide
reactivity assay (DPRA) (De Jong et al. 2009; Lalko et al.
2012; Krutz et al. 2021). Several studies suggest there is a
mechanistic difference between skin sensitization and
respiratory sensitization (Magnan et al. 2000; Lalko et al.
2011; Mizoguchi et al. 2017; Kimber et al. 2018). Previously
published research by Lalko et al. (2012) demonstrated that
reported LMW respiratory sensitizers have a preferential
Lysine reactivity, which is not observed for skin sensitizers.
Therefore, the group proposed that the ratio of Cysteine to
Lysine reactivity might indicate respiratory sensitizing
potential for LMW respiratory allergens. However, when
Krutz et al. (2021) tested this hypothesis by compiling exist-
ing DPRA data on LMW respiratory sensitizers and skin sen-
sitizers, their observations revealed that the anhydride
chemicals in the list drove the skewed Lysine preferential
reactivity. On our path to better understand mechanistic dif-
ferences between skin sensitization and respiratory sensi-
tization, we need to challenge results that might be biased
due to the very limiting data set of LMW respiratory
sensitizers.

In the study carried out for the European Commission by
Bloemen et al. (2009), the variability of cause and effect
relationship and presented symptoms of respiratory sensi-
tization in humans from occupational exposures in
European regions was highlighted. The conclusions drawn
from this report suggest an urgent need to clearly distin-
guish in a standardized way the symptoms of non-immuno-
logical and immunological asthma and tools to identify the
LMW chemicals that induce respiratory sensitization and
trigger immunological asthma. Additionally, in some instan-
ces of respiratory sensitization to LMW chemicals, the evi-
dence needs to be captured systematically to help build a
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database of chemicals with high confidence of respiratory
sensitization potential. Such a database could help further
develop and validate alternative methods for identifying
LMW respiratory sensitizers.

Despite the challenges of identifying respiratory sensi-
tizers and understanding their underlying mechanisms, the
test methods are required to reflect human relevance. As
such, any assay developed for testing adverse effects in the
respiratory system needs a model that represents the char-
acteristics of, or some features of, a healthy adult human.
Thus, many approaches rely upon human tissues or cells,
such as human precision-cut lung slices and human bron-
chial epithelial cells. An extensive body of research is avail-
able on in vitro models used to answer specific research
questions with regards to the respiratory tract, for example,
the A549 cell line (Nova et al. 2020; Tran et al. 2020), which
is an immortalized alveolar epithelial type 2 cell line isolated
from human pulmonary adenocarcinoma. However, such
models do not represent the complex tissue structure. They
may underestimate biological and functional aspects of
healthy tissues in humans (Swain et al. 2010) and thus limit
their value for predicting in vivo effects (Suter 2006;
McKim 2010).

Developing an appropriate test model needs careful evalu-
ation by employing a reference and a training data set of
respiratory sensitizers and establishing a robust foundation
for good correlation with human sensitization and bio-physio-
logic response data. One way to develop such data sets in
this direction is to evaluate chemicals reported upon in the
existing epidemiological studies based on occupational
exposure cases and utilize the chemicals supported with com-
pelling evidence in humans as the reference list of positive
controls (Table 2).

This review focused on the LMW chemicals whose cat-
egorization was based on published reports documenting
occupational cases of respiratory sensitization in workers and
did not include expert judgment or WoE. The evaluation pro-
cess considered the occurrences in the human population in
terms of occupational exposures, routes of exposures, chem-
ical identity, and symptoms. There was high variability across
compelling and reasonable evidence categories in terms of
the concentrations and the duration of exposures encoun-
tered by subjects at their workplace. Also, it was observed
that more than 50% (32) of the 52 reviewed chemicals that
have previously been described as causing respiratory sensi-
tization in humans from occupational inhalation exposure are
either supported with poor quality reports or have no exist-
ing evidence in humans (Tables 4–6).

The focus of this article was to identify chemicals as ideal
positive controls for utilization in respiratory sensitization
research, such as identifying underlying immunological
mechanisms and developing and validating alternative
methods. Therefore, the criteria for compelling evidence
were restricted to observations made from occupational
inhalation exposures in humans, with a sizeable number of
individuals showing symptoms of respiratory sensitization.
This approach is different from the evidence-based literature
evaluation presented by Baur and Bakehe (2014). Their pub-
lication presents an evaluation of all reported respiratory

sensitizers, such as substances of biological and non-bio-
logical origin, and worksites, such as farms, breweries, and
bakeries. They assigned high confidence to the evidence
from a single worksite, scientific laboratories conducting
animal experiments, which involved working with various
animals. Additionally, as per their evaluation, only TDI was
identified as a LMW respiratory sensitizer with a moderate
level of evidence.

In this review, we evaluated reports that included details
of confirmatory tests to validate the association between the
exposed chemical and the subjects’ symptoms. In the
absence of additional accompanying evidence of multiple
subjects affected from the exposures, single individual case
reports were considered to be low confidence. Additionally,
the past medical history of the subjects (when available) was
utilized to refine the categorization process for compelling
evidence. However, the possibility of a subject’s genetic pre-
disposition to respiratory sensitization or individual hypersus-
ceptibility remains unexplored.

This evidence-based classification process determined
that less than 10 reported respiratory sensitizers have com-
pelling human data and are proposed here as positive con-
trols for identifying innovative approaches to study
respiratory sensitization. It is important to note that most of
these reference chemicals are also skin sensitizers. However,
unlike skin sensitizers, these reference respiratory sensitizers
are extremely limited in the chemical space, with specific
anhydrides and diisocyanate chemicals dominating this cat-
egory. Thus, to fully understand the process and mecha-
nisms of LMW respiratory sensitizers, it needs to be
acknowledged that such research will be mainly focused on
and biased by the minimal chemical space. This space could
further extend if some instances of respiratory sensitization
to LMW chemicals of different chemical spaces are captured
with comprehensive and publicly available evidence. Also,
as seen from the examples on anhydride and diisocyanate
chemicals, extrapolating respiratory sensitizing properties
based on their functional groups and chemical reactivities
alone could potentially misinform the scientific research to
understand the process of respiratory sensitization fully,
thus hindering the development of novel models for accur-
ately identifying respiratory sensitizers.

Along with knowledge gaps associated with the retro-
spective analyses, such as the lack of standard reporting
guidelines for epidemiological reports of occupational expos-
ure cases, there are two limitations of this comprehensive
review: 1) articles in languages other than English were not
reviewed, and 2) chemicals in the compelling evidence cat-
egory were classified based on the availability of at least one
strong evidence epidemiological report as specified by the
criteria. It should also be noted that the evaluation process
does not account for expert judgment since the purpose of
this project is to identify respiratory sensitizers having high-
quality evidence in humans. Despite the limitations, it is envi-
sioned that the proposed reference list of respiratory sensi-
tizers will inform and improve the efforts to develop novel
research methods to identify true respiratory sensitizers by
providing essential details and observations of known chem-
ical exposures in humans.
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