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glutathione conjugate exposure

Brandon F. Law

, Chen-Chung Lin @ and Justin M. Hettick

Allergy and Clinical Immunology Branch, Health Effects Laboratory Division, National Institute for Occupational Safety and Health,
Morgantown, WV, USA

ABSTRACT

1.

2.

Workplace exposure to diisocyanates like 4,4'-methylene diphenyl diisocyanate can cause occupational
asthma (MDI-OA), and the underlying biological pathways are still being researched.

Although uncertainty remains, evidence supports the hypothesis that dermal exposure to MDI plays
an important role in the development of MDI-OA.

Gene expression, proteomics, and informatics tools were utilised to characterise changes in expression
of RNA and protein in cultured human HEKa keratinocyte cells following exposure to conjugates of
MDI with glutathione (MDI-GSH).

RT-gPCR analysis using a panel of 39 candidate primers demonstrated 9 candidate genes upregulated
and 30 unchanged.

HPLC-MS/MS analysis of HEKa cell lysate identified 18540 proteins across all samples 60 proteins
demonstrate statistically significant differential expression in exposed cells, some of which suggest
activation of immune and inflammatory pathways.

The results support the hypothesis that dermal exposures have the potential to play an important
role in the development of MDI-OA. Furthermore, proteomic and gene expression data suggest
multiple immune (adaptive and innate) and inflammatory pathways may be involved in the
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development of MDI-OA.

Introduction

Diisocyanates are low molecular weight compounds used in
the manufacture of diverse polyurethane products including
foams, sealants, paints, adhesives, elastomers, insulating
products and more. Global demand for 4,4’-methylene diphe-
nyl diisocyanate (MDI, the most widely utilised diisocyanate)
is reportedly 8.25 million metric tons and is expected to
maintain a compound annual growth rate of > 5%
(Intelligence 2023). Workplace exposure to MDI is one of the
foremost causes of occupational asthma (OA) and occurs
across a range of industries (DI Bernstein et al. 1993; NIOSH
1994a; NIOSH 1994b; Redlich and Karol 2002; Lofgren et al.
2003; Engfeldt et al. 2013; Wisnewski et al. 2022). OA is the
most prevalent occupational respiratory disease in the United
States and accounts for 9-15% of asthmatic patients at a cost
to the US economy of billions of dollars annually (Blanc and
Toren 1999; Balmes et al. 2003). Early diagnosis and identifi-
cation of the causative agent is critical due to the medical
and socioeconomic impact of OA (IL Bernstein 1999; Dewitte
et al. 1994).

The in vivo biological fate of diisocyanates, such as MDI,
post-exposure is debated, and the clinical presentation of
patients is diverse. In general, patients don't experience

asthma symptoms after the first exposure; rather, OA develops
over months or years (Malo and Chan-Yeung 2009). This latent
phase is common with environmental asthmas and reflects
the sensitisation period typical of an allergic process (Maestrelli
et al. 2009). However, diisocyanates can disrupt oxidative
homeostasis leading to non-immunologic mechanisms and to
the development of OA (Bowler and Crapo 2002; Rahman and
MacNee 2002; Janssen-Heininger et al. 2009). To date, the spe-
cific biological mechanism(s) involved in the development of
MDI-OA remain a recognised knowledge gap. Although
MDI-OA shares similarities to allergic asthma, the majority of
those diagnosed lack MDI-specific IgE (Wass and Belin 1989;
Ye et al. 2006; Wisnewski et al. 2004), thus failing to meet to
the classic definition of Type | Immune Hypersensitivity.
Although alternative mechanisms including oxidative stress
and chemical-induced toxicity have been explored (Wisnewski
et al. 2002; CT Lee et al. 2005), no one definition or set of
circumstances seems to indicate a predominant mechanism
underlying the development of MDI-OA. It has been reported
that as many as 100 genes may be associated with the devel-
opment of asthma (Lambrecht and Hammad 2015). It is there-
fore possible, if not probable, that MDI-OA is a heterogenous
condition with underlying mechanisms defined by individual
genotypic and phenotypic differences.
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Inhalation was long considered the primary exposure
route for diisocyanates; this has, in part, driven industry to
embrace MDI over more volatile diisocyanates such as tolu-
ene diioscyanate (TDI) and hexamethylene diisocyanate (HDI).
Despite air monitoring data demonstrating workplace air-
borne MDI concentrations are generally well controlled and
low to non-detectable (Booth et al. 2009), biomonitoring for
MDI exposure in workers continues to indicate ongoing
exposure, suggestive of a role in OA pathogenesis for dermal
exposure. The skin, or more accurately, the dermal barrier, is
key in protecting the human body from the external environ-
ment. The epidermis is the first line of defense for the host
and primarily consists of keratinocytes which form a selec-
tively permeable barrier between humans and the environ-
ment. In addition to keratinocytes, there exist a host of other
cells, including professional immune cells, to monitor for anti-
gens or signals indicating damage or infection (Yousef et al.
2024). Keratinocytes play an essential role in innate immune
actions and participate in the activation of adaptive immune
mechanisms (J-N Wang and Li 2020). Keratinocytes can detect
both specific and non-specific threats and produce
pro-inflammatory cytokines, alarmins, and process/present
antigens to initiate actions against these threats (Piipponen
et al. 2020; Chieosilapatham et al. 2021; Jiang et al. 2020).
The epidermal barrier and immune responses are determined
by downstream events related to cytokines, chemokines, and
alarmins released by the assault. These downstream events
lead to multiple effects including immune cell recruitment,
antigen presentation, barrier repair, apoptosis, etc. It is possi-
ble that dermal MDI exposure may lead to downstream
effects such as inflammation or immune memory, among
other potential outcomes. If dermal exposure plays a key role
in the development of MDI-OA, it stands to reason that kera-
tinocytes can trigger and/or participate in immune reactions
and other downstream events involved. Keratinocytes are a
logical cell type to select when considering biological MDI
exposure events, evidence of dermal exposures, the structure
of the dermis, and their role in other immune responses.

This report utilises gene expression data in conjunction
with bottom-up proteomics to elucidate potential early bio-
logical pathways related to MDI exposure in an in vitro kera-
tinocyte cell culture model. Human keratinocytes were
exposed to MDI as MDI-glutathione (GSH) conjugate.
Glutathione is a key antioxidant and has been previously
determined to be a primary target for isocyanates (dNCO) in
vivo (Wisnewski et al. 2022). Furthermore, the use of MDI-GSH
conjugate to dose cultured cells results in dramatically
reduced cytotoxicity compared to dosing with free MDI. We
hypothesise that exposure to the physiologically relevant
MDI-GSH conjugate will improve cellular uptake of MDI and
provide insights on pathways involved when epidermal bar-
rier cells are exposed to MDI.

Materials and methods
Safety statement

4,4'-methylene diphenyl diisocyanate (MDI) is a hazardous
chemical that requires strict safety precautions during

handling and use. MDI is known to be a potent sensitiser
and irritant. To ensure the safety of personnel, all work
involving MDI was conducted in a well-ventilated fume
hood to prevent inhalation of dust. Researchers wore appro-
priate personal protective equipment (PPE) including
chemical-resistant gloves, safety goggles, and lab coats. In
addition, a N95 respirator was used when handling large
quantities of MDI or in cases where exposure risk was high.
All waste containing MDI was disposed of in accordance
with institutional and governmental regulations for hazard-
ous waste. Emergency procedures were established and
reviewed prior to the initiation of experiments to address
potential exposure or spill incidents.

Chemicals and reagents

High performance liquid chromatography (HPLC) grade ace-
tone, 3A molecular sieves (4-8 mesh), porcine trypsin, ammo-
nium carbonate, ammonium formate, 98% 4,4'-methylene
diphenyl diisocyanate (MDI) and reduced glutathione (GSH)
were acquired from MilliporeSigma (St. Louis, MO). Dermal
cell basal medium and keratinocyte growth kit were acquired
from American Type Culture Collection (Manassas, VA). Dry
acetone was prepared by incubating 10mL HPLC grade ace-
tone on 3A molecular sieves for a minimum of 24h to
adsorb water.

Cell culture

Cell cultures were established on two separate timepoints for
a total N=2 with four technical replicates per sample group.
Primary human epidermal keratinocytes (HEKa) (ATCC PCS-200-
011) cells were obtained from American Type and Culture
Collection (ATCC; Manassas, VA) and seeded into 100-mm cell
culture dishes at 1.0x10° viable cells and grown in serum-free
conditions using dermal cell basal media with keratinocyte
growth kit supplements and 100 ug/mL and 100U/mL of pen-
icillin/streptavidin at 37°C, 95% Rh in 5% CO,. All experiments
were performed from cells obtained from a single vial. Cells
were sub-cultured at a rate of 1:4 once cultures reached
70-80% confluence by visual inspection. Sub-cultures were
seeded using 1.0x 10° viable cells as determined using trypan
blue staining and a Countess 3 automated cell counter
(Invitrogen, Carlsbad, CA). Media was changed every 48-h. At
passage, four cells were allowed to reach near 100% conflu-
ence by visual inspection and exposed.

MDI-GSH conjugation, exposure, and validation

Exposure concentration (dose) and time were determined
empirically based on observations of cytotoxicity. The dose
selected elicited no obvious cytotoxic response using qual-
itative observations of cell health such as attachment and
cell death/viability. It is not known if this exposure para-
digm reflects what a worker may experience due to the
knowledge gap with regards to real occupational dermal
exposure and the diversity of the industries that utilise
MDI. MDI-GSH conjugate was prepared as previously



described (Wisnewski et al. 2013). Briefly, a 10mM GSH
solution was prepared in complete keratinocyte growth
medium (KGM). A 50uL aliquot of freshly prepared 10%
MDI (w/v) stock solution in dry acetone was added to
25mL of 10mM GSH solution/complete KGM dropwise with
stirring to a final MDI concentration of 800 uM, after which
the tube was subjected to gentle agitation for 2h at 37°C.
Conjugates were centrifuged at 10000x g and filtered with
a 0.2um syringe filter. MDI-GSH conjugate was prepared
immediately before treatment. 10mL of 100uM MDI-GSH
(exposed) or GSH only (control) was added to each culture,
eight controls and nine exposed. After 24 h, the cell culture
supernatant (conditioned media) was collected, centrifuged,
and stored at —80° for undetermined future experiments.
Cells were collected by mechanical scraping in 1TmL PBS
and pelleted using centrifugation at 300xg for 5-min. at
4°C. MDI-GSH conjugate formation was validated using
positive mode mass spectrometry.

Cell lysis and digestion

GSH-MDI exposed HEKa cells were collected and washed
twice with cold PBS prior to lysis via three rapid freeze-thaw
cycles followed by pressure gradient lysis using a Barocylcer
2320EXT (Pressure BioSciences, Inc., Medford, MA). at 37°C,
50 cycles alternating between high (50 kpsi, 50sec) and
ambient pressure for 10sec. Lysed cells were quantified for
protein concentration using a Qubit 4 fluorometer
(ThermoFisher Scientific, Waltham, MA) and diluted to 75ug
total protein per sample in 50mM ammonium bicarbonate.
Trypsin digestion (40:1 wt:wt) was performed at 37°C utilising
50 cycles of alternating high (20 kpsi, 50sec) and ambient
pressure (10sec) using the Barocycler.

Gene expression

Gene expression was determined by RT-gPCR analysis. Total
RNA from cultured HEKa cells (4 exposed cultures and 4
non-exposed controls) was extracted using mirVana”™ miR
Isolation Kit (ThermoFisher Scientific) as per manufacturer’s
instructions. The mRNA levels were determined as previously
described (Lin et al. 2011). Candidate gene expression was nor-
malised to human beta-2 microglobulin (B2M) for mRNA analy-
sis. Gene expression assays used in this study were obtained
from ThermoFisher Scientific (Waltham, MA) and include: CCL2
(Hs00234140_m1), CCL3 (Hs00234142_m1), CCL5 (Hs00982282_
m1), CCL11 (Hs00237013_m1), CCL17 (Hs00171074_m1), CCL22
(Hs01574247_m1), CCL24 (Hs00171082_m1), IL1b (Hs01555410_
m1), L2 (Hs00174114_m1), L4 (Hs00174122_m1), IL5
(Hs01548712_g1), IL6 (Hs00174131_m1), IL8 (Hs00174103_m]1),
IL10 (Hs00961622_m1), IL12B (Hs01011518_m1), IL13 (Hs00174379_
m1), IL17A  (Hs00174383_m1), IL25 (Hs03044841_m1), IL33
(Hs04931857_m1), IFNG (Hs99999041_m1), TNF (Hs00174128_
m1), TSLP (Hs00263639_m1), CXCL10 (Hs00171042_m1), TGFBI1
(Hs00998133_m1), GMCSF (Hs00929873_m1), COX1 (Hs00377726_
m1), COX2 (Hs00153133_m1), KLF4 (Hs00358836_m1), CEBPB
(Hs00942496_s1), IRF4 (Hs00180031_m1), STAT6 (Hs00180031_m1),
PPARg  (Hs00608254_m1), SPIT  (Hs02786711_m1), HMGBI1
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(Hs01923466_g1), MCPIP (Hs00962356_m1), PPP3CA (Hs00174223_
m1), NFATc2 (Hs00905451_mT1), NFATc3 (Hs00190046_m1), NOS2
(Hs01075529_m1), and B2M (Hs00187842_mT1).

Spin column fractionation

The digested cell lysates were analysed using a modified
MudPIT approach (Frénzel and Wolters 2011) (Washburn et al.
2001). Each protein digest was fractionated via strong cation
exchange (SCX) using 4mg polysulfoethyl A beads (PolyLC,
Columbia MD) in 200uL Eppendorf pipet tips. All spin col-
umn procedures were performed in a microcentrifuge at
2000xg for 2min. Briefly, SCX spin columns were washed
twice with 100puL SCX wash buffer (50mM ammonium for-
mate in 60% acetonitrile, pH 3). Protein digest samples were
thawed and diluted 1:1 in binding buffer (50 MM ammonium
formate in 10% acetonitrile, pH 3) and applied to the spin
column. Peptide loaded SCX columns were washed twice
with 200uL SCX wash buffer. Fractionated peptides were
sequentially eluted from the spin column using elution buf-
fers of increasing strength (40, 80, 150, 500mM ammonium
formate in 10% acetonitrile, pH 3) and the final fraction
eluted using a final elution buffer (500mM ammonium for-
mate in 5% acetonitrile, pH 5). Peptide fractions were eluted
in clean, low-retention 1.5mL siliconized microcentrifuge
tubes. Solvent exchange was accomplished by evaporating
eluted fractions to dryness in a Speedvac at room tempera-
ture and reconstituting each fraction in 65uL 0.1% formic
acid. Samples were maintained at 4°C in the HPLC autosam-
pler until analysed.

HPLC-MS/ms

Reversed-phase HPLC was performed using a Vanquish HPLC
(Thermo Fisher Scientific, Waltham, MA) equipped with a
1x150mm Hypersil GOLD™ C,; microbore column (Thermo
Fisher Scientific, Waltham, MA) with a particle size of 1.9um.
Peptides were eluted with a 100puL/min gradient of 97/3
(A: 0.1% formic acid in water/B: 0.1% formic acid in acetoni-
trile) to 65/35A/B over 60min. The column temperature was
maintained at 50°C using an integrated column heater and
interfaced to the mass spectrometer via positive electrospray
ionisation using the HESI-Il probe. Mass spectrometry analysis
was performed using a Q-Exactive orbitrap mass spectrome-
ter (Thermo Fisher Scientific, Waltham, MA) calibrated accord-
ing to manufacturer’s instructions using Tune (v2.9) instrument
control software. The instrument was configured for data
dependent analysis (DDA) using the full MS/DD-MS? (TopN)
mode. Settings were as follows for MS' scans: Capillary spray
voltage: 3.5kV, heated capillary: 250°C, auxiliary gas heater:
200°C, sheath gas flow rate 35 arbitrary units, aux gas flow
rate 10 arbitrary units, sweep gas flow rate 1 arbitrary unit,
MS' resolution: 70000 FWHM, MS' mass range: 200 -
2000m/z, automatic gain control target: 3x 105, injection
time: 100ms. Settings were as follows for MS? scans: Capillary
spray voltage: 3.5kV, heated capillary: 250°C, auxiliary gas
heater: 200°C, sheath gas flow rate 35 arbitrary units, aux gas
flow rate 10 arbitrary units, sweep gas flow rate 1 arbitrary
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unit, MS? resolution: 17500 FWHM, MS? mass range: 50 -
2000m/z, automatic gain control target: 1x10% injection
time: 100ms, Isolation width: 4.0m/z, N/CE: 30, TopN: 5,
dynamic exclusion: 10sec. Two technical replicates were per-
formed for each digest fraction.

Statistical methods

Gene expression data was analysed and figures generated
using GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA,
USA) using an unpaired t-test (two-tailed) and significance
was applied using a threshold of p <.05 (n=4 exp. and n=4
non-exp). Proteomics data analysis was performed using a
background-based t-test by Proteome Discoverer (n=9 exp.
and 8 non-exp). Significance was applied using a threshold
of p<0.05. For pathway analysis Reactome uses the
Benjamini-Hochberg method for determining pathway over-
representation. For the STRING tool analysis, a Fisher’s exact
test is used to generate a p-value indicating that the enrich-
ment is unlikely to occur by chance.

Informatics

All raw MS spectra were analysed using Proteome Discoverer
v2.5 protein informatics platform (Thermo Scientific, Waltham,
MA). Mass spectrometry data was searched against the
non-redundant Homo sapiens proteome (http://uniprot.org/
proteomes/UP000005640 downloaded 06/24/2023) as well as
an in-house maintained database of several hundred com-
mon proteomics contaminant proteins. Proteins were identi-
fied via the SEQUEST-HT algorithm using the following
parameters: enzyme: trypsin, missed cleavages: 3 max, mini-
mum peptide length: 6, precursor mass tolerance: 15ppm,

fragment mass tolerance: 0.2 Da, dynamic modifications: oxi-
dation M, deamidation N, Q. Peptide validation was per-
formed with the percolator node employing concatenated
target/decoy selection, validation based on g value, and a
target false discovery rate (FDR) of 0.01 for high confidence
proteins and 0.05 for medium confidence proteins. Label-free
quantitation was based on precursor intensity, using all
unique peptides. Shared peptides were assigned using the
razor approach.

Proteins or genes with statistically significant upregulation
and detected in >75% of samples compared to non-exposed
controls were selected for protein-protein interaction network
analysis using the online STRING tool (Szklarczyk et al. 2021),
and pathway analysis by Reactome.org. Accession numbers of
the selected proteins or the gene symbol for upregulated
genes were used for a database query of Homo sapiens

Results and discussion

RT-gPCR was used to quantify mRNA expression from cul-
tured human keratinocytes among 39 candidate genes fol-
lowing MDI-GSH conjugate exposure or MDI-negative control.
Of the 39 candidate genes surveyed, 9 exhibited significant
upregulation following MDI-GSH exposure (Figure 1). A statis-
tically significant (p <0.05) increase in expression was detected
for NFATc2, PPARg, CXCL10, MCPIP, IL33, TSLP, GMCSF, CCL22,
and IL1b. The remaining 30 candidate genes either exhibited
no significant change or were not detected (data not shown).
The nine significantly upregulated genes are summarised in
Table 1. The selected genes in this panel represent pathways
related to adaptive immune responses and innate inflamma-
tory responses that would indicate damage or dysfunction in
the epidermal barrier. Specifically, the alarmins /L33 and TSLP
are important cytokines in both innate and adaptive immune

Figure 1. In vitro MDI-GSH conjugate exposure upregulates specific cytokines, chemokines, alarmins, and transcription factors in 24 h exposed cultured HEKa cells.
Total RNA was isolated from cultured HEKa cells from either non-exposed (GSH only) or MDI-GSH exposed cells by miRVana™ miR isolation kit, reverse transcribed,
and subjected to TagMan RT-qPCR. Cytokines, chemokines, alarmins, and transcription factor mRNA expression of (A) IL33, (B) TSLR, (C) GMCSF, (D) CCL22, (E)
IL1B, (F) CXCL10, (G) PPARG, (H) MCPIP, and (I) NFATC2 were determined (N=7; bars, s.e.m) (*p<0.05, **p<0.01, ***p<0.001). Total RNA isolated from HEKa
cells collected 24h post-exposure to MDI-GSH conjugates in complete culture media exposure.
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responses. The upregulation of these genes indicates that
MDI-GSH exposure is resulting in the upregulation of alarm-
ins indicating potential damage to the keratinocyte cell
model. Increased expression of IL1b, IL33 and TSLP can syner-
gistically promote group 2 innate lymphoid cell (ILC2s) acti-
vation which can induce allergic and non-allergic inflammation,
particularly in the skin and lungs (Toki et al. 2020; SH Lee
et al. 2023). Increased expression of GMCSF and CCL22 could
attract T-cells to the site of an injury. PPARg has been indi-
cated as a driving force in TH2 immune responses during
nematode infection (Chen et al. 2017) and allergic disease by
promoting the functions of ILC2s, M2 macrophages, and den-
dritic cells (Stark et al. 2021). All the aforementioned cyto-
kines, chemokines, and alarmins play important roles in the
TH2 immune response (Hasegawa et al. 2022). The roles of
the other genes in Table 1 is less clear, however, CXCL10 can

Table 1. List of significantly upregulated genes in MDI-GSH/MDI exposed HEKa
cells.

Upregulation

Gene symbol  (fold change) p-value Role

IL33 13 0.0324  Alarmin

ccL22 3.28 0.0003 Chemokine

IL1B 1.34 0.0195 Cytokine

TSLP 1.38 0.0349  Alarmin

GMCSF 2.01 0.0063  Growth Factor

CXCL10 2.36 0.002  Chemokine

PPARG 243 0.0003  Transcription factor/ Regulator of
Cutaneous Inflammation and
Barrier Function

MCPIP 1.59 0.0059  Transcriptional activator/
endoribonuclease involved in
mRNA decay/ Modulates the
inflammatory response by
degrading inflammation
cytokines and chemokines

NFATc2 2.57 0.0176  Calcineurin/NFAT Signalling

Figure 2. +ESI mass spectrum of the MDI-GSH conjugation reaction products.
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attract T-cells, eosinophils, monocytes, and NK cells to sites of
inflammation (Rohr et al. 2017) and NFATc2 can be activated
to modulate inflammatory responses.

Figure 2 presents the positive-ion electrospray mass spec-
trum obtained from the MDI-glutathione conjugation prod-
uct. MS analysis of the conjugation product yields four major
chemical species, including glutathione disulphide (GSSG,
m/z 615.1754u), the MDI-GSH conjugate (m/z 532.1866u),
reduced glutathione (GSH, m/z 308.0916u), and 4,4’-methy-
lenedianiline (MDA, 199.1235u). Average mass accuracy
across all peaks is 1.2ppm. As can be seen in the mass spec-
trum, MDI may react with water, hydrolysing both isocyanate
moieties to the amine forming non-reactive MDA; alterna-
tively, one isocyanate moiety can react with the thiol of GSH
to form the thiocarbamate while the second is hydrolysed to
the amine. This species (m/z 532) may react further with pro-
tein in vivo via transcarbamoylation. To confirm the assign-
ment of m/z 532, this reaction product was subjected to
collision induced dissociation (CID) and tandem mass spec-
trometry in the orbitrap mass spectrometer. The fragment ion
spectrum of the m/z 532 GSH-MDI conjugation product is
presented in Figure 3. The m/z 532 product ion can be con-
fidently assigned to MDI-GSH based on structurally relevant
fragment ions. lons produced from fragmentation of both
glutathione (m/z 179, 233) and MDI (199, 225) are observed
in the tandem mass spectrum of the MDI-GSH conjugate.
Characterisation of the conjugation reaction products by
mass spectrometry demonstrates the MDI-GSH conjugate
formed under physiologically relevant conditions. No free iso-
cyanate is observed in the reaction product, as it has been
hydrolysed to the amine. This validates that HEKa cells were
exposed to MDI in the form of MDI-GSH conjugate rather
than free MDI.
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Figure 3. MS/MS analysis of m/z 532.1857 and predicted MS/MS fragments of MDI-GSH conjugate. Four predicted fragments were identified in the MS/MS of m/z
532.1857 including [M+H]* =179.0485, [M +H]*=199.1228, [M +H]*=225.1020, and [M+H]*=233.0588.

Proteomics analysis of cultured human keratinocytes follow-
ing MDI-GSH conjugate exposure or MDI-negative control was
performed to determine protein identity and expression profiles.
Off-line prefractionation of each cell lysate digest via strong cat-
ion exchange was performed prior to HPLC-MS/MS analysis. Five
total fractions were obtained for each lysate digest, and the data
recombined at the informatics stage. A summary of the full pro-
teomics dataset has been uploaded (Supplementary Information,
Table S1). In total, 18540 proteins were identified, and relative
expression determined based on label-free quantitation across all
samples based on 751559 peptide spectral matches (PSMs)
(Supplementary Information, Table S2). Of the total 18540 iden-
tified proteins, 64 proteins exhibited statistically significant
(p<0.05) changes in expression following MDI-GSH exposure.
Proteins exhibiting up- and down-regulation following MDI-GSH
conjugate exposure are listed in Tables 2 and 3, respectively. The
dysregulated proteins identified in this dataset have been
reported to participate in a range of immune and inflammatory
pathways or are indicative of immune dysregulation. Among the
dysregulated proteins, the protein ST00A8/A9 heterodimer has
been reported to participate in inflammatory pathways and may
play a role in the development of MDI-OA. Increased expression
of the protein S100A8/A9 heterodimer has been reported as an
important damage associated molecular pattern molecule
(DAMP)(S Wang et al. 2018). ST00A8/A9 can act as a ligand for a
variety of pattern recognition receptors (Turovskaya et al. 2008;
Vogl et al. 2007) and can act as an endogenous ligand for
toll-like receptor 4 (TLR4) and RAGE, both of which can trigger
transcription factors such as NF-kB and AP-1 which are related to
a variety of innate and adaptive immune processes downstream.
Increased levels of S100A8/A9 have been noted in asthma,
chronic obstructive pulmonary disease, acute respiratory distress
syndrome, ventilator associated lung injury, and idiopathic

pulmonary fibrosis (Prantner et al. 2020). In addition to increased
expression of S100A8/A9, gene expression data provides evi-
dence of the involvement of pattern recognition receptors RAGE
and TLR4 (Table 2). Both are pattern recognition receptors that
play a role in innate immune functions and act as a link between
innate and adaptive immunity.

A multiomics approach was employed to consider both
proteomic and gene expression datasets holistically. The
online STRING protein association network tool was used to
query the curated dataset of dysregulated proteins and genes
to generate a protein-protein interaction map using the
Homo sapiens database. STRING analysis (p<0.005) suggests
three evident protein-protein interaction networks related to
mRNA splicing, metabolic functions and pattern recognition
receptors, NF-kB, MAPK signalling. Several pathways were sig-
nificantly enriched, including those related to immune pro-
cesses, pattern recognition receptors, protein synthesis, and
metabolism. Protein and gene expression data was also
merged and analysed using Reactome pathway analysis.
Reactome Pathway Analysis showed a statistically significant
overrepresentation for several pathways involved with inflam-
mation and immune response using this protein expression
data. These pathways included TLR functions by endogenous
ligands, cytokine signalling, MyD88 pathways, EGFR activa-
tion, metal sequestration, antigen processing, cellular
responses to stress, etc. Many of these pathways are high-
lighted in the analysis because of the upregulation of S100A8/
A9, however, when this evidence is merged with the observed
gene expression data, a clearer picture begins to emerge and
support for upstream and downstream events related to
inflammation, wound repair, and immune responses.

After exposing cultured HEKa cells to MDI-GSH conjugates
proteomics and gene expression analysis was completed and
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Table 2. List of the significantly upregulated quantified proteins in MDI-GSH/
MDI exposed HEKa cells.
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Table 3. List of significantly downregulated quantified proteins in MDI-GSH/
MDI exposed HEKa cells.

Accession Accession
number Fold number Fold
Protein description (UniProt) change p-value Description (UniProt) change p-value
ATP synthase subunit delta, P30049 2272 <0.001 Actin, aortic smooth muscle P62736 0.515 0.004
mitochondrial CDP-diacylglycerol-inositol 014735 0.175 <0.001
ATP synthase subunit g, mitochondrial 075964 1.603 0.010 3-phosphatidyltransferase
Caveolae-associated protein 3 Q969G5 1.533 0.029 Cornifin-B P22528 0.49 0.048
Complement component 1 Q Q07021 2.68 <0.001 D-dopachrome decarboxylase P30046 0.442 0.038
subcomponent-binding protein, EH domain-containing protein 3 QINZN3 0.357 0.005
mitochondrial Eukaryotic translation initiation factor Q2VIR3 0.102 <0.001
Copine-9 Q8IYJ1 1.587 0.017 2 subunit 3B
Cytochrome b-c1 complex subunit P47985 2.19 0.049 Guanine nucleotide-binding protein Q9HAVO 0.219 0.023
Rieske, mitochondrial subunit beta-4
Cytochrome ¢ oxidase subunit 5B, P10606 3.51 <0.001 Hemoglobin subunit gamma-1 P69891 0.339 0.017
mitochondrial High mobility group protein B1 P09429 0.432 0.015
Density-regulated protein 043583 1.631 0.017 Histidine—tRNA ligase, mitochondrial P49590 0.027 <0.001
Dynein light chain 1, cytoplasmic P63167 5.439 <0.001 Integrin alpha-2 P17301 0.488 0.011
Far upstream element-binding protein 1 Q96AE4 2.275 <0.001 Integrin alpha-V P06756 0.522 0.050
Fatty acid-binding protein 5 Q01469 1.635 <0.001 Keratin, type Il cytoskeletal 72 Q14CN4 0.435 0.016
Galectin-7 P47929 2.596 <0.001 Keratin-like protein KRT222 Q8N1A0 0.367 <0.001
Hepatoma-derived growth factor P51858 1.561 0.001 Lactadherin Q08431 0.178 0.002
Heterogeneous nuclear P09651 1.826 <0.001 Laminin subunit beta-3 Q13751 0.498 0.001
ribonucleoprotein A1 Macrophage migration inhibitory P14174 0.48 0.017
Heterogeneous nuclear P22626 1.753 <0.001 factor
ribonucleoproteins A2/B1 N-chimaerin P15882 0.57 0.034
High mobility group protein HMG-I/ P17096 2.445 <0.001 Parathymosin P20962 0.33 <0.001
HMG-Y Prohibitin-2 Q99623 0.397 <0.001
Histone-binding protein RBBP4 Q09028 3.292 0.005 Protein transport protein Sec61 P61619 0323 <0.001
Interleukin enhancer-binding factor 2 Q12905 1.795 0.042 subunit alpha isoform 1
Keratin, type | cytoskeletal 25 Q77320 100 <0.001 Putative annexin A2-like protein A6NMY6 0.01 <0.001
Keratin, type | cytoskeletal 26 Q773Y9 1.859 0.003 Ras-related protein Rab-4B P61018 0.01 <0.001
Non-histone chromosomal protein P05114 1.598 0.028 Retinoic acid-induced protein 3 Q8NFJ5 0.136 <0.001
HMG-14 Small ribosomal subunit protein eS4, P22090 0.281 0.007
Nucleoside diphosphate kinase A P15531 1.796 <0.001 Y isoform 1
Phosphoserine aminotransferase Q9Y617 1.638 <0.001 Small ribosomal subunit protein eS4, Q8TD47 0.184 0.001
Protein S100-A8 P05109 1.832 <0.001 Y isoform 2
Protein S100-A9 P06702 1.734 <0.001 Sulfide:quinone oxidoreductase, Q9Y6N5 0.557 0.029
Putative tubulin-like protein alpha-4B Q9H853 100 <0.001 mitochondrial
Ras-related protein Ral-A P11233 3.118 0.001 Transmembrane protein 40 Q8WWAT1 0.496 0.023
Reticulocalbin-1 Q15293 2.076 <0.001
Suprabasin Q6UWPS  4.011 <0.001
Translocator protein P30536  1.602 0.001 Although ILC2s do mirror functions of T-cells, they do not
\T(ut?:i"t]n:;trigzirgt]g:: 3 %?ggg 1.16(2)2 <8:gg; express antigen receptors or clonal selection/expansion (Eberl
Zinc finger protein 185 015231 2.685 <0.001 et al. 2015). ILC2s do react rapidly to signals from infected and

compared to unexposed cultured cells. Several differences in
protein expression were observed between the exposed and
control groups. Proteomic analysis showed an up-regulation of
protein ST00A8 and S100A9, an important alarmin, and nor-
mally heterodimeric protein, that can act as an endogenous
ligand for several pattern recognition receptors important to
both innate and adaptive immune responses. Increased
expression of /L33 can lead to the increased release of the
alarmins S100A8 and S100A9 (proteomics) and downstream
TSLP (gene expression), these pathways have been shown to
promote inflammation and both have been found in patients
with airway inflammatory responses and patients with autoim-
mune disease (Kato et al. 2017). Increased expression of TSLP
and /L33 has been shown to synergistically enhance each oth-
er's release in lung epithelium and enhance the activation of
group 2 innate lymphoid cells (ILC2) in the lung airway epithe-
lium (Shin et al. 2019). Evidence now suggests that ILCs play a
role in the development of asthma with or without adaptive
immune responses (Mirchandani et al. 2014; Oliphant et al.
2011; Neill and Flynn 2018; Kim et al. 2016) which could help
explain the absence of a specific IgE in some MDI-OA patients.

injured tissues (Spits and Mjosberg 2022; Vivier et al. 2018).
Interestingly, it has been reported that ILC2s may play an
important role in pulmonary barrier dysfunction after lung
injury leading to an upregulation on M2 type macrophages.
Recently, M2 macrophage gene signatures and endogenous
murine M2 marker mRNAs have been observed in mice after
exposure to MDI-GSH conjugates (Wisnewski et al. 2015; 2020).
Our lab has recently confirmed the presence of M2 markers,
transcription factors, and chemokines in MDI-GSH exposed
murine macrophages (Lin et al. 2023). This could offer insight
to a connection between a dermal exposure to MDI and
MDI-OA. Previous studies have reported increased ILC2s in the
peripheral blood of patients with allergic diseases such as
asthma (Bartemes et al. 2014). Recent studies have shown acti-
vation induced migration of ILC2s (Kim et al. 2016) and that
ILC2s could mediate inflammatory events in two different
organs and connections between allergic diseases (Johansson
Mali'n et al. 2014). Further studies are required to explore this
potential link.

In addition to increased expression of S100A8, ST100A9.
TSLP, and L33, expression changes were observed involving
other barrier proteins, immune proteins, alarmins, proteins
involved with metabolism, and proteins that may indicate
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inflammation or oxidative stress. These discoveries, and
observed gene expression changes, make for a strong case
that pattern recognition receptors such as TLR’s or RAGE and
ILC2s might be involved in the pathogenesis of MDI-OA.

Asthma is a complex lung disease that can result from an
adaptive immune response to a specific antigen (extrinsic
asthma) or by other, non-allergic, inflammatory responses
(intrinsic asthma). MDI-OA is often associated with a history of
dermal MDI exposure (Lilielind et al. 2010); however, only a
minority of MDI-OA patients exhibit specific IgE antibodies to
MDI. When considering dermal exposure as a potential route of
entry into the body, the role of keratinocytes must be consid-
ered. Keratinocytes are known to play an important role in acti-
vation of adaptive and innate immune responses when the
dermal barrier is challenged by pathogens or toxins. Glutathione,
an important biological antioxidant, is also relevant in dermal
exposures due to its presence in the epidermal barrier.
Glutathione is present in all animal cells at concentrations of 0.5
- 10mmol/L. Studies have confirmed reactions between gluta-
thione and dNCOs do indeed occur (Wisnewski et al. 2013;
2015; Johansson Mali'n et al. 2014). Furthermore, human pro-
teins can undergo transcarbamoylation via MDI-GSH and it has
been hypothesised that cell membrane proteins may be targets
and evoke downstream inflammatory events (Wisnewski et al.
2013; 2015). The differential protein expression data reported in
this manuscript support the hypothesis that keratinocytes have
the capacity to react to insult by MDI-GSH conjugates.

When considering the evidence, it is a safe assumption that
inflammation, innate, and adaptive immune pathways are
involved with MDI-OA. Published data suggests that dermal
exposure to MDI should be considered an important, if not piv-
otal, event for development of the disease. Airborne concentra-
tions of MDI in industry are well controlled, thanks in part to
MDI's physiochemical properties. The absence of respirable MDI
points to the skin as the next likely route of entry, and both
human and animal studies have shown that dermal exposures
lead to sensitisation. This hypothesis is further supported by the
increased use of less volatile MDI without an appreciable
decrease in occupational asthma with a history of isocyanate
exposure (Booth et al. 2009; Henriks-Eckerman et al. 2015). It is
therefore logical to explore potential mechanisms within the
dermal barrier including its predominant cell type, the keratino-
cyte. Keratinocytes are known to be important to wound heal-
ing, inflammation, and adaptive immune responses. Keratinocytes
express pattern recognition receptors and are capable of pro-
ducing DAMPs, cytokines, and chemokines in response to injury
or assault (Yousef et al. 2024). The keratinocyte response to
MDI-GSH exposure should offer insights into downstream path-
ways. Our lab has also demonstrated that conditioned media
from keratinocytes exposed to MDI-GSH conjugate elicits che-
moattraction of lymphocytes (data not shown), further evidence
that the confluent cell model does, in fact, react in an immuno-
logic way under these exposure conditions.

Conclusion

Occupational asthma following exposure to MDI continues to
be an important, and ever-growing problem with the

increasing demand of urethane coatings, adhesives, and foam
products. The protein and gene expression data we report
here suggests that MDI exposure may activate pathways in
either extrinsic or intrinsic type asthma. We have identified
dysregulated proteins in keratinocytes exposed to MDI-GSH
conjugates that participate in barrier integrity, innate immune
pathways, adaptive immune pathways, and inflammatory
pathways. When considering our observations, the diversity of
MDI-OA in patients, and previously reported evidence, it is
doubtful that a single group of pathways (adaptive immunity,
innate immunity, or inflammatory) will emerge to explain the
pathogenesis of MDI-OA. The data reported in this manuscript
suggests a complex interplay of multiple pathways and poten-
tial outcomes, most likely influenced by individual genotypes
and phenotypes resulting in the pathogenesis of MDI-OA.
However, this data does suggest a reason to further explore
epidermal  barrier integrity and immune/inflammatory
responses after exposure to MDI-GSH. Future studies will
include exploring putative pathways and signalling related to
the activation of immune and inflammatory regulators like
NF-kB and AP-1, as well as studies into the potential role of
ILC2s in the pathogenesis of MDI-OA. Although not proven
definitively, when considering industrial hygiene data showing
very low airborne concentrations in most industrial settings, it
is evident that skin exposures to MDI probably play an import-
ant role in the development of MDI-OA in many cases. The
data presented in this report supports previous studies that
indicate that exposures and the biological processes underly-
ing the development of MDI-OA are complex. Previously pub-
lished data and sampling data suggested that MDI skin
exposure and penetration of the dermis probably play an
important role in the development of MDI-OA. When consid-
ering that approximately 90% of the epidermis is composed
of keratinocytes and their importance in alerting and activat-
ing immune responses, it would be remiss to not assess a
potential role in MDI exposure and participation in the devel-
opment of MDI-OA. The data reported in this manuscript sug-
gests a mixture of innate and adaptive immune responses
being activated or dysregulated 24hrs following MDI-GSH
conjugate exposure in keratinocytes. The authors acknowl-
edge that additional doses, exposure paradigms and time
points will be required to elucidate specific pathways which
influence the ultimate biological, and specifically immunologi-
cal, fate of MDI in the skin. However, this data does imply,
under these specific conditions and dose, a dermal exposure
to MDI-GSH conjugate has the potential to elicit immune
responses and inflammation that could lead to immunologic
memory and inflammatory responses compatible with the
development of MDI-OA.
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