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4,4’-Methylene diphenyl diisocyanate exposure induces expression of
alternatively activated macrophage-associated markers and chemokines partially
through Kruppel-like factor 4 mediated signaling in macrophages

Chen-Chung Lin

, Brandon F. Law and Justin M. Hettick

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

ABSTRACT

1.

Occupational exposure to the most widely used monomeric diisocyanate (dNCO), 4,4'-methylene
diphenyl diisocyanate (MDI), may lead to the development of occupational asthma (OA). Alveolar
macrophages with alternatively activated (M2) phenotype have been implicated in allergic airway
responses and the pathogenesis of asthma. Recent in vivo studies demonstrate that M2 macro-
phage-associated markers and chemokines are induced by MDIl-exposure, however, the underly-
ing molecular mechanism(s) by which this proceeds is unclear.

Following MDI exposure (in vivo and in vitro) M2 macrophage-associated transcription factors
(TFs), markers, and chemokines were determined by RT-gPCR, western blots, and ELISA.
Expression of M2 macrophage-associated TFs and markers including KIf4/KLF4, Cd206/CD206,
Tgm2/TGM2, Ccl17/CCL17, Ccl22/CCL22, and CCL24 were induced by MDI/MDI-GSH exposure in
bronchoalveolar lavage cells (BALCs)/THP-1 macrophages. The expression of CD206, TGM2, CCL17,
CCL22, and CCL24 are upregulated by 3.83-, 7.69-, 6.22-, 6.08-, and 1.90-fold in KLF4-overexpressed
macrophages, respectively. Endogenous CD206 and TGM2 were downregulated by 1.65-5.17-fold,
and 1.15-1.78-fold, whereas CCL17, CCL22, and CCL24 remain unchanged in KLF4-knockdown mac-
rophages. Finally, MDI-glutathione (GSH) conjugate-treated macrophages show increased chemo-
tactic ability to T-cells and eosinophils, which may be attenuated by KLF4 knockdown.

Our data suggest that MDI exposure may induce M2 macrophage-associated markers partially
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Introduction

4,4'-Methylene diphenyl diisocyanate (MDI), a highly reactive
chemical that is essential for manufacturing polyurethane
products, is the most widely used diisocyanate (dNCO) glo-
bally (Allport et al. 2003). MDI is utilised in many different
applications including spray foam insulation, truck bed liners,
paints, adhesives, elastomers, and coatings (Munn SJ 2005).
Occupational MDI exposure has been identified as one of
the leading causes for occupational asthma (OA) and may
result in severe outcomes, up to and including death
(Bernstein et al. 1993; NIOSH 1994a, 1994b; Redlich and Karol
2002; Lofgren et al. 2003; NIOSH 2004; Jan et al. 2008;
Engfeldt et al. 2013; Wisnewski et al. 2022). The detailed
pathophysiological mechanism(s) by which MDI may cause
asthma remains an active research area.

In the lung, alveolar macrophages participate in many
aspects of asthma pathogenesis (Erle and Sheppard 2014;
Fricker and Gibson 2017). When macrophages encounter out-
side stimuli, they can acquire two major distinct functional
phenotypes: classically (M1) and alternatively activated (M2)
macrophages. M1 macrophages, usually stimulated by ligand

binding to toll-like receptors (TLRs) and interferon (IFN)-v,
produce proinflammatory cytokines, nitric oxide, or reactive
oxygen intermediates to protect against bacteria and virus.
M2 macrophages, usually stimulated by interleukins (ILs) IL4
and IL13, induce cell proliferation or collagen production,
and play major roles in wound healing and repair (Biswas
and Mantovani 2010; Shapouri-Moghaddam et al. 2018). In
the asthmatic airway, M2 macrophage populations have
been found to be elevated (Melgert et al. 2011; Girodet et al.
2016), suggesting a role during asthma pathogenesis. Using
gene microarray expression methodology and mass spec-
trometry, previous reports have identified that MDI can
induce myeloid/innate immune responses and M2 macro-
phage-associated gene signatures (Wisnewski et al. 2015;
Wisnewski et al. 2020). Secretory murine M2 macrophage-
associated marker protein levels including Chitinase YM-1
and IL-12/IL-23B subunit were increased in the cell-free air-
way lavage fluids obtained from MDI-GSH conjugate-exposed
mice (Wisnewski et al. 2015). Furthermore, endogenous mur-
ine M2 macrophage-associated marker mRNAs including
Chil3 (Ym1), Chil4 (Ym2), Retnla (Fizz1), Clec7a (Dectinl),
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Clec10a (Mgl2), and Cd209e (DC-SIGN) were induced in RNA
isolated from lungs of mice subjected to MDI/MDI-GSH con-
jugate dermal sensitization/respiratory challenge (Wisnewski
et al. 2020), suggesting MDI exposure induces M2 macro-
phage polarisation gene signatures. However, whether these
M2 macrophage-associated markers are indeed induced in
BALCs/alveolar macrophages after MDI exposure and the
detailed molecular mechanism(s) by which MDI induces
these M2 macrophage-associated markers has not been
determined. The current study aims to investigate the
molecular mechanisms that mediate the induction of M2 sig-
nature genes in BALCs/alveolar macrophages after MDI
exposure.

Several transcription factors including Signal Transducer
and Activator of Transcription 6 (STAT6), Interferon
Regulatory Factor 4 (IRF4), Spi-1 Proto-Oncogene (SPI1),
Peroxisome Proliferator Activated Receptor Gamma (PPARY),
CCAAT Enhancer Binding Protein Beta (CEBPB), and Kriippel-
Like Factor 4 (KLF4) have been reported to mediate M2
polarisation (Tugal et al. 2013; Li et al. 2018; Gharib et al.
2019). STAT6 plays an important role in regulating many
mouse M2 marker genes, including arginase 1 (Arg1), macro-
phage mannose receptor 1 (Mrc1/Cd206), resistin-like-o
(Retnla/Fizz1) and chitinase 3-like 3 (Chi3I3/Ym1) that are
induced by IL4 and IL13-mediated M2 macrophage polarisa-
tion signalling (Martinez et al. 2009). IRF4 can be induced by
IL4 through Jumonji domain-containing protein (JMJD) 3,
which is important for the induction of M2 macrophage
polarisation when macrophages are exposed to chitin, a fun-
gal and parasitic cell wall component (El Chartouni et al.
2010; Satoh et al. 2010). SPIT has been found to promote M2
macrophage polarisation in asthmatic airways (Qian et al.
2015). PPARy-deficient macrophages were not able to
undergo M2 polarisation after M2 macrophage stimulation
(Odegaard et al. 2007), suggesting the key role of PPARy in
M2 macrophage polarisation. CEBPB binds to the promoter
region of M2 macrophage-associated markers such as Argl,
therefore promoting macrophages towards M2 phenotypes
(El Kasmi et al. 2008). KLF4 may cooperate with STAT6 to
induce M2 macrophage polarisation and can sequester the
cofactors of NF-«xB, the major M1 macrophage-associated
transcription factor, to inhibit M1 polarisation and promote
M2 polarisation (Liao et al. 2011). Whether these M2 macro-
phage-associated transcription factors play any role in MDI-
mediated M2 macrophage-associated marker expression has
not been investigated. We hypothesise that MDI may induce
M2 macrophage-associated markers by regulating these M2
macrophage-associated transcription factors in macrophages.

The current report is focused on characterising possible
MDI-mediated M2 macrophage polarisation responses by
measuring M2 macrophage-associated marker gene expres-
sion after MDI exposure and then characterising the involve-
ment of MDIl-mediated M2  macrophage-associated
transcription factors as one of the downstream molecular
mechanisms to regulate expression of M2 macrophage-asso-
ciated markers. We determine transcriptional changes in M2
macrophage-associated markers following MDI exposure
using an in vivo murine MDI dermal sensitization/respiratory

challenge model, as well as an in vitro THP-1 macrophage
culture model. Using an in vitro MDI-GSH conjugate cell cul-
ture model, as well as gain- and loss-of-function experiments,
we determine that MDI-mediated upregulation/activation of
endogenous KLF4 may participate in M2 macrophage-associ-
ated markers and chemokines upregulation. This report pro-
vides a putative KLF4-mediated mechanism to describe how
MDI may induce M2 macrophage-associated markers and
chemokines in macrophages.

Materials and methods
Chemicals and reagents

4,4'-methylene diphenyl diisocyanate (MDI, 98%), high-per-
formance liquid chromatography (HPLC) grade acetone, 3A
molecular sieve (4-8 mesh), tris-buffered saline (TBS), Tween-
20, dimethyl sulfoxide (DMSO), phorbol 12-myristate 13-acet-
ate (PMA), butyric acid, bovine serum albumin (BSA) and
reduced-glutathione (GSH) were acquired from MilliporeSigma
(St. Louis, MO). Phosphate buffered saline (PBS), Roswell Park
Memorial Institute (RPMI)-1640 culture medium, radioimmuno-
precipitation assay (RIPA) buffer, and Penicillin-Streptomycin-
Glutamine (PSG; 100x) were acquired from Thermo Fisher
Scientific (Waltham, MA). Hyclone™ foetal bovine serum (FBS)
was obtained from Cytiva Life Sciences (Marlborough, MA).
Dry acetone was prepared by incubating 10 ml HPLC grade
acetone on 3A molecular sieve for a minimum of 24h to
adsorb water.

Bronchoalveolar lavage cells (BALCs) from MDI exposed
mice

Candidate gene expression studies for M2 macrophage-asso-
ciated markers, chemokines, and transcription factors that
mediate M2 polarisation were performed on stored murine
BALCs obtained from a prior study (Lin et al. 2019). Briefly,
female BALB/c mice, 6-8 weeks old, were purchased from
Taconic (Germantown, New York). Mice were acclimated for
five days before being randomly assigned into different
treatment groups. Treatment groups of five mice were
housed in ventilated plastic cages with hardwood chip bed-
ding enriched with a section of polyvinyl chloride (PVC) pipe
(1.5” O.D. x 6") to acclimate animals to the dimensions of
the nose-only restraint device. Further acclimation to the
restraint device was performed by three stays of increasing
duration (15min, 30 min, 60 min) on three consecutive days
and was well-tolerated. An NIH-31 modified 6% irradiated
rodent diet (Harlan Teklad) and tap water were administered
ad libitum. Housing facilities were maintained at 20-22°C
and 36-57% relative humidity with a 12-h light-dark cycle.
During MDI exposure, mice were dermal exposed on the dor-
sal surface of each ear with 25 pl of 1% MDI/acetone (w/v) or
acetone control on days 1, 2, 3, 14, 15 and 16. On day 21,
the animals were nose-only exposed to 4580+ 1497 ug/m?>
MDI aerosol or house air control for 1h using the in-house
constructed nose-only inhalation exposure system (NOIES) as
previous described (Hettick et al. 2018). 24 h post-exposure,



euthanasia was performed by intraperitoneal injection of
sodium pentobarbital. Following a non-reflexive response to
a toe pinch, euthanasia was further confirmed by exsanguin-
ation via cardiac puncture. Blood/sera were collected and
stored at —80°C for circulating microRNA(miR) analysis (Lin
et al. 2019). Bronchoalveolar lavage fluid (BALF) was col-
lected via 3 x 1 ml ice-cold PBS lavages following 10-ml ice
cold PBS perfusion. Bronchoalveolar lavage cells (BALCs)
were collected from BALF by centrifugation at 300 x g for
10min at 4°C and stored at —80°C until total RNA isolation.
Animal experiments were performed in the AAALAC,
International-accredited National Institute for Occupational
Safety and Health animal facility in accordance with an insti-
tutionally approved animal care and use protocol (Protocol #
16-JH-M-009).

Cell culture and differentiation

THP-1 (ATCC® TIB-202™), Clone 15HL-60 (HL-60_C15; ATCC®
CRL-1964™), and Jurkat Clone E6-1 (Jurkat_E6-1; ATCC® TIB-
152™) cells were obtained from American Type Culture
Collection (ATCC; Manassas, VA) and maintained at 0.5-
1 x 10%ml in RPMI-1640 media supplement with 10% FBS,
and 1x PSG (Complete RPMI media) at 37°C in a humidified
atmosphere with 5% CO, as previous described (Lin et al.
2021). THP-1 cells (2 x 10° cells) were differentiated into mac-
rophages using 10ng/ml PMA in 10-cm culture dishes for
72 h. Differentiation was further enhanced by removal of
PMA-containing media, washing twice with PBS and incuba-
tion of the cells in fresh complete media for another 72h.
Reducing PMA differentiation concentration to 10 ng/ml has
been shown to enhance responsiveness to polarising stimuli
(MaeB et al. 2014; Baxter et al. 2020). All in vitro cell experi-
ments described in this study used enhanced-differentiated
THP-1 macrophages. For eosinophil differentiation used in
chemotaxis experiments, HL-60_C15 cells (5 x 10° cells/ml)
were cultured in complete RPMI-1640 media containing
0.5mM butyric acid for 7days as per previous reports
(Fischkoff 1988; Tiffany et al. 1995; Badewa et al. 2002).

MDI-GSH conjugation

MDI-GSH conjugates were prepared as previously described
(Lin et al. 2020). Briefly, 10 mM GSH solution was prepared in
200 mM sodium phosphate buffer (pH= 7.4). 50 ul of freshly
prepared stock solutions of 10% MDI (w/v) in dry acetone
were added to 25ml of GSH solution dropwise with stirring,
to achieve an approximate MDI concentration of 800 uM. The
reaction was incubated at 25°C with end-over-end mixing
for 1h, followed by centrifugation at 10,000 x g and filtered
with a 0.2pum syringe filter. Reaction products containing
MDI-GSH conjugates were immediately added into enhanced
differentiated THP-1 macrophages at either 0, 1, 10 uM or at
10uM as the indicated concentrations shown in the figure
legends.
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KLF4 overexpression and knockdown

Expression plasmids pCMV6-Entry-KLF4 (Origene ID: RC206691)
and pCMV6-Entry (ID: PS100001) were purchased from
Origene (Rockville, MD). For KLF4 overexpression associated
RNA expression studies, 1 x 10° enhanced-differentiated THP-1
macrophages were reverse transfected with 2.5ug of either
pCMV6-Entry-KLF4 expression plasmid or pCMV6-Entry empty
vector using Mirus TransIT®-2020 transfection reagent (Mirus
Corporation; Madison, WI, USA) in a 6-well plate for 48 h. After
48h, total RNA was isolated using mirVana™ miR Isolation Kit
(Thermo Fisher Scientific) according to manufacturer’s instruc-
tions for RT-qPCR expression analyses. For KLF4 overexpres-
sion associated protein analysis, 5x 10°  enhanced-
differentiated THP-1 macrophages were reverse transfected
with 10 ug of either pCMV6-Entry-KLF4 expression plasmid or
pCMV6-Entry empty vector using Mirus TransT®-2020 transfec-
tion reagent in 10-cm dish for 48h. After 48h, cell lysates
were prepared for western blotting.

For KLF4 siRNA knockdown studies, two commercially avail-
able Silencer® Select siRNAs specifically targeted to the coding
region of human KLF4 transcripts (Cat#4392420; Assay
ID#s17793, denoted as siKLF4-793 and #s17794, denoted as
siKLF4-794) and nontargeting Silencer® Select Negative Control
#1 siRNA control (Cat#4390843, denoted as siCtl) were
acquired from Thermo Fisher Scientific. All siRNAs were diluted
to 20 UM in nuclease-free water. To transfect KLF4 siRNAs, dif-
ferentiated-enhanced THP-1 macrophages were subjected to
reverse transfection followed by forward transfection 24 h later
as previously described (Lin et al. 2020). For studies examining
the role of KLF4 in MDI-mediated induction of M2 macro-
phage-associated markers and chemokines, THP-1 macro-
phages underwent two rounds of siRNA transfection prior to
treatment with 10 uM MDI-GSH conjugate or control for 24 h,
after which cell extracts were prepared for western blotting
and/or RT-gPCR expression analyses.

Expression analyses

For RT-qPCR assays, total RNA from BALCs or cultured THP-1
macrophages were extracted using mirVana™ miR Isolation Kit
(Thermo Fisher Scientific) according to manufacturer’s instruc-
tions. PCR reactions were performed on an ABI 7500 Real-Time
PCR System from Thermo Fisher Scientific (Waltham, MA, USA).
The mRNA levels were analysed using the “2Cy method as pre-
viously described (Lin et al. 2019). Reactions were normalised to
either human or mouse beta-2 microglobulin (B2M/B2m) for
mRNA analysis. Gene expression assays used in this study were
acquired from Thermo Fisher Scientific and include: mouse Chil3
(Cat#4331182; Assay ID: Mm00657889_mH), Chil4 (Mm008408
70_m1), Retnlb (MmO00445845 m1), Clec’a (MmO01183349_m1),
Clec10a (Mm00546125_g1), Cd163 (MmO00474091_m1), Mrcl/
Cd206 (MmO01329359_m1), Pdcd1lg2/Cd273 (MmO00451734_mT1),
Tgm2 (Mm00436979_m1), Kif4 (MmO00516104_m1), Pparg
(MmO00440940_m1), Stat6 (MmO01160477_m1), Irf4 (MmO005164
31_m1), Spil (MmO00488140_m1), Cebpb (Mm07294206_s1),
Ccl17  (MmO01244826_g1), Ccl22 (MmO00436439_m1), Ccl24
(Mm00444701_m1), and B2m (Mm00437762_m1); human CD206
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(Hs00267207_m1), TGM2 (Hs01096681_m1), KLF4 (Hs00358836_
m1), PPARG (Hs01115513_m1), STAT6 (Hs00180031_m1), IRF4
(Hs00180031_mT1), SPIT (Hs02786711_m1), CEBPB (Hs00942496_
s1), CCL17 (Hs00171074_m1), CCL22 (Hs01574247_m1), CCL24
(Hs00171082_m1), and B2M (Hs00187842_m1).

Immunoblot and antibodies

Cell extracts for immunoblot were prepared in radioimmuno-
precipitation assay (RIPA) buffer as previously described (Lin
et al. 2020). Following electrophoresis, proteins were trans-
ferred onto nitrocellulose membranes and probed with diluted
antibodies in Tris-buffered saline with 0.1% Tween-20
Detergent (TBST) containing 1% BSA. Specific antibody against
human CD206 (Cat#18704-1-AP), and TGM2 (#15100-1-AP)
were obtained from Proteintech (Rosemont, IL). Antibody
against human KLF4 (Cat#AB4138) was obtained from
MilliporeSigma (Burlington, MA). Antibody against B-actin
(Cati#fsc-47778) was obtained from Santa Cruz Biotechnology
(Dallas, TX). Bound antibodies were detected using Pierce ECL
Western Blotting Substrate (Thermo Fisher Scientific).

Chemokine ELISA

Conditioned media was collected 24h after THP-1 macro-
phages were treated with MDI-GSH conjugates or 24 h after
THP-1 macrophages were transfected with either KLF4 overex-
pression plasmid or transfected with KLF4 siRNAs and treated
with or without MDI-GSH conjugates as described above. The
following enzyme-linked immunosorbent assay (ELISA) kits
were obtained from ThermoFisher Scientificc Human CCL22/
MDC  (Cat#EHADAM11), and human CCL24/Eotaxin-2
(#EHCCL24). Human CCL17/TARC ELISA kit (Cat#DY36405) was
obtained from R&D systems (Minneapolis, MN). The assay sen-
sitivity for each chemokine is as follows: CCL17 (7.8 pg/ml),
CCL22 (1.5 pg/ml), and CCL24 (2 pg/ml). Human CCL17, CCL22,
and CCL24 released into the conditioned media from plasmid
or siRNA transfected THP-1 macrophages were measured by
ELISA according to manufacturer’s instructions.

Chemotaxis assays and quantification of migrated cells

Chemotaxis/migration in response to conditioned media col-
lected from THP-1 macrophages treated with either KLF4 over-
expression plasmids or KLF4 knockdown siRNAs with potential
M2 macrophage secreted chemokines were performed as pre-
viously reported (Lin et al. 2021). Briefly, the cell chemotaxis/
migration assays were performed using a 24-well plate format
with Transwell™ inserts containing 3 um pore polycarbonate
membrane (Corning™ Transwel™ plates, ThermoFisher
Scientific). A total of 1 x 10° naive T-cells (Jurkat_E6-1 T-cells)
or eosinophils (butyric acid differentiated HL-60_C15 cells) in
100 pl serum-free RPMI 1640 media were added to each upper
chamber and placed on the lower chamber containing
chemoattractant. Five hundred microliters of cell-free condi-
tioned media from either KLF4 overexpression plasmid or
KLF4 knockdown siRNA transfected THP-1 macrophages were
placed in the lower chamber as a chemoattractant, and the

immune cells were allowed to migrate for 6h at 37°C in a
humidified atmosphere with 5% CO2. After 6h, the lower
chamber media containing migrated cells in suspension were
collected in separate tubes and placed on ice. The media
from the upper chamber was aspirated and discarded, and
the upper chamber was transferred to a clean well containing
PBS for washing. The upper chamber membrane and lower
chamber surface were washed twice with PBS to collect
migrated cells that remained attached to surfaces, 500 pl cell
detaching media (0.25% Trypsin-EDTA, Cat#25200056,
ThermoFisher Scientific) were added back to the lower cham-
bers, and the upper chambers reinstalled. The whole plate
was further incubated at 37 °C for 30 min to detach cells. After
30 min, the migrated cells in cell detaching media were com-
bined with conditioned media/migrated cells collected previ-
ously, centrifuged at 300 x g for 5min, washed with PBS
twice, and stored at —80°C before quantification using
CyQUANT® Cell proliferation assay (ThermoFisher Scientific) as
per manufacturer’s instructions.

Statistical analysis

Data were analysed using either the unpaired t-test (two-
tailed) when comparing two groups, or one-way analysis of
variance followed by Tukey’'s multiple comparison ad hoc
post-test when comparing multiple groups. Statistical analy-
ses were performed using GraphPad Prism 7.0 software
(GraphPad Software, La Jolla, CA, USA.). Differences were
considered significant when the analysis yielded p < 0.05.

Results

MDI exposure upregulates endogenous M2
macrophage-associated marker and chemokine
transcripts in BALCs isolated from MDI exposed mice

MDI-OA patients’ asthma attacks are often associated with
previous dermal MDI exposure history followed by acute MDI-
aerosol inhalation in occupational settings (Petsonk et al.
2000). Recent gene transcript microarray and mass spectrom-
etry data reveal that M2 macrophage-associated markers and
chemokines are induced in murine lung tissue after combined
dermal/respiratory MDI/MDI-GSH exposure (Wisnewski et al.
2015; Wisnewski et al. 2020) indicating that MDI exposure in
sensitised animals may induce alveolar macrophages to
undergo M2 macrophage polarisation. To investigate whether
combined dermal/respiratory MDI exposure could upregulate
the levels of M2 macrophage-associated markers and chemo-
kines in the BALCs, we analysed endogenous M2 macro-
phage-associated marker and chemokine transcript levels
using total RNAs isolated from stored BALCs (Figure 1A) (Lin
et al. 2019). We determined the endogenous mRNA expres-
sion of M2 macrophage-associated genes including Chil3,
Chil4, Retnlb, Clec7a, Clec10a, Ccl17, Ccl22, and Ccl24, as well as
common M2 macrophage-associated genes Cd163, and Cd206,
and newly identified M2 macrophage-associated genes Cd273
and Tgm2 from BALCs of MDI-aerosol exposed or house-air
exposed control mice (Figure 1). M2 macrophage-associated
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Figure 1. In vivo MDI aerosol exposure upregulates M2 macrophage-associated markers and chemokine mRNA in BALCs isolated from mice with combined der-
mal/aerosol MDI exposure. (A) Experimental timelines showing MDI exposure time points, routes. Total RNA was isolated from BALCs from either dermal exposed
or dermal/aerosol exposed mice by miRVana™ miR isolation kit, reverse transcribed, and subjected to TagMan RT-qPCR. M2 macrophage-associated markers and
chemokine mRNA expression of (B) Chil3, (C) Chil4 (D) Rentlb, (E) Clec7a, (F) Clec10a, (G) Ccl17, (H) Ccl22, (I) Cd206, (J) Cd273 and (K) Tgm2 were determined. (N =3;
bars, s.e.m) (¥p < 0.05, ¥*p < 0.01, ***p < 0.001). Ctl: Control; ACN: Acetone; MDI: 4,4'-methylene diphenyl diisocyanate. D-/M-: BALC RNA isolated from animals
with neither MDI dermal exposure nor MDI-aerosol exposure, D+/M-: BALC RNA isolated from animals with MDI dermal exposure on days 1, 2, 3, 14, 15, 16 fol-
lowed by 1h house-air control exposure on day 21. D+/M + 24h: Total RNA isolated from BALCs collected 24h post-exposure to Th MDI-aerosol exposure on day

21 with prior MDI dermal exposure on days 1, 2, 3, 14, 15, 16.

markers from BALCs in dermally exposed to MDI compared to
control (D+/M- vs. D-/M-) mice exhibited no significant
change in Chil3, Chil4, Retnlb, Clec10a, Ccl17, Ccl22, Cd206, and
Tgm?2 levels (Figure 1B-D, F-Il, and K) whereas dermal expos-
ure to MDI significantly upregulates endogenous Clec7a and
Cd273 transcripts (Figure 1E and J). In contrast, endogenous
M2 macrophage-associated markers Chil3, Chil4, Retnlb, Clec7a,

Clec10a, Ccl17, Ccl22, Cd206, Cd273, and Tgm2 transcript levels
were significant upregulated 2.13-, 1.92-, 2.57-, 1.51-, 2.24-,
4.17-, 2.80-, 1.90-, 15.3-, and 2.29-fold at 24h following 1h
MDI-aerosol inhalation (D+/M + 24h), respectively (Figure 1B-
K). The endogenous mRNA transcripts of Cd163, and Ccl24
were not detected in BALCs isolated from any groups of mice
(data not shown). These data indicate that respiratory
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exposure to MDI increases M2 macrophage-associated markers
and chemokines in BALCs from mice previously exposed to
MDI dermally.

Upregulation of endogenous Kif4 and Pparg in the
BALCs isolated from mice with combined dermal/
respiratory MDI exposure

Macrophage polarisation towards either M1 or M2 pheno-
types can be regulated by many different environmental
stimuli and downstream signalling pathways that lead to
transcriptional activation of either M1 or M2 macrophage-
associated genes. Several transcription factors have been
found to play major roles in regulation of macrophage polar-
isation by promoting gene expression which dictates the
functional polarisation of macrophages. Among these tran-
scription factors, STAT6, IRF4, SPI1, CEBPB, PPARYy, and KLF4
have been found to mediate M2 macrophage polarisation
(Lawrence and Natoli 2011; Tugal et al. 2013). We, therefore,
hypothesise that some of these M2 macrophage-associated
transcription factors can be induced by MDI exposure and
the induction of the specific M2 macrophage-associated tran-
scription factor(s) may be responsible for the induction of
M2 macrophage-associated genes in MDI exposed macro-
phages. To determine which candidate M2 macrophage-asso-
ciated transcription factor(s) are induced by MDI exposure,
we examined the endogenous mRNA levels of Stat6, Irf4,
Spil, Cebpb, Pparg, and Kif4 in BALCs after exposure to MDI.
When comparing the endogenous M2 macrophage-associ-
ated transcription factor mRNA levels in BALCs isolated from
[D+/M- vs. D-/M-] animals, no significant differences are
observed (Figure 2A-F). However, addition of MDI aerosol
exposure significantly induced Pparg and Kif4 transcription
factor expression when compared to the house-air exposed
only control (D+/M + 24h vs. D-/M-) (Figure 2E and F). These
results indicate that MDI exposure induces M2 macrophage
marker expression through upregulation of either KLF4 or
PPARy transcription factors in BALCs.

MDI-GSH conjugate exposure upregulates endogenous
M2 macrophage-associated markers and chemokines in
differentiated THP-1 macrophages

Given that macrophages make up greater than 80% of the
BALCs population (Heron et al. 2012) and previous reports
have shown that in vivo MDI-glutathione (GSH) conjugate
exposure upregulates many M2 macrophage marker genes in
lung tissue (Wisnewski et al. 2015; Wisnewski et al. 2020), we
used differentiated/enhanced human THP-1 macrophages as
an in vitro cell model to investigate the macrophage polarisa-
tion response upon exposure to MDI-GSH conjugate. Since
many of the M2 macrophage-associated markers in Figure 1
are described as M2 macrophage-associated markers in mice
but not in humans, we elected to determine the expression
of M2 macrophage-associated markers including CD206 and
TGM2 as well as secretory chemokines CCL17, CCL22 and
CCL24 that have been identified as both mouse and human
M2 macrophage-associated markers (Huber et al. 2010;

Martinez et al. 2013; Martinez and Gordon 2074).
Differentiated THP-1 macrophages were treated with MDI-
GSH conjugates at 0, 1, and 10 uM for 24 h. The endogenous
M2 macrophage markers CD206 and TGM?2 transcripts were
significantly upregulated by MDI-GSH conjugate treatment
from 1.42-fold to 6.99-fold for CD206 (Figure 3A), and from
1.67-fold to 2.22-fold for TGM2 (Figure 3B), respectively.
Furthermore, the endogenous protein levels of CD206 and
TGM2 markers were also upregulated by treatment of MDI-
GSH conjugate (Figure 3C). MDI-GSH conjugate treatment
induced endogenous M2 macrophage-associated chemokines
CCL17, CCL22, and CCL24 mRNAs (Figure 3D-F). Furthermore,
the secreted CCL17, CCL22, and CCL24 proteins were
increased by MDI-GSH conjugate (10 uM) treatment (Figure
3G-I). These results indicated that exposure to MDI-GSH con-
jugates can upregulate M2 macrophage-associated markers
and chemokines in human macrophages.

MDI-GSH conjugate exposure induced endogenous KLF4
in differentiated THP-1 macrophages

From in vivo experiments, KIf4 and Ppary transcripts were the
only two M2 macrophage-associated transcription factors
tested that were induced by MDI-aerosol in BALCs isolated
from the MDI dermal exposed animals (Figure 2E and F),
indicating that KLF4 and PPARy may be upregulated by MDI-
GSH conjugate exposure in alveolar macrophages. To investi-
gate whether MDI-GSH conjugate exposure regulates candi-
date M2 transcription factors including KLF4 and PPARy in
human macrophages, the differentiated THP-1 macrophages
were treated with MDI-GSH conjugates at concentrations of
0, 1, and 10uM for 24h and the endogenous M2 macro-
phage-associated transcription factors mRNAs were deter-
mined by RT-gPCR. The results are presented in Figure 4.
MDI-GSH conjugate treatment failed to induce the endogen-
ous M2 macrophage-associated transcription factor mRNAs
STAT6, IRF4, SPI1, CEBPB and PPARG (Figure 4A-E); however,
treatment with MDI-GSH upregulates endogenous KLF4 in
macrophages (Figure 4 F&G). Endogenous KLF4 mRNA was
significantly upregulated by MDI-GSH conjugate exposure
from 1.42-fold to 2.12-fold (Figure 4F). In addition, the
endogenous KLF4 protein level was also upregulated in
response to MDI-GSH conjugate treatment (Figure 4G). These
results confirm that the exposure to MDI in the form of MDI-
GSH conjugate can upregulate endogenous KLF4 but not
PPARy expression in differentiated human macrophages.
These results suggest that the transcription factor KLF4 may
play an important role in regulating M2 macrophage-associ-
ated markers expression after MDI exposure in alveolar
macrophages.

Overexpression of KLF4 induced M2 macrophage-
associated markers and chemokines

The transcription factor KLF4 plays an important role in
macrophage differentiation and M2 macrophage polarisation
(Park et al. 2016). To investigate whether KLF4 can mediate
M2  macrophage-associated marker and chemokine
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Figure 2. In vivo MDI-aerosol exposure upregulates KIf4 and Pparg transcription factor mRNA in BALCs isolated from mice with combined dermal/aerosol MDI
exposure. Total RNA was isolated from BALCs from either dermal exposed or dermal/aerosol exposed mice by miRVana™ miR isolation kit, reverse transcribed, and
subjected to TagMan RT-qPCR. Candidate M2 macrophage-associated transcriptional factor expression of (A) Staté, (B) Irf4, (C) Spil, (D) Cebpb, (E) Pparg, and (F)
KiIf4 were determined. (N = 3; bars, s.e.m). MDI: 4,4"-methylene diphenyl diisocyanate. (*p < 0.05, **p < 0.01).

expression, we determined expression of M2 macrophage-
associated markers and chemokines CD206, TGM2, CCL17,
CCL22, and CCL24 using an in vitro KLF4 overexpression
model in THP-1 macrophages. Compared to vector-trans-
fected differentiated THP-1 macrophages, transfection of
KLF4 overexpression plasmids for 48 h significantly induced
endogenous CD206, and TGM2 mRNAs by 3.83-, and 7.69-
fold, respectively (Figure 5A, B). In addition, the protein
expression levels of CD206 and TGM2 were also upregulated
by transfection of KLF4 overexpression plasmid (Figure 5C).
Furthermore, KLF4 overexpression upregulated the endogen-
ous chemokines CCL17, CCL22 and CCL24 mRNAs by 6.22-,
6.08-, and 1.90-fold, respectively (Figure 5D-F). These results
indicated that induction of KLF4 transcription factors after
MDI-GSH conjugate exposure may induce M2 markers CD206,
and TGM2 as well as chemokines CCL17, CCL22, and CCL24
transcription and expression in human macrophages.

KLF4 plays an important role for MDI-GSH conjugate-
mediated induction of M2 macrophage-associated
markers and chemokines

To study the endogenous roles of KLF4 in regulation of MDI-
GSH conjugate-mediated induction of M2 macrophage-associ-
ated gene transcripts, we performed a loss-of-function experi-
ment using two different siRNAs to knockdown endogenous
KLF4 in macrophages. Differentiated THP-1 macrophages were
transfected with either siKLF4-793 or siKLF4-794 siRNAs
designed to target two specific sites in the coding region of
the human KLF4 transcript (Figure 6A). Transfection of either
siKLF4-793 or siKLF4-794 significantly inhibited the endogen-
ous expression of KLF4 mRNA and protein (Figure 6A).
Consistent with the finding that exposure to MDI-GSH conju-
gate upregulates endogenous KLF4 transcription factor as well
as M2 macrophage-associated markers and chemokines mRNA
in THP-1 macrophages (Figures 3 & 4), independent treatment
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Figure 3. In vitro MDI-GSH conjugate treatment induces M2 macrophage markers and chemokines in differentiated THP-1 macrophages. Total RNA was isolated
from MDI-GSH conjugate treated THP-1 macrophages by miRVana™ miR isolation kit, reverse transcribed, and subjected to TagMan RT-qPCR. Endogenous mRNA
expressions of (A) CD206 (B) TGM2, (D) CCL17, (E) CCL22, and (F) CCL24 were determined at 24 h post exposure (N =3; bars, s.e.m). (C) Endogenous M2 markers
CD206 and TGM2 protein expression of THP-1 macrophages treated with MDI-GSH conjugate were determined by immunoblot analysis. B-actin served as a loading
control. The secreted chemokine levels of (G) CCL17, (H) CCL22 and () CCL24 in conditioned media collected from MDI-GSH conjugate treated THP-1 macrophages
were determined by ELISA according to manufacturer’s instructions. MDI: 4,4-methylene diphenyl diisocyanate. GSH: Glutathione. (*p <0.05, **p <0.01,

#kp < 0.001).

of 10 uM MDI-GSH conjugates to the nontargeting siRNA con-
trol (siCtl) transfected THP-1 macrophages upregulated
endogenous KLF4, CD206, TGM2, CCL17, CCL22, and CCL24
mRNAs by 4.49-, 3.61-, 235, 3.13-, 1.78-, and 2.34-fold,
respectively, when compared to control mock-treated nontar-
geting siCtl transfected THP-1 macrophages (Figure 6B-G). In
addition, MDI-GSH conjugate treatments failed to induce
endogenous levels of KLF4, CD206, TGM2, CCL17, CCL22, and
CCL24 mRNAs in either siKLF4-793 or siKLF4-794 siRNAs trans-
fected THP-1 macrophages. (Figure 6B-G). These results sug-
gest that KLF4 may play an important role in regulating the
expression of M2 macrophage-associated markers CD206 and

TGM2 as well as chemokines CCL17, CCL22, and CCL24 after
macrophage exposure to MDI-GSH conjugate.

MDI-GSH conjugate induces naive T-cell and eosinophil
chemoattraction through KLF4-mediated pathways

When macrophages undergo M2 polarisation, mediators and
chemokines including CCL17, CCL22 and CCL24 are secreted
to attract T-cells and other immune cell types (Mantovani
et al. 2004). In addition to T-cells, one report demonstrated
that eosinophils can be chemoattracted by CCL24 (White
et al. 1997). Furthermore, our previous report revealed
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Figure 4. MDI-GSH conjugate treatment induces KLF4 but not PPARG in differentiated THP-1 macrophages. Total RNA was isolated from MDI-GSH conjugate

treated THP-1 macrophages by miRVana™

miR isolation kit, reverse transcribed, and subjected to TagMan stem-loop RT-gPCR. mRNA expressions of (A) STAT6, (B)

IRF4, (C) SPI1, (D) CEBPB, (E) PPARG, and (F) KLF4 were determined (N=3; bars, s.e.m). (G) The endogenous KLF4 protein of differentiated THP-1 macrophages
treated with indicated MDI-GSH conjugates was analysed by immunoblot. B-actin served as a loading control. MDI: 4,4-methylene diphenyl diisocyanate. GSH:

Glutathione. (**p < 0.01).

induced naive T-cell and eosinophil chemotactic activities in
MDI-GSH conjugate exposed macrophages (Lin et al. 2021).
Given that KLF4 transcription factor plays important roles in
regulation of M2 macrophage-associated chemokine CCL17,
CCL22, and CCL24 expression after MDI-GSH exposure in
macrophages (Figures 5&6) and these chemokines contribute
to T-cell, eosinophil, and other immune cell chemoattraction,
we hypothesised that endogenous KLF4 transcription factor
is involved in regulation of T-cell and/or eosinophil chemo-
taxis by MDI-GSH exposure in macrophages by secreting
CCL17, CCL22, and CCL24. To test this hypothesis, we first
examined the protein levels of secreted CCL17, CCL22, and
CCL24 in conditioned media collected from KLF4 overex-
pressed macrophages, KLF4 overexpression induced chemo-
kine CCL17, CCL22 and CCL24 protein levels when compared
to vector transfected THP-1 macrophages (Figure 7A-C). In
addition, we performed chemotaxis/migration assays using
conditioned media collected from KLF4 overexpression plas-
mid transfected THP-1 macrophages. Compared to the condi-
tioned media collected from vector-transfected differentiated

THP-1 macrophages, media collected from KLF4 overex-
pressed macrophages induced T-cell (Jurkat_E6-1 cells)
chemotaxis/migration by 1.55-fold, whereas it induced

eosinophil (butyric acid differentiated HL-60_C15 cells)
chemotaxis/migration by 1.48-fold (Figure 7D), indicating

that KLF4 plays a role in regulation of macrophage-mediated
T-cell and eosinophil chemoattraction/migration.
Furthermore, we determined the secreted protein levels of
CCL17, CCL22, and CCL24 in conditioned media collected
from siRNA-mediated KLF4 knockdown macrophages treated
with or without MDI-GSH conjugates (Figure 7E-G). Similar to
the findings that treatment of MDI-GSH conjugates upregu-
lated endogenous CCL17, CCL22, and CCL24 in THP-1 macro-
phages (Figure 3D-I), the secreted chemokine CCL17, CCL22,
and CCL24 protein levels were induced by MDI-GSH conju-
gate treatment in THP-1 macrophages transfected with non-
targeting control siRNA, whereas the MDI-GSH conjugate-
induced secreted chemokine protein levels in the media
were decreased by KLF4 knockdown via siKLF4 transfection
(Figure 7E-G). Conditioned media collected from MDI-GSH
conjugate treated siCtl-transfected THP-1 macrophages
induced T-cell (Jurkat_E6-1 cells) and eosinophil (butyric acid
differentiated  HL-60_C15 cells)  chemotaxis/migration,
whereas the MDI-GSH conjugate-induced T-cell (Jurkat_E6-1
cells) and eosinophil (butyric acid differentiated HL-60_C15
cells) chemotaxis/migration activities were decreased by
KLF4 knockdown (Figure 7H). These results indicate that
KLF4-mediated induction of chemokines CCL17, CCL22, and
CCL24 may be important for T-cell and eosinophil migration
induced by MDI/MDI-GSH exposed alveolar macrophages.
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Figure 5. KLF4 overexpression increases M2 macrophage-associated markers and chemokines in differentiated THP-1 macrophages. Macrophages were transfected
with 2.5ug of either pCMV6-Entry-KLF4 or pCMV6-Entry vector plasmids for 48 h. Total RNA was isolated from plasmid transfected THP-1 macrophages by
miRVana™ miR isolation kit, reverse transcribed, and subjected to TagMan stem-loop RT-qPCR. Endogenous M2 markers of (A) CD206, (B), TGM2, (D) CCL17 (E)
CCL22, and (F) CCL24 mRNA levels were determined (N = 3; bars, s.e.m). (D) The endogenous CD206 and TGM2 proteins of THP-1 macrophages transfected with
either pCMV6-Entry-KLF4 or pCMV6-Entry vector plasmids was analysed by immunoblot. B-actin served as a loading control. MDI: 4,4'-methylene diphenyl diisocya-

nate. GSH: Glutathione. (*p < 0.05, ***p < 0.001).

Discussion

Alternatively activated macrophages (M2 macrophages) play
an important role in asthma pathogenesis. These polarised
macrophages can secrete mediators and chemokines to
recruit immune cells, including T-cells, eosinophils, and other
immune cell types into the lung microenvironment to initiate
immune response and inflammation. This report identifies a
potential regulatory role of KLF4 transcription factor as a
downstream regulator/effector for MDI exposure-mediated
induction of M2 macrophage-associated markers and chemo-
kines as well as T-cell and eosinophil recruitment response in
macrophages (Figure 8). Furthermore, this KLF4-mediated
mechanism may provide a potential mechanistic answer for
the observation that MDI exposure induces M2 macrophage-
associated marker expression in animal models. (Wisnewski
et al. 2015; Wisnewski et al. 2020).

Pulmonary macrophages can be found in the airways/
alveoli as well as in lung tissue (Byrne et al. 2016). Pulmonary
alveolar macrophages are among the first immune cell types

to respond to inhaled substances; whereas pulmonary intersti-
tial macrophages in the tissue interstitium/parenchyma can be
chemoattracted to alveoli and become alveolar macrophages
to enforce the immune response at a later stage (Byrne et al.
2015; Byrne et al. 2016). By using both mRNA microarray and
proteomic methods, Wisnewski and colleagues observed that
many M2 macrophage-associated markers are induced in the
lung tissues from animals exposed to MDI, which therefore
suggests that MDI exposure may potentially promote M2
macrophage polarisation in the lung (Wisnewski et al. 2015;
Wisnewski et al. 2020). However, these studies analysed RNA
and protein from cell free lavage fluid or whole lung tissue
following lavage, rather than from BALCs isolated from the
lower airway/alveoli, which may result in exclusion of the
alveolar macrophage population of the BALCs. The observa-
tion of induced M2 macrophage-associated marker expression
in that dataset therefore may not apply to the alveolar macro-
phage population but rather represents the M2 macrophage-
associated marker expression patterns for either the residential
interstitial macrophages or other cell types in the lung such
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Figure 6. KLF4 knockdown attenuates MDI mediated induction of M2 macrophage-associated markers and chemokine mRNA in differentiated THP-1 macrophages.
(A) lllustration of two siRNA target sites in KLF4 coding sequences (CDS). Endogenous KLF4 transcripts were determined using total RNA isolated from differentiated
macrophages transfected with 25 nM of either two different KLF4 siRNAs or nontargeting siRNA controls for 48 h (N = 3; bars, s.e.m). The endogenous KLF4 protein
expression of THP-1 macrophages treated with MDI-GSH conjugate was analysed by immunoblot. B-actin served as a loading control. Endogenous M2 macro-
phage-associated transcription factor of (B) KLF4, markers of (C) CD206, (D), TGM2, and chemokines (E) CCL17 (F) CCL22, and (G) CCL24 mRNA levels were deter-
mined in total RNA isolated from differentiated macrophages transfected with KLF4 siRNAs for 48h following treatments with or without 10 uM MDI-GSH
conjugates for 24h (N = 3; bars, s.e.m). Total RNA was isolated from siRNA transfected THP-1 macrophages by miRVana™ miR isolation kit, reverse transcribed, and
subjected to TagMan stem-loop RT-qPCR. MDI: 4,4'-methylene diphenyl diisocyanate. GSH: Glutathione. CDS: coding sequences (*p < 0.05, ***p < 0.001, when
compared to nontargeting siRNA control (siCtl); #p < 0.05, ##p < 0.01, ###p < 0.001, when compared to macrophages transfected with siCtl followed by 10 uM

MDI-GSH conjugate exposure.).

as epithelial cells, basal cells, stroma cells, etc. The current
study directly measures the mRNA expression of M2 macro-
phage-associated marker and chemokine expression using
BALCs (>80% of BALCs are alveolar macrophages) isolated

from combined dermal/respiratory MDI exposure models and
observed similar induction of M2 macrophage-associated
markers and chemokine transcripts in these cells after MDI
exposure (Figure 1). This data further suggests that MDI
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Figure 7. KLF4 plays an important role in the regulation of MDI mediated T-cell and eosinophil chemotaxis/migration in macrophages. Cell-free conditioned media
were obtained from THP-1 macrophages transfected with either KLF4 overexpression plasmid or empty vector for 48 h or else collected 24 h after differentiated
THP-1 macrophages subjected with KLF4 siRNAs or nontargeting siRNA control transfection as indicated where the siRNA transfected macrophages were treated
with or without 10 uM MDI-GSH conjugates. The secreted protein levels of (A&E) CCL17 (B&F) CCL22, and (C&G) CCL24 in conditioned media from either KLF4 over-
expressed THP-1 macrophages or KLF4-knockdown macrophages treated with MDI-GSH conjugates were determined by ELISA according to manufacturer’s instruc-
tions. The isolated conditioned media were used as chemoattractant to attract (D&H) Jurkat T-cells clone E6-1 or differentiated HL-60 C_15 eosinophils. T-cells and
eosinophils migration responding to the conditioned media from either (D) KLF4 overexpression or (H) KLF4-knockdown macrophages was measured after 6 h.
Percent of cells migrated towards the bottom chamber are shown. MDI: 4,4'-methylene diphenyl diisocyanate. GSH: Glutathione. (*p <0.05, **p < 0.01,
*¥%p < 0.001, when compared to nontargeting siRNA control (siCtl); #p < 0.05, ##p < 0.01, ###p < 0.001, when compared to macrophages transfected with siCtl fol-
lowed by 10 uM MDI-GSH conjugate exposure.).

exposure has the potential to activate M2 macrophage polar- One major mechanism that induces macrophages to
isation through upregulation of M2 markers and chemokines undergo M2 macrophage polarisation involves IL4/IL13 cyto-
expression in alveolar macrophages. kines and their downstream signalling leading to STAT6
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activation; however, these two cytokines are generally not
associated with human diisocyanate asthma (Bernstein et al.
2002; Redlich and Karol 2002; Jones et al. 2006; Wisnewski
and Jones 2010). Given data suggesting 1L4/IL13 are not the
driving factor for MDI asthma, our finding that identifies
KLF4 transcription factor as a major regulator responsible for
MDI-mediated induction of M2 macrophage-associated
markers and chemokines in macrophages may explain why
MDI exposure induces M2 macrophage-associated markers
expression. Liao et al. demonstrated that IL4-induced M2
macrophage polarisation proceeds through induction of
STAT6 and KLF4 expression in macrophages, and these two
transcription factors can induce each other and promote M2
macrophage polarisation (Liao et al. 2011). Although we do
not observe induction of Stat6/STAT6 transcripts by MDI
exposure (Figures 2A and 4A), nor did we examine whether
the STAT6 transcription factor is activated by MDI exposure;
the current report demonstrates that KLF4 plays an impor-
tant role in regulation of M2 macrophage-associated markers
and chemokines expression (Figures 5 and 6). Previously,
Kapoor et al. revealed that MCP-1-induced protein (MCPIP) is
one of the downstream regulators for KLF4-mediated M2
polarisation (Kapoor et al. 2015). MCPIP, which is induced by
KLF4, inhibits macrophages from undergoing M1 polarisation
via MCPIP-mediated NF«kB inhibition, while promoting M2
macrophage polarisation through processes including ROS
production, ER stress, and autophagy (Kapoor et al. 2015).
The current report identifies KLF4, but not other M2 macro-
phage-associated transcription factors, as induced by MDI/
MDI-GSH conjugate exposure both in vivo and in vitro
(Figures 2F and 4F). We hypothesise that the induction of
KLF4 by MDI exposure may account for one of many poten-
tial mechanisms that lead to the induction of M2 macro-
phage-associated markers and chemokines in the alveolar
macrophages after MDI exposure.

The mechanism by which MDI exposure upregulates KLF4
in macrophages is currently unknown; therefore, further
mechanistic studies are needed. Given that the expression of
KLF4 transcription factor is tightly controlled at both the
transcriptional, posttranscriptional, and posttranslational lev-
els, multiple pathways involving epigenetic factors or miRs-
mediated regulation may participate in MDI/MDI-GSH expos-
ure-mediated induction of KLF4 in macrophages. Studies
shown that the expression and activity of KLF4 can be post-
translationally regulated by such modifications as ubiquitina-
tion (Hao et al. 2017) and SUMOylation (Wang et al. 2017).
At the transcription level, KLF4 can be transactivated by
many different signalling pathways such as TGFf, IFNy, IL-1,
IL10, and IL17 signalling (Chen et al. 2000; King et al. 2003;
Liu et al. 2007; An et al. 2011; Liu et al. 2012). In cancers and
stem cells, several reports have found that the CpG islands
of KLF4 promoter were hypermethylated and modulation of
histone methylation status can regulate the KLF4 promoter
activities (Cho et al. 2007; Nakahara et al. 2010; Yang and
Zheng 2014). During monocyte/macrophage differentiation,
the KLF4 promoter undergoes active demethylation and the
expression of KLF4 is induced (Karpurapu et al. 2014).
Multiple transcription factors also play regulatory roles in
KLF4 expression in the cells including SP1, KLF4, KLF5, ELF4,
SLUG, CDX2, LIF and others (Dang et al. 2001; Dang et al.
2002; Deaton et al. 2009; Yamada et al. 2009; Li et al. 2012;
Liu et al. 2012). In addition to transcriptional control, epigen-
etic regulation by miRs has been identified as one of the
important mechanisms for modulation of KLF4 expression in
many different cell types in both normal and abnormal dis-
ease conditions (Ghaleb and Yang 2017; Li et al. 2023).
Whether or not MDI exposure can activate these transcrip-
tion factors or cause a histone methylation status change on
the KLF4 promoter region to induce KLF4 expression, as well
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as cause a miR-mediated KLF4 regulation in macrophages
will need to be the subject of future study.

Infiltration of T-cells, eosinophils, and other immune cell
types into the lung microenvironment following exposure to
inhaled allergens or irritants in the airways has been identi-
fied as an important pathophysiological step in early devel-
opment of asthma (Barnes 2008). In dNCO-OA, activated T-
cells have been demonstrated to be infiltrated into airways
of dNCO-OA patients and they may play important roles in
dNCO-OA pathogenesis (Bentley et al. 1992; Redlich et al.
1996; Hur et al. 2008). Here, MDI exposure induced M2
macrophage-associated chemokines Ccl17/CCL17, Ccl22/
CCL22 (Figures 1G&H and 3D, E, G & H), and CCL24 expres-
sion (Figure 3F & 1). Chemokines CCL17 and CCL22 have
been previously determined to be elevated in asthmatic
patients and these two chemokines can induce naive T-cell
activation into Th2-type cells via binding to CCR4 on the
CD4" naive T-cells (Hirata et al. 2019). In addition, CCL24
mRNAs and proteins were elevated in asthmatic patients
(Ying et al. 1997; Ying et al. 1999; Zeibecoglou et al. 1999)
where the function of CCL24 contributes to naive T-cell che-
moattraction. Besides T-cell chemoattraction, CCL24 can
attract eosinophils through binding to CCR3 on the eosino-
phils (Pope et al. 2005). Wisnewski and colleagues observed
that chemokines Ccl/17 and Ccl22 isolated from MDI-sensitised
animals were induced by MDI-GSH inhalation/challenge
(Wisnewski et al. 2020) indicating that MDI-GSH exposure
may regulate chemokine expression and contribute to T-cells
chemotaxis. Our previous report indicated that T-cells were
one of the most responsive immune cell types that can be
attracted by MDI-GSH conjugate exposed macrophages due
to elevated levels of chemokines CCL2, CCL3, CCL5, and IL8,
which were induced by miR-mediated calcineurin signalling
in the macrophages (Lin et al. 2021). In this report, the M2
macrophage-associated chemokines Ccl17/CCL17, Ccl22/
CCL22 and CCL24 are also induced by MDI/MDI-GSH conju-
gate exposure in BALCs/macrophages (Figures 1 and 3)
through MDI-mediated KLF4 signalling (Figures 5 and 6). This
may provide further mechanistic explanation of how MDI
exposure in the lung can potentially attract T-cells into the
airway microenvironments.

Additionally, TGM2, one of the recently identified M2
macrophage-associated polarisation markers in both human
and mouse (Martinez et al. 2013), was induced by MDI
exposure in BALCs/differentiated macrophages (Figures 1
and 3). TGM2 is a multifunctional enzyme that is associated
with a variety of either physiological or pathological func-
tions, such as regulating cell growth, differentiation, develop-
ment, adhesion and morphology changes, rearrangement of
cell cytoskeleton, and extracellular matrix, participating in
inflammatory processes, receptor-mediated endocytosis, and
apoptosis; dysregulation of this enzyme is associated with
many human diseases (lismaa et al. 2009; Odii and Coussons
2014; Chrobok et al. 2017). In asthma, the expression of
TGM2 is elevated in the asthmatic airways, and the induced
TGM2 levels in the airway was found to be associated with
increased production of eicosanoids and eosinophilic inflam-
mation in the airways (Hallstrand et al. 2010). In asthmatic

airways, the enzymatic activity of the secreted phospholipase
A2 (PLA2) group X (sPLA2-X) were increased by TGM2, caus-
ing airway mast cells and eosinophils to upregulate the pro-
duction of inflammatory cysteinyl leukotrienes (CysLT;
eicosanoids), including CysLT E4, to induce eosinophil and
basophil recruitment to the airway, further increasing airway
hyperresponsiveness and vascular permeability (Gauvreau
et al. 2001; Hallstrand et al. 2007; Hallstrand et al. 2010). As
airway eosinophilia is a common observation for diisocya-
nate-induced occupational asthma including MDI-OA (Saetta
et al. 1992; Saetta et al. 1992; De Vooght et al. 2013;
Wisnewski et al. 2015; Wisnewski et al. 2020), induced levels
of TGM2 in macrophages after MDI/MDI-GSH exposure may
account for a potential mechanism by which MDI exposure
may cause airway eosinophilia during MDI-OA pathogenesis.

Conclusion

In conclusion, this report demonstrates that many M2 macro-
phage-associated markers, transcription factors and chemo-
kines including Cd206/CD206, Tgm2/TGM2, KIf4/KLF4, Ccl17/
CCL17, Ccl22/CCL22, and CCL24 were upregulated after MDI
aerosol or MDI-GSH conjugate exposure in BALCs/macro-
phages. The KLF4-mediated signalling pathways were identi-
fied as an important pathway to upregulate M2
macrophage-associated markers CD206 and TGM2 as well as
chemokines CCL17, CCL22, and CCL24 transcription in macro-
phages after MDI exposure. The chemotaxis/cell migration of
naive T-cells and eosinophils may be partially attributed to
increased expression of M2 macrophage-associated chemo-
kines CCL17, CCL22, and CCL24 as well as TGM2-mediated
activities during MDI-induced responses of immune sensi-
tised mice. Thus KLF4-mediated induction of M2 macro-
phage-associated markers and chemokines expression may
play important roles for the pathogenesis of MDI-OA.
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