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Abstract: Exposure to 4,4′-methylene diphenyl diisocyanate (MDI) in the workplace may lead
to the development of occupational asthma (OA). However, the specific mechanism(s) by which
MDI induces OA are poorly understood. Previous reports have demonstrated that MDI and
MDI-glutathione (GSH) conjugate exposure downregulates endogenous human/murine (hsa/mmu)-
microRNA(miR)-206-3p, resulting in the activation of mmu/hsa-miR-206-3p-regulated signaling path-
ways in macrophages. Circular RNAs (circRNAs) regulate many important biological processes by
targeting endogenous miRs; however, whether MDI/MDI-GSH exposure may influence circRNA
expressions is unknown. Several circRNAs have been identified that regulate hsa-miR-206-3p. We
hypothesize that MDI-GSH conjugate exposure induces endogenous circRNA(s) to regulate hsa-
miR-206-3p in macrophages. The expression of candidate hsa-miR-206-3p-binding circRNAs was
determined from MDI-GSH conjugate-treated differentiated THP-1 macrophages using RT-qPCR.
MDI-GSH exposures induced hsa_circ_0008726 and its host gene transcript DNAJB6, whereas other
circRNA(s) examined were either not detected or unchanged. RNA-induced silencing complex-
immunoprecipitation (RISC-IP) experiments confirm that hsa-miR-206-3p can bind to hsa_circ_0008726.
The expressions of endogenous hsa-miR-206-3p, hsa-miR-206-3p-regulated KLF4, and KLF4-activated
M2 macrophage-associated markers and chemokines were up-/down-regulated by transfection of
hsa_circ_0008726 siRNAs or hsa_circ_0008726 overexpression plasmid in macrophages, respectively.
These results suggest MDI-GSH exposure downregulates hsa-miR-206-3p via induction of endoge-
nous hsa_circ_0008726/DNAJB6, resulting in the upregulation of hsa-miR-206-3p-mediated regulations
in macrophages.

Keywords: 4,4′-methylene diphenyl diisocyanate (MDI); circular RNAs (circRNAs); hsa-miR-206-3p;
occupational asthma (OA); Krüppel-like factor 4 (KLF4)

1. Introduction

Diisocyanates are highly reactive crosslinking agents utilized in the manufacture of
polyurethane products [1]. Of these, 4,4′-methylene diphenyl diisocyanate (MDI) is the most
widely utilized, and global demand for MDI is predicted to continue to grow [2]. Workplace
exposure to MDI is a leading cause of occupational asthma (OA) development [3–8]. However,
the specific molecular mechanism(s) through which MDI exposure causes OA remains an
active area of research.

In the lung microenvironment, the airway fluid contains a very high concentration
of the antioxidant glutathione (GSH) (>100 µM) [9], and evidence suggests that the free
thiol groups of GSH are a primary target of isocyanate in vivo [10–12]. Isocyanate reacts
with the free thiol of GSH to a thiocarbamate; further reaction with water may reverse the
thiocarbamate linkage and hydrolyze the original isocyanate moiety to an amine group [11].
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Thiocarbamate species may further react with endogenous proteins via transcarbamoylation
that may contribute to the isocyanate-mediated irritation/allergy reaction of the cells within
the lung microenvironment.

Following allergen exposure, airway immune cells infiltrate into the lung microenvi-
ronment, and interactions with airway cells are important for asthma pathogenesis [13–15].
Among the first immune cells to respond to inhaled allergens are the alveolar macrophages,
which have been implicated in the development of asthma [16]. Alternatively activated
(M2) macrophage populations have been shown to be elevated in the airways of asthmatic
patients [17]. In vivo/vitro studies have indicated that MDI/MDI-GSH conjugate exposure
led to the induction of M2 macrophage-associated gene signatures [18,19], and some of
the M2 macrophage-associated genes are induced partially through Krüppel-like factor
4 (KLF4)-mediated transcriptional activation [20]. Macrophage differentiation and M2
macrophage polarization can be regulated by KLF4 [21]; however, the detailed molecular
mechanism(s) by which MDI/MDI-GSH conjugate exposure induces KLF4 and KLF4-
mediated M2 macrophage-associated gene activation remains an active research area. Prior
studies demonstrate that endogenous microRNAs (miRs) may play a role in regulation of
the MDI/MDI-GSH conjugate-mediated induction of KLF4 in macrophages [22]. However,
the molecular mechanism through which MDI/MDI-GSH conjugate exposure alters miR
levels in macrophages is currently unknown.

Circular RNAs (circRNAs) are noncoding RNAs with a circular structure that have
been suggested to participate in the pathogenesis of many different diseases, such as
prostate cancer, arthritis, diabetes, and asthma [23–27], through competing endogenous
RNA (ceRNA) mechanisms [28], including acting as a miR sponge to regulate gene expres-
sion. Moreover, endogenous circRNA species have been reported to regulate macrophage
polarization and are involved in the pathogenesis of many different diseases. Endogenous
circRNAs are differentially expressed and can regulate macrophage polarization by target-
ing miR-mediated macrophage polarization-associated gene regulation [29]. For example,
circRNA hsa_circ_0005567 promotes M2 macrophage polarization by sponging hsa-miR-492
and inducing suppressor of cytokine signaling 2 (SOCS2) expression in osteoarthritis [30].
Inhibition of circRNA hsa_circ_0074854 suppressed exosome-mediated macrophage M2
polarization in liver cancer, indicating that hsa_circ_0074854 promotes macrophages to-
wards the M2 phenotype [31]. Additionally, circRNAs have been shown to participate in
classically activated (M1) macrophage polarization, as the circRNA circPPM1F promotes M1
macrophage polarization in type 1 diabetes mellitus [32]. Furthermore, circular RNA circ-
Cdyl promotes M1 macrophage polarization by sponging miR-let-7c in aortic aneurysm [33].
However, the roles of circRNAs in MDI and MDI-GSH conjugate-mediated induction of
M2 macrophage-associated gene expression have not been reported.

Previously, we determined that MDI-GSH conjugate exposure leads to downregula-
tion of two endogenous miRs, mmu/hsa-miR-206-3p and mmu/hsa-miR-381-3p [34,35], and
upregulation of endogenous KLF4 and KLF4-mediated M2 macrophage-associate genes in
human macrophages [20]. However, the specific mechanism by which MDI downregulates
endogenous hsa-miR-206-3p and hsa-miR-381-3p is currently unknown. One of the many
functions of endogenous circRNAs is degradation/downregulation of endogenous miRs
through binding [36]. Several circRNAs have been shown to regulate endogenous hsa-
miR-206-3p levels through ceRNA mechanisms and hsa-miR-206-3p-mediated downstream
gene regulation, including hsa_circ_0000199 [37], hsa_circ_0001264 [38], hsa_circ_0001982 [39],
hsa_circ_0004662 [40], hsa_circ_0007428 [41], hsa_circ_0008726 [42,43], hsa_circ_0056618 [44,45],
hsa_circ_0057558 [24], hsa_circ_0058141 [46], and hsa_circ_0072088 [47]. Therefore, we
hypothesize that MDI (in the form of MDI-GSH conjugate) exposure downregulates en-
dogenous hsa-miR-206-3p via induction of certain endogenous circRNA(s) in macrophages.

This report focuses on characterizing MDI in the form of MDI-GSH conjugate-mediated
candidate hsa-miR-206-3p binding circRNA(s) responses and verifying the interaction be-
tween hsa-miR-206-3p and candidate circRNA(s). Furthermore, we characterize the down-
stream molecular mechanistic effects of MDI-mediated circRNA changes that contribute
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to the regulation of KLF4 and KLF4-mediated regulation of downstream M2 macrophage-
associated gene responses. In vitro exposure to MDI-GSH conjugates results in downregula-
tion of endogenous hsa-miR-206-3p, upregulation of hsa_circ_0008726 and hsa_circ_0008726
host RNA transcript, DnaJ Heat Shock Protein Family (Hsp40) Member B6 (DNAJB6), with
subsequent upregulation of KLF4-mediated induction of M2 macrophage-associated genes.
Here, we provide a putative circRNA-regulated mechanism to describe downregulation of
endogenous hsa-miR-206-3p after MDI-GSH conjugate exposure in macrophages.

2. Materials and Methods
2.1. Caution

The 4,4′-methylene diphenyl diisocyanate (MDI) is a strongly reactive, hazardous,
irritating, and well-known immune sensitizing chemical. Appropriate personal protective
equipment (PPE) such as nitrile gloves, protective clothing, and goggles must be utilized
while handling MDI.

2.2. Chemicals and Reagents

HPLC grade acetone (CAS No. 67-64-1), 4,4′-methylene diphenyl diisocyanate (MDI,
98%) (CAS No. 101-68-8), 3Å molecular sieve (4–8 mesh), Tween-20 (CAS No. 9005-64-5),
dimethyl sulfoxide (DMSO) (CAS No. 67-68-5), phorbol 12-myristate 13-acetate (PMA)
(CAS No. 16561-29-8), butyric acid (Cas No. 107-92-6), bovine serum albumin (BSA),
tris-buffered saline (TBS), and reduced-glutathione (GSH) (CAS No. 70-18-8) were acquired
from MilliporeSigma (St. Louis, MO, USA). Roswell Park Memorial Institute (RPMI)-1640
culture medium, phosphate-buffered saline (PBS), and penicillin–streptomycin–glutamine
(PSG; 100×) were acquired from ThermoFisher Scientific (Waltham, MA, USA). Hyclone™

fetal bovine serum (FBS) was obtained from Cytiva Life Sciences (Marlborough, MA, USA).
Dry acetone was prepared by incubating HPLC-grade acetone with 3Å molecular sieves
for a minimum of 24 h to adsorb water.

2.3. Cell Culture and Differentiation

Cell culture and differentiation were performed as previously described [48]. THP-1
(ATCC® TIB-202™), Clone 15 HL-60 (HL-60_C15; ATCC® CRL-1964™), and Jurkat Clone
E6-1 (Jurkat_E6-1; ATCC® TIB-152™) cells were acquired from American Type Culture
Collection (ATCC; Manassas, VA, USA) and maintained at 0.5–1 × 106/mL in complete
RPMI media (RPMI-1640 media supplement, 10% FBS, 1 × PSG) at 37 ◦C in a humid-
ified atmosphere with 5% CO2 [48]. THP-1 cells (2 × 106 cells) were differentiated us-
ing 10 ng/mL PMA in 10 cm culture dishes for 72 h. The PMA-differentiated THP-1
macrophages were enhanced by washing twice with PBS following removal of PMA and
incubation of the cells in PMA-free fresh complete media for another 72 h. Differentiation
by PMA at a concentration of 10 ng/mL has been shown to enhance response to polarizing
stimuli [49,50]. All in vitro cell experiments described in this study used differentiated/
enhanced THP-1 macrophages. For eosinophil differentiation in chemotaxis experiments,
HL-60_C15 cells (5 × 105 cells/mL) were cultured in complete RPMI-1640 media containing
0.5 mM butyric acid for 7 days as previously described [51–53].

2.4. MDI-GSH Conjugation Reactions

MDI-GSH conjugate was prepared as previously described [34,48]. Briefly, 10 mM
GSH in 200 mM sodium phosphate buffer (pH = 7.4) was prepared. Dry acetone was
freshly prepared, and 50 µL of 10% MDI (w/v) in dry acetone were added to 25 mL of GSH
solution dropwise with stirring, resulting in an approximate MDI concentration of 800 µM.
MDI-GSH conjugates reactions were performed at 25 ◦C with end-over-end mixing for 1 h
and then centrifuged for 5 min at 10,000× g and filtered with a 0.2 µm syringe filter. Freshly
prepared MDI-GSH conjugate was immediately added into differentiated/enhanced THP-1
macrophages at 0, 1, and 10 µM as indicated or at 10 µM MDI concentrations.
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2.5. Plasmid Construction

Plasmid construction was performed similar to our previous reports [22,34]. The cir-
cular RNA overexpression vector pcDNA3.1(+)_CircRNA_Mini Vector was obtained from
Addgene (plasmid id#60648; Watertown, MA, USA), which was deposited by Dr. Jeremy
Wilusz at Baylor College of Medicine [54]. To generate a wildtype (WT) hsa_circ_0008726
overexpression plasmid, a 0.28 kb cDNA fragment representing the full length of human
circular RNA hsa_circ_0008726 was generated by PCR using a PacI restriction site contain-
ing forward primer (cccttaattaaATATCGGAAACTGGCACTG) and a SacII restriction site
containing reverse primer (cccccgcggCCCATTTTCATTTGACTTC) on THP-1 cell cDNA.
The PCR amplified hsa_circ_0008726 cDNA fragment was treated with PacI and SacII. This
fragment was inserted into pcDNA3.1(+)_CircRNA_Mini Vector that was prepared by se-
quential enzyme treatments with PacI, SacII, and calf intestinal alkaline phosphatase (CIP)
to generate pcDNA3.1(+)_Circ_Mini-hsa_circ_0008726 overexpression plasmid.

2.6. Plasmid, microRNA Mimics/Inhibitors, and siRNA Transfection

Nucleic acid transfections were performed as previously described [20,34,48]. Briefly,
for the circRNA overexpression study, 1 × 106 differentiated/enhanced THP-1 macrophages
were reverse transfected with 2.5 µg of either pcDNA3.1(+)_CircRNA_Mini-hsa_circ_0008726
or pcDNA3.1(+)_CircRNA_Mini Vector using Mirus TransIT®-2020 transfection reagent for
48 h, after which total RNA was isolated using the mirVana™ miR Isolation Kit (Ther-
moFisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.
For functional analyses on binding and regulation with hsa_circ_0008726, the follow-
ing mirVana™ miRNA inhibitors (MH; Cat#4464084) and miR-mimics (MC; Cat#4464066)
were obtained from ThermoFisher Scientific and diluted to 20 µM in nuclease-free wa-
ter: hsa-miR-206-3p (MH10409, MC10409), hsa-miR-381-3p (MH10242, MC10242), mir-
Vana™ miRNA Inhibitor, negative control #1 (4464076), and mirVana™ miRNA Mimic,
negative control #1 (4464058). For circRNA hsa_circ_0008726 knockdown studies, two
Dharmacon custom siRNAs to hsa_circ_0008726 and ON-TARGETplus Non-targeting
Control Pool (Cat# D-001810-10-05) were purchased from Horizon Discovery (Lafayette,
CO, USA). The custom-designed siRNA sequences are as follows: si-hsa_circ_0008726#1
(Sense): 5′-ACUUCUUUGAUAUCGGAAACUUU-3′; si-hsa_circ_0008726#1 (Antisense) 5′-
AGUUUCCGAUAUCAAAGAAGUUU-3′; si-hsa_circ_0008726#2 (Sense): 5′-UUUGACUU-
CUUUGAUAUCGGAUU-3′; si-hsa_circ_0008726#2 (Antisense): 5′-UCCGAUAUCAAA-
GAAGUCAAAUU-3′. As previously described, differentiated/enhanced THP-1 macrophages
were reverse transfected and forward transfected after 24 h [55]. Total RNA was prepared
for RT-qPCR expression analyses 24 h following forward transfection.

2.7. Expression Analyses

To determine whether endogenous circRNA hsa_circ_0008726 is expressed within differ-
entiated/enhanced THP-1 macrophages, total RNA was extracted from THP-1 macrophages
using the mirVana™ miR Isolation Kit (ThermoFisher Scientific). To deplete linear RNA
species in isolated THP-1 total RNA, 3 µg of purified THP-1 total RNA was treated with
20 U Ribonuclease R (RNase R; LGC Biosearch Technologies, Teddington, UK). Briefly, a
20 µL reaction mix containing 3 µg of total RNA, 20 U of RNase inhibitor (Cat# N8080119;
ThermoFisher Scientific), 1 × RNase R buffer, and 20 U of RNase R was incubated for
30 min at 37 ◦C. Control reactions were performed similarly, but without RNase R. After
RNAase R treatment, the processed RNA was further purified by using the mirVana™ miR
Isolation Kit according to the manufacturer’s instructions. RNase R protein was removed
during the RNA isolation step using the mirVana™ miR Isolation Kit, which eliminates
all protein from the sample. Total RNA with or without RNAse R treatment was reverse
transcribed to cDNA using a High-Capacity cDNA Synthesis Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. PCR reactions were conducted using either
DNAJB6 convergent primers (DNAJB6-F: TAAAGTCCTTAACAATAAATG; DNAJB6-R:
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GAGGCCGGCAGGCTGGGCTGGC) or circRNA hsa_circ_0008726 divergent primers (see
Supplemental Table S1).

The mRNA, circRNA, and miR levels from THP-1 total RNA were analyzed us-
ing RT-qPCR like those previously described [20,22,34,35,48,55]. Briefly, all RT-qPCR
reactions were normalized to human beta-2 microglobulin (B2M) for mRNA analysis
or to U6 snRNA for circRNA and miR analysis. Gene expression and miR-specific as-
says were purchased from ThermoFisher Scientific and include human KLF4 (Cat#4331182;
Assay ID: Hs00358836_m1), DNAJB6 (Hs00369717_m1), CD206 (Hs00267207_m1), TGM2
(Hs01096681_m1), CCL17 (Hs00171074_m1), CCL22 (Hs01574247_m1), CCL24 (Hs00171082_m1),
B2M (Hs00187842_m1), hsa-miR-206-3p (Cat# 4427975; Assay ID No. 000510; hsa/Homo sapi-
ens), and U6 snRNA (No. 001973). For circRNA assays, SYBR Green-based qPCR reactions
were performed using PowerTrack™ SYBR Green Master Mix from ThermoFisher Scientific
(Cat#A46110) with divergent primer sets listed in Supplemental Table S1 and normalized
using U6 snRNA with the following primer sequences: U6_snRNA-F: CTCGCTTCG-
GCAGCACA; U6_snRNA-R: AACGCTTCACGAATTTGCGT. PCR reactions were per-
formed using an ABI 7500 Real-Time PCR System (ThermoFisher Scientific). Expressions of
mRNAs and miRs were determined using the ∆∆CT method [34].

2.8. Validation of miR-circRNA Interaction by Argonaute (AGO) Immunoprecipitation

The miR-containing RNA-inducing silencing complex (miR/RISC) and miR-targeting
circRNA(s) were immunoprecipitated using the miRNA target IP kit (Active Motif,
Carlsbad, CA, USA) as previously described [20,34,48]. Briefly, differentiated/enhanced
THP-1 macrophages were trypsinized and seeded at 8× 106 cells in a 10 cm dish. Macrophages
were transfected with 25 nM of either miR-mimic-206-3p, miR-mimic-381-3p, or miR-mimic
negative control #1 for 24 h. Two 10 cm dishes using an equal number of 1.6 × 107 cells
were utilized for each IP reaction. Cells were lysed, and the lysates were divided into
two equal aliquots. Aliquots underwent IP using either a pan-AGO antibody (to precipitate
the RISC containing AGOs/miRs/mRNAs/circRNAs) or an isotype IgG antibody control.
The precipitate was collected, and RNA was purified from the RISC complex using the
mirVana™ miR Isolation Kit (ThermoFisher Scientific). RNA was reverse transcribed to
cDNA using the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific),
and hsa_circ_0008726 divergent primer was mixed with PowerTrack™ SYBR Green Master
Mix for RT-qPCR reactions. Data were analyzed by comparing the cells transfected with
miR-mimics or non-target miR-mimic-control, and the fold enrichment of hsa_circ_0008726
was calculated from the anti-panAGO and the IgG isotype antibody IP preparations as per
the manufacturer’s instructions.

2.9. Chemokine ELISA

Secreted CCL17, CCL22, and CCL24 protein concentrations in conditioned media were
determined as previously described [20]. Briefly, conditioned media was collected 48 h fol-
lowing THP-1 macrophage transfection with 2.5 µg of either pcDNA3.1(+)_CircRNA_Mini-
hsa_circ_0008726 overexpression plasmid or empty pcDNA3.1(+)_CircRNA_Mini vector.
The following enzyme-linked immunosorbent assay (ELISA) kits were obtained from
R&D systems (Minneapolis, MN, USA): human CCL17/TARC ELISA kit (Cat#DY364);
human CCL22/MDC (#DY336); and human CCL24/Eotaxin-2 (#DY343). The sensitivity
for each chemokine is as follows: CCL17 (7.8 pg/mL), CCL22 (7.8 pg/mL), and CCL24
(31.2 pg/mL). Human CCL17, CCL22, and CCL24 chemokines released into the condi-
tioned media from plasmid-transfected THP-1 macrophages were determined by ELISA
per manufacturer’s directions.

2.10. Chemotaxis Assays and Quantification of Migrated Cells

Chemotaxis/cell migration in response to conditioned media collected from THP-1
macrophages treated with pcDNA3.1(+)_CircRNA_Mini-hsa_circ_0008726 overexpression
plasmid or pcDNA3.1(+)_CircRNA_Mini vector only were performed as previously de-
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scribed [20,48]. Chemotaxis/cell migration assays were performed on a 24-well plate
with Transwell™ inserts (3 µm pore, Corning™ Transwell™ plates, ThermoFisher Sci-
entific). Moreover, 1 × 106 naive T-cells (Jurkat_E6-1 T cells) or eosinophils (butyric
acid-differentiated HL-60_C15 cells) in 100 µL serum-free RPMI 1640 media were added
to the upper chamber. Moreover, 500 µL of cell-free conditioned media from either
pcDNA3.1(+)_CircRNA_Mini-hsa_circ_0008726 overexpression plasmid or pcDNA3.1(+)_
CircRNA_Mini vector plasmid transfected THP-1 macrophages were placed in the lower
chamber as a chemoattractant. Immune cells were incubated for 6 h at 37 ◦C in a humidified
atmosphere with 5% CO2. The cells that migrated into the lower chamber media were col-
lected and stored on ice. Cells that failed to migrate from the upper chamber were aspirated
and discarded. The Transwell assembly was washed twice with PBS. Furthermore, 500 µL
of cell detaching media (0.25% Trypsin-EDTA, Cat#25200056, ThermoFisher Scientific)
were added back to the lower chambers with the upper chambers reinstalled. The whole
plate was further incubated at 37 ◦C for 30 min to detach any remaining migrated cells.
After 30 min, the detached cells were combined with the conditioned media/migrated
cells previously collected, centrifuged at 300× g for 5 min, washed with PBS twice, and
stored at −80 ◦C. Total migrated cell numbers in the lower chamber were quantified by
using the CyQUANT® Cell proliferation assay (ThermoFisher Scientific) according to the
manufacturer’s directions.

2.11. Statistical Analysis

Statistical analysis was performed as previously described [20,34,48]. Briefly, data
were analyzed 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 analyses were performed in GraphPad Prism
7.0 (GraphPad Software, La Jolla, CA, USA). p < 0.05 was used to assign significance.

3. Results
3.1. MDI-GSH Conjugate Exposure Upregulates Endogenous Circular RNA hsa_circ_0008726 in
Differentiated/Enhanced THP-1 Human Macrophages

Previous reports from our laboratory have shown that in vivo/in vitro MDI/MDI-GSH
conjugate exposure downregulates endogenous mmu/hsa-miR-206-3p in bronchoalveolar
lavage cells (BALCs) isolated from an MDI-exposed mouse model and in an acute MDI-GSH
conjugate exposed THP-1 macrophage cell culture model [34,48]. These results indicate
that MDI and MDI-GSH conjugates cause endogenous mmu/hsa-miR-206-3p downregula-
tion via an unknown mechanism in alveolar macrophages. Through a literature search
(10/2023), we identified several endogenous circRNA candidates that have been reported
to regulate endogenous hsa-miR-206-3p levels and function in diverse cell types. The candi-
date hsa-miR-206-3p targeting circRNAs include hsa_circ_0000199 [37], hsa_circ_0001264 [38],
hsa_circ_0001982 [39], hsa_circ_0004662 [40], hsa_circ_0007428 [41], hsa_circ_0008726 [42,43],
hsa_circ_0056618 [44,45], hsa_circ_0057558 [24], hsa_circ_0058141 [46], and hsa_circ_0072088 [47].
To investigate whether MDI-GSH conjugate exposure can cause expression changes in can-
didate hsa-miR-206-3p sponging/targeting circRNAs, we utilized differentiated/enhanced
human THP-1 macrophages in an in vitro cell model to investigate the circRNA responses
to MDI-GSH conjugate exposure and downstream cellular signaling pathways. Differen-
tiated/enhanced THP-1 macrophages were treated with MDI-GSH conjugate (0, 1, and
10 µM) for 24 h. The endogenous hsa-miR-206-3p and candidate circRNA levels were
measured by RT-qPCR using either the TaqMan hsa-miR-206-3p assay or designed circRNA
primers (Supplemental Table S1). In agreement with our previous findings, endogenous hsa-
miR-206-3p levels are significantly downregulated following MDI-GSH conjugate exposure
from 1.46-fold to 2.43-fold, respectively (Figure 1A). Of the 10 candidate hsa-miR-206-3p
sponging/targeting circRNAs identified from the literature, MDI-GSH conjugate treat-
ment significantly upregulated endogenous hsa_circ_0008726 levels by 2.57- to 3.01-fold
(Figure 1G), whereas the endogenous hsa_circ_0001982 levels remained unchanged
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(Figure 1D). We failed to detect other reported candidate hsa-miR-206-3p sponging/targeting
circRNAs hsa_circ_0000199, hsa_circ_0001264, hsa_circ_0004662, hsa_circ_0007428, hsa_circ_
0056618, hsa_circ_0057558, hsa_circ_0058141, and hsa_circ_0072088 in differentiated/enhanced
THP-1 macrophages exposed to MDI-GSH conjugate (Figure 1B,C,E,F,H–K). These re-
sults suggest that exposure to MDI-GSH conjugate results in upregulation of endogenous
hsa_circ_0008726 and downregulation of hsa-miR-206-3p in macrophages.
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Figure 1. MDI-GSH conjugate treatment induces endogenous circRNA hsa_circ_0008726 in
differentiated/enhanced THP-1 macrophages. Total RNA was isolated from the indicated MDI-GSH
conjugate-treated differentiated/enhanced THP-1 macrophages by the mirVana™ miR isolation kit,
reverse transcribed, and subjected to SYBR green-based or TaqMan stem-loop miR RT-qPCR. Endoge-
nous miR/circRNA expressions of (A) hsa-miR-206-3p, (B) hsa_circ_0000199, (C) hsa_circ_0001264,
(D) hsa_circ_0001982, (E) hsa_circ_0004662, (F) hsa_circ_0007428, (G) hsa_circ_0008726,
(H) hsa_circ_0056618, (I) hsa_circ_0057558, (J) hsa_circ_0058141, and (K) hsa_circ_0072088
were determined 24 h after MDI-GSH conjugate treatments (N = 3; bars, SEM). MDI: 4,4′-methylene
diphenyl diisocyanate. GSH: Glutathione. (* p < 0.05, ** p < 0.01, *** p < 0.001).

3.2. MDI-GSH Conjugates Upregulate the Endogenous hsa_circ_0008726 Host Gene DNAJB6
RNA Transcript in Macrophages

In silico query of the Circular RNA Interactome database (https://circinteractome.
nia.nih.gov/) [56] reveals that mature hsa_circ_0008726 consists of 281 nucleotides and is
backspliced from the host gene DNAJB6 located at chromosome 7 (Figure 2A). The mature
DNAJB6 mRNA transcript (NM_058246) consists of nine different exons after splicing.
Mature hsa_circ_0008726 is derived from exons 4, 5, and 6 of the DNAJB6 pre-mRNA

https://circinteractome.nia.nih.gov/
https://circinteractome.nia.nih.gov/
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transcript via a backsplicing mechanism during DNAJB6 mRNA maturation in the nu-
cleus (Figure 2B). To determine whether or not hsa_circ_0008726 is indeed expressed in
differentiated/enhanced THP-1 macrophages, we treated total RNA isolated from differen-
tiated/enhanced THP-1 macrophages with RNAse R to deplete the linear RNA species and
performed RT-PCR using DNAJB6 convergent primers (to detect mature DNAJB6 mRNA)
and the hsa_circ_0008726 divergent primers (to detect the mature form of hsa_circ_0008726
including the backsplice junction) (Figure 2B). We were able to detect hsa_circ_0008726 in
both THP-1 RNAs treated with and without RNAse R using hsa_circ_0008726 divergent
primers; however, we did not detect hsa_circ_0008726 host DNAJB6 mRNA expression in
RNAse R-treated THP-1 RNA using the DNAJB6 convergent primers (Figure 2C). The PCR
results indicate that hsa_circ_0008726 is indeed expressed in differentiated/enhanced THP-1
macrophages. To determine whether MDI-GSH conjugate exposure results in upregulation
of hsa_circ_0008726 via induction of DNAJB6 RNA transcript, differentiated/enhanced
THP-1 macrophages were treated with 0, 1, and 10 µM MDI-GSH conjugate for 24 h. The
endogenous DNAJB6 transcripts were significantly upregulated from 1.36- to 1.75-fold
(Figure 2D), indicating that hsa_circ_0008726 is expressed in THP-1 macrophages and MDI-
GSH conjugate exposure may upregulate endogenous hsa_circ_0008726 through induction
of hsa_circ_0008726 host DNAJB6 RNA transcript in macrophages.
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Figure 2. Circular RNA hsa_circ_0008726 is presented in THP-1 macrophages, and MDI-GSH
conjugates upregulate endogenous hsa_circ_0008726 parental host gene transcript DNAJB6.
(A) Characteristics of hsa_circ_0008726 obtained from the Circular RNA Interactome database.
(B) Illustration shows exon numbers and designed convergent and divergent primer sites on the
mature DNAJB6 transcripts. RNAse R degrades linear RNA species, including the DNAJB6 transcript.
CircRNA hsa_circ_0008726 is back spliced from exon 3–5 of the DNAJB6 transcript. (C) Total RNA
was isolated from THP-1 macrophages by the mirVana™ miR isolation kit and treated with or without
RNAse R, further purified using the mirVana™ miR isolation kit, reverse transcribed, and subjected to
RT-PCR using convergent or divergent primers. RT-NTC: Templates from a cDNA synthesis reaction
without adding reverse transcriptase. PCR-NTC: Use only water to replace cDNA templates during
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PCR reaction. (D) Total RNA was isolated from MDI-GSH-treated differentiated/enhanced THP-1
macrophages at indicated concentrations for 24 h by the mirVana™ miR isolation kit, reverse tran-
scribed, and subjected to TaqMan RT-qPCR assays. Endogenous levels of DNAJB6 were determined
at 24 h after MDI-GSH conjugate treatment (N = 3; bars, SEM). MDI: 4,4′-methylene diphenyl
diisocyanate. GSH: Glutathione (** p < 0.01, *** p < 0.001).

3.3. Circular RNA hsa_circ_0008726 Interacts with hsa-miR-206-3p in THP-1 Macrophages

Previous studies have shown that hsa_circ_0008726 can target/sponge hsa-miR-206-3p
in esophageal squamous carcinoma cells and trophoblast cells [42,43]. However, the ability
of hsa_circ_0008726 to regulate hsa-miR-206-3p through binding/sponging in macrophages
is currently unknown. To further elucidate a potential molecular mechanism through
which hsa_circ_0008726 regulates hsa-miR-206-3p via sponging/targeting using microRNA
response element (MRE) site(s) on hsa_circ_0008726, we examined the potential interaction
between hsa_circ_0008726 and hsa-miR-206-3p and hsa-miR-381-3p using the in silico tool
Circbank (http://www.circbank.cn/) [57]. There is one potential hsa-miR-206-3p MRE site
located on hsa_circ_0008726 at position 193–216 (Figure 3A); however, no hsa-miR-381-3p
MRE site was found on hsa_circ_0008726 (Supplemental Figure S1).
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Figure 3. Human circular RNA hsa_circ_0008726 is a target of hsa-miR-206-3p. (A) Alignment
of the hsa_circ_0008726 sequence regions of potential hsa-miR-206-3p binding sites. (B) Differen-
tiated/enhanced THP-1 macrophages were transfected with 25 nM of indicated miR-mimic or
nontargeting miR-mimic control (miR-mimic-Ctl) for 24 h. The cells were collected and immunopre-
cipitated using the panAGO or isotype IgG antibody after 24 h transfection. RNA was isolated, and
the fold enrichment of hsa_circ_0008726 was measured (N = 3; bars, SEM). (C,D) THP-1 macrophages
were transfected with 25 nM of either miR-mimic/inhibitor-206-3p, miR-mimic/inhibitor-381-3p,
or nontargeting miR-mimic/inhibitor control for 24 h. Total RNA was isolated from the indicated
miR-mimics/inhibitors transfected THP-1 macrophages by the mirVana™ miR isolation kit, reverse
transcribed, and subjected to RT-qPCR. The endogenous hsa_circ_0008726 levels from indicated
(C) miR-mimics or (D) miR-inhibitors transfected THP-1 macrophages were determined by SYBR
Green RT-qPCR assays (N = 3; bars, SEM). (* p < 0.05, ** p < 0.01).

CircRNAs are theoretically stable due to the closed structure that prevents them from
degradation by exonucleases, which degrade linear RNAs. Endogenous circRNA degrada-
tion can be initiated after the binding of endogenous miRs with the MRE on the circRNA

http://www.circbank.cn/
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sequences. The binding between miRs and circRNA requires miR-mediated recruitment of
the argonaute (AGO) protein containing RNA-induced silencing complexes (RISC) onto
the circRNA through the MRE sites. In vivo/vitro exposure to MDI/MDI-GSH in BALCs
and macrophages downregulates endogenous mmu/hsa-miR-206-3p and -381-3p [34,35]. To
determine whether hsa_circ_0008726 is directly involved in downregulation of either hsa-
miR-206-3p or hsa-miR-381-3p, it was necessary to first confirm the potential hsa-miR-206-3p
and hsa-miR-381-3p binding to circRNA hsa_circ_0008726 by performing an AGO antibody
pulldown to precipitate the RISC containing AGOs/miRs/circRNAs (RISC-IP). This was
followed by confirmation of hsa-miR-206-3p or hsa-miR-381-3p regulation of hsa_circ_0008726
using gain- and loss-of-function studies by transfecting miR-mimics/inhibitors. Consistent
with the in silico prediction that hsa_circ_0008726 contains the MRE site of hsa-miR-206-3p
but not hsa-miR-381-3p, transfection of miR-mimic-206-3p results in increased precipi-
tated hsa_circ_0008726 by 112.9-fold compared to the non-targeting miR-mimic control.
Transfection of miR-mimic-381-3p did not result in increased precipitated hsa_circ_0008726
transcripts when compared to the non-targeting control (Figure 3B). These results indi-
cate that the hsa_circ_0008726 transcript binds to RISCs containing hsa-miR-206-3p but not
hsa-miR-381-3p.

To investigate the possibility that hsa-miR-206-3p can regulate endogenous
hsa_circ_0008726 through a binding/sponging/miR-mediated degradation mechanism
in macrophages, we performed gain- and loss-of-function studies by transfection of ei-
ther miR-mimics or miR-inhibitors of hsa-miR-206-3p and hsa-miR-381-3p into differenti-
ated/enhanced THP-1 macrophages. Transfection of miR-mimic-206-3p downregulates en-
dogenous hsa_circ_0008726 by 2.81-fold (Figure 3C), whereas transfection of miR-inhibitor-
206-3p upregulates endogenous hsa_circ_0008726 by 1.48-fold (Figure 3D) compared to
the nontargeting miR-mimic or miR-inhibitor control transfected THP-1 macrophages. To
further investigate whether the sponging/binding/miR-mediated degradation mechanism
between hsa-miR-206-3p and hsa_circ_0008726 can regulate endogenous levels of hsa-miR-
206-3p and hsa_circ_0008726 through direct binding of the miRs on responding MREs,
we transfected miR-mimic/inhibitor of hsa-miR-381-3p, an endogenous miR that can be
downregulated by MDI-GSH conjugate exposure, into THP-1 macrophages. Given that
hsa_circ_0008726 does not contain MRE sites to hsa-miR-381-3p, transfection of either miR-
mimic-381-3p or miR-inhibitor-381-3p had no impact on endogenous hsa_circ_0008726 lev-
els (Figure 3C,D). This further indicates that hsa_circ_0008726 binds to hsa-miR-206-3p via the
MRE site and can be potentially regulated by endogenous hsa-miR-206-3p in macrophages.

3.4. Circular RNA hsa_circ_0008726 Regulates Endogenous hsa-miR-206-3p Expression in
Differentiated/Enhanced THP-1 Macrophages

To investigate the role of hsa_circ_0008726 in regulation of hsa-miR-206-3p, we de-
signed two different siRNAs for hsa_circ_0008726 and performed a loss-of-function ex-
periment to knockdown endogenous hsa_circ_0008726 in differentiated/enhanced THP-1
macrophages. Differentiated/enhanced THP-1 macrophages were transfected with either
si-hsa_circ_0008726#1 or si-hsa_circ_0008726#2, which were designed to target two different
sites in hsa_circ_0008726. Transfection of si-hsa_circ_0008726#1 significantly inhibits the en-
dogenous expression of hsa_circ_0008726 levels by 3.51-fold, whereas si-hsa_circ_0008726#2
failed to inhibit endogenous levels of hsa_circ_0008726 (Figure 4A). Consistent with the
finding that hsa_circ_0008726 sponges/targets endogenous hsa-miR-206-3p in macrophages
(Figure 3), transfection of si-hsa_circ_0008726#1 significantly upregulated the endogenous
expression of hsa-miR-206-3p levels by 1.75-fold, whereas si-hsa_circ_0008726#2 transfection
failed to induce endogenous hsa-miR-206-3p (Figure 4B). These results suggest that endoge-
nous hsa_circ_0008726 can regulate endogenous hsa-miR-206-3p levels in macrophages.
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Figure 4. Transfection of hsa_circ_0008726 siRNA knocks down endogenous hsa_circ_0008726
levels and upregulates hsa-miR-206-3p in differentiated/enhanced THP-1 macrophages. Differen-
tiated/enhanced THP-1 macrophages were transfected with 25 nM of either si-hsa_circ_0008726#1,
si-hsa_circ_0008726#2 siRNA, or nontargeting siRNA control (siCtl). After 24 h, the endogenous
levels of (A) hsa_circ_0008726 and (B) hsa-miR-206-3p were measured by RT-qPCR (N = 3; bars, SEM).
(* p < 0.05, ** p < 0.01).

3.5. Circular RNA hsa_circ_0008726 Regulates Endogenous KLF4 and M2
Macrophage-Associated Markers CD206, TGM2, CCL17, CCL22, and CCL24 Transcript Levels

Our previous report showed that in vivo/in vitro MDI/MDI-GSH conjugate expo-
sure upregulates transcription factor Klf4/KLF4 and M2 macrophage-associated markers
and chemokines, including Ccl17/CCL17, Ccl22/CCL22, and Ccl24/CCL24, through KLF4-
mediated activation in BALCs/macrophages [20]. Other reports have shown that KLF4 tran-
scripts can be regulated by endogenous hsa-miR-206-3p in many different cell types [58,59].
Recently, our laboratory reported that MDI-GSH exposure downregulates endogenous
hsa-miR-206-3p, which directly targets the KLF4 transcript in macrophages, inducing KLF4
and KLF4-mediated M2 macrophage-associated markers and chemokines CD206, TGM2,
CCL17, CCL22, and CCL24 transcription [22]. To study the role of hsa_circ_0008726 in
regulation of MDI-GSH conjugate-mediated induction of M2 macrophage-associated gene
transcription in macrophages, we performed a loss-of-function experiment using the si-
hsa_circ_0008726#1 siRNA to knockdown endogenous hsa_circ_0008726 in macrophages.
Transfection of si-hsa_circ_0008726#1 siRNA to the macrophages downregulated the en-
dogenous hsa_circ_0008726, KLF4, CD206, TGM2, CCL17, CCL22, and CCL24 mRNAs by
1.65-, 2.45-, 3.93-, 2.66-, 8.42-, 1.60-, and 3.80-fold, respectively (Figure 5A,C–H), whereas
it upregulated endogenous hsa-miR-206-3p by 1.61-fold (Figure 5B) when compared to
control-treated, nontargeting siCtl transfected macrophages.
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chemokines in macrophages. Differentiated/enhanced THP-1 macrophages were transfected with
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Consistent with previous findings that exposure to MDI-GSH conjugate upregulates
endogenous KLF4 transcription factor, M2 macrophage-associated marker and chemokine
mRNA transcripts in THP-1 macrophages [20], as well as the endogenous hsa_circ_0008726
as shown in Figure 1, independent treatment of 10 µM MDI-GSH conjugates with non-
targeting siRNA control (siCtl) transfected THP-1 macrophages upregulated endogenous



Cells 2024, 13, 1725 13 of 22

hsa_circ_0008726, KLF4, CD206, TGM2, CCL17, CCL22, and CCL24 mRNAs by 2.92-, 1.61-,
2.09-, 1.63-, 1.98-, 2.16-, and 1.62-fold, respectively (Figure 5A,C–H), whereas it downreg-
ulated endogenous hsa-miR-206-3p by 1.88-fold (Figure 5B) compared to control-treated
nontargeting siCtl transfected THP-1 macrophages. In addition, MDI-GSH conjugate treat-
ments did not induce endogenous levels of hsa_circ_0008726, KLF4, CD206, TGM2, CCL17,
CCL22, and CCL24 mRNAs in si-hsa_circ_0008726#1 siRNA transfected THP-1 macrophages
(Figure 5A,C–H). This suggests that hsa_circ_0008726 may play an important role in reg-
ulating the expression of M2 macrophage-associated transcription factor KLF4, markers
CD206 and TGM2, as well as chemokines CCL17, CCL22, and CCL24 following macrophage
exposure to MDI-GSH conjugate.

3.6. Overexpression of hsa_circ_0008726 Induces Endogenous KLF4 as Well as M2
Macrophage-Associated Markers and Chemokine Transcript Expression

To investigate whether hsa_circ_0008726 can mediate M2 macrophage-associated
marker and chemokine transcript expression through hsa-miR-206-3p-regulated KLF4,
we characterized the expression of M2 macrophage-associated transcription factor, mark-
ers, and chemokines KLF4, CD206, TGM2, CCL17, CCL22, and CCL24 using an in vitro
hsa_circ_0008726 overexpression model in THP-1 macrophages. Compared to vector-
transfected differentiated/enhanced THP-1 macrophages, transfection of hsa_circ_0008726
overexpression plasmids for 48 h significantly induced hsa_circ_0008726 levels by 3.76-fold
(Figure 6A), as well as endogenous KLF4, CD206, and TGM2 mRNAs by 1.99-, 9.64-, and
2.99-fold, respectively (Figure 6C–E), whereas hsa_circ_0008726 overexpression plasmid
transfection reduced endogenous hsa-miR-206-3p by 3.30-fold in macrophages (Figure 6B).
Furthermore, hsa_circ_0008726 overexpression upregulated the endogenous chemokines
CCL17, CCL22, and CCL24 mRNAs by 5.02-, 2.12-, and 2.36-fold, respectively (Figure 6F–H).
These results indicate that induction of hsa_circ_0008726 following MDI-GSH conjugate
exposure downregulates endogenous hsa-miR-206-3p while inducing KLF4, CD206, TGM2,
CCL17, CCL22, and CCL24 transcription and expression in human macrophages.
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Figure 6. Circular RNA hsa_circ_0008726 overexpression increases M2 macrophage associate mark-
ers and chemokines in differentiated/enhanced THP-1 macrophages. Differentiated/enhanced
THP-1 macrophages were transfected with 2.5 µg of either pcDNA3.1(+)_Circ_Mini-hsa_circ_0008726
or pcDNA3.1(+)_Circ_Mini vector plasmids for 48 h. Total RNA was isolated from plasmids trans-
fected THP-1 macrophages by the mirVana™ miR isolation kit, reverse transcribed, and subjected
to SYBR green or TaqMan RT-qPCR. The transgene of (A) hsa_circ_0008726 and (B) hsa-miR-206-3p
as well as the endogenous M2 macrophage-associated markers (C) KLF4, (D) CD206, (E) TGM2,
(F) CCL17, (G) CCL22, and (H) CCL24 mRNA levels were determined by RT-qPCR (N = 3; bars, SEM).
(* p < 0.05, ** p < 0.01, *** p < 0.001).

3.7. Circular RNA hsa_circ_0008726 Induces Naïve T-Cell and Eosinophil Chemoattraction by
Upregulation of Chemokine CCL17, CCL22, and CCL24 in Macrophages

M2 macrophages can secrete mediators and chemokines to attract T-cells, eosinophils,
and other immune cell types [60]. In addition to T-cells, previous reports have established
that CCL24 can attract eosinophils [61]. Our previous reports demonstrate that MDI-GSH
conjugate-exposed macrophages attract naïve T-cells and eosinophils [20,48]. Furthermore,
MDI-GSH conjugate exposure-mediated induction of M2 macrophage-associated chemokines
CCL17, CCL22, and CCL24 expression may be regulated by KLF4 in macrophages. MDI-
GSH conjugate exposure upregulates hsa_circ_0008726, KLF4, as well as CCL17, CCL22,
and CCL24 transcripts (Figure 5A,C,F–H) and these chemokines may contribute to T-cell,
eosinophil, and other immune cell chemoattraction. We hypothesize that endogenous
hsa_circ_0008726 is involved in regulation of T-cell and/or eosinophil chemotaxis following
MDI-GSH exposure in macrophages by secreting CCL17, CCL22, and CCL24. We first
examined secreted CCL17, CCL22, and CCL24 protein levels in conditioned media col-
lected from hsa_circ_0008726 overexpression plasmid transfected differentiated/enhanced
macrophages. Overexpression of hsa_circ_0008726 induced chemokine CCL17, CCL22,
and CCL24 protein levels by 7.83-, 5.63-, and 2.52-fold, respectively, when compared to
vector-transfected THP-1 macrophages (Figure 7A–C). In addition, we performed chemo-
taxis/migration assays using conditioned media collected from hsa_circ_0008726 overex-
pression plasmid transfected THP-1 macrophages. When compared to the conditioned
media collected from vector-transfected differentiated/enhanced THP-1 macrophages,
media collected from hsa_circ_0008726 overexpressed macrophages induced naïve T-cell
(Jurkat_E6-1 cells) chemotaxis/migration by 2.26-fold (Figure 7D), whereas it induced
eosinophil (butyric acid differentiated HL-60_C15 cells) chemotaxis/migration by 1.79-fold
(Figure 7E), indicating that MDI-GSH-induced hsa_circ_0008726 plays a role in regulation
of macrophage-mediated T-cell and eosinophil chemoattraction/migration.
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Figure 7. CircRNA hsa_circ_0008726 plays an important role for the secretion of chemokines CCL17,
CCL22, and CCL24 and regulates T-cell and eosinophil chemotaxis/migration in macrophages.
Cell-free conditioned media were obtained from THP-1 macrophages transfected with either the
hsa_circ_0008726 overexpression plasmid or the empty vector for 48 h. The secreted protein levels of
(A) CCL17, (B) CCL22, and (C) CCL24 in conditioned media from either hsa_circ_0008726 overex-
pressed THP-1 macrophages or empty vector transfected THP-1 macrophages were determined by
ELISA according to the manufacturer’s instructions. The isolated conditioned media were used as
chemoattractants to attract (D) Jurkat T-cell clone E6-1 or differentiated (E) HL-60 C_15 eosinophils.
T-cell and eosinophil migration responding to the conditioned media was measured after 6 h. Percent
of cells migrated towards the bottom chamber are shown (** p < 0.01, *** p < 0.001).

4. Discussion

Our previous reports demonstrate that macrophages exposed to MDI/MDI-GSH
downregulate endogenous hsa-miR-206-3p and hsa-miR-381-3p levels [34,35,48]; additionally,
the exposure upregulates endogenous KLF4 transcription factor-mediated M2 macrophage-
associated markers and chemokines in vivo and in vitro, where KLF4 may play an impor-
tant role as downstream regulator/effector for MDI exposure-mediated induction of M2
macrophage-associated markers and chemokines in macrophages [20]. However, the de-
tailed molecular mechanism(s) that result in the downregulation of hsa-miR-206-3p/hsa-miR-
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381-3p after MDI-GSH exposure is currently unknown. In the current study, we focus on the
potential molecular mechanism involved in downregulating hsa-miR-206-3p, and we have
identified a circular RNA-regulated mechanism that may be involved in the downregulation
of hsa-miR-206-3p after MDI-GSH conjugate exposure in macrophages. Endogenous hsa-
miR-206-3p was downregulated in an in vitro MDI-GSH conjugate exposure human THP-1
macrophage model as previously reported [34,48]. Furthermore, MDI-GSH conjugate ex-
posure upregulates endogenous circular RNA hsa_circ_0008726 and its host gene DNAJB6
transcript in the macrophages (Figures 1 and 2). The MDI-GSH exposure-induced endoge-
nous hsa_circ_0008726 contains the hsa-miR-206-3p MRE site, allowing hsa_circ_0008726 to
sponge/bind endogenous hsa-miR-206-3p, causing downregulation/degradation of endoge-
nous hsa-miR-206-3p after MDI-GSH conjugate exposure. Additionally, downregulation of
endogenous hsa-miR-206-3p results in the upregulation of KLF4 transcription factor expres-
sion. Induction of KLF4 and KLF4-mediated activation of downstream gene transcription
upregulates expression of M2 macrophage-associated markers and chemokines, including
CD206, TGM2, CCL17, CCL22, and CCL24 transcripts. (Figures 5 and 6). Using an in
vitro THP-1 macrophage culture model, we identified that hsa_circ_0008726 sponges/binds
endogenous hsa-miR-206-3p, resulting in downregulation/degradation of hsa-miR-206-3p,
which targets the KLF4 mRNA transcript, suppresses KLF4 translation, and decreases KLF4
transcripts in macrophages (Figure 8). Although hsa_circ_0008726 has been reported to
target hsa-miR-206-3p in other cell types, including esophageal squamous cell carcinoma
and fibroblast cells [42,43], to our knowledge, the current report is the first to identify and
verify that hsa_circ_0008726 is expressed in macrophages and can regulate the expression of
endogenous hsa-miR-206-3p and hsa-miR-206-3p-mediated posttranscriptional regulation of
endogenous gene function in macrophages.
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Figure 8. Proposed mechanisms by which MDI-GSH conjugate exposure induces M2 macrophage-
associated markers and chemokine CCL17, CCL22, and CCL24 via hsa_circ_0008726/hsa-miR-206-
3p-regulated KLF4 activation in macrophages. MDI: 4,4′-methylene diphenyl diisocyanate; TFs:
transcription factors; CDS: coding sequences; KLF4: Krüppel-like factor 4. Note: Some illustrated
schematics were obtained from motifolio templates (Motifolio Inc., Ellicott City, MD, USA).
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Macrophages exposed to MDI-GSH conjugate induced endogenous hsa_circ_0008726
through upregulation of hsa_circ_0008726 host gene DNAJB6 primary transcript production
(Figure 2); however, the mechanism by which MDI-GSH conjugate exposure induces
DNAJB6 is currently unknown. The induction of DNAJB6 transcripts may be cellular stress
responses within the macrophages in response to the MDI/MDI-GSH conjugate exposure.
The human DNAJB6 protein is a member of the DNAJ protein family, which functions
as one of the two major classes of molecular chaperones involved in different cellular
processes, such as protein folding regulation, oligomeric protein complex assembly, and
toxic protein aggregation prevention [62]. It has been implicated in a variety of molecular
pathways associated with cellular stress responses in different cell types, including cellular
responses to stimuli, heat stresses, and viral infections [63–67]. DNAJB6 is involved
in the pathogenesis of many different types of cancers [68–71]. In colon cancer cells,
DNAJB6 promotes cell adhesion, migration, and invasion through stabilizing the urokinase
plasminogen activator receptor (uPAR), as well as activating many signaling transduction
proteins through phosphorylation, including FAK, ERK1/2, and AKT [71]. In the colon
macrophages, the uPAR promotes phagocytosis and regulates macrophage polarization
toward the M2-phenotype [72]. Although the function of DNAJB6 in macrophages has been
shown to be a cellular stress response to regulate the different stages of viral replication and
infection [73], the role of DNAJB6 in macrophage polarization has never been investigated.
We speculate that the induction of DNAJB6 transcription in macrophages exposed to
MDI/MDI-GSH conjugate may facilitate macrophage uPAR stabilization and therefore
promote M2 macrophage polarization and phagocytosis. Further investigation into the roles
of DNAJB6 and macrophage polarization is needed. Furthermore, the detailed molecular
mechanism(s) by which MDI/MDI-GSH conjugate induces DNAJB6 transcription should
be investigated to understand the role of DNAJB6 in MDI-OA pathogenesis.

Dysfunction of alveolar macrophages has been shown to play an important role
in asthma pathogenesis and treatment [16]. The dysfunction of molecular gene regula-
tion and gene expression homeostasis affects the role of alveolar macrophages, such as
macrophage polarization and production/secretion of macrophage mediators. Among
the gene regulators that contribute to alveolar macrophage dysfunction in asthma, cir-
cRNA has been suggested as a major player in asthma progression and pathogenesis [74].
Using an OVA-induced asthma mouse model, Shang et al. revealed that murine cir-
cRNA mmu_circ_0001359 was significantly decreased in OVA-treated mice, and murine
mmu_circ_0001359 was involved in protective effects that prevent asthma development
in the mice [75]. Murine mmu_circ_0001359 contributes to M2 macrophage polarization
through sponging/targeting mmu-miR-183-5p with MRE sites on mmu_circ_0001359 and
induces FoxO1, a mmu-miR-183-5p target. Induction of FoxO1 attenuated airway remod-
eling by reducing M1 macrophage activation-induced inflammatory cytokine expression
and the progression of pulmonary fibrosis [75]. Similarly, Gong et al. demonstrated that
hsa_circ_0001326 prevented THP-1 macrophages from undergoing M2 polarization, instead
promoting the macrophages toward M1 polarization by directly regulating the hsa-miR-136-
5p/USP4 axis, which decreases the expression and secretion of pro-inflammatory factors
TNF-α and IL-6 and instead promotes the expression of anti-inflammatory factor IL-10 [76].
These studies suggest endogenous circRNAs in macrophages may participate in asthma
pathogenesis by modulating M2 macrophage polarization via targeting the miRs involved.
Given that MDI exposure in the form of MDI-GSH conjugate promotes M2 macrophage-
associated markers and chemokines that represent M2 macrophage polarization, whether
MDI-GSH conjugate exposure may affect endogenous human homologues of murine
mmu_circ_0001359, hsa_circ_0001326, or other M2 macrophage-promoting circRNA(s) will
be of interest in future studies.

The role of endogenous circRNAs in macrophages that contribute to M2 macrophage
polarization and activation has been recently demonstrated in human and murine asthma
models. Liang et al. demonstrated that hsa_circ_0014208 (hsa_circ_S100A11) is highly
expressed in monocytes and remarkably upregulated in children with asthma [77]. The
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circRNA hsa_circ_0014208 promotes the translation of its host gene S100A11, inducing
S100A11 protein expression in the macrophages. S100A11 proteins contribute to M2
macrophage polarization through SP3-mediated induction of STAT6, which promotes
M2 macrophage polarization and activation [77]. Using a cockroach allergen-induced
murine asthma model, Liang et al. demonstrated that the S100A11 protein exacerbates lung
inflammation by increasing the production and secretion of Th2 chemokines CCL17 and
CCL22 in lung macrophages, further inducing inflammatory pulmonary injury in allergic
asthma [77]. Similar to Liang’s observation that hsa_circ_0014208 promotes translation of
its host gene S100A11 as well as production and secretion of Th2 chemokines CCL17 and
CCL22, our current report demonstrates that hsa_circ_0008726 promotes the expression
and secretion of M2 macrophage-associated chemokines CCL17, CCL22, and CCL24 as
well as the chemotactic ability of naïve T-cells and eosinophils through induction of KLF4
transcription factor expression via targeting hsa-miR-206-3p (Figures 6 and 7). Although
the function of the hsa_circ_0008726 host gene DNAJB6 in regulation of M2 macrophage-
associated chemokines CCL17, CCL22, and CCL24 is currently unknown, future studies
must characterize the role of DNAJB6 in macrophages. Furthermore, whether MDI/MDI-
GSH conjugate exposure can induce expression of hsa_circ_0014208 given its demonstrated
role in allergic pathogenesis should be investigated.

Strengths of the current in vitro THP-1 macrophage MDI-GSH conjugate exposure
model include the ability to perform gain- or loss-of-function experiments with miR mim-
ics/inhibitors and circRNA hsa_circ_0008726 overexpression plasmid transfections, as well
as the siRNA transfection experiments to knockdown endogenous hsa_circ_0008726 with
identical genetics from a single cell type to investigate the underlying circRNA-mediated
molecular regulatory mechanisms involved in observed MDI-GSH conjugate-mediated
effects in macrophages. However, one inherent limitation of the model is that it leaves
uncertain whether or not the identified hsa_circ_0008726-mediated induction of KLF4
via downregulation of endogenous hsa-miR-206-3p and the hsa_circ_0008726/hsa-miR-206-
3p/KLF4 regulatory axis-mediated induction of M2 macrophage-associated markers and
chemokines mechanism reflects similar lung immune responses that may participate in
the early steps of asthma pathogenesis in occupational MDI-OA. Furthermore, the cur-
rent study is based on the identification of candidate hsa-miR-206-3p sponging/targeting
circRNA from the published literature. This experimental design omits other potential
hsa-miR-206-3p targeting circRNAs that may be regulated by MDI-GSH conjugate exposure
in macrophages. Future studies will be needed to better elucidate potential connections
of diisocyanate exposure with circRNA/miR targeting gene regulatory mechanisms in
real-world MDI workers.

5. Conclusions

In conclusion, this report implicates hsa_circ_0008726 as an important regulator of
hsa-miR-206-3p, KLF4 transcripts, and KLF4-mediated signaling, ultimately targeting M2
macrophage-associated markers and chemokine transcription in macrophages after MDI-
GSH conjugate exposure. MDI-GSH conjugate exposure in an in vitro human THP-1
macrophage cell culture model results in the induction of hsa_circ_0008726 and downregula-
tion of endogenous hsa-miR-206-3p. This hsa_circ_0008726/hsa-miR-206-3p/KLF4 regulatory
axis may contribute to upregulation of M2 macrophage-associated markers and chemokines,
including CD206, TGM2, CCL17, CCL22, and CCL24 transcripts in macrophages following
MDI/MDI-GSH exposure. The circRNA hsa_circ_0008726 may play an important role in
regulation of MDI-OA pathogenesis through macrophage-mediated chemokine expression
and induction of immune cell chemotaxis to the lung microenvironment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells13201725/s1, Table S1: Candidate hsa-miR-206-3p binding
circRNA divergent primer sequences; Figure S1: Screenshot from CircBank showing no predicted
binding between hsa-miR-381-3p and hsa_circ_0008726.
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