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Abstract
Background
The use of organotypic human tissue models in genotoxicity has increased as an alternative to animal testing. Genotoxicity is generally examined using a battery of in vitro assays such as Ames and micronucleus (MN) tests that cover gene mutations and structural and numerical chromosome aberrations. At the 7th International Workshop on Genotoxicity Testing, working group members agreed that the skin models have reached an advanced stage of maturity, while further efforts in liver and airway models are needed [Pfuhler et al., Mutat. Res. 850–851 (2020) 503135]. Organotypic human airway model is composed of fully differentiated and functional respiratory epithelium. However, because cell proliferation in organotypic airway models is thought to be less active, assessing their MN-inducing potential is an issue, even in the cytokinesis-blocking approach using cytochalasin B (CB) [Wang et al., Environ. Mol. Mutagen. 62 (2021) 306–318]. Here, we developed a MN test using EpiAirway™ in which epidermal growth factor (EGF) was included as a stimulant of cell division.

Results
By incubating EpiAirway™ tissue with medium containing various concentrations of CB, we found that the percentage of binucleated cells (%BNCs) almost plateaued at 3 μg/mL CB for 72 h incubation. Additionally, we confirmed that EGF stimulation with CB incubation produced an additional increase in %BNCs with a peak at 5 ng/mL EGF. Transepithelial electrical resistance measurement and tissue histology revealed that CB incubation caused the reduced barrier integrity and cyst formation in EpiAirway™. Adenylate kinase assay confirmed that the cytotoxicity increased with each day of culture in the CB incubation period with EGF stimulation. These results indicated that chemical treatment should be conducted prior to CB incubation. Under these experimental conditions, it was confirmed that the frequency of micronucleated cells was dose-dependently increased by apical applications of two clastogens, mitomycin C and methyl methanesulfonate, and an aneugen, colchicine, at the subcytotoxic concentrations assessed in %BNCs.

Conclusions
Well-studied genotoxicants demonstrated capability in an organotypic human airway model as a MN test system. For further utilization, investigations of aerosol exposure, repeating exposure protocol, and metabolic activation are required.
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	Three-dimensional
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Introduction
Over the last decade, the use of organotypic human tissue models in toxicology has increased as an alternative to animal testing [1, 2]. In vitro assays and animal models are recognized as being relatively effective in the detection of acute and severe toxicities; however, some studies demonstrated that animal experiments are poorly reproducible, and the significant physiological differences between humans and other species have raised concerns about the reliability of data derived from animal experiments [3–5]. Three-dimensional tissue models better mimic the structure and function of tissue compared with standard two-dimensional cell culture systems by supporting cell–cell interactions and signaling pathways, which makes organotypic skin and liver models more predictable in detecting the genotoxicity induced by various chemicals [6–9]. When organotypic human tissue models are validated, these can be used to evaluate the genotoxic effect of chemicals in relevant physiological circumstances in a cost-effective manner without the need to conduct animal experiments.
Genotoxicity assessment is a core requirement in regulatory toxicology, and it is a critical component of the risk assessment of all types of substances ranging from pharmaceuticals, industrial chemicals, and pesticides, to food additives [10]. Genotoxic potential is generally examined by a battery of in vitro assays covering the endpoints of gene mutations and structural and numerical chromosome aberrations, such as the Ames assay and the in vitro micronucleus test, respectively [11, 12]. At the 7th International Workshop on Genotoxicity Testing meeting in Tokyo, November 2017, a “Use of 3D Tissues in Genotoxicity Testing” working group (WG) discussed how 3D tissue models may be utilized in genotoxicity testing, and the WG considered that it was important that the full endpoints of genotoxic damage (i.e., mutagenicity, clastogenicity, and aneugenicity) can be detected in 3D human skin, liver, and airway models. The WG recognized that skin models have reached an advanced state of validation, while further efforts in liver and airway model-based assays are needed to cover the three main endpoints of genotoxicity [7].
Organotypic human airway models comprise fully differentiated and functional human respiratory epithelium including beating ciliated cells, mucus-producing goblet cells, and progenitor basal cells [13, 14]. Culturing organotypic airway models at an air–liquid interface (ALI) enables relevant exposure to air, i.e., inhalation. In human ALI airway models, several disease-relevant physiological and molecular tissue responses have been confirmed [15, 16]. However, cell proliferation in organotypic airway models is not thought to be active, creating an issue in assessing the genotoxic potential because fixed DNA damage occurs throughout DNA replication. Recently, Wang et al. reported detection of DNA damage by CometChip assay as well as mutagenicity by Duplex Sequencing, an error-corrected next-generation sequencing method, in organotypic human airway models treated with a well-studied genotoxicant, ethyl methanesulfonate [17]. In their study, a 28-day exposure schedule was employed to accumulate the fixed DNA damage (i.e., gene mutation) induced by ethyl methanesulfonate in an organotypic airway model. They chose a repeating exposure regimen because a previous study reported that only approximately 5% of the cells were stained with anti-Ki67 antibody, a marker of cell proliferation, in a commercially available organotypic airway model, MucilAir™ from Epithelix [18]. This suggests that the rate of cell division was too low to obtain a sufficient number of binucleated cells (BNCs), even when incubated with cytochalasin B (CB) [7].
According to the Organization for Economic Co-operation and Development (OECD) Test Guideline 487 [19], primary human peripheral blood lymphocytes require mitogenic stimulation by phytohemagglutinin to induce cell division prior to exposure to a test chemical in the micronucleus (MN) test. Primary rat hepatocytes [20] and human hepatoma HepaRG cells [21–23] also require mitogenic stimulation by epidermal growth factor (EGF) to undergo cell division for proper assessment of the potential to induce MN. Because it was reported that EGF induced cell proliferation and multilayered epithelium formation in primary normal human tracheobronchial epithelial cells cultured at ALI [24], we employed EGF stimulation to induce cell division for the assessment of the potential to induce MN by a genotoxicant in organotypic human airway models.
In the present study, we developed a MN test using the organotypic human airway model EpiAirway™ as a respiratory tissue system in which the tissues were treated with a genotoxicant, followed by incubating with medium supplemented with CB to accumulate BNCs that have undergone cell division and EGF to stimulate cell division. First, we optimized the conditions for CB incubation and then adjusted the EGF stimulation to capture a sufficient number of BNCs. After examining the effect of CB incubation and EGF stimulation on the physiological and structural characteristics as well as cytotoxicity of EpiAirway™ tissue, we investigated the capability of our organotypic human airway model through MN assessment using well-studied clastogens, mitomycin C (MMC) and methyl methanesulfonate (MMS), and a well-studied aneugen, colchicine (COL).

Materials and methods
Test chemicals and reagents
MMS, COL, CB, ethylenediaminetetraacetic acid (EDTA) solution (approximately 0.5 M), trypsin (0.25%)-EDTA (0.02%) in Hanks’ balanced salt solution, potassium chloride solution (0.075 M), acetic acid, and acridine orange were obtained from Sigma–Aldrich (St. Louis, MO, USA). MMC, dimethyl sulfoxide, methanol, distilled water, and 4% paraformaldehyde phosphate buffer solution were obtained from FUJIFILM Wako Pure Chemical (Osaka, Japan). Dulbecco’s phosphate buffered saline (DPBS), Dulbecco's modified Eagle medium (DMEM), and fetal bovine serum (FBS) were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Recombinant human EGF was obtained from PeproTech (Cranbury, NJ, USA). Transepithelial electrical resistance (TEER) buffer was obtained from MatTek (Ashland, MA, USA). Stock solutions of CB were prepared in dimethyl sulfoxide and stored at − 30 °C. EGF, MMC, MMS, and COL were dissolved in distilled water and stored at − 30 °C before use.

Cell culture
The EpiAirway™ tissue model (AIR-100) was obtained from MatTek (Ashland, MA, USA). It was created in situ by differentiating normal human bronchial epithelial cells on a semi-permeable membrane support (MatTek PermaCell Cell Culture Inserts, part No. CCI24-PTFE-0.4, 0.6 cm2) at an ALI. Tissues were cultured in EpiAirway™ Maintenance Medium (AIR-100-MM; MatTek) according to the manufacturer’s protocol in a humidified 37 °C incubator with 5% CO2. For short-term (< 2 day) culture, EpiAirway™ tissues were maintained at the ALI in 6-well plates, with 1 mL medium in the basal compartment. For longer-term culture according to the manufacturer’s recommendations, tissues were maintained at the ALI in 12-well plates with hang-top lids (HNG-TOP-12; MatTek), with 5 mL culture medium in the basal compartment.

Treatment schedule
To optimize the incubation conditions with CB, EpiAirway™ tissue inserts were incubated with the culture medium, which contained several concentrations of CB for two incubation periods. As shown in Fig. 1a and c, on Day 0, the tissues on the insert were placed in 6-well culture plates and incubated with 1 mL/well of a culture medium containing a specific concentration of CB. For 48-h incubation, the basolateral medium was replaced once on Day 1 with medium containing CB, and cells were then harvested from the inserts on Day 2 (Fig. 1a). Similarly, for 72-h incubation, the basolateral medium was replaced twice on Days 1 and 2 with medium containing CB, and cells were then harvested from the inserts on Day 3 (Fig. 1a). Furthermore, the medium was also exchanged three times (from Days 0 to 2) or five times (from Days 0 to 4) at 24-h intervals for 72-h or 120-h incubation, respectively (Fig. 1c).[image: ]
Fig. 1Optimization of incubation with cytochalasin B in the EpiAirway™ model. a Schematic of the incubation conditions with cytochalasin B (CB) for 48 or 72 h. b Percentage of binucleated cells (%BNCs) obtained after incubation with at 0, 1, 3, and 5 μg/mL for 48 h (in light blue) or 72 h (in blue). c Schematic of the incubation conditions with CB for 72 or 120 h. d %BNCs obtained after incubation with CB at 0, 3, and 10 μg/mL for 72 h (in blue) or 120 h (in deep blue). Values are means ± standard deviation of triplicate inserts


For CB incubation with EGF stimulation (Fig. 2a), the tissues on the insert were placed in 6-well culture plates and incubated with 1 mL/well of a culture medium containing a specific EGF with 3 μg/mL CB in the basolateral compartment of the well on Day 0. In this treatment schedule, the basolateral medium was replaced twice on Days 1 and 2. Cells were harvested from the inserts on Day 3.[image: ]
Fig. 2Effect of epidermal growth factor stimulation on the percentage of binucleated cells in EpiAirway™ model. a Schematic of epidermal growth factor (EGF) stimulation conditions for 72 h with cytochalasin B (CB) incubation. b Percentage of binucleated cells (%BNCs) obtained after stimulation with EGF at 0, 2.5, 5, and 10 ng/mL for 72 h with CB incubation. Values are means ± standard deviation of triplicate inserts, except for the 2.5 ng/mL EGF with CB incubation condition, for which values were derived from duplicate inserts


As shown in Fig. 3a, to investigate the effect of various treatments (i.e., CB incubation, EGF stimulation, and test chemical treatment from the apical side of the tissue) on barrier function and morphology, TEER measurement and tissue histology were performed (six groups in total). The details of each group were as follows: Group 1, TEER measurement and tissue histology were performed immediately after a 3-day acclimatization period on Day 0; Group 2, tissues were incubated with the normal culture medium without test chemical, CB, and EGF throughout the experimental period, and TEER measurement and tissue histology were performed on Day 4; Group 3, 10 μL solvent control was applied with a micropipette directly to the apical surface of the tissue on Day 0; Group 4, tissues were treated with EGF only from Day 1 to Day 4; Group 5, tissues were treated with CB only from Day 1 to Day 4; and Group 6, 10 μL solvent control was applied with a micropipette directly to the apical surface of the tissue on Day 0, and then tissues were treated with EGF and CB from Day 1 to Day 4. In Groups 3–6, TEER measurement and tissue histology were performed on Day 4 in the same manner.[image: ]
Fig. 3Changes in transepithelial electrical resistance and tissue morphology induced in various experimental conditions. a Schematic of transepithelial electrical resistance (TEER) measurement and histology of EpiAirway™ tissue under various experimental conditions. Group 1, immediately after a 3-day acclimatization period; Group 2, no test chemical treatment, cytochalasin B (CB) incubation, or epidermal growth factor (EGF) simulation throughout the experimental period; Group 3, solvent treatment; Group 4, no chemical treatment followed by EGF stimulation only; Group 5, no chemical treatment followed by CB incubation only; and Group 6, solvent treatment followed by CB incubation and EGF stimulation. b Tissue integrity assay. Values are means ± standard deviation of triplicate inserts. *Significantly different from the ‘Group 2’ (p < 0.05, Welch’s t-test). c Representative images of tissue sections stained with hematoxylin and eosin from samples collected on Day 0 and Day 4


As shown in Fig. 4a, to confirm the effect of CB incubation and EGF stimulation on cytotoxicity, an adenylate kinase (AK) assay was performed. The tissues on the insert were placed in 6-well culture plates and incubated with 1 mL/well of a culture medium in the presence or absence of 3 μg/mL CB and 5 ng/mL EGF on Day 0. Tissues were re-fed twice on Days 1 and 2 with freshly prepared medium using the same procedure as on Day 0. AK assay was performed using the basolateral medium collected on Days 1, 2, and 3.[image: ]
Fig. 4Effect of cytochalasin B incubation and epidermal growth factor stimulation on cytotoxicity. a Schematic of incubation with culture medium or with medium containing 3 μg/mL cytochalasin B (CB) and 5 ng/mL epidermal growth factor (EGF) for 72 h in an adenylate kinase (AK) assay. b Results of AK assay after incubation with medium containing CB and EGF. Delta relative luminescence units (ΔRLUs) are means ± standard deviations of triplicate inserts


For genotoxicant treatment (Fig. 5a), 10 μL test chemical solution was applied with a micropipette directly to the surface of the tissue on Day 0 without a PBS wash to remove the mucus on the tissue surface. The tissues on the insert were placed in 6-well culture plates and incubated with 1 mL/well of a culture medium containing 3 μg/mL CB and 5 ng/mL EGF on Day 1. Twenty-four hours later, tissues were re-fed twice on Days 2 and 3 with freshly prepared medium containing CB and EGF at the same concentration as on Day 1. Cells were harvested from inserts on Day 4.[image: ]
Fig. 5Percentage of binucleated cells and frequency of micronucleated binucleated cells by test chemical treatment. a Schematic of test chemical treatment followed by cytochalasin B (CB) incubation and epidermal growth factor (EGF) stimulation. b, c, and d Percentage of binucleated cells (%BNCs) and frequency of micronucleated binucleated cells (%MN) after apical treatment with (b) mitomycin C (MMC), (c) methyl methanesulfonate (MMS), and (d) colchicine (COL) in the EpiAirway™ model. Results are plotted with a blue line indicating %BNCs (left axis) and a red line indicating %MN (right axis). %BNCs are means ± standard deviations of triplicate inserts, while %MN is the combined value of triplicate inserts. *Significantly different from the solvent control group (p < 0.05, Fisher’s exact test)



Cell harvesting
For the trypsinization step, each tissue insert was placed in 5 mL DPBS at room temperature for 15 min, then left in 5 mL EDTA (0.1%) at room temperature for 15 min before finally being exposed for 15 min to trypsin–EDTA solution pre-warmed at 37 °C. The detached tissue was transferred to a new well containing 1 mL pre-warmed trypsin–EDTA solution. Then the tissue was rigorously agitated to release additional attached cells. Any cell clumps were disrupted by repeatedly drawing the cell suspension into a pipette and gently expelling the solution. The single-cell suspension (approximately 1.5 mL) was transferred to a 15-mL conical tube containing 1 mL DMEM with 10% FBS to neutralize the trypsin.

Cell fixation and slide preparation
The cell suspension was centrifuged at 100 × g for 5 min and the supernatant was carefully removed. The cell pellet was loosened by gently flicking the bottom of the centrifuge tube, and 1 mL pre-warmed 0.075 M potassium chloride solution was carefully added to the tube. After 3 min, 3 mL freshly prepared cold methanol/acetic acid (3:1 v/v) fixative was slowly added to fix the cells, and then the cell suspension was centrifuged at 100 × g for 5 min. After the fixed cell preparation was centrifuged again at 100 × g for 5 min, the supernatant was removed. The cell pellet was loosened with the remaining solution and 3 mL cold fresh methanol/acetic acid (99:1 v/v) fixative was added. After the fixed cell preparation was centrifuged again at 100 × g for 5 min, the supernatant was carefully removed, leaving 100–200 μL, and the cell pellet was gently resuspended in a smaller volume of the same fixative.
A single drop of the concentrated cell suspension was gently dropped onto a dry slide. After the slides were completely dry, they were immersed in freshly prepared acridine orange solution (final concentration 40 μg/mL in DPBS) for 3 min, immediately rinsed three times with DPBS, and allowed to dry. Stained slides were stored in the dark at 2–8 °C.

Microscopic observation and parameter calculation
Cells were observed at × 400 magnification by fluorescent microscopy (Olympus BX-51, Tokyo, Japan) equipped with a 400–440 nm excitation filter. In general, 500 cells were scored per tissue to determine the percentage of cells with one, two, and three or more nuclei. The percentage of binucleated cell (%BNCs) were calculated as follows.[image: $$\%\mathrm{BNC}=\frac{\text{Number of BNCs/total number of cells treated cultures}}{\text{Number of BNCs/total number of cells control cultures}}$$]




Calculations of the replication index (RI) and cytokinesis-block proliferation index (CBPI) were performed as previously described by Lorge et al. [25].
RI was determined as:[image: $$\mathrm{RI}=\frac{\text{(no.BNCs} + 2\times \text{no.multinucleated cells)/total number of cells treated cultures}}{\text{(no.BNCs} + 2 \times \text{no.multinucleated cells)/total number of cells control cultures}}$$]




CBPI was determined as:[image: $$\mathrm{CBPI}=\frac{\text{no.mononucleated cells} + 2\times \text{no.BNCs}+ 3 \times \text{no.multinucleated cells}}{\text{total number of cells}}$$]




For the MN analysis, all slides were blindly coded and observed manually. The number of micronucleated BNCs among approximately 2,000 BNCs (approximately 667 cells/slide, triplicate tissues) was counted if possible, and the frequency of micronucleated BNCs (%MN) was calculated. Mitotic cells, multinucleated cells with four or more nuclei, and apoptotic cells were excluded from the MN analysis. The maximum diameter of the MN was defined as half that of the nucleus [26].

Measurement of transepithelial electrical resistance
TEER was measured to examine tissue integrity using a Millicell® ERS-2 Epithelial Voltohmmeter (Merck Millipore, Billerica, MA, USA) and an ENDOHM-6G chamber (World Precision Instruments, Sarasota, FL, USA). Immediately before TEER measurement, the apical surface of the tissue was rinsed twice with 400 μL TEER buffer. An aliquot of 400 μL TEER buffer was added apically to the tissue insert and left on the apical surface. An aliquot of 500 μL TEER buffer was added to the ENDOHM-6G chamber and the tissue insert was placed within the chamber. The value displayed by the voltohmmeter was multiplied by the insert surface (0.6 cm2) to obtain the resistance value of the total area (Ω × cm2).

Histology
Tissues were fixed with 4% paraformaldehyde and embedded in paraffin. Sections prepared from these embedded tissues were subjected to hematoxylin and eosin staining.

Adenylate kinase assay
AK assay was performed using the ToxiLight™ non-destructive cytotoxicity bioassay kit (Lonza, Switzerland). The basolateral media were collected on Days 1, 2, and 3, diluted with five volumes of AK detection reagent, allowed to incubate for 5 min, and then read in an Infinite 200® PRO instrument (TECAN, Switzerland). The results of the ToxiLight™ non-destructive cytotoxicity bioassay kit were represented as delta relative luminescence units (ΔRLUs). The following equation explains how ΔRLU is calculated: ΔRLU = LP − LA, where LP is a unit obtained in the presence of CB and EGF, and LA is a unit obtained in the absence of CB and EGF.

Statistical analysis
The genotoxicity of each test sample was evaluated as described previously [27]. The Cochran–Armitage trend test was used to examine the dose dependency of %MN. Fisher’s exact test was used to evaluate the significant increase in %MN over the concurrent solvent control. If both the statistical test results were significant at p < 0.05, the test sample was considered genotoxic. The data analysis was conducted using JMP (version 16.0.0, SAS Institute Japan, Tokyo, Japan).
TEER data were considered significant at p < 0.05 with Welch’s t-test against the control.


Results
Acquisition of BNCs by CB incubation
Tissues were exposed to various concentrations of CB in the medium and for several incubation periods to determine the optimal concentration and incubation period of CB for the production of BNCs.
We first examined the induction of BNCs under two incubation periods, 48 h and 72 h, at three CB concentrations, 1, 3, and 5 μg/mL (Fig. 1a). As shown in Fig. 1b, a concentration-dependent increase in the percentage of BNCs (%BNCs) was observed for 48 h CB incubation. CB at 5 μg/mL remarkably increased %BNCs (2.4%) compared with no CB incubation (0.1%). However, for 72 h CB incubation, %BNCs peaked at 3 μg/mL (3.7%) then slightly decreased at 5 μg/mL (3.3%).
We further examined the induction of BNCs for 72-h and 120-h incubation periods at two CB concentrations (Fig. 1c). As shown in Fig. 1d, for 72 h CB incubation, 3 μg/mL and 10 μg/mL CB considerably increased %BNCs to 5.1% and 6.3%, respectively, compared with no CB incubation (0.4%). For 120-h incubation, CB incubation at both concentrations increased %BNCs to 5.7% and 6.8%, respectively, compared with no CB incubation (0.3%).
From these results, in which %BNCs almost plateaued at 3 μg/mL CB for 72 h, we chose this concentration and incubation period as the standard conditions for subsequent experiments.

Cell proliferation stimulated by EGF
Next, to ensure sufficient BNCs for MN analysis, ALI culture medium containing the selected concentration of CB (3 μg/mL) was supplemented with several concentrations of EGF (0, 2.5, 5, and 10 ng/mL) (Fig. 2a).
As shown in Fig. 2b, a concentration-dependent increase in %BNCs by EGF stimulation was observed under CB incubation. %BNCs reached 9.7% at 5 ng/mL EGF, while %BNCs at 5 and 10 ng/mL were almost the same (9.7% and 9.8%, respectively).
From this result, we chose 5 ng/mL as the standard concentration of EGF for subsequent experiments.

Effect of solvent control treatment, CB incubation, and EGF stimulation on TEER and tissue histology of EpiAirway™
CB, an inhibitor of microfilament assembly, is used to prevent cytoplasmic division after nuclear division [28]. EGF is a ligand of epidermal growth factor receptor and induces bronchial hyperplasia via the mitogen-activated protein/extracellular signal regulated kinase signaling pathway [29–31]. To examine the effects of CB incubation and EGF stimulation on the basic physiological and morphological characteristics of the EpiAirway™ tissue model, TEER and tissue histology were assessed after no treatment (Groups 1 and 2), solvent control treatment (Group 3), EGF stimulation (Group 4), CB incubation (Group 5), and solvent control treatment followed by both CB incubation and EGF stimulation (Group 6) (Fig. 3a).
Statistically significant decreases in TEER values were observed in the tissues of Groups 5 and 6 in which CB incubation was included in the treatment procedures, while any other procedures such as 4-day culture (Group 2), solvent control treatment (Group 3), and EGF stimulation (Group 4) did not affect the TEER values (Fig. 3b). The morphology of EpiAirway™ tissues affected by the various treatments exhibited a thicker tissue layer after EGF stimulation (Group 4) but not with solvent control treatment (Group 3) and CB incubation (Group 5) compared with the no-treatment groups (Groups 1 and 2) (Fig. 3c). This morphological assessment demonstrated that EGF could induce bronchial epithelial cell proliferation. Additionally, we observed several large cyst formations in the treated tissues, including those with CB incubation (Groups 5 and 6), suggesting that CB incubation could lead to unphysiological conditions in the EpiAirway™ tissues.

Effect of CB incubation and EGF stimulation on cytotoxicity
To confirm the effect of CB incubation and EGF stimulation on cytotoxicity by AK assay, tissues were incubated for 3 days in the presence or absence of 3 μg/mL CB and 5 ng/mL EGF (Fig. 4a). As shown in Fig. 4b, the ΔRLU value was approximately 1500 after the first 24-h incubation period with CB and EGF (Days 0–1). After the second and third incubation periods (Days 1–2 and Days 2–3), the ΔRLU values increased to approximately 3600 and 4200, respectively, demonstrating that CB incubation and EGF stimulation caused tissue damage with each culture day in the EpiAirway™ model.

MN induction and cytotoxicity by a clastogen and aneugen
To verify whether a well-studied clastogen and aneugen could be evaluated under the conditions determined in the previous optimization processes, an MN test was performed by treatment with MMC and MMS as the clastogens and COL as the aneugen. To closely mimic the relevant exposure situations that would occur in vivo, EpiAirway™ tissues were treated apically with MMC, MMS, and COL solutions. Twenty-four hours after treatment initiation, tissues were subsequently exposed to 3 μg/mL CB and 5 ng/mL EGF for a further 72 h (Fig. 5a). Acridine orange-stained cell images of mononucleated cells, BNCs, and micronucleated BNCs are depicted in Fig. 6a and b.[image: ]
Fig. 6Cell images of an acridine orange-stained slide specimen. a Representative example of mononucleated and binucleated cells. b Example of a binucleated cell with a micronucleus surrounded by two mononucleated cells


First, %BNCs and %MN following MMC treatment were examined (Fig. 5b and Table 1.). A concentration-dependent decrease was found in %BNCs, and was decreased to half at 10 μg/mL (3.7%) compared with the solvent control (8.5%). Furthermore, %BNCs dropped to 1.2% at the highest concentration of 20 μg/mL. As shown in Table 1., the number of BNCs during MN analysis at these two concentrations were 1033 and 217, respectively, which did not achieve the target number of BNCs. %MN showed a statistically significant increase from the lowest concentration of 1.25 μg/mL (2.10%) compared with the solvent control group (0.28%). %MN peaked at 10 μg/mL (16.55%) then decreased at 20 μg/mL (10.60%).Table 1Effect of well-studied clastogens and aneugen on micronucleus induction and cytotoxicity


	Genotoxicants
	Concentration (μg/mL)
	Number of BNCs observed
	Number of BNCs with micronuclei
	%MN
	%BNCs
	%BNCs (relative)
	CBPI (relative)
	RI (%)

	MMC
	0.00
	1811
	5
	0.28
	8.5
	100.0
	100.0
	100.0

	 	1.25
	2098
	44
	2.10
	7.5
	87.7
	99.0
	87.7

	 	2.50
	2125
	88
	4.14
	6.2
	72.7
	97.9
	72.7

	 	5.00
	1827
	176
	9.63
	6.8
	79.4
	98.4
	79.4

	 	10.00
	1033
	171
	16.55
	3.7
	43.4
	95.6
	43.4

	 	20.00
	217
	23
	10.60
	1.2
	13.6
	93.2
	13.6

	MMS
	0.00
	2001
	2
	0.10
	6.9
	100.0
	100.0
	100.0

	 	1280.00
	2001
	7
	0.35
	7.0
	101.7
	100.1
	101.7

	 	1600.00
	2001
	4
	0.20
	6.2
	90.6
	99.5
	91.9

	 	2000.00
	2001
	12
	0.60
	6.0
	87.2
	99.2
	87.2

	 	2500.00
	1870
	20
	1.07
	4.4
	63.8
	97.9
	66.9

	COL
	0.00
	2001
	2
	0.10
	6.9
	100.0
	100.0
	100.0

	 	0.51
	1975
	7
	0.35
	5.9
	85.7
	99.1
	85.7

	 	0.64
	2001
	9
	0.45
	5.7
	82.7
	98.9
	82.7

	 	0.80
	2001
	13
	0.65
	4.0
	57.9
	97.3
	57.9

	 	1.00
	1555
	32
	2.06
	3.8
	55.5
	97.5
	60.8

	 	1.25
	593
	18
	3.04
	2.8
	40.1
	96.6
	46.9




We then investigated the effect of MMS treatment on %BNCs and %MN. A concentration-dependent decrease was found in %BNCs. %BNCs was 4.4% at the highest concentration of 2,500 μg/mL, which was slightly lower than the solvent control (6.9%). As for %MN, a concentration-dependent increase was observed. At the two highest concentrations of 2,000 and 2,500 μg/mL, %MN values were 0.60% and 1.07%, respectively, which were significantly higher than those of the solvent control group (0.10%).
The effect of COL treatment on %BNCs and %MN was then examined. A concentration-dependent decrease was found in %BNCs up to the highest concentration of 1.25 μg/mL (2.8%) compared with the solvent control group (6.9%). At the two highest concentrations, the number of BNCs were 1555 and 593, as shown in Table 1., which again did not fulfill the target number of BNCs to be observed for MN analysis. COL also induced statistically significant increases in %MN at the three highest concentrations (0.65% at 0.80 μg/mL, 2.06% at 1.00 μg/mL, and 3.04% at 1.25 μg/mL).
For the measurement of cytotoxicity, two methods are recommended for the in vitro MN test when using CB as per OECD Test Guideline 487 [19]. One is based on CBPI and the other is the RI. We then calculated not only %BNCs but also CBPI and RI for the cytotoxicity assessment in the EpiAirway™ model, as shown in Table 1.
As for %BNCs and RI, a concentration-dependent decrease was clearly observed following treatment with each genotoxicant. The relative ranges of %BNCs and RI were both 13.6–101.7%. In contrast, that range of CBPI was quite narrow, whereby CBPI values ranged from 93.2 to 100.1%.


Discussion
In this study, we used the EpiAirway™ organotypic human airway tissue model to demonstrate that an MN test can be used to detect the potential of a well-studied clastogen and aneugen to induce MN under optimized CB incubation and EGF stimulation conditions. We also found that chemical treatment should be undertaken prior to CB incubation to prevent damage to the organotypic human airway model. These findings suggest that highly differentiated tissue models of the human airway, which typically have less active cell proliferation, can be applied to evaluate the MN-inducing potential of chemicals under optimal conditions in which EGF stimulates cell division and CB identifies the BNCs immediately after chemical treatment of the apical surface. To our knowledge, this is the first study to demonstrate that the assessment of the clastogenic and aneugenic potential of chemicals can be measured in an organotypic human airway model, which expands the genotoxicity endpoints that can be assessed through inhalation exposures.
We first optimized the CB concentration and incubation period to obtain as many BNCs as possible in our organotypic human airway model. Figure 1b and d show that a plateau in %BNCs was reached at approximately 3 μg/mL CB at 72-h incubation with medium exchanged every 24 h, based on the present optimization process using a range of 1–10 μg/mL CB and three incubation periods of 48, 72, and 120 h. This suggests that a higher concentration of CB over a longer incubation period may not linearly increase the %BNCs in EpiAirway™, consistent with previous studies in human peripheral blood lymphocytes [32] and Huh6, a human-derived liver cell line [33], which found that a higher concentration of stimulant over a longer incubation period did not produce a linear increase in cell proliferation.
To increase the low spontaneous rate of cell division in organotypic human airway models, we implemented EGF stimulation during CB incubation and observed an increase in %BNCs of approximately 2.5-fold compared with CB alone, as indicated in Fig. 2b. However, EGF stimulation was not as effective as the in vitro MN test [21–23] using human HepaRG cell lines. Additionally, Lee et al. reported that EGF could only stimulate cell proliferation at the basal cell layer, and not in other cell types such as ciliated and goblet cells [24], indicating that MN induction in the EpiAirway™ model with EGF stimulation has an effect limited to the basal cells. Despite these points, we regarded this procedure as useful for the shorter observation time needed to score %BNCs and %MN on a slide. Therefore, we chose the simultaneous conditions of CB incubation and EGF stimulation in our organotypic human airway model.
In this study, we also examined the effect of CB incubation and EGF stimulation on the physiological and structural characteristics of the EpiAirway™ model. Our results revealed that these procedures reduced barrier integrity, caused cyst formation, and loosened tight junctions. Our observations regarding the effects of CB incubation on reduced barrier integrity and loosened tight junctions are consistent with previous research showing that CB treatment in a corneal model disrupts actin microfilaments, which are a major component of the cytoskeletal system and are present near tight junctions, leading to reduced electrical resistance [34]. Other research has also found that CB treatment increases tight junction permeability in an intestinal epithelial model using Caco-2 cell lines [35]. These findings suggests that cyst formation in the multi-layered tissue structure of organotypic human airway models may be related to loosened tight junctions. In contrast, it has been reported that there are no morphological changes in the organotypic human reconstructed skin tissue of EpiDerm™ after CB incubation [36]. The varying effects of CB incubation on tissue morphology between EpiDerm™ and EpiAirway™ may be due to the different rates of cell proliferation. In the EpiDerm™ model with a higher rate of cell proliferation (in which approximately 50% of the cells are undergoing cell division), the vulnerability of cell-to-cell adhesion due to CB incubation may be exacerbated by the presence of the generated daughter cells. However, in our organotypic human airway model with only approximately 4% of BNCs, this reinforcement may not occur, resulting in the formation of cysts.
Furthermore, the AK assay was performed to examine the potential impact of CB incubation and EGF stimulation on cytotoxicity. As shown in Fig. 4b, an increase in ΔRLUs resulting from AK release was observed during CB incubation with EGF stimulation. This cytotoxicity is believed to be a result of CB incubation alone, as observed in Group 5, which caused cyst formation and disrupted tight junctions, as illustrated in Fig. 3b and c. On the basis of the cytotoxicity observed in Fig. 4 and TEER reduction and cyst formation depicted in Fig. 3, it was suggested that CB incubation and EGF stimulation should not be performed simultaneously during chemical treatment to maintain the normal physiological and structural features of the EpiAirway™ tissue, ensuring accurate chemical absorption and metabolism.
On the basis of the optimal conditions for CB incubation and EGF stimulation in the EpiAirway™ model, we found that MMC, MMS, and COL, which are representative chemicals with different mechanisms of genotoxic action, induced micronuclei in a concentration-dependent and statistically significant manner under these conditions. There is limited genotoxicity testing data available for inhalation exposure in vivo owing to the cost and specialized equipment required for this exposure route. Therefore, the current organotypic human airway model has potential in the genotoxic assessment of chemical exposure through inhalation.
It is critical to establish cytotoxicity criteria to exclude confounding factors in the assessment of genotoxicity of chemicals. In this study, we determined %BNCs, CBPI, and RI based on the frequency of mononucleated, binucleated, and multinucleated cells observed on slides. As shown in Table 1., known genotoxicants caused concentration-dependent decreases in any cytotoxicity index. However, the decrease in CBPI was less significant compared with other indices. This may be due to the fact that CBPI takes into account the number of mononucleated cells, and that small changes in binucleated and multinucleated cells do not significantly affect its calculation in the human airway tissue model where cell division is low. Therefore, in addition to cell division-based cytotoxicity indices such as %BNC and RI, other methods of assessing cytotoxicity, such as TEER measurements and histological analysis (illustrated in Fig. 3), as well as AK assay (shown in Fig. 4), may be useful as cytotoxicity criteria in our tissue model.
Additionally, the low rate of cell proliferation exacerbates the already time-consuming nature of manual MN counting. To address this issue, high throughput observation approaches using imaging flow cytometry and deep learning image classification have recently been reported in cytokinesis-block micronucleus (CBMN) tests in human lymphoblastoid TK6 cells [37] and in reconstructed human skin EpiDerm™ cells [38]. Another approach involves a CBMN test combined with a convolutional neural network to create software for rapid standard automated detection of micronuclei in Giemsa-stained binucleated lymphocyte images [39]. To address the aforementioned issue and improve statistical power and reproducibility, automated detection of MN has become a critical topic.
To validate the future use of this model, validation experiments will be conducted to determine the effectiveness of multiple exposures, the ability to detect genotoxic substances requiring metabolic activation, the results with apoptosis-inducing chemicals, and the feasibility of exposure to gases and aerosols. First, a single exposure prior to CB incubation and EGF stimulation was sufficient to detect the MN-inducing potential of the three genotoxicants tested in this study. However, it is possible that other genotoxic chemicals may require multiple exposures to reveal their genotoxic effects, as previously demonstrated by Wang et al. in their organotypic human airway model, in which the genotoxic potential of ethyl methanesulfonate was evaluated through repeat exposure over a 28-day period [17]. Second, chemicals that require metabolic activation to exert their genotoxic effects should also be evaluated because previous research has shown that several critical xenobiotic-metabolizing enzymes, including cytochrome P450 (CYP) 1A1, CYP1B1, and CYP2A6, are present in the EpiAirway™ [40, 41] and MucilAir™ [42] models. Third, organotypic human airway models should be used to evaluate chemicals that cause cytotoxicity such as apoptosis, but do not produce the genotoxicity, to demonstrate the validity of this model. Finally, although the test chemical was dissolved in an aqueous solvent in this study, exposure to gaseous or aerosol conditions would be more representative of inhalation exposure in humans.
The present study represents the initial step in the development of a MN test system using an organotypic human airway model cultured under ALI conditions. It is hoped that future investigations utilize this model to assess the genotoxic potential of chemical exposure by inhalation in humans.

Conclusions
The present study found that EGF stimulation with CB incubation in the EpiAirway™ model resulted in an increase in the percentage of BNCs. These experimental conditions also allowed for the detection of dose-dependent induction of MN by clastogens and an aneugen in this organotypic human airway model cultured under ALI conditions. Our results demonstrate the possibility of using this MN test system to assess the genotoxic potential of chemical exposure by inhalation in humans.

Acknowledgements
The authors are grateful to Dr. Takaaki Matsufuji and Ms. Mikiko Tsuboi for their kind support of this study. We also thank H. Nikki March, PhD, from Edanz (https://​jp.​edanz.​com/​ac) for editing a draft of this manuscript.

Authors’ contributions
SM, TW, TT, and TH designed the research. SM, TW, TT, SK, KI, and TH conducted the experiments and analyzed the data. SM and TH have created the final manuscript. All authors read and approved the final manuscript.

Funding
This research was sponsored by Japan Tobacco Inc.

Availability of data and materials
All data generated or analyzed in this study are included in the published article. All materials used in this study are described in the article.

Declarations
Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Alépée N, Bahinski A, Daneshian M, De Wever B, Fritsche E, Goldberg A, et al. State-of-the-art of 3D cultures (organs-on-a-chip) in safety testing and pathophysiology. Altex. 2014;31(4):441–77.PubMedPubMedCentral

	2.
Pridgeon CS, Schlott C, Wong MW, Heringa MB, Heckel T, Leedale J, et al. Innovative organotypic in vitro models for safety assessment: aligning with regulatory requirements and understanding models of the heart, skin, and liver as paradigms. Arch Toxicol. 2018;92(2):557–69.PubMedPubMedCentral

	3.
de Jong M, Maina T. Of mice and humans: are they the same?–Implications in cancer translational research. J Nucl Med. 2010;51(4):501–4.PubMed

	4.
Adriaens E, Barroso J, Eskes C, Hoffmann S, McNamee P, Alepee N, et al. Retrospective analysis of the Draize test for serious eye damage/eye irritation: importance of understanding the in vivo endpoints under UN GHS/EU CLP for the development and evaluation of in vitro test methods. Arch Toxicol. 2014;88(3):701–23.PubMed

	5.
Luechtefeld T, Maertens A, Russo DP, Rovida C, Zhu H, Hartung T. Analysis of Draize eye irritation testing and its prediction by mining publicly available 2008–2014 REACH data. Altex. 2016;33(2):123–34.PubMedPubMedCentral

	6.
Aardema MJ, Barnett BC, Khambatta Z, Reisinger K, Ouedraogo-Arras G, Faquet B, et al. International prevalidation studies of the EpiDerm 3D human reconstructed skin micronucleus (RSMN) assay: transferability and reproducibility. Mutat Res. 2010;701(2):123–31.PubMed

	7.
Pfuhler S, van Benthem J, Curren R, Doak SH, Dusinska M, Hayashi M, et al. Use of in vitro 3D tissue models in genotoxicity testing: Strategic fit, validation status and way forward. Report of the working group from the 7(th) International Workshop on Genotoxicity Testing (IWGT). Mutat Res. 2020;850–851:503135.

	8.
Llewellyn SV, Conway GE, Shah UK, Evans SJ, Jenkins GJS, Clift MJD, et al. Advanced 3D liver models for in vitro genotoxicity testing following long-term nanomaterial exposure. J Vis Exp. 2020;160:e61141.

	9.
Qin Q, Wu Q, Wang Y, Xiong R, Guo L, Fu X, et al. Effects of cellular differentiation in human primary bronchial epithelial cells: Metabolism of 4-(methylnitrosamine)-1-(3-pyridyl)-1-butanone. Toxicol In Vitro. 2019;55:185–94.PubMed

	10.
Corvi R, Madia F. In vitro genotoxicity testing-Can the performance be enhanced? Food Chem Toxicol. 2017;106(Pt B):600–8.PubMed

	11.
Pfuhler S, Albertini S, Fautz R, Herbold B, Madle S, Utesch D, et al. Genetic toxicity assessment: employing the best science for human safety evaluation part IV: Recommendation of a working group of the Gesellschaft fuer Umwelt-Mutationsforschung (GUM) for a simple and straightforward approach to genotoxicity testing. Toxicol Sci. 2007;97(2):237–40.PubMed

	12.
Corvi R, Albertini S, Hartung T, Hoffmann S, Maurici D, Pfuhler S, et al. ECVAM retrospective validation of in vitro micronucleus test (MNT). Mutagenesis. 2008;23(4):271–83.PubMedPubMedCentral

	13.
Selo MA, Sake JA, Kim KJ, Ehrhardt C. In vitro and ex vivo models in inhalation biopharmaceutical research - advances, challenges and future perspectives. Adv Drug Deliv Rev. 2021;177:113862.PubMed

	14.
Bedford R, Perkins E, Clements J, Hollings M. Recent advancements and application of in vitro models for predicting inhalation toxicity in humans. Toxicol In Vitro. 2021;79:105299.PubMed

	15.
Cao X, Lin H, Muskhelishvili L, Latendresse J, Richter P, Heflich RH. Tight junction disruption by cadmium in an in vitro human airway tissue model. Respir Res. 2015;16:30.PubMedPubMedCentral

	16.
Xiong R, Wu Q, Muskhelishvili L, Davis K, Shemansky JM, Bryant M, et al. Evaluating mode of action of acrolein toxicity in an in vitro human airway tissue model. Toxicol Sci. 2018;166(2):451–64.PubMed

	17.
Wang Y, Mittelstaedt RA, Wynne R, Chen Y, Cao X, Muskhelishvili L, et al. Genetic toxicity testing using human in vitro organotypic airway cultures: assessing DNA damage with the CometChip and mutagenesis by Duplex Sequencing. Environ Mol Mutagen. 2021;62(5):306–18.PubMedPubMedCentral

	18.
Iskandar AR, Mathis C, Schlage WK, Frentzel S, Leroy P, Xiang Y, et al. A systems toxicology approach for comparative assessment: Biological impact of an aerosol from a candidate modified-risk tobacco product and cigarette smoke on human organotypic bronchial epithelial cultures. Toxicol In Vitro. 2017;39:29–51.PubMed

	19.
OECD guidelines for the testing of chemicals 487. In Vitro Mammalian Cell Micronucleus Test. 2016. https://​doi.​org/​10.​1787/​9789264264861-en. https://​www.​oecd-ilibrary.​org/​environment/​test-no-487-in-vitro-mammalian-cell-micronucleus-test_​9789264264861-en.

	20.
Knasmüller S, Bresgen N, Kassie F, Volker M-S, Gelderblom W, Zöhrer E, et al. Genotoxic effects of three Fusarium mycotoxins, fumonisin B1, moniliformin and vomitoxin in bacteria and in primary cultures of rat hepatocytes. Mutat Res Genet Toxicol Environ Mutagen. 1997;391(1):39–48.

	21.
Le Hegarat L, Dumont J, Josse R, Huet S, Lanceleur R, Mourot A, et al. Assessment of the genotoxic potential of indirect chemical mutagens in HepaRG cells by the comet and the cytokinesis-block micronucleus assays. Mutagenesis. 2010;25(6):555–60.PubMed

	22.
Josse R, Rogue A, Lorge E, Guillouzo A. An adaptation of the human HepaRG cells to the in vitro micronucleus assay. Mutagenesis. 2012;27(3):295–304.PubMed

	23.
Buick JK, Williams A, Gagne R, Swartz CD, Recio L, Ferguson SS, et al. Flow cytometric micronucleus assay and TGx-DDI transcriptomic biomarker analysis of ten genotoxic and non-genotoxic chemicals in human HepaRG cells. Genes Environ. 2020;42:5.PubMedPubMedCentral

	24.
Lee J, Ryu SH, Kang SM, Chung WC, Gold KA, Kim ES, et al. Prevention of bronchial hyperplasia by EGFR pathway inhibitors in an organotypic culture model. Cancer Prev Res (Phila). 2011;4(8):1306–15.PubMed

	25.
Lorge E, Hayashi M, Albertini S, Kirkland D. Comparison of different methods for an accurate assessment of cytotoxicity in the in vitro micronucleus test. I. Theoretical aspects. Mutat Res. 2008;655(1–2):1–3.PubMed

	26.
Prosser JS, Moquet JE, Lloyd DC, Edwards AA. Radiation induction of micronuclei in human lymphocytes. Mutat Res. 1988;199(1):37–45.PubMed

	27.
Matsushima T, Hayashi M, Matsuoka A, Ishidate M Jr, Miura KF, Shimizu H, et al. Validation study of the in vitro micronucleus test in a Chinese hamster lung cell line (CHL/IU), 14(6), 569–580. Mutagenesis. 1999;14(6):569–80.PubMed

	28.
Carter SB. Effects of cytochalasins on mammalian cells. Nature. 1967;213(5073):261–4.PubMed

	29.
Koo JS, Jetten AM, Belloni P, Yoon JH, Kim YD, Nettesheim P. Role of retinoid receptors in the regulation of mucin gene expression by retinoic acid in human tracheobronchial epithelial cells. Biochem J. 1999;338:351–7.PubMedPubMedCentral

	30.
Aggarwal S, Kim SW, Cheon K, Tabassam FH, Yoon JH, Koo JS. Nonclassical action of retinoic acid on the activation of the cAMP response element-binding protein in normal human bronchial epithelial cells. Mol Biol Cell. 2006;17(2):566–75.PubMedPubMedCentral

	31.
Kim SW, Cheon K, Kim CH, Yoon JH, Hawke DH, Kobayashi R, et al. Proteomics-based identification of proteins secreted in apical surface fluid of squamous metaplastic human tracheobronchial epithelial cells cultured by three-dimensional organotypic air-liquid interface method. Cancer Res. 2007;67(14):6565–73.PubMedPubMedCentral

	32.
Zgno A, Marcon F, Leopardi P, Crebelli R. Simultaneous detection of X-chromosome loss and non-disjunction in cytokinesis-blocked human lymphocytes by in situ hybridization with a centromeric DNA probe; implications for the human lymphocyte in vitro micronucleus assay using cytochalasin B. Mutagenesis. 1994;9(3):225–32.

	33.
Misik M, Nersesyan A, Bolognesi C, Kundi M, Ferk F, Knasmueller S. Cytome micronucleus assays with a metabolically competent human derived liver cell line (Huh6): A promising approach for routine testing of chemicals? Environ Mol Mutagen. 2019;60(2):134–44.PubMed

	34.
Rojanasakul Y, Robinson JR. The cytoskeleton of the cornea and its role in tight junction permeability. Int J Pharm. 1991;68(1):135–49.

	35.
Ma TY, Hoa NT, Tran DD, Bui V, Pedram A, Mills S, et al. Cytochalasin B modulation of Caco-2 tight junction barrier: role of myosin light chain kinase. Am J Physiol Gastrointest Liver Physiol. 2000;279(5):875–85.

	36.
Curren RD, Mun GC, Gibson DP, Aardema MJ. Development of a method for assessing micronucleus induction in a 3D human skin model (EpiDerm). Mutat Res. 2006;607(2):192–204.PubMed

	37.
Wills JW, Verma JR, Rees BJ, Harte DS, Haxhiraj Q, Barnes CM, et al. Inter-laboratory automation of the in vitro micronucleus assay using imaging flow cytometry and deep learning. Arch Toxicol. 2021;95:3101–15.PubMedPubMedCentral

	38.
Allemang A, Thacker R, DeMarco RA, Rodrigues MA, Pfuhler S. The 3D reconstructed skin micronucleus assay using imaging flow cytometry and deep learning: a proof-of-principle investigation. Mutat Res. 2021;865:503314.

	39.
Shen X, Chen Y, Li C, Yang F, Wen Z, Zheng J, et al. Rapid and automatic detection of micronuclei in binucleated lymphocytes image. Sci Rep. 2022;12(1):3913.PubMedPubMedCentral

	40.
Bolmarcich J, Stolper G, Jackson GR, Klausner M, Hayden PJ. Drug/xenobiotic-metabolizing enzyme (XME) expression in the EpiAirway in vitro human airway model: Utility for assessing tracheal/bronchial biotransformation of inhaled pharmaceuticals and environmental chemicals. Toxicol Lett. 2006;164:S223.

	41.
Kaluzhny Y, Letasiova S, Hayden P, Bolmarcich J, Jackson G, Klausner M. Drug metabolizing enzyme activity of in vitro human dermal (EpiDerm™) and airway (EpiAirway™) epithelial models: Relationship to genotoxicity of chemicals as determined by in vitro skin micronucleus assays. Toxicol Lett. 2009;189:S86.

	42.
Baxter A, Thain S, Banerjee A, Haswell L, Parmar A, Phillips G, et al. Targeted omics analyses, and metabolic enzyme activity assays demonstrate maintenance of key mucociliary characteristics in long term cultures of reconstituted human airway epithelia. Toxicol In Vitro. 2015;29(5):864–75.PubMed



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


