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Abstract

Rationale: Microplastics are a pressing global concern, and
inhalation of microplastic fibers has been associated with
interstitial and bronchial inflammation in flock workers.
However, how microplastic fibers affect the lungs is unknown.

Objectives: Our aim was to assess the effects of 123 31 μm nylon
6,6 (nylon) and 153 52 μm polyethylene terephthalate (polyester)
textile microplastic fibers on lung epithelial growth and differentiation.

Methods: We used human and murine alveolar and airway-type
organoids as well as air–liquid interface cultures derived from
primary lung epithelial progenitor cells and incubated these with
either nylon or polyester fibers or nylon leachate. In addition, mice
received one dose of nylon fibers or nylon leachate, and, 7days later,
organoid-forming capacity of isolated epithelial cells was investigated.

Measurements and Main Results: We observed that nylon
microfibers, more than polyester, inhibited developing airway

organoids and not established ones. This effect was mediated by
components leaching from nylon. Epithelial cells isolated from
mice exposed to nylon fibers or leachate also formed fewer
airway organoids, suggesting long-lasting effects of nylon
components on epithelial cells. Part of these effects was recapitulated
in human air–liquid interface cultures. Transcriptomic analysis
revealed upregulation ofHoxa5 after exposure to nylon fibers.
Inhibiting Hoxa5 during nylon exposure restored airway
organoid formation, confirming Hoxa5’s pivotal role in the
effects of nylon.

Conclusions: These results suggest that components leaching
from nylon 6,6 may especially harm developing airways
and/or airways undergoing repair, and we strongly encourage
characterization in more detail of both the hazard of and the
exposure to microplastic fibers.
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Plastic pollution is a pressing global concern,
andmicroplastics are a significant part of this
problem (1, 2). High amounts of
microplastics have been found in marine
environments, air, soils, plants, and animals,
which illustrates how omnipresent this
pollutant is (3, 4). Microplastics can enter the
human body via ingestion, dermal contact,
and/or inhalation. Confirmation of human
exposure was provided in a recent study by
Leslie and colleagues that showed an average
of 1.6μg/ml of plastic in human blood (5).

Synthetic textile fibers are the most
prevalent type of microplastic observed in

indoor air (6–10), and concentrations
indoors generally are two to five times higher
than outdoors (11, 12). These fibers are
typically composed of polyester or nylon and
are released into the environment by wear
and tear and during washing and drying of
garments (13). The ubiquitous nature of
microplastics indoors is unavoidably leading
to human exposure via inhalation. Indeed,
the presence of microplastic fibers in human
lung tissue was shown in three separate
studies (14–16), with polyester being the
most commonly identified polymer.
Furthermore, combinations of degraded and
fragmented textile fibers, with an average size
of almost 2mm, were found in BAL fluid
samples, suggesting that large textile fibers
are also able to reach the lower airways (17).
Studies of workers in synthetic textile, flock,
and polyvinyl chloride industries indicate
that inhalation of concentrations of
approximately 7mg/m3 or 1 million
fibers/m3 of such microfibers can be harmful
(18). Up to 40% of factory workers were
found to develop work-related airway and
interstitial lung disease (19, 20).

Unfortunately, health effects of long-
term exposure to inhaled microplastics are
greatly understudied, and explanations
for the effects in plastic industry workers
are lacking. In this study, we therefore
investigated the effects of long-term exposure
to nylon and polyester microfibers on growth
and differentiation of lung epithelial cells
using a murine and human lung organoid
model, human air–liquid interface (ALI)
cultures, and a mouse model of fiber
exposure. To extend the applicability of our
findings, we investigated both standardized
and environmentally relevant fibers. These
ranged from uniform, well-defined nylon 6,6
(nylon) and polyethylene terephthalate
(polyester) fibers to fibers generated from
locally sourced undefined nylon and polyester
fabrics and irregularly shaped nylon
particles generated within theMomentum
(Microplastics and HumanHealth)
consortium (https://momentummicroplastics.
nl) by grinding and sieving of larger pieces of
nylon. Some of the results of these studies
were previously reported in the form of
abstracts (21, 22) and a preprint (23).

Methods

Full experimental details are available in the
online supplement.

Production of Fibers and Leachate
Microfibers of standardized dimensions and
Nile red–labeled nylon were produced as
described before (24) from polyethylene
terephthalate (ES305710; Goodfellow,
Huntingdon, UK) or nylon 6,6 (AM325705;
Goodfellow). Environmental polyester and
nylonmicrofibers were prepared from
commercially available fabrics. Microfibers
were characterized using scanning electron
microscopy, and dimensions were determined
as described in the online supplement. Nylon
leachate was produced by incubation of nylon
in phosphate-buffered saline for 7days at
37�C. Leachate was characterized by mass
spectrometry as described in the online
supplement. Nylonmicroplastic particles in
sizes 1–5μmand 5–10μmwere supplied by
theMomentum consortium (https://
momentummicroplastics.nl).

Estimation of Exposure
Concentrations
Exposure concentrations were extrapolated
from occupational exposures of
approximately 7mg/m3 (18), a deposition
efficiency of approximately 20% for
cylindrical particles (25), and the assumption
that a factory worker would inhale
approximately 8,000L of air per 8-hour shift
(26). Assuming a perfect distribution over a
pair of lungs of approximately 1 kg would
result in a concentration of approximately
11μg/g of lung tissue each day, corresponding
to roughly 11μg/ml of culture medium in
organoid cultures. We therefore investigated
2,000–5,000 fibers per well of organoids
corresponding to 16–39μg/ml of nylon
and 49–122μg/ml of polyester. For the
Momentum nylon particles (https://
momentummicroplastics.nl), we tested 1,
10, and 100μg/ml.

Animal Experiments
All experiments were performed according
to strict governmental and international
guidelines on animal experimentation under
licenses IVD 15303-01-004 (Groningen)
and ROB-55.2Vet-2532.Vet_02-19-150
(Munich). C57BL/6 mice (males and females
aged 8–14 wk) for organoid experiments
were bred at the central animal facility of
the University Medical Center Groningen.
Female C57BL/6 mice for in vivo exposure
experiments were purchased from Charles
River (Sulzfeld, Germany). Thesemice received
an intratracheal instillation of Nile red–labeled
nylon or unlabeled nylon fibers or leachate
suspended in 50μl of phosphate-buffered

At a Glance Commentary

Scientific Knowledge on the
Subject: Microplastics are present
in the air we breathe and have been
found in lung tissue. Experimental
studies on animals have demonstrated
microplastic-induced inflammatory
responses and histological changes in
lungs, whereas epidemiological studies
have suggested links between airborne
microplastics and respiratory health
issues in humans. In particular,
studies on occupational exposures
have shown that 15–40% of workers
exposed to synthetic fibers develop
work-related airway and interstitial
lung disease. However, a comprehensive
understanding of the biological
mechanisms underlying these
associations remains elusive.

What This Study Adds to the
Field: The goal of the present study
was to investigate if and how
inhalable microplastics could affect
epithelial repair mechanisms. Using
a combination of murine and human
lung organoids, experimental animals
and air–liquid interface cultures, we
demonstrate that nylon microplastic
fibers inhibit airway epithelial
differentiation, thereby interfering
with lung repair processes, through
transcription factor Hoxa5. A still
unknown chemical leaching from
nylon was found to be responsible for
these effects. Our results are a first
step toward generating data for risk
assessment and establishing much-
needed safe exposure levels in humans.
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saline containing 0.05% bovine serum
albumin. After 7days, mice were killed, and
their lung tissues were collected for lung
organoid cultures.

Human Lung Tissue
Epithelial cells for organoids were isolated
from nontumorous lung tissue anonymously
donated by individuals with or without
chronic obstructive pulmonary disease
(COPD) undergoing surgery for lung cancer
or lung transplant for COPD and not
objecting to the use of their tissue. Primary
bronchial epithelial cells for ALI cultures
were isolated from resected lung tissue from
patients without COPD or healthy tracheal-
bronchial tissue donors. Known clinical
characteristics of all patients are listed in
Table 1. The study protocols were consistent
with the Research Code of the University
Medical Center Groningen or the scientific
board of the Maastricht Pathology Tissue
Collection and the local medical ethics
committees, as well as with Dutch national
ethical and professional guidelines (www.
federa.org).

Lung Organoid Cultures
Lung organoids were grown from primary
human ormouse lung CD312CD452Epcam1

cells cocultured with humanMRC5 or
mouse CCL206 fibroblasts as previously
described with minor modifications (27, 28).
For most experiments, 5,000 polyester
or nylon reference or environmental
microfibers were used per condition. Fibers
were directly mixed with Matrigel/cell
suspensions, added on top of Matrigel, or
equivalent amounts of fiber leachate or 5μM
LE135 (2021; Tocris Bioscience) were added

to the medium during organoid culture. The
number and size of organoids was manually
quantified using a light microscope (Eclipse
Ti; Nikon Instrument), only including
organoids larger than 50μm in diameter.

Human Airway Organoids
A total of 20,000 human CD312CD452

Epcam1 cells were resuspended with 5,000
nylon fibers in droplets of 50μl of growth
factor reduced BME2 (3533-010-02; R&D
Systems) and added on prewarmed 24-well
suspension culture plates (M9312; Greiner
Bio-One) with 500μl of airway organoid
medium with or without 2.5μMLE135 per
well (29). After 21 days, the total number and
the size of organoids were quantified, only
including organoids larger than 100μm in
diameter (28, 29).

ALI Cultures
Primary bronchial epithelial cells were
seeded in coated Transwell inserts, grown
submerged until reaching 95% confluency,
and subsequently airlifted and cultured for
26–32days. ALI cultures were continuously
exposed to 40–50μg/ml nylon microfibers
starting either 1day after seeding or upon
airlifting. Transepithelial electrical resistance
was monitored at an approximately 7-day
interval.

PCR
Total RNA was extracted from ALI cultures
that were exposed to 40μg/ml nylon
microfibers starting 1 day after seeding
and cultured at ALI for 26 days. RNAwas
reverse transcribed into cDNA for real-time
quantitative PCR. Gene expression levels of
keratin 5, P63, FoxJ1, and secretoglobin

family 1Amember 1 (Scgb1a1) were
normalized to the average expression of
housekeeping genes cyclophilin A and
RPL13A by using the 22DDCt method.

Histology
Organoid cultures inMatrigel were stained
for acetylated a-tubulin (ACT) and
pro–surfactant protein C (pro-SPC) with
primary antibodies as described previously
(27). Isolated organoids and ALI cultures
were stained using immunohistochemistry
for P63, ACT, and Scgb1a1 (organoids and
ALI cultures); ProSPC and Ki67 (organoids);
and FoxJ1 (ALI cultures) according to
sample- and antibody-specific protocols.

Isolation of Epithelial Cells and
Fibroblasts from Organoid Cultures
and RNA Sequencing
Epcam1 cells (epithelial cells) were isolated
from fresh lung tissue and 7-day-old
organoid cultures using anti-Epcam
microbeads. These were used together with
the Epcam2 cells (fibroblasts) from 7-day-
old organoid cultures for RNA isolation and
subsequent RNA sequencing (RNAseq) as
previously described (30). The RNAseq data
have been deposited to the Gene Expression
Omnibus with dataset identifier GSE238065.

Data Analyses
For RNAseq data, principal component
analyses were performed in R using the R
package DESeq2 (version 1.26.0) to visualize
the overall effect of experimental covariates
as well as batch effects (function plotPCA).
Differential gene expression analyses (treated
vs. nontreated) were performed with the
same R package (default settings; Negative

Table 1. Demographics and Clinical Characteristics of Patients Whose Lung Tissue Was Used for Isolation of Epithelial Cells for
Organoids or Air–Liquid Interface Cultures

Type Sex (F/M) Age (yr)
Smoking
Status

Pack-Years
(yr)

FEV1/FVC
ratio

COPD GOLD
Stage

Lung tissue used for lung organoid cultures
Non-COPD 0/1 68 ES 15 73 NA
COPD 2/4 62 (52–65) CS/ES (1),

CS (1), ES (4)
25 (15–58) 46 (21–58) I (1), II (2),

IV (3)
Lung tissue used for airway organoid cultures
COPD 4/3 58 (54–61) ES (7) 25 (14–32) 28 (21–30) IV (7)

Lung tissue used for air–liquid interface cultures
Non-COPD 0/2 73 (72–73) ES Unknown 75 (72–78) NA
Healthy 3 unknown Unknown Unknown Unknown Unknown NA

Definition of abbreviations: COPD=chronic obstructive pulmonary disease; CS=current smoking; ES=ex-smoking; GOLD=Global Initiative for
Chronic Obstructive Lung Disease; NA=not applicable.
Values are median (interquartile range).
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Figure 1. Effects of microplastic fibers on outgrowth of murine lung organoids. (A) Morphology of microplastic fibers of standardized
dimensions. Representative scanning electron microscopy micrographs of polyester microfibers (153 52mm) and nylon microfibers
(12331mm). (B) Murine lung organoid coculture model: 5,000 polyester or 5,000 nylon fibers (equivalent to 122mg/ml polyester or 39mg/ml
nylon) were mixed together with Epcam1 cells, CCL206 fibroblasts, and Matrigel. (C and D) Light microscopy images and fluorescence images
of ACT1 airway organoids (red) and pro-SPC1 alveolar organoids (green). Nuclei were counterstained with DAPI (blue). (E) Representative light
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Binomial GLM fitting andWald statistics;
design=�mouse1 condition) following
standard normalization procedures. Genes
with differential expression.2 (nylon-
treated vs. nontreated epithelial cells or
fibroblasts) and a false discovery rate smaller
than 0.05 were considered differentially
expressed for that specific cell type. Volcano
plots were made in R studio using ggplot2,
and clustering heat maps were made using
BioJupies. Pathway analysis was done using
Metascape. Cellular deconvolution of bulk
RNAseq data from Epcam1 cells was
done using MuSIC (31) with a single-cell
sequencing dataset from Angelidis and
colleagues (32) for freshly isolated epithelial
cells and a dataset from Choi and colleagues
(33) for epithelial cells isolated from 7-day
organoid cultures.

Statistics
Statistical analyses were performed in either
GraphPad Prism 9.0 or RStudio (RStudio
2022.02.21 485 Prairie Trillium Release).
For data n, 8, nonparametric testing was
used to compare groups, whereas for n. 8,
parametric testing was used if data were
normally distributed as assessed fromQQ
plots. For comparison of multiple groups,
a Kruskal-Wallis or Friedman test was used
for nonpaired or paired nonparametric data,
respectively, with Dunn’s correction for
multiple testing, or a paired/unpaired
one-way ANOVA for parametric data with
Sidak’s correction for multiple testing.
Differences in organoid size between groups
were tested by using the average size of the
organoids per independent replicate. Data
are presented as median6 range, and
P values,0.05 were considered significant.

Results

Nylon Microfibers Inhibit Growth of
Murine Lung Organoids
Fibers (aspect ratio 3:1) with a median size
of 153 52μm for polyester and 123 31μm
for nylon (Figure 1A) were extensively
characterized (see Figure E1 and Table E1
in the online supplement) before use in
organoid cultures (Figure 1B). On the basis
of pilot results (Figure E2), we exposed

organoids to 5,000 polyester or nylon fibers
per well (equivalent to 122μg/ml polyester
or 39μg/ml nylon). This concentration
was conceivable in occupational exposure
situations, had clear effects, and was on the
lower end of the spectrum of concentrations
used in other studies (34). Murine lung
organoids commonly develop into ACT1

airway organoids or pro-SPC1 alveolar
organoids, and 14-day exposure to either
polyester or nylon fibers resulted in
significantly fewer and smaller organoids
than the control condition (Figures 1C–1G).
The inhibitory effect of nylon was most
profound on airway organoids (Figures
1E–1G). In addition, we tested nylon 6,6
particles from the DutchMomentum
research consortium (https://
momentummicroplastics.nl/) and found
these irregular sphere-shaped particles to
be inhibitory in concentrations as low as
1μg/ml (Figure E3). This demonstrated that
the harmful effects of nylon fibers are also
present at much lower doses and with
differently shaped nylon.

To exclude cytotoxicity as a cause,
we first assessed the viability of primary
epithelial cells in the presence of 39μg/ml
nylon fibers or leachate and found no effects
on the metabolic activity or proliferation of
these cells (Figure E4A). Furthermore, the
number and size of developing organoids
during the survival and proliferation phase of
organoids at Day 7 was not affected by nylon
(Figure E4B). These results all suggest that
nylon is not directly cytotoxic.

Nylon Microfibers Inhibit Growth of
Human Lung Organoids
Similar results were observed in human lung
organoids that mainly develop into alveolar
organoids or mixed alveolar or airway
organoids (Figures 2A and 2B). Exposure to
nylon fibers resulted in significantly fewer
human lung organoids, whereas the effects
of polyester were less profound (Figures 2C
and 2D). Organoid size was not affected
by the presence of fibers. To further
confirm effects on airway development, we
specifically tested nylon on dedicated human
airway organoids (Figures 2E and 2F). Again,
we found that nylon significantly inhibited
the number of organoids but had no effects

on size (Figure 2G). Because lung tissue was
mostly obtained from patients with COPD,
we assessed whether having COPD
influenced the effects of microplastics
exposure. We compared outcomes of
cultures from COPDGlobal Initiative for
Chronic Obstructive Lung Disease stage IV
with cultures from no COPD or mild COPD
(Global Initiative for Chronic Obstructive
Lung Disease stages I and II) and found no
differences in outcomes when treated with or
without microplastics (data not shown).

Environmental Microplastic Fibers
Also Impair Lung Organoid Growth
To test if environmentally relevant polyester
and nylon fibers had effects similar to those
of pristine fibers, we also tested fibers made
from textile fabrics on murine lung
organoids. We first characterized the
morphology (Figure 3A) and chemical
composition of these environmental fibers
(Figure E5). For polyester, we observed a
median size of 173 63μm (Table E2), and
for nylon, we observed a median size of
573 20μm (Table E2). Similar to reference
fibers, 14-day exposure to 5,000 environmental
nylon fibers resulted in significantly fewer
and smaller airway and alveolar organoids,
whereas the effect of polyester was again less
profound (Figures 3B–3D).

Nylon Leachate Causes a Reduction
in Lung Organoid Growth
We then investigated whether the inhibition
by nylon was caused by interactions of cells
with fibers or by leaching components from
nylon. Pristine nylon microfibers were added
to organoid cultures either in or on top of the
Matrigel, or equivalent amounts of nylon
fiber leachate were added to organoid
medium (Figure 4A). Both the presence
of nylon microfibers on top of theMatrigel
and the presence of leachate resulted in
significantly fewer and smaller airway
organoids than the control condition. This
was not the case for alveolar organoids,
which increased significantly in number
with nylon leachate (Figures 4B–4D). These
data suggest that airway epithelial growth is
specifically inhibited by components leaching
from nylon but that alveolar epithelial
growth may not be.

Figure 1. (Continued ). microscopy images of the different treatment conditions. Yellow arrows indicate airway organoids, cyan arrows indicate
alveolar organoids, and red and white arrows indicate polyester and nylon fibers, respectively. (F and G) Quantification of numbers and sizes of
airway and alveolar lung organoids after 14-day exposure (n=12). Groups were compared using a Friedman test with Dunn’s correction for
multiple testing. P, 0.05 was considered significant. ACT1=acetylated a-tubulin; pro-SPC1=pro-surfactant protein C.
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Figure 2. Influence of microplastic fibers on outgrowth of human lung and airway organoids. (A) Human lung organoid coculture model. A total
of 5,000 polyester fibers measuring 15352mm or 5,000 nylon fibers measuring 12331mm (equivalent to 122mg/ml polyester or 39mg/ml
nylon) were mixed with CD312CD452Epcam1 cells, MRC5 fibroblasts and Matrigel. (B) The morphology of alveolar pro-SPC1 = pro–surfactant
protein C. (pro-SPC1) organoids (green) and mixed acetylated a-tubulin (ACT)1/pro-SPC11 organoids (orange) as shown by light and
fluorescence microscopy. Nuclei were counterstained with DAPI (blue). (C) Representative light microscopy images of all treatment conditions.
Cyan arrows indicate lung organoids. (D) Quantification of numbers and sizes of human lung organoids after 14-day exposure to either no
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The strong effects observed with nylon
leachate suggested that some components
and/or degradation products may leak
and/or form during culture. Mass
spectrometry analysis revealed high
concentrations of cyclic nylon oligomers
in the leachate (Figure E6A). However,
53.6μg/ml of these oligomers separately or
in combination had no effects on either the
number or the size of organoids (Figure
E6B). In addition, PEG600 was detected in
leachate, but 1μMup to 10mM also did not
affect outgrowth of organoids (Figure E6C).
Recent studies showed the most abundant
chemicals leaching from nylon in seawater
were bisphenol A and benzophenone-3
(10, 34). However, we could not detect these
in our leachate, and, importantly, preliminary
experiments with different concentrations
of bisphenol A (2ng/ml–2,000ng/ml) or
benzophenone-3 (1nM–10mM) showed no
effects on lung organoid growth (Figures E6D
and E6E).

Nylon Leachate Mainly Affects Airway
Epithelial Differentiation
We then investigated if nylon fibers affect
developing or established organoids
differently. Lung organoid cultures have a
clearly defined survival and proliferation
phase (Days 0 to 7), a differentiation phase
(Days 7 to 14), and an established phase
(.14 d) (35) (Figure 5A). In contrast to
the strong effects observed for developing
organoids, we found that fibers on top of
the Matrigel or leachate had no effects on
established organoids (see Figures 5B and
E7A for representative pictures of the
cultures). However, organoid cultures
exposed to nylon leachate or fibers on top of
the Matrigel during the differentiation phase
fromDays 7 to 14 also contained fewer
airway organoids. No effects on size were
found (Figures E7B and E7C). This suggests
that nylon leachate specifically inhibits
differentiation of airway epithelial cells and
is not directly toxic to cells.

To elucidate how differentiation was
affected by nylon, we investigated several
markers of differentiation and proliferation
in 14-day control and nylon-exposed

organoids (Figure 5C). Visually, the cultures
were different, with many more big and
hollow organoids (airway-like structures)
with multilayer walls in control cultures
than in nylon-treated cultures. The latter
contained more smaller clumplike structures
(alveolar-like structures), and the airway-like
organoids tended to be smaller, more
branched or disorganized, and with thinner
walls. We stained sections of these organoid
cultures for several markers that indicate
differentiation to more terminally
differentiated epithelial cell types: P63 for
basal cells, ACT for ciliated cells, Scgb1a1
(also known as CC10) for club cells, and
pro-SPC for type II cells. In addition, we
also stained for proliferation marker Ki67
to again exclude effects of nylon on
proliferation of cells. The hollow airway-like
organoids in control cultures clearly
expressed airway markers P63, ACT, and
Scgb1a1 and not alveolar marker pro-SPC.
The branched and thinner-walled airway-like
organoids in nylon-treated cultures
contained fewer cells expressing ACT and
Scgb1a1 and no expression of pro-SPC. P63
expression was abundantly present in
nylon-treated organoids (in both airway-
and alveolar-like organoids) but was more
present in the cytoplasm of cells and less
localized to the nucleus than control
organoids. In addition, the more clumplike
alveolar-like structures did not express either
ACT or Scgb1a1 but did express pro-SPC in
some structures. Last, in both control and
nylon-treated cultures, we found Ki67-
positive proliferating cells, with no obvious
differences between the two conditions.
This again confirmed that nylon was not
inhibiting proliferation on Day 14 of culture.

We then also investigated the effects of
nylon leachate on human airway epithelial
differentiation in ALI cultures of primary
bronchial epithelial cells. Basolateral
exposure of these cultures to 40–50μg/ml
nylon fibers, either 1day after seeding or
upon airlifting, resulted in thinner epithelial
layers, but only in donors that developed well
in untreated control conditions, highlighting
interdonor variability (Figure 5D). Both
treatment strategies did not affect

transepithelial resistance in a negative way
(Figure E7D).We then stained for airway
epithelial markers a well-developed and a
less-developed donor that were exposed to
nylon upon airlifting. After nylon exposure,
only the well-developed donor had less
staining for ciliated cells (ACT and FOXJ1),
basal cells (P631), and club cells (Scgb1a11),
again indicating that to visualize effects of
nylon, cells in control conditions need to be
differentiating well (Figures 5E and E8). In
addition, we found more mRNA expression
of basal cell markers keratin 5 (Krt5) and P63
(Trp63), less expression of ciliated cell
marker Foxj1, and no changes in club cell
marker Scgb1a1 in cultures exposed from the
start (Figure E7E). In summary, treatment
with nylon does not impair epithelial
proliferation but specifically inhibits
differentiation to more terminally
differentiated airway epithelial cells.

Exposure to Nylon Inhibits Airway
Epithelial Developmental Pathways
and Stimulates Expression of Hox
Family Genes
To better understand the mechanisms
behind the observed effects on epithelial
differentiation, we performed bulk RNAseq
analysis on freshly isolated epithelial cells as
well as on epithelial cells and fibroblasts
isolated from 7-day organoid cultures
exposed to 2,000 or 5,000 nylon fibers.
This time point was chosen to capture
transcriptomic changes before cellular
composition changes had set in.

Cellular deconvolution of bulk RNAseq
data from freshly isolated epithelial cells
showed that approximately 70% of epithelial
cells going into the organoid assay were type
II epithelial cells,615% were ciliated cells,
and610% were type I epithelial cells (Figure
E9A), which was consistent with data using
flow cytometry to identify cell types (36).
After 7 days of organoid culture, these
identities had changed dramatically to
approximately 70% proliferating epithelial
cells and 30% alveolar intermediates positive
for keratin 8 (Figure 6A). The latter can
differentiate into alveolar epithelial cells after
damage in vivo (37). Treatment with 2,000

Figure 2. (Continued ). microfibers, 5,000 polyester fibers, or 5,000 nylon fibers (n=7). Groups were compared using a Friedman test with
Dunn’s correction for multiple testing. P, 0.05 was considered significant. (E) Human airway organoid model: 5,000 nylon fibers were mixed
with CD312CD452Epcam1 cells and BME2 gel. (F) Representative light microscopy images of control or nylon-treated airway organoids. Yellow
arrows indicate airway organoids. (G) Quantification of numbers and sizes of human airway organoids after 21-day exposure (n=6). Groups
were compared using a Wilcoxon test. P, 0.05 was considered significant.
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Figure 3. Influence of environmentally relevant textile fibers on growth of murine lung organoids. (A) Morphology of environmental (environm.)
microplastic fibers. Representative scanning electron microscopy micrographs of polyester microfibers (17363mm) and nylon microfibers
(57320mm). (B) Representative light microscopy images of all treatment conditions. Yellow arrows indicate airway organoids, whereas cyan
arrows indicate alveolar organoids. (C and D) Quantification of numbers and sizes of airway and alveolar organoids (n=6) after 14-day
exposure to either no microfibers, 5,000 polyester microfibers, or 5,000 nylon microfibers (equivalent to 189mg/ml polyester or 531mg/ml nylon).
Groups were compared using a Friedman test with Dunn’s correction for multiple testing. P, 0.05 was considered significant.
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Figure 4. Impact of nylon microfibers or leachate on growth of murine lung organoids. (A) Experimental scheme. Nylon microfibers measuring
123 31mm were added in or on top of Matrigel, or leachate of these fibers was added to the basolateral medium. (B) Representative light
microscopy images of all treatment conditions. (C and D) Quantification of numbers and sizes of airway and alveolar organoids after either
direct exposure to 5,000 nylon microfibers (equivalent to 39mg/ml) in Matrigel or indirect exposure (n=6). Groups were compared using a
Friedman test with Dunn’s correction for multiple testing. P, 0.05 was considered significant.
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Figure 5. Nylon leachate has no effect on established lung organoids but inhibits airway epithelial differentiation. (A) Experimental scheme.
Organoids were exposed at Day 0, 7, or 14 to 12331 mm nylon fibers/leachate for 7–21days. (B) Quantification of numbers of airway and
alveolar organoids after exposure to no or 5,000 nylon microfibers (equivalent to 39mg/ml) or leachate for 7, 14, or 21days (n=6–12). Groups
were compared using one-way ANOVA with Holm-Sidak correction for multiple testing. P, 0.05 was considered significant. (C) Representative
images of immunohistochemical staining for differentiation and proliferation markers expressed by control lung organoids and lung organoids
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nylon fibers did not affect those proportions,
but treatment with 5,000 nylon fibers
resulted in fewer alveolar intermediates and
a concomitant increase in stromal cells.
This may be an indication of epithelial-to-
mesenchymal transition (EMT) of these
epithelial cells because they were positively
selected for Epcam and were therefore
unlikely to be fibroblasts. We investigated
expression of EMTmarkers Cdh2 (N-
cadherin),Vim (vimentin), Tbx3 (T-box
transcription factor 3), Snail2 (Snail family
transcriptional repressor 2), Twist1 (Twist
family BHLH transcription factor 1), and
Acta2 (a-smooth muscle actin) and found all
of them to be expressed at higher levels in
organoids treated with 5,000 nylon fibers,
whereas expression of epithelial adhesion
marker Cdh1 (E-cadherin) was lower
(Figure E9B), all of which points to the
development of EMT (38).

Both concentrations of nylon had
an enormous impact on epithelial gene
expression as depicted in volcano plots
(Figures 6B and 6C) and unsupervised
clustering heat maps (Figure E9C). Pathways
for downregulated genes were highly
enriched for epithelial development and
function, whereas those identified for
upregulated genes were highly enriched for
mRNA translation and protein synthesis
(Figures 6D and 6E and see Tables E4 and E5
for full lists of pathways).

We then investigated the expression of
individual genes in both top-five enriched
pathways in more detail. Many of the
downregulated genes represent important
epithelial populations in the lung. The genes
associated with specific epithelial populations
are listed in Table E3. The expression of these
genes correlated well with our histological
findings that airway epithelial cells were
most affected by exposure to nylon fibers,
whereas alveolar epithelial cell growth
was less affected (Figures 6F and 6G).
Proliferation markers in epithelial cells were
not greatly affected, confirming that nylon
mainly affects epithelial differentiation and
not proliferation (Figure 6H). Expression of
genes for signaling molecules essential for
epithelial differentiation and growth were

also dose dependently downregulated by
nylon (Figure E9D). The genes prominently
upregulated after nylon exposure were
mostly encoding for ribosomal proteins,
including Rpl38 (Figure E9E), which
regulates expression ofHox (homeobox)
genes that are important for cell and tissue
identities (39). Interestingly,Hoxa4,Hoxa5,
Hoxc9, andHoxb3were all significantly
higher after nylon exposure (Figure 6I), with
Hoxa5 being most profoundly induced.

To exclude the possibility that these
effects on epithelial cells were mediated
by fibroblasts, we separately analyzed the
resorted fibroblast fraction for expression of
proliferation genes and important growth
factors. None of these genes were inhibited
by nylon in fibroblasts (Figures E10A
and E10B).

Hoxa5 Inhibitor LE135 Restores
Airway Organoid Formation in the
Presence of Nylon
To confirm RNA data, we investigated
protein expression of Hoxa5 in organoids.
Hoxa5 protein was highly expressed in many
epithelial organoids (Figure 7A) and most
nuclei of nylon-exposed organoids, but it
was hardly expressed in control organoids
(Figure 7B). To further assess the role
ofHoxa5 in defective airway epithelial
development, we used a Hoxa5 inhibitor
(LE135), a retinoic acid receptor b–specific
antagonist, which inhibits retinoic acid–
induced Hoxa5 expression (40). Our data
showed that exposure to LE135 in the
presence of nylon rescued the development
of murine airway organoids (Figures 7C and
7D). In addition, we found similar effects in
human airway organoids (Figures 7E and 7F).
These results indicate that nylon inhibited
differentiation of airway organoids through
Hoxa5.

In Vivo Exposure of Mice to Nylon
Fibers Results in Long-Lasting
Inhibition of Airway Epithelial
Differentiation as Assessed by
Organoid Formation
To investigate the effects of nylon on lung
epithelial repair, we exposed mice once to

either 75,000 or 150,000 fibers or leachate,
and we isolated lung epithelial cells after
7days for organoid culture (Figure 8A).
Ex vivo fluorescence imaging on excised
lungs of mice exposed to labeled nylon fibers
revealed that 3 days after exposure, many
fibers were still present in all areas of the
lung. Seven days after exposure, some fibers
were obviously cleared, and the remaining
ones had accumulated centrally (Figure 8B).
Nylon treatment did not result in body
weight loss (Figure E11). The number of
airway organoids growing from these in vivo
exposed mice was significantly lower than
that for the control exposure, indicating that
being exposed once to nylon fibers or its
leachate in vivo is sufficient for long-lasting
inhibition of cell differentiation (Figures 8C
and 8D). Nylon exposure did not affect the
number of alveolar organoids (Figures 8C
and 8E). To investigate whether Hoxa5
inhibition could alleviate the effects of in vivo
nylon exposure, we treated organoid cultures
from either vehicle- or nylon-exposed mice
with LE135 for 14 days (Figures 8C–8E). This
resulted in significantly more but smaller
airway organoids than untreated organoid
cultures derived from nylon- or nylon
leachate–exposed mice (Figures 8D and
E12A and E12C). The number of alveolar
organoids was lower and their size was
smaller after LE135 treatment (Figures 8E
and E12B and E12D).

Discussion

Recent reports have shown that manmade
fibers are ubiquitously present in indoor air
(6, 11, 41, 42). We are therefore continuously
exposed to this airborne microplastic
pollution (41), but the consequences of
common household exposure on our lungs
are unclear. Evidence from textile factory
workers indicates detrimental effects on lung
tissue during high-exposure conditions at
concentrations of approximately 7mg/m3 or
1 million fibers/m3 (18). Our data now show
that both polyester and nylon fibers can
impair differentiation of human andmurine
lung epithelial cells, with nylon being the

Figure 5. (Continued ). exposed to nylon for 14 days. Positive staining is red, and nuclei are blue. (D) Average thickness of air–liquid interface
cultures treated with 40 or 50 mg/ml nylon microfibers on the basolateral side for 4 weeks 1day after seeding or upon airlifting compared with
vehicle-treated control cultures. (E) Representative images of immunohistochemical staining for proliferation and differentiation of well-developed
air–liquid interface cultures treated with vehicle or 50 mg/ml nylon microfibers on the basolateral side upon airlifting for 4 weeks. Positive staining
is blue. ACT=acetylated a-tubulin: ciliated cell marker; Ki67=proliferation marker; P63=basal cell marker; Pro-SPC=pro-surfactant protein C:
type II cell marker; Scgb1a1= secretoglobin family 1A family member 1: club cell marker.
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Figure 6. RNA-sequencing analysis of epithelial cells exposed to nylon. (A) Estimated proportions of cell types present in Epcam1 cells isolated
from organoids on Day 7 of culture with or without 2,000 (2k; equivalent to 16mg/ml nylon) or 5,000 (5k; equivalent to 39mg/ml nylon)
123 31 mm nylon fibers. (B and C) Volcano plots of differentially expressed genes by epithelial cells exposed to 2,000 or 5,000 nylon fibers
measuring 123 31mm or not. Upregulated genes are marked in red, downregulated genes in blue. Genes were selected with thresholds of
fold change greater than two and false discovery rate ,0.05 (n=4). (D) Pathway analysis of genes downregulated in epithelial cells by nylon.
(E) Pathway analysis of genes upregulated in epithelial cells by nylon. (F) Genes associated with airway epithelial cells. (G) Genes associated
with alveolar epithelial cells. (H) Genes associated with cell proliferation. (I) Genes encoding Hox (homeobox) family proteins. AECs=alveolar
epithelial cells.
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Figure 7. Hoxa5 is essential for airway differentiation in organoids after nylon exposure. (A) Hoxa5 expression in murine organoids treated
with or without nylon. Fluorescence images of ACT staining (red) and Hoxa5 expression (green). Nuclei were counterstained with DAPI (blue).
(B) Representative images of immunohistochemical staining for Hoxa5 expressed by control lung organoids and lung organoids exposed to
nylon for 14days. Positive (nuclear) staining is red, and nuclei are blue. (C) Representative images of murine lung organoids treated with nylon
and/or Hoxa5 inhibitor LE135. (D) Quantification of the number and size of murine airway or alveolar organoids treated with no or 5,000 nylon
microfibers measuring 123 31mm (equivalent to 39mg/ml) and/or LE135 (n=6). Groups were compared using a Friedman test with Dunn’s
correction for multiple testing. P,0.05 was considered significant. (E) Representative images of human airway organoids treated with nylon
and/or Hoxa5 inhibitor LE135. (F) Quantification of the number and size of human airway organoids treated with nylon and/or LE135 (n=3, not
statistically compared because of small sample size). ACT=acetylated a-tubulin.
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Figure 8. In vivo exposure of mice to nylon fibers results in long-lasting inhibition of airway epithelial differentiation as assessed by organoid
formation. (A) Experimental scheme of in vivo nylon exposure. (B) Ex vivo fluorescence imaging of Nile red–labeled nylon. (C) Representative
images of airway and alveolar organoids derived from epithelial cells of mice exposed to 75,000 (75k; equivalent to 298mg of nylon) or 150,000
nylon fibers measuring 12331mm (150k; equivalent to 597mg of nylon) or the equivalent amount of 150,000 leachate with or without in vitro
treatment with 5mM Hoxa5 inhibitor LE135 (n=8). (D and E) Quantification of numbers of airway and alveolar organoids from all treatments.
Groups of nylon-treated mice were compared using one-way ANOVA with Dunnett’s correction for multiple testing. Organoid cultures derived
from these mice and treated with LE135 were compared with a paired Student’s t test. P, 0.05 was considered significant.
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most harmful for airway epithelial cell
differentiation. The effects of polyester were
muchmilder and confirm previous findings
byWinkler and colleagues demonstrating
that lower concentrations of polyester
microplastics (50μg/ml) had no effects
on human airway organoid growth (28).
The effects of nylon were mediated by
compounds leaking from nylon that
upregulateHoxa5, which in turn specifically
inhibits differentiation of airway epithelial cells.

Components leaching from nylon were
found to be consistently harmful for growth
of airway organoids rather than alveolar
organoids, which may explain the
bronchiolitis found in nylon flock workers
and rats exposed to nylon (43–45). Because
we were unable to identify the specific
culprit(s) responsible for this effect of nylon,
we concentrated on elucidating the pathway
responsible for the observed inhibition of
airway development and found a role for
Hoxa5. Our data suggest that upregulation
of Hoxa5 in epithelial cells inhibits terminal
differentiation of airway epithelial cells and
instead keeps them in an aberrant basal
phenotype with EMT characteristics. These
findings are supported by previous studies
showing that increased expression of Hoxa5
drives EMT in alveolar epithelial cells (46),
studies showing that nylon enhances EMT
(47–49), and studies showing that loss of
Hoxa5 drives epithelial differentiation
toward goblet cells (50). Therefore,
upregulation of Hoxa5 in epithelial cells by
nylon appears to be a determining factor in
the impairment of airway organoid
differentiation, and this finding was
confirmed when we inhibited Hoxa5 and
found restoration of airway organoid
development. Because stromal cells are also
known to express Hoxa5, the Hoxa5
upregulation with downstream effects we
found could theoretically also be caused by
the fibroblasts present in the mixed lung
organoid cultures. However, we think this is
an unlikely explanation for the following
reasons. First, the growth-inhibited fibroblasts
present in murine organoid cultures expressed
Hoxa5mRNA, but this expression was
actually downregulated by nylon, whereas
nylon upregulatedHoxa5mRNA expression
in epithelial cells. Second, even human airway
organoid cultures that were grown without
fibroblasts present were inhibited by nylon
and rescued by Hoxa5 inhibitor LE135.
Incidentally, the inhibition of Hoxa5 also
resulted in fewer and smaller alveolar-like
organoids. Our hypothesis for this finding is

that inhibition of Hoxa5 allowsmore
progenitors to develop toward airways and
that this may reduce the number available for
alveolar development.

Whether nylon components directly or
indirectly upregulate Hoxa5 remains an open
question. The upregulation of Hoxa5 may
also be the result of inhibition ofWnt
(Wingless/Integrated) signaling by nylon
components. Ord�o~nez-Mor�an and
colleagues previously showed a feedback
loop between Hoxa5 andWnt in intestinal
stem cells, withWnt signaling suppressing
Hoxa5 expression to maintain stemness
(51). Therefore, inhibition ofWnt family
members by nylon components could
indirectly result in upregulation of Hoxa5.
Support for this hypothesis is found in our
RNAseq data, which showed downregulation
of bothWnt4 andWnt7 concomitant with
upregulation ofHoxa5mRNA by nylon.

Our data uniquely show that nylon
fibers especially inhibit differentiating
(airway) epithelial cells. However, nylon
did not affect already developed airway
organoids or proliferation of epithelial cells.
This suggests that nylon is not directly toxic,
but that it only interferes with developmental
and/or repair pathways. It is therefore likely
that the potential adverse health effects of
nylon are especially relevant for young
children with developing airways and
patients with chronic or acute lung disease,
who rely on epithelial repair. Recent studies
have already shown potential health impacts
of microplastics in early life and in patients
with asthma (52, 53). Of note, a recent study
by Soltani and colleagues estimated possible
household exposure in different types of
individuals and found that young children
(,0.5 yr of age) could inhale twice as much
microplastics as adults, averaging 45ng/kg
of body weight per day (12). In addition,
microplastics were shown to be present in
human placenta, and, in mice, this resulted
in reproductive toxicity (54, 55). Therefore,
the presence of inhalable microplastic or
nylon fibers in indoor environments is a
matter of great concern for children and
fetuses whose lungs are still growing.

Nevertheless, this concern is only
relevant when concentrations of these fibers
are high enough to cause adverse effects,
and this is where data are severely lacking.
Studies have shownmicroplastic fibers to
be ubiquitously present in houses with an
average of five fibers per cubic meter of air
(8, 56), but actual lung deposition of these
microplastic fibers has not been quantified

yet. Vianello and colleagues used a breathing
thermal manikin to estimate adult human
lung deposition by inhalation in daily life
(41). They showed that, on average, nine
particles per cubic meter of air were inhaled
by this device. Because humans process
approximately 11 m3 of air per day, exposure
could be approximately 100 particles per day.
This is similar to estimations in Australian
homes of approximately 13,000 fibers per
year (12). Another comprehensive review
estimated that annual inhalation of
microplastic particles could be between
40,000 and 62,000 particles/yr (57). However,
this may be an underestimation because
high-exposure activities such as unloading a
tumble drier, working with textile materials,
or crawling around on carpets were not
considered. Nor were ventilation habits
considered, and these factors could all greatly
determine exposure, although vacuum
cleaning was estimated to reduce exposure
(12). Therefore, microplastic concentrations
in indoor environments need to be assessed
more widely during a variety of activities and
conditions to make better estimations of
human exposure possible. These can then be
compared with occupational exposures
known to cause adverse effects and animal
studies such as ours and previous ones
(43, 45). For instance, concentrations of
7mg/m3 or 106 fibers per cubic meter of air
were found in the nylon flocking industry,
with many employees reporting respiratory
symptoms (18, 58). Furthermore, rats
exposed once to 10mg/kg body weight
developed bronchiolitis (43), but 4-week
exposure to 57 fibers/cm3 did not lead to
adverse effects in rats (45).

A strength of using lung organoids is
the opportunity to directly translate ex vivo
findings to humans (28, 59). Because we
found comparable negative effects of nylon
fibers on epithelial differentiation and
growth in murine and human organoids, this
demonstrates that our results are of high
relevance for the human population. Despite
this advantage, lung organoids are a relatively
simple model of lung tissue and lack the
immune and endothelial compartment
present in vivo. Especially having the
immune cells present could alter how lung
tissue responds to these microplastic fibers.
For example, innate immune cells such as
macrophages are also among the first cells to
come into contact with microplastic fibers
after inhalation and can respond strongly to
inhaled particles and fibers (60). Therefore,
future studies should also focus onmore
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complex models involving an immune
component as well.

A limitation in our work is not having
access to a specific Hoxa5 inhibitor. Even
though inhibiting retinoic acid receptor-b
with LE135 has a fairly specific effect on
Hoxa5 expression (40), we cannot exclude
the possibility that other proteins were
affected by this treatment and contributed
to the effect.

In conclusion, as plastic use continues
to expand, there may be a corresponding
rise in health risks for humans. This study
underscores the pressing need to delve
deeper into the dangers and prevalence of

microplastic fibers. Those outcomes will be
invaluable to advisory organizations such as
theWorld Health Organization and Science
Advice for Policy by European Academies,
which recently called for more data on
effects of microplastics on human health (2).
Future research endeavors should prioritize
analyzing the concentration and prevalence
of these fibers in indoor settings and within
human lung tissues to provide a more
accurate assessment of their potential threat
to human health.�
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