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PREFACE

Regulation of the cellular composition and function of the airway epithelium is a critical aspect of the
respiratory defense and maintenance of homeostasis. Understanding the mechanisms underlying these
cellular dynamics is essential to understand the role of the epithelium in protecting the body from pathogens
and environmental stressors. Among the factors affecting epithelial function, temperature variation along
the respiratory tract has emerged as a key determinant in modulating cell differentiation and epithelial
function.

This thesis aims to investigate the relationship between the temperature gradient and the cellular
composition of the airway epithelium under homeostatic conditions. The underlying hypothesis of this
study is that temperature variations along the respiratory tract induce specific changes at both the cellular
and functional levels in the epithelium. Understanding this relationship could provide new therapeutic
possibilities for the treatment of airway remodeling, a critical aspect of many chronic respiratory diseases,
including asthma and chronic obstructive pulmonary disease (COPD). This research was conducted as
part of my Master of Science in Biomedical Engineering at Delft University of Technology. The study
was conducted under the supervision of Dr. Anne van der Does and Lars Wessels from the Department
of Pulmonology at Leiden University Medical Center, and Dr. Massimo Mastrangeli from the Department
of Microelectronics at Delft University of Technology.

Elena Ferraris
Delft, February 2025
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Abstract—The airway epithelium plays a crucial role in
respiratory defense by regulating cellular composition and
related functions to maintain pulmonary homeostasis. This
study investigates the impact of temperature variations
(33°C and 37°C) on cellular differentiation, mucociliary
function, and host defense responses of human primary
bronchial and nasal epithelial cells (hWPBECs and hP-
NECs) cultured at the air-liquid interface. A reduction
of well-differentiated cell cultures from 37°C to 33°C
significantly increased goblet cell-related gene expression
(MUC5AC) while decreasing ciliated cell-related gene ex-
pression (FOXJI). Mucociliary clearance was generally
impaired at 33°C, with ciliated cells displaying less orga-
nized ciliary alignment; however, donor variability made
it challenging to establish consistent trends. Furthermore,
cultures maintained at 33°C exhibited an enhanced antivi-
ral response to Poly(I:C), as indicated by increased IFNL
gene expression in both bronchial and nasal epithelial cells.
In contrast, temperature had no effect on the inflammatory
response to whole cigarette smoke in bronchial cultures but
attenuated the oxidative stress response in nasal cultures,
as evidenced by reduced HMOX1 expression at 33°C. Anal-
ysis of Notch signaling revealed no significant alterations
in the expression of key target genes (HESI, HEY1), with
the exception of a transient decrease in HEY2 at 33°C,
suggesting complex regulatory interactions. These findings
support the hypothesis that the temperature gradient along
the airway tree influences the spatial distribution of airway
epithelial cells, with potential implications for intervention
with airway remodeling in chronic lung diseases, such
as asthma and chronic obstructive pulmonary disease.
However, further studies are needed to confirm these
results and explore their clinical relevance.

1 INTRODUCTION

The airway epithelium consists of a diverse group
of cells that play crucial roles in protecting the
respiratory system. The epithelial barrier acts as
the primary defense mechanism against inhaled and
airborne pathogens while simultaneously contribut-
ing to the regulation and preservation of pulmonary
homeostasis. Its fundamental functions include the
regulation of mucociliary clearance, maintenance
of fluid homeostasis, and modulation of inflam-
matory responses triggered by tissue injury [1].
The cellular composition of the airway epithelium
is characterized by several cell types and cellular
subsets. The most prominent cell types include
goblet cells, ciliated cells, basal cells, and club cells
[2]. Their spatial distribution along the respiratory
tract follows a gradient that reflects the varying
properties and prevalence of each cell type along
the proximal-distal axis, adapting to functional de-
mands. In the proximal airways, the number of

goblet and basal cells is greater than in the distal
airways, where other epithelial cell types are pre-
dominant [3]. Goblet cells are essential for mucus
secretion, which traps pathogens and particles, con-
tributing to airway defense [1]. As part of their
progenitor function, basal cells play key roles in
the maintenance, regeneration, and repair of the
airway epithelium [4]. In the distal airways, goblet
and basal cell densities decrease, while club cell
density progressively increases [3]. Like basal cells,
club cells can further differentiate into specialized
cell types and contribute to airway protection and
maintenance. Recent research has shown that they
can contribute to alveolar homeostasis, highlight-
ing their multifunctional importance in respiratory
health [5]. Finally, ciliated cells are distributed
throughout the respiratory epithelium and facilitate
mucociliary clearance through coordinated move-
ment of their apical cilia [6].

The spatial distribution of different cell
populations along the proximal-distal axis of
the respiratory tree is regulated by various cues
and mechanisms as reviewed in the attachment
(Supplementary Literature Review). Several studies
have identified temperature as a key factor in
controlling the distribution patterns and cellular
composition of the airway epithelium [7, 8]. In
addition, studies have shown the presence of a
well-defined thermal gradient along the airway,
with higher temperatures in the distal region
than in the proximal region [7, 9]. Notably, a
temperature gradient ranging from 32°C to 35°C
has been reported along the entire respiratory
epithelium [9]. Similarly, an average temperature
of 33°C in the nasal airways and 37°C in the
smaller airways has been observed [7]. Unlike the
luminal airway temperature measured in [9], which
changed with the respiratory cycle, the mucosal
temperature recorded in [7] remained relatively
stable. Changes in the temperature properties along
the proximal-distal tract can induce structural and
functional adaptations in the airway epithelium.
Notably, significant temperature changes can
affect the morphology and function of airway
epithelial cells, especially in ciliated cells and
goblet cells [8, 10]. An increase in temperature
is associated with a linear increase in ciliary
beat frequency up to a maximum of 40°C, above
which irreversible damage to ciliated cells occurs,
including a reduction in ciliary beat frequency,



shortening of cilia, fusion of ciliary ends and, in
some cases, cell degeneration [11]. Furthermore,
high-temperature exposure also induces an increase
in mucus production by goblet cells [12, 13].
Similarly, lower temperature exposure causes
morphological and functional changes in epithelial
cells, resulting in structural damage to ciliated cells
and increased mucus secretion [14]. A previous
study has also reported increased mucus secretion
in response to low-temperature exposure; however,
it remains unclear whether this increase is attributed
to enhanced activity of individual goblet cells, an
increase in their numbers, or to a greater release
of accumulated mucus [15]. These findings suggest
a possible correlation between the temperature
gradient along the respiratory tree and the spatial
distribution of airway epithelial cells, although this
hypothesis needs further experimental confirmation.
Although several studies have examined the effects
of temperature on ciliated cell differentiation and
mucus production by goblet cells, the impact
of temperature in the distal airways and the
relationship with the temperature gradient and
airway epithelial cell composition remain largely
unexplored. Understanding this relationship could
provide new therapeutic possibilities for the
treatment of airway remodeling, a critical aspect of
many chronic respiratory diseases, including asthma
and chronic obstructive pulmonary disease (COPD).

The objective of this study is to investigate
the influence of temperature on the regulation of
the cellular composition of the airway epithelium
under homeostatic conditions. We hypothesized
that temperature variations along the respiratory
tree induce distinct cellular and functional changes
in the airway epithelium. To test our hypothesis,
we have used well-differentiated human primary
bronchial epithelial cells (hPBECs), and human
primary nasal epithelial cells (hPNECs) exposed to
two different thermal conditions, 33°C and 37°C.
Initially, the effects of the different temperatures on
the cellular composition of the airway epithelium
will be examined. The impact of temperature
on the mucociliary function of ciliated cells will
subsequently be studied, focusing on ciliary beat
frequency and mucociliary clearance. In addition,
the mechanism behind the temperature-driven
effect will be observed. Finally, the influence of
temperature on hPBECs and hPNECs subjected to

pathogenic stimuli, such as cigarette smoke, will
be assessed to understand changes in the immune
response and barrier function of the epithelium.

2 METHODS
2.1 Primary bronchial epithelial cell culture

To test our hypothesis, biobank-derived human
primary bronchial epithelial cells (hPBECs) were
isolated from bronchial rings obtained from patients
undergoing lung cancer resection surgery at the
Leiden University Medical Center (LUMC, Leiden,
the Netherlands). The lung tissue was obtained
from patients enrolled in the biobank through a
no-objection system for coded, anonymous use
in further research (www.coreon.org). The use
of these biobank samples for research purposes
was approved by the institutional medical ethical
committee (BB22.006/AB/ab). Since 01-09-2022,
patients have been enrolled in the biobank using
written informed consent, in accordance with local
regulations from the LUMC biobank, with approval
from the institutional medical ethical committee
(B20.042/KB/kb). The cells were cultured following
a published protocol [16]. In summary, hPBECs
were thawed and seeded in T75 flasks coated
with a mixture of 30 pg/mL PureCol (Advanced
BioMatrix, San Diego, CA, USA), 10 pg/mL
bovine serum albumin (BSA, Fraction V; Thermo
Fisher Scientific, Bleiswijk, Netherlands) and 5
pg/mL human fibronectin solution (CellSystems,
Troisdorf, Germany). Cells were expanded in
complete Keratinocyte SFM (serum free medium)
(Thermo Fisher Scientific, Bleiswijk, Netherlands)
until reaching 80-90% confluence within a week.
Subsequently, 40.000 cells per insert, derived from
a single donor, were seeded onto semi-permeable
coated inserts. The cells were maintained in the
insert in complete BD medium (cBD medium) on
both the apical and basal sides of the inserts until
complete confluency (100%) was achieved [16].
Upon reaching confluency, after approximately
one week, the cells were exposed to an air-
liquid interface (ALI) by removing the apical
medium and replacing the basal medium with Air-
Liquid Interface Medium (Promocell, Heidelberg,
Germany) enriched with supplements according
to the manufacturer’s instructions. The culture
medium was replaced three times a week, excess
mucus and debris were removed by washing the
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apical surface with warm PBS, and transepithelial
electrical resistance (TEER) was measured weekly.
After 10 days, ciliated cells were observed under
the microscope, with complete differentiation
occurring after three weeks of exposure to the
air-liquid interface.

2.2 Primary nasal epithelial cell culture

Primary nasal epithelial cells (PNECs) were iso-
lated by scraping epithelial cells from the nasal
mucosa. The isolated cells were first expanded
as organoids, then cultured on inserts under sub-
merged conditions, and subsequently transferred to
the air-liquid interface (ALI) using established pro-
tocols to generate fully differentiated mucociliary
epithelial cultures. Briefly, hPNECs were seeded
into organoids using airway organoid medium in
basement membrane extract (BME). Upon reaching
the organoid density, cells were dissociated and
transferred to pre-coated permeable inserts at a
seeding density of 120.000 cells per insert and main-
tained under submerged conditions until achieving
full confluence (PneumaCult™-Ex Medium, Stem-
Cell Technologies, Canada). Once 100% conflu-
ence was reached, the apical medium was removed
to establish an air-liquid interface (ALI), and the
cells were maintained in ALI-maintenance medium
(PneumaCult™, StemCell Technologies, Canada).
The culture medium was replaced three times a
week. To remove cellular debris and accumulated
mucus, the apical surface was washed with warm
PBS prior to each medium change, following a pro-
tocol analogous to that used for hPBECs. Transep-
ithelial electrical resistance (TEER) was measured
weekly to monitor barrier integrity. Unlike hPBEC:s,
which require five weeks of ALI exposure to achieve
complete maturation, hPNECs reach full maturation
within three weeks. At this stage, both ciliated and
goblet cells were fully differentiated and mature,
characterized by the presence of functional motile
cilia and mucus production.

2.3 Study design

Primary human bronchial epithelial cells and
primary human nasal epithelial cells, differentiated
at the air-liquid interface (ALI) for three weeks,
were next incubated at 33°C or 37°C for three
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or seven days to evaluate the impact of tempera-
ture on cellular composition and functionality. At
day 3 and 7 after the temperature change, cells
were lysed, and RNA was isolated and stored for
subsequent analysis of changes in gene expression
of FOXJI, MUCS5AC, and SCGBIAI in cells ex-
posed to the two different temperatures using RT-
gPCR. Furthermore, to detect markers of ciliated
and goblet cells, protein expression was assessed
via immunofluorescence (IF) using specific antibod-
ies against acetylated a-tubulin and Muc5AC. The
percentage of cytotoxicity was evaluated within 48
hours post-treatment at both time points by measur-
ing lactate dehydrogenase (LDH) release into the
culture medium and comparing it to the maximum
LDH release obtained through complete cell mem-
brane disruption. This approach enables the dis-
tinction between LDH release specifically induced
by temperature changes and the maximal possible
release, ensuring an accurate interpretation of the
data. Additionally, ciliary beat frequency (CBF) and
mucociliary clearance (MCC) were measured to
assess the impact of temperature on ciliary function
and, consequently, on the ability of ciliated cells to
perform mucociliary clearance.

To assess the effect of temperature on primary
bronchial epithelial cells and primary nasal epithe-
lial cells previously exposed to pathogenic stimuli,
differentiated cells were treated with Poly(I:C), a
synthetic analog of double-stranded RNA (dsRNA)
that mimics an virus infection, or exposed to
whole cigarette smoke (WCS) using 3R4F refer-
ence cigarettes (University of Kentucky, Lexington,
KY, USA) [17]. In the first experimental condition,
differentiated bronchial epithelial cells and nasal
epithelial cells cultured at the air-liquid interface
(ALI) were incubated at 33°C or 37°C for seven
days. Subsequently, they were apically treated with
10 pg/mL of Poly(I:C) to evaluate the effect of
temperature at 6- and 24-hours post-treatment. To
control the specific effects of Poly(I:C), two con-
trol conditions were included: a well with only
cells to account for baseline measurements (NC)
and a well containing the cells and PBS to dif-
ferentiate nonspecific responses potentially arising
from changes in well conditions. Additionally, the
transition from 33°C to 37°C was examined by
maintaining the well-differentiated cells at 33°C
for one week, followed by exposure to a viral
trigger and subsequent incubation at 37°C for 6



or 24 hours. This approach was used as a control
to exclude that the observed changes in gene ex-
pression were attributable to culturing at a lower
temperature during the treatment exposure. In the
second experimental condition, differentiated cells
were incubated under the same conditions (33°C
or 37°C for seven days) and subsequently exposed
to whole cigarette smoke (WCS) or air (AIR) in
specialized exposure chambers. In these chambers,
ALI-PBECs and ALI-PNECs were exposed to WCS
generated from a single cigarette, delivering approx-
imately 2 mg of cigarette smoke particles. Smoke
infusion was achieved using a mechanical pump
with a continuous airflow rate of 1 L/min over a 5-
minute period. Residual smoke was ventilated with
room air for 10 minutes after exposure. The effect
of smoke exposure was subsequently evaluated at 4-
and 24-hours post-exposure under the conditions of
37°C, 33°C, and the transition from 33°C to 37°C.
To investigate the mechanism underlying the effect
of temperature, the Notch signaling pathway was
analyzed, as it plays a crucial role in regulating
cell differentiation and proliferation in the airway
epithelium [18]. Specifically, the gene expression
of its key target genes (HESI, HEYI, and HEY2)
was evaluated using RT-qPCR in bronchial epithelial
cells exposed to two different temperatures for three
and seven days, to determine whether temperature
can modulate the balance between the proliferation
and differentiation of ciliated and goblet cells.

2.4 RNA isolation and quantitative PCR (qPCR)

RNA from bronchial and nasal epithelial cells,
lysed in RNA lysis buffer (Promega Benelux B.V.,
Leiden, The Netherlands), was extracted using the
Maxwell RSC SimplyRNA Tissue Kit (Promega
Benelux B.V., Leiden, The Netherlands) and quan-
tified with the Nanodrop ND-1000 UV-Vis Spec-
trophotometer (NanoDrop Technologies, Wilming-
ton, DE, USA). cDNA synthesis was carried out
using oligo(dT)15 primers (Qiagen Benelux, Venlo,
The Netherlands) and M-MLV Reverse Transcrip-
tase (Promega Benelux B.V., Leiden, The Nether-
lands), in the presence of an RNase inhibitor
(RNAsin, Promega Benelux B.V.) and a ANTP mix
(Promega Benelux B.V., Leiden, The Netherlands).
Quantitative real-time PCR (qPCR) was conducted
in triplicate on the CFX384 Real-Time PCR system
(Bio-Rad) following a standard protocol, including

melting curve analysis (65-95°C), using iQ SYBR
Green Supermix (Bio-Rad). The primers listed in
Supplementary Table 1 were analyzed using RPL22
and OAZI as reference genes, previously selected
according to the Genorm method (Primer Design,
Southampton, UK). Data analysis was performed
using the Bio-Rad CFX Manager 3.0 software (Bio-
Rad).

2.5 LDH assay

The cytotoxicity assay was performed using the
CytoTox 96® Non-Radioactive Cytotoxicity Assay
(Promega, Benelux B.V., Leiden, The Netherlands).
Cells were stimulated with appropriate treatments,
and a positive control, consisting of 0.1% Triton
X-100 diluted in PBS, was included to assess the
maximum LDH release.

2.6 Immunofluorescence staining

Immunofluorescence staining was performed on
human primary bronchial epithelial cells (hPBECs)
and human primary nasal epithelial cells (hPNECs)
cultured at the air-liquid interface (ALI) to visualize
specific cellular targets using confocal microscopy.
Prior to staining, cultures were fixed with 4%
paraformaldehyde (PFA) for 10 minutes at 4°C and
washed with PBS at room temperature. Blocking
was performed using PBS containing 1% BSA
and 0.3% Triton X-100 for 10 minutes at room
temperature (RT). Primary antibodies, diluted in the
blocking solution, were applied to the membrane
containing the cells, which were excised from the
inserts using a scalpel blade (Supplementary Ta-
ble 2). The filter sections were placed cell-side
down on 30 pL drops of antibody solution for 1
hour at RT. After washing with PBS, Alexa Fluor-
conjugated secondary antibodies (1:200 dilution)
and DAPI (1:500 dilution) were added in block-
ing solution and incubated for 30 minutes at RT
in the dark. Filters were washed with PBS and
dH20, air-dried, and mounted onto slides using
ProLong Gold Antifade reagent. Coverslips were
applied, allowed to stabilize overnight, and stored
in the dark at RT. Image acquisition was carried
out using a Leica DMi8 inverted microscope (Leica
Microsystems, Wetzlar, Germany) equipped with
an Andor Dragonfly 200 spinning disk confocal
(Andor Technology, Belfast, UK) and Imaris Viewer
(Oxford Instruments, Abingdon, UK) software.



2.7 Ciliary beat frequency

Ciliary beating frequency (CBF) was assessed
using an Andor Dragonfly 200 microscope (Andor
Technology, Belfast, UK) equipped with a 40x water
immersion objective. Primary epithelial cells were
washed with warm PBS for at least 10 minutes to
remove mucus. The membrane from the insert con-
taining the cells was excised, inverted, and placed
in a p-image dish. Four drops of culture medium
were applied to the membrane, which was then
covered with a coverslip. Image acquisition involved
recording 10-second videos at 40x magnification,
with the light polarizer adjusted to enhance cilia vi-
sualization. Quantification of CBF can be performed
using MATLAB script.

2.8 Mucociliary clearance measurement

Mucociliary clearance (MCC) was evaluated by
washing the samples with warm PBS, followed
by the addition of 100 pL. of 1 pum fluorescent
polystyrene microspheres (ThermoFisher Scientific)
diluted 1:100 in ALI medium. The samples were
maintained at 37°C in a heat chamber throughout
the experiment. The fluorescent particles facilitated
the visualization of tracer movement and, conse-
quently, ciliary activity over time. Imaging was
performed using a confocal microscope equipped
with an Andor Dragonfly 200 spinning disk confocal
system (Andor Technology, Belfast, UK), a 10x
objective lens, and appropriate filters. Videos of five
fields of view per sample were recorded over a 10-
second interval with a temporal resolution of 20-
30 frames per second. Video data were analyzed
in ImageJ-Fiji using the Z-projection function with
the maximum intensity setting, which consolidated
stack data into a single two-dimensional image
highlighting the brightest structures. Potential arti-
facts (e.g., lines) were examined, and processed im-
ages were exported for subsequent analysis. While
precise quantification required a MATLAB script,
ImagelJ-generated images provided a reliable pre-
liminary assessment in cases with visually apparent
differences.

2.9 Statistical analysis

Statistical analyses were conducted using Graph-
Pad Prisma 10.2.3 (GraphPad Software Inc., La
Jolla, CA, USA). Data were evaluated with T-
tests or one-/two-way ANOVA, and differences

were considered statistically significant at p-values
< 0.05.

3 RESULTS

3.1 Temperature-related changes in the composi-
tion of airway epithelial cells

To investigate whether spatial differences in cel-
lular composition within the respiratory tract are
driven by the existing temperature gradient, we
evaluated the impact of a temperature reduction,
resembling nasal region-relevant conditions on the
cell-type composition of airway epithelial cultures.
Cytotoxicity analysis revealed that cells effectively
maintained membrane integrity at both 37°C and
33°C (Supplementary Fig. 1) . Subsequently, we
assessed the cellular composition of the cultures by
analyzing the gene expression of airway epithelial
cell-type specific genes and performing immunoflu-
orescence staining. After three weeks of differenti-
ation, a subset of cultures was switched from 37°C
to 33°C for up to three and seven days. Three
days after this temperature switch, expression of the
goblet cell-related gene (MUC5AC) was higher in
cultures maintained at 33°C than at 37°C, except
for one donor that showed reduced expression at
33°C (Fig.1A). However, the difference observed
between the two temperature conditions did not
show statistical significance. Instead, an opposite
trend was observed for the ciliated cell-related gene
(FOXJ1I), with decreased gene expression in cultures
maintained at 33°C compared to 37°C, except for
one donor, whose culture exhibited the opposite
trend (Fig.1A). Notably, the donors identified as
outliers for MUCSAC expression were not the same
individuals as those exhibiting outlier behavior for
FOXJ1 expression. Similarly, these differences be-
tween temperature conditions were not statistically
significant. After one week of exposure to two
different temperatures, bronchial epithelial cell cul-
tures from six donors maintained at 33°C exhibited
significantly higher expression of the goblet cell-
related gene (MUCSAC) compared to those main-
tained at 37°C (Fig.1B). The expression of the cil-
iated cell-related gene (FOXJI) revealed significant
differences between the two experimental conditions
(Fig.1B). In contrast to what was observed for gob-
let cells, the expression FOXJI showed a uniform
reduction across all six donors as the temperature
decreased.
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Fig. 1. Effect of temperature changes on bronchial epithelial cell composition at day 3 and 7 after the
temperature shift. A. Gene expression in ALI-PBECs after three days following the temperature shift.
Expression of the goblet cell-associated gene (MUCS5AC), normalized to OAZI, at 37°C and 33°C (left).
Expression of the ciliated cell-associated gene (FOXJI), normalized to OAZI, at 37°C and 33°C (right).
No significant differences were detected (ns) using the Wilcoxon matched-pairs signed rank test. N = 6
donors. B. Gene expression in ALI-PBECs after seven days following the temperature shift. Expression
of the goblet cell-associated gene (MUCS5AC), normalized to OAZI, was significantly increased at 33°C
compared to 37°C (p < 0.05, Wilcoxon matched-pairs signed rank test) (left). Expression of the ciliated
cell-associated gene (FOXJI), normalized to OAZI, was significantly decreased at 33°C compared to 37°C
(p < 0.05, Wilcoxon matched-pairs signed rank test) (middle). Expression of the club cell-associated gene
(SCGBIAI), normalized to OAZI, showed no significant difference between 37°C and 33°C (Wilcoxon
matched-pairs signed rank test) (right). N = 6 donors. C. Representative immunofluorescence staining
of ciliated cells using acetylated a-tubulin as a marker, three days after the temperature shift. Cultures
were maintained at 37°C (left) or shifted to 33°C (right). Images illustrate the distribution of acetylated
a-tubulin (red) highlighting the cilia of ciliated cells, with nuclei counterstained using DAPI (blue). Scale
bar: 30 pm



Conversely, the expression of club cell-related
gene (SCGBIAI) exhibited no consistent pattern
across donors, and no significant differences were
observed between the two experimental conditions
(Fig.1B). This variability was evident as the cultures
of two donors showed a decrease in gene expression
at 33°C, while those of the other four exhibited an
increase.

Immunofluorescence staining analysis confirmed
the findings obtained from the gene expression
analysis of airway epithelial cell-specific genes.
Specifically, three days after the temperature shift,
a reduction in the presence of cilia was observed
in most cultures maintained at 33°C compared to
those maintained at 37°C (Fig.1C). Additionally,
cilia in the 33°C condition appeared less orga-
nized and aligned. An opposite trend was noted
in one donor culture, while another donor culture
showed no differences between the two temperature
conditions, which could be attributed to delayed
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cell differentiation or potential technical artifacts
during the staining process (Supplementary Fig. 2).
Moreover, goblet cells were not detected in any of
the cultures, which could be attributed to staining
artifacts or technical limitations.

When we repeated the experiment with well-
differentiated nasal epithelial cells from a single
donor, a very mild increase in the expression of
goblet-cell could be observed upon switch to 33°C,
while a similarly mild reduction of ciliated cell-
related gene expression could be observed after one
week of exposure (Fig.2A). These results confirm
the observed effects in PBECs, however must be
interpreted with care because of the single donor
used. Notably, these changes in gene expression
were less pronounced compared to those observed
in bronchial epithelial cells. Immunofluorescence
staining showed reduced ciliary density in nasal
epithelial cell cultures maintained at 33°C compared
with those maintained at 37°C, thereby supporting
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Fig. 2. Effect of temperature changes on nasal epithelial cell composition. A. Gene expression in ALI-
PNECs after seven days following the temperature shift. ALI-PNECs were differentiated for three weeks
before some cultures were maintained at 37°C, while others were shifted to 33°C for seven days.
Expression of the goblet cell-associated gene (MUCS5AC), normalized to RPL22, at 37°C and 33°C (left).
Expression of the ciliated cell-associated gene (FOXJI), normalized to RPL22, at 37°C and 33°C (right).
N =1 donor. B. Representative immunofluorescence staining of ciliated cells using acetylated a-tubulin as
a marker on day 7 after the temperature shift. Cultures were maintained at 37°C (left) or shifted to 33°C
(right). Images illustrate the distribution of acetylated a-tubulin (red) highlighting the cilia of ciliated
cells, with nuclei counterstained using DAPI (blue). Scale bar: 30 um



the results obtained from gene expression analysis
of ciliated cell-related gene (Fig.2B). However, in-
terpretation of the data must be approached with
care because the images analyzed were obtained
from single-donor nasal epithelial cell cultures.

Overall, these results show how temperature gra-
dients influence cellular composition and related
gene expression of airway epithelial cells, with
potential implications for mucociliary clearance and
mucus production.

3.2 Influence of temperature on mucociliary func-
tioning and ciliary beating alignment

To evaluate the influence of temperature on
mucociliary functioning (MCC) of ciliated cells,
we monitored the displacement of fluorescent mi-
crobeads over the epithelial surface at 37°C. Specif-
ically, on day 3, ciliary movement in ciliated cells
was not detectable in some donors under both

Donor 1

Donor 2

temperature conditions (37°C and 33°C) (Supple-
mentary Fig. 3). While certain donors exhibited im-
proved ciliary alignment when previously cultured
at 37°C compared to 33°C, others showed the oppo-
site trend. The variability between donors makes it
complicated to make conclusions about mucociliary
function three days after the temperature change.
Additionally, MCC was measured on day 7 after the
temperature change to assess potential similarities
with previously observed effects (Supplementary
S3). On day 7, cell cultures maintained at 37°C
exhibited an accelerated MCC function compared to
those maintained at 33°C (Fig.3B). However, since
no measurements were performed on the day of
the switch, it cannot be excluded that the observed
differences are partially due to reduced function at
33°C rather than actual acceleration at 37°C. In
addition, the opposite trend was observed in other
donors, making it challenging to draw definitive
conclusions (Fig.3A). Finally, in some cultures at

Fig. 3. Representative images of fluorescent bead displacement in bronchial epithelial cell cultures from
different donors. A. Fluorescent bead displacement in bronchial epithelial cell cultures maintained at 37°C,
assessed on day 7 after the temperature change (left). Fluorescent bead displacement in cultures from the
same donor maintained at 33°C, assessed on day 7 after the temperature change (right). B. Fluorescent
bead displacement in bronchial epithelial cell cultures from a second donor maintained at 37°C, assessed
on day 7 after the temperature change (left). Fluorescent bead displacement in cultures from the same
donor maintained at 33°C, assessed on day 7 after the temperature change (right). Scale bar: 150 um



37°C, ciliary beating displayed greater alignment,
while in cultures at 33°C, organized alignment
was less evident, and ciliary movement appeared
random. Once again, inter-donor variability was
observed, further complicating the identification of
a clear trend (Supplementary Fig. 3). Overall, these
observations suggest that, in some donors, a reduc-
tion in temperature is associated with a slowing
of ciliary cell movement, potentially indicating a
delay in the processes that promote the functional
maturation of airway epithelium.

3.3 Impact of temperature change on the response
to Poly(1:C) by epithelial cells

We subsequently investigated how changes in
temperature affect the response of bronchial and
nasal epithelial cells to a pathogenic stimulus,
specifically Poly(I:C), a synthetic analog of double-
stranded RNA (dsRNA), used to mimic a virus
infection. Cell cultures were treated with this viral
trigger seven days after the temperature change,
with exposure durations of 6 and 24 hours.

In bronchial epithelial cell cultures, IFNL gene
expression was assessed in response to Poly(I:C),
after maintaining the cell cultures at 33°C for seven
days. To ensure that changes in gene expression
were not solely due to the lower temperature during
Poly(I:C) exposure, potentially impairing cellular
responses, we included a control in which cells were
incubated at 33°C for seven days but shifted to
37°C during exposure to Poly(I:C). In the negative
control groups treated with PBS alone (solvent
control), IFNL expression was nearly absent or
negligible across all temperature conditions. The
Poly(I:C)-treated groups demonstrated a marked
induction of IFNL gene expression. Notably, the
enhanced antiviral response observed at 33°C is
specifically attributable to the low temperature, as
gene expression levels in the transition condition
(33°C — 37°C) reverted to those observed at 37°C
after 6 hours of exposure (Fig.4A). After 24 hours
of exposure, gene expression levels appeared higher
in cultures maintained at 37°C compared to those
maintained at 33°C (Fig.4A). However, this differ-
ence was primarily driven by the presence of an
outlier. When this outlier was excluded, the antiviral
response at 24 hours remained more pronounced
in cultures maintained at 33°C, aligning with the
trend observed at 6 hours Fig. 4. However, statistical

analysis revealed no significant differences in ex-
pression levels between the temperature conditions
(37°C and 33°C) at either exposure duration (6
or 24 hours), as indicated in Fig.4A and Fig.4B.
After 6 hours, IFNL gene expression increased in
response to Poly(I:C) exposure, with higher gene
expression levels at a temperature of 33°C, although
variability was evident between donors (Fig.4C).
Specifically, for almost all donors, gene expression
at 33°C was higher compared to 37°C. After 24
hours of treatment exposure, the gene expression
pattern remained consistent with previous observa-
tions, with the highest expression levels detected in
cultures maintained at 33°C in almost all donors
(Fig.4D). In both exposure time points, a single
donor exhibited an opposite trend compared to the
others, identifiable as an outlier. However, even after
excluding the outlier, no significant differences were
observed, as shown in the Supplementary Fig. 4.
These findings, consistent at both 6 and 24 hours of
exposure, indicate that cultures maintained at 33°C
exhibit an enhanced antiviral response to Poly(I:C)
compared to those at 37°C, although this difference
does not reach statistical significance.

Unlike the gene expression of IFNL, which is
absent under control conditions due to the lack
of viral stimuli, CXCLS8 expression was detectable
in both baseline and exposed cultures at all time
points (6 and 24 hours) (Fig.4E & Fig.4F). Af-
ter 6 hours, CXCL8 expression was elevated in
the Poly(I:C)-treated cultures compared to the NC
and PBS groups, indicating an acute inflammatory
response to the stimulus (Fig.4E). However, no
significant differences were observed between the
37°C, 33°C, and 33°C — 37°C conditions. After 24
hours, CXCLS8 expression exhibited a similar pattern
to that observed at 6 hours (Fig.4F). However,
a reduction in gene expression was noted in the
33°C and transition groups treated with Poly(I:C),
indicating a reduction of the inflammatory response
over time. Nonetheless, variability persisted among
the Poly(I:C)-treated cultures, with some cultures
still exhibiting elevated expression levels. Overall,
these findings suggest that treatment with Poly(I:C)
induces a transient increase in CXCLS8 expression,
which is particularly evident at 6 hours, but is not
affected by changes in temperature exposure.

A similar pattern was observed in nasal epithelial
cells for both genes. The normalized expression
of IFNL was nearly undetectable in both untreated
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Fig. 4. Effect of temperature changes on the inflammatory gene expression in ALI-PBECs. A. Gene
expression of IFNL normalized to OAZI after 6 hours of exposure in the NC, PBS, and Poly(I:C)
treatment groups at 37°C, 33°C, and 33°C — 37°C. No significant differences (ns) were observed between
conditions. One outlier was present in this dataset. N = 6 donors. B. Gene expression of /FFNL normalized
to OAZI after 24 hours of exposure in the NC, PBS, and Poly(I:C) treatment groups at 37°C, 33°C, and
33°C — 37°C. No significant difference was observed. One outlier was present in this dataset. N = 6
donors. C. Paired IFNL expression at 37°C and 33°C after 6 hours of exposure, normalized to OAZI. No
significant difference was observed using the Wilcoxon matched-pairs signed rank test. One outlier was
present in this dataset. N = 6 donors. D. Paired IFNL expression at 37°C and 33°C after 24 hours of
exposure, normalized to OAZI. No significant difference was observed using the Wilcoxon matched-pairs
signed rank test. One outlier was present in this dataset. N = 6 donors. E. Gene expression of CXCL8
normalized to OAZI after 6 hours of exposure in the NC, PBS, and Poly(I:C) treatment groups at 37°C,
33°C and 33°C — 37°C. No significant differences were observed. N = 6 donors. F. Gene expression of
CXCLS8 normalized to OAZI after 24 hours of exposure in the NC, PBS, and Poly(I:C) treatment groups
at 37°C, 33°C and 33°C — 37°C. No significant differences were observed. N = 6 donors.

(NC) and PBS-treated cells across all experimental at 33°C is temperature-specific or due to other
conditions (Fig.5A). This confirms that the induc- factors (e.g., cellular metabolism), a transition con-
tion of IFNL is specific to Poly(I:C) treatment and dition (33°C — 37°C) was included. Cells cultured
is not influenced by negative controls or temperature at 33°C for one week and shifted to 37°C during
conditions in the absence of stimulation. When cells exposure showed IFNL expression levels similar
were treated with Poly(I:C), a clear temperature- to those directly treated at 37°C. This suggests
dependent effect on /FNL induction was observed. that the enhanced expression at 33°C is specifically
At 33°C, IFNL expression was markedly higher attributable to the low temperature, as the shift to
compared to other conditions. In contrast, at 37°C, 37°C effectively resets the cellular response to a
IFNL induction was reduced, indicating that phys- level comparable to that at physiological temper-
iological temperature may limit the response to ature. These results demonstrate that culture tem-
Poly(I:C). To assess whether the increased response perature modulates the Poly(I:C)-induced antiviral
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Fig. 5. Temperature effects on /FNL and CXCLS expression over time in ALI-PNECs exposed to a viral
trigger. A. Normalized expression of IFNL, relative to RPL22 in NC, PBS, and Poly(I:C) treatment groups
at 37°C, 33°C, and after the temperature shift from 33°C to 37°C (33°C — 37°C). Data are shown for
6-hour and 24-hour time points. A marked increase in I/FNL expression is observed in the Poly(I:C) group
at 24 hours, particularly at 33°C. N = 1 donor. B. Normalized expression of CXCLS, relative to RPL22,
in NC, PBS, and Poly(I:C) treatment groups under the same conditions (37°C, 33°C, 33°C — 37°C).
CXCLS expression decreases after 6 and 24 hours of exposure in the Poly(I:C) group across 33°C. N =

1 donor.

response, with 33°C amplifying IFNL expression
and increasing sensitivity to stimulation.
Regarding CXCL8 expression, an increase was ob-
served after 6 hours in both PBS- and Poly(I:C)-
treated groups compared to the negative control
(NC) across all temperature conditions (Fig.5B).
Notably, the effect of Poly(I:C) was more pro-
nounced compared to PBS, leading to a stronger
induction of gene expression. After 6 hours, no
significant differences were observed between the
groups treated with Poly(I:C) at 33°C and 37°C,
indicating the absence of a temperature-specific
response during the initial phase of stimulation.
However, within 24 hours, the Poly(I:C)-treated
groups at 33°C showed lower CXCLS8 expression
levels compared to those at 37°C (Fig.5B). This
decrease in expression at 33°C suggests a poten-
tial accelerated downregulation of the inflammatory
response at lower temperatures, as the transition
group (33°C — 37°C) showed similar expression
levels to those observed at 37°C. These results
demonstrate that cultures maintained at 33°C may
show a lower inflammatory response, compared
with cultures maintained at 37°C, as evidenced
by CXCLS gene expression. Together, these results
indicate that temperature modulates antiviral but not
inflammatory responses in bronchial epithelial cells,
whereas it affects both in nasal epithelial cells.

12

3.4 Impact of temperature change on the inflam-
matory response to whole cigarette smoke by ep-
ithelial cells

To assess the impact of temperature on bronchial
and nasal epithelial cell response to cigarette smoke,
we analyzed the expression of genes related to ox-
idative stress (HMOX1) and inflammation (CXCLS).

In bronchial epithelial cells, the normalized ex-
pression of HMOX1 was evaluated under different
temperature conditions following exposure to whole
cigarette smoke (WCS) (Fig.6A). Under control
conditions (AIR), HMOXI expression was negli-
gible across all tested temperatures, indicating the
absence of baseline oxidative stress. Conversely,
exposure to WCS resulted in a significant increase
in HMOX]1 expression across all temperature condi-
tions. These results indicate that WCS acts as an in-
ducer of oxidative stress in bronchial epithelial cells,
while temperature variations did not significantly
modulate this response in bronchial epithelial cells.

The expression of CXCLS was also analyzed in
bronchial epithelial cells exposed to whole cigarette
smoke exposure (WCS) at both temperatures (33°C
and 37°C) (Fig.6B). After 4 hours, CXCLS expres-
sion levels were higher compared to the AIR control
under both temperature conditions. However, no
significant differences were observed between the
two temperatures, suggesting that the induction of
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Fig. 6. Temperature effects on HMOXI and CXCLS8 expression over time in ALI-PBECs exposed to
WCS. A. Normalized expression of HMOX] relative to OAZI in AIR and WCS treatment groups under
two temperature conditions (37°C, 33°C). Data are shown for 4-hour time point. No significant differences
were observed between conditions. N = 6 donors B. Normalized expression of CXCLS relative to OAZI
in AIR and WCS treatment groups under two temperature conditions (37°C, 33°C). CXCLS8 expression
increases after 4 and 24 hours of exposure in the WCS group, particularly at 33°C. N = 6 donors.
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Fig. 7. Temperature effects on HMOXI and CXCLS8 expression over time in ALI-PNECs exposed to
WCS. A. Normalized expression of HMOX]I relative to RPL22 in AIR and WCS treatment groups at
37°C, 33°C, and after switching from 33°C to 37°C (33°C — 37°C). Data are presented at 4 hours after
exposure. A marked increase in HMOX]1 expression is observed in the WCS group at 37°C. N = 1 donor.
B. Normalized expression of CXCLS relative to RPL22 in AIR and WCS treatment groups under three
conditions (37°C, 33°C, 33°C — 37°C). Data are presented at 4 hours and 24 hours. CXCLS8 expression
shows a decrease after 4 hours of exposure in the WCS group across 33°C. N = 1 donor.

CXCLS is not influenced by temperature variation. epithelial cells following WCS exposure to both
At 24 hours, CXCLS expression levels were reduced temperatures (Fig.7A). As expected, in the AIR con-
compared to those at 4 hours. Consistent with the trol cultures, HMOXI expression was undetectable,
results observed at 4 hours, no significant differ- irrespective of the temperature applied. At 37°C,
ences were noted between cultures maintained at WCS exposure markedly induced HMOXI expres-
33°C and those observed at 37°C. The similarity sion compared to the AIR control, highlighting
in expression levels between the two temperatures its stimulatory effect at physiological temperature.
at both exposure times suggests that temperature Conversely, at 33°C, HMOX1 expression in response
variation does not modulate the expression of genes to WCS was lower compared to 37°C, indicating
associated with inflammatory responses to WCS. that reduced temperature markedly attenuates the
We subsequently investigated the responses of nasal cellular response to WCS treatment. In the transition
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condition (33°C — 37°C), HMOX]I expression was
lower than that observed at 33°C, suggesting that
the shift to 37°C not only fails to restore gene
expression but may further suppress it compared
to the response at 33°C. These results indicate that
the reduction in expression observed at 33°C cannot
be attributed exclusively to long-term temperature
effects alone.

CXCLS expression after 4 hours was higher in
WCS-exposed cultures compared to the AIR con-
trol group (Fig.7B). Specifically, culturing at 37°C
induced higher expression levels than at 33°C. No-
tably, in the 33°C — 37°C transition condition,
CXCLS expression levels were comparable to those
observed at 37°C, suggesting that the response at
33°C is unique to that temperature and does not
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persist once the culture is shifted to 37°C. After 24
hours, CXCLS8 expression was drastically reduced
across all conditions, although a slight response re-
mained detectable in WCS-exposed cultures. These
findings suggest that CXCLS8 induction is acute and
highly sensitive to temperature variations, particu-
larly during the first four hours of exposure.

Overall, these results highlight the impact of
temperature on the response of bronchial and
nasal epithelial cells to cigarette smoke exposure.
While bronchial epithelial cells showed a consis-
tent oxidative stress and inflammatory response to
WCS regardless of temperature, nasal epithelial
cells showed increased sensitivity to temperature
changes, as evidenced by reduced expression of
HMOXI and CXCLS at 33°C.
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Fig. 8. Effect of temperature changes on the expression of Notch target genes (HESI, HEYI, HEY2) A.
Gene expression three days after the temperature shift. Expression of HESI normalized to OAZI at 37°C
and 33°C (left). Expression of HEY normalized to OAZI at 37°C and 33°C (middle). Expression of HEY2
normalized to OAZI at 33°C was significantly lower compared to 37°C (p < 0.05, Wilcoxon matched-pairs
signed rank test) (right). No significant differences (ns) were observed for HESI and HEYI. N = 6 donors.
B. Gene expression seven days after the temperature shift. Expression of HESI normalized to OAZI at
37°C and 33°C (left). Expression of HEYI normalized to OAZI at 37°C and 33°C (middle). Expression
of HEY?2 normalized to OAZI at 37°C and 33°C (right). No significant differences were observed for any
of the genes analyzed (Wilcoxon matched-pairs signed rank test). N = 6 donors.
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3.5 The effect of temperature on Notch pathway
target genes: analysis of HES1, HEYI1, and HEY2

We investigated the effect of temperature vari-
ations on the activation of the Notch signaling
pathway, which plays a key role in the regulation
of differentiation and proliferation in airway epithe-
lium. Specifically, it plays an important role in the
differentiation toward goblet and ciliated cells. We
therefore examined the expression of HESI, HEY],
and HEY2, key target genes of the Notch pathway, to
evaluate the impact of temperature on these genes in
bronchial epithelial cells. No statistically significant
differences in HES! and HEY! gene expression
were observed between the two temperature con-
ditions at either time point (Fig.8A & Fig.8B).
These findings suggest that this Notch pathway is
not markedly influenced by temperature variations
under the experimental conditions. In contrast, the
expression of HEY2 was significantly reduced at
33°C compared to 37°C after three days, indicating
that HEY?2 is transiently regulated in response to
temperature changes. However, after a week, no
significant differences in HEY2 expression were
observed between the temperature conditions, sug-
gesting that the initial response observed is transient
and not maintained over time.

4 DISCUSSION

This study investigated the influence of tempera-
ture changes on the cellular composition and func-
tional properties of the airway epithelium, focusing
on mucociliary function, cellular differentiation, and
the response to pathogenic stimuli. Using primary
human bronchial epithelial cells and primary nasal
epithelial cells differentiated at the air-liquid in-
terface, we investigated whether spatial differences
in cellular composition within the respiratory tract
are determined by the existing temperature gradient.
Specifically, we explored how a shift to a lower
temperature condition, 33°C instead of 37°C, affects
cellular composition, functioning, and responses to
pathogenic stimuli. Our results highlight the critical
role of temperature in modulating cellular function
and host defense responses in airway epithelial
cultures.

Our analysis revealed that temperature influences
the expression of genes associated with specific ep-
ithelial cell types. When temperature was switched
to 33°C, the goblet cell-related genes (MUCS5AC)
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in ALI-PBECs showed significantly higher expres-
sion compared to cell cultures remaining at 37°C,
whereas ciliated cell-related genes (FOXJI) exhib-
ited significantly lower expression. These effects
were already observable after three days of exposure
to the two different temperatures, although variabil-
ity among donors was noted. After one week, the ef-
fects became more pronounced, with significant dif-
ferences between the two temperature conditions for
both goblet and ciliated cell-associated gene. These
results indicate that prolonged exposure to different
temperatures amplifies its effect on cellular differen-
tiation in bronchial epithelial cells. In contrast, club
cell-related genes (SCGBIAI) did not show con-
sistent temperature-dependent changes, suggesting a
pronounced effect by temperature on specific airway
epithelial cells and on not overall differentiation.
The observed increase in the goblet cell-related
gene at 33°C could be attributed to a compensatory
upregulation of mucus production at lower temper-
atures, as previously suggested [14, 15]. However,
this hypothesis requires further validation in our
samples, which can be achieved through Western
blot or ELISA. This finding may partially explain
the higher prevalence of goblet cells in proximal
airways, which are typically exposed to cooler air.
Conversely, the reduced expression of the ciliated
cell-related gene at 33°C highlights the temperature
sensitivity of differentiation and function of these
cells. These changes in cellular composition could
significantly contribute to airway epithelial remod-
eling, a pathological process frequently observed
in chronic diseases such as asthma and COPD,
where altered proportions of goblet and ciliated cells
compromise airway function. Interestingly, these
patterns were less pronounced in nasal epithelial
cells compared to bronchial epithelial cells, albeit
tested in only one donor. This discrepancy may re-
flect intrinsic differences in the regulation of cellular
composition, while the tested functional responses
were showing comparable trends between nasal and
bronchial epithelium. Future studies should explore
the molecular mechanisms underlying these regional
variations to better understand the distinct roles of
epithelial subpopulation regulation.

Beyond the observed effects on the expression
of genes associated with specific epithelial cell
types, our results demonstrate that a reduction in
temperature also affects the mucociliary function
(MCQO) of ciliated cells. Compared to cultures main-



tained at 37°C, those switched to 33°C gener-
ally showed reduced MCC, although inter-donor
variability hindered the identification of conclu-
sive patterns. Interestingly, ciliated cells cultured
at 33°C showed less organized ciliary movement
and alignment compared to those at 37°C. These
observations are in line with previous studies show-
ing an increase in ciliary beat frequency (CBF)
with increasing temperature [10, 11]. A possible
explanation for the inconsistent visibility of ciliary
movement and the observed inter-donor variability
could be attributed to the differentiation period of
primary bronchial epithelial cells at the air-liquid
interface, which was limited to three weeks. Several
studies have reported that cilia of bronchial epithe-
lial cells begin to differentiate within a relatively
short time, typically observable as early as around
ten days [19, 20]. However, it is established that
the complete maturation of ciliated cells, essential
for optimal mucociliary function, generally requires
four to six weeks [21]. Therefore, to obtain a more
accurate quantification of mucociliary function and
ciliary alignment, it would be valuable to extend
the culture period to allow the complete maturation
of the ciliated cells. In addition, further investiga-
tion and quantitative analysis, using a MATLAB
script, could provide precise measurements, offering
a more detailed understanding of the key parameters
influencing mucociliary clearance in this context.
Temperature variations also modulated the re-
sponse of the respiratory epithelial cultures to
pathogenic stimuli, such as Poly(I:C) and insults
such as whole cigarette smoke (WCS). Bronchial
and nasal epithelial cell cultures maintained at
33°C exhibited an enhanced antiviral response,
as evidenced by increased IFNL expression af-
ter Poly(I:C) treatment. This response may sug-
gest a functional adaptation to lower temperatures,
wherein the epithelium compensates for potentially
reduced mucociliary clearance or regions with el-
evated viral exposure by enhancing sensitivity to
viral stimuli, likely through molecular pathways
associated with interferon signaling. Moreover, the
increased IFNL expression at 33°C compared to
37°C indicates that lower temperatures may amplify
specific host defense pathways, enhancing the ep-
ithelium’s ability to respond to viral threats. These
findings are inconsistent with previous studies show-
ing that temperature influences the antiviral activity
of epithelial cells. For instance, one study observed
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that higher temperatures reduce viral replication in
epithelial models, attributing this effect to enhanced
interferon responses at higher temperatures [22].
Similarly, a study on primary human bronchial and
nasal cells reported that physiological temperatures
enhance the production of inflammatory cytokines,
whereas exposure to lower temperatures impairs
interferon-induced antiviral responses in airway ep-
ithelial cells [23]. This suggests that further research
is needed with actual virus infections to further
study the obtained results.

Exposure of bronchial epithelial cell cultures to
whole cigarette smoke (WCS) resulted in increased
CXCLS expression at both temperature conditions,
with no significant difference between 33°C and
37°C. This suggests that temperature variation does
not modulate the acute inflammatory response of
bronchial epithelial cells to smoke. However, in
nasal epithelial cells, a reduction in CXCL8 expres-
sion was observed at 33°C compared to 37°C after
24 hours. This reduction is specifically attributable
to the lower temperature, as transitioning the cul-
tures after WCS exposure back from 33°C to 37°C
restores the cellular response to a level comparable
to that observed at 37°C. This may indicate that
nasal epithelial cells are less sensitive to the pro-
inflammatory effects of cigarette smoke at lower
temperatures, potentially indicating a differential
capacity to respond to oxidative stress-induced dam-
age. Additionally, the decreased expression of the
HMOX]1 gene in nasal cells at 33°C compared to
37°C in response to WCS highlights a thermal
modulation of the oxidative stress response pathway.
However, it should be noted that these results are
based on nasal epithelial cells derived from a single
donor, which may influence the generalizability of
the observations. These findings are consistent with
the results reported in [24], which indicate a re-
duced production of pro-inflammatory cytokines at
lower temperatures in response to oxidative stimuli.
This suggests that temperature not only regulates
the immune and inflammatory responses of nasal
epithelial cells but also modulates cellular stress
response pathways, with distinct effects between
viral and oxidative stimuli. An important observa-
tion from the data is that the lack of response of
nasal epithelial cells upon temperature shift from
33°C to 37°C does not appear to be exclusively
attributable to the effects of incubation temperature.
Rather, the 33°C — 37°C control indicates that at



33°C, the oxidative stress response is not properly
activated, suggesting a functional impairment of
the oxidative stress pathway at lower temperatures.
This observation contrasts with results obtained in
bronchial cells, where the response was restored in
most donors after switching to 37°C. The lack of ac-
tivation at 33°C may reflect an intrinsic sensitivity of
nasal cells to low temperatures or a specific disrup-
tion in the signaling mechanisms regulating HMOX1
expression. Nevertheless, the use of cells from a
single donor underscores the need for future studies
involving a larger cohort of donors to confirm these
findings. Additionally, further research should inves-
tigate the molecular mechanisms underlying these
differences and evaluate how temperature modula-
tion could be used to optimize therapeutic strategies.

The Notch signaling pathway is well-known for
its role in regulating cellular differentiation and
playing a critical role in ciliated cell versus goblet
cell differentiation [18]. In the current study, we
expected that exposure to lower temperatures would
activate this pathway, given the predominant effects
observed on these two cell types. However, our
results did not show any statistical differences in
the expression of the NOTCH target genes HESI
and HEYI between the two temperature conditions,
either after three days or one week after the temper-
ature change. Additionally, we observed a transient
reduction in HEY2 expression, a key Notch target,
at 33°C where we would have expected an increase.
One possible explanation could involve interactions
between Notch and other regulatory pathways. For
instance, studies have shown that thermal stress can
activate alternative pathways, such as NF-kB and
HIF-1a, which may compete with Notch for molec-
ular resources or negatively influence its activity
[25]. Furthermore, the reduction in HEY2 expression
might reflect a negative feedback mechanism aimed
at preventing earlier overactivation of the pathway.
In summary, our findings highlight the complexity
of Notch pathway regulation in response to temper-
ature and suggest that further studies are needed to
clarify the temporal dynamics and interactions with
other molecular pathways. A better understanding
of these mechanisms could open new avenues for
therapeutic interventions targeting Notch or other
signaling pathway modulation in respiratory dis-
eases.

Despite the promising findings, the current study
has several limitations. First, six primary bronchial
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epithelial cell donors and only a single donor for
primary nasal epithelial cells were included, mak-
ing direct comparisons between the two airway
epithelial cell types challenging. Additionally, the
observed inter-donor variability highlights the need
to include a larger number of donors to account
for individual differences and improve the accuracy
of the results. Another limitation is the focus on
in vitro models. While these models allow for a
controlled study of specific factors, they may reduce
the generalizability of findings to in vivo conditions,
where mechanical factors, such as airflow also play
a critical role in modulating cellular responses. In
this study, primary bronchial epithelial cells were
differentiated under air-liquid interface conditions
for three weeks before being exposed to two dif-
ferent temperatures for periods of three and seven
days. However, as previously discussed, the full
maturation of ciliated cells in bronchial epithelial
cultures typically occurs after four to six weeks.
Therefore, future studies should examine the effects
of temperature variations on mucociliary function
and ciliary beat frequency after complete cellular
maturation.

5 CONCLUSION

In conclusion, our findings demonstrate that tem-
perature variations significantly influence cellular
composition, change mucociliary functioning, and
host defense responses of the respiratory epithelium.
These temperature-dependent effects have important
implications for understanding airway remodeling
in respiratory diseases. Further research is needed
to validate these findings in vivo and to explore the
clinical applicability of temperature-targeted inter-
ventions in the management of airway diseases.
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SUPPLEMENTARY MATERIALS

Supplementary Table 1: Primer sequences used for quantitative PCR

Gene

Forward sequence (5’ to 3°)

Reverse sequence (3’ to 5°)

OAZ]
RPL22
FOXJ1
SCGBIAI
MUC5AC
CXCL8
IFNL
HESI
HEYI1
HEY2

GGATCCTCAATAGCCACTGC
TCGCTCACCTCCCTTTCTAA
GGAGGGGACGTAAATCCCTA
ACATGAGGGAGGCAGGGGCTC
CCTTCGACGGACAGAGCTAC
CTGGACCCCAAGGAAAAC
GGACGCCTTGGAAGAGTCACT
CCTGTCATCCCCGTCTACAC

ATCTGCTAAGCTAGAAAAAGCCG

AAGGCGTCGGGATCGGATAA

TACAGCAGTGGAGGGAGACC
TCACGGTGATCTTGCTCTTG
TTGGTCCCAGTAGTTCCAGC
ACTCAAAGCATGGCAGCGGCA
TCTCGGTGACAACACGAAAG
TGGCAACCCTACAACAGAC
AGAAGCCTCAGGTCCCAATTC
CACATGGAGTCCGCCGTAA
GTGCGCGTCAAAGTAACCT
AGAGCGTGTGCGTCAAAGTAG

Supplementary Table 2: Primary antibodies used for immunofluorescence staining

Antibody Supplier Catalog # Species  Antibody dilution
Mucin 5AC Abcam 218363 Rabbit 1:200
Acetylated a-Tubulin Sigma Aldrich T6793 Mouse 1:400

Supplementary Fig. 1. Cytotoxicity levels expressed as the percentage of lactate dehydrogenase (LDH)
release in epithelial cells under three experimental conditions: positive control (Max LDH), cultures
maintained at 37°C, and cultures maintained at 33°C. Cytotoxicity levels in both bronchial epithelial
cells (left) and nasal epithelial cells (right) remained extremely low at both 37°C and 33°C, indicating
excellent cell membrane integrity. No significant differences were observed between the two temperature

conditions.
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Supplementary Fig. 2. Representative immunofluorescence staining of ciliated cells in bronchial epithelial
cultures using acetylated a-tubulin as a marker, three days after the temperature shift. Cultures were
maintained at 37°C (left) or shifted to 33°C (right). Images illustrate the distribution of acetylated a-

tubulin (red), highlighting the cilia of ciliated cells, with nuclei counterstained using DAPI (blue). Scale
bar: 30 um.
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Supplementary Fig. 3. Images of fluorescent bead displacement in bronchial epithelial cell cultures
from different donors. A. Fluorescent bead displacement on day 3 after the temperature shift. Cultures
maintained at 37°C (left) and at 33°C (right). At this time point, bead displacement was barely detectable in
both conditions. B. Fluorescent bead displacement on day 7 after the temperature shift. Cultures maintained
at 37°C (left) and at 33°C (right). Bead displacement varied among donors: in some cultures, displacement
increased at 33°C compared to 37°C, whereas in others, the opposite trend was observed. Scale bar: 150
um.
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Supplementary Fig. 4. Effect of temperature changes on the inflammatory gene expression in ALI-
PBECs (after outlier removal). A. Gene expression of /FNL normalized to OAZI after 6 hours following
the temperature shift in the NC, PBS, and Poly(I:C) treatment groups at 37°C, 33°C, and 33°C — 37°C.
No significant differences (ns) were observed between conditions after removing an identified outlier. N
= 6 donors. B. Gene expression of /FNL normalized to OAZ1 after 24 hours following the temperature
shift in the NC, PBS, and Poly(I:C) treatment groups at 37°C, 33°C, and 33°C — 37°C. No significant
differences were observed after outlier removal. N = 6 donors. C. Paired IFNL expression at 37°C and
33°C after 6 hours following the temperature shift, normalized to OAZI. No significant differences were
observed using the Wilcoxon matched-pairs signed rank test after removing an outlier. N = 6 donors.
D. Paired /FNL expression at 37°C and 33°C after 24 hours following the temperature shift, normalized
to OAZI. No significant differences were observed using the Wilcoxon matched-pairs signed rank test
after removing an outlier. N = 6 donors. E. Gene expression of CXCLS8 normalized to OAZI after 6
hours following the temperature shift in the NC, PBS, and Poly(I:C) treatment groups at 37°C, 33°C, and
33°C — 37°C. No significant differences were observed after removing the same outlier identified in the
IFNL analysis. N = 6 donors. F. Gene expression of CXCLS8 normalized to OAZI after 24 hours following
the temperature shift in the NC, PBS, and Poly(I1:C) treatment groups at 37°C, 33°C, and 33°C — 37°C.
No significant differences were observed after removing the same outlier identified in the /FNL analysis.
N = 6 donors.
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Abstract

The airway epithelium plays a crucial role in maintaining homeostasis by regulating fluid
balance, mucus production, and protection against inhaled particles. Throughout the
respiratory tree, the epithelial cell composition undergoes continuous changes, resulting in
distinct spatial patterns. Chronic lung diseases, such as COPD and asthma, involve significant
remodeling of the airway epithelium, characterized by alterations in cell composition and
function, which distort these spatial patterns. Understanding the regulation of these spatial
patterns under homeostatic conditions could provide therapeutic opportunities to address
epithelial remodeling in chronic lung diseases. However, there is limited knowledge about the
factors and mechanisms that contribute to these patterns. This study aims to provide an in-
depth overview of factors that regulate spatial patterns in the cellular composition of the airway
epithelium under homeostatic conditions. A literature review was conducted, identifying key
elements such as temperature, mechanical forces, pH, humidity, and microbiome that form
gradients along the airway tree. Results indicate that temperature changes influence the ciliary
beat frequency, while mechanical forces such as stretching and compression modulate goblet
cell density and mucus production. Specifically, stretching tends to reduce the number of
goblet cells, whereas compression increases mucus secretion. Additionally, variations in pH,
and humidity alter mucus viscosity and ciliary activity, impacting the epithelial composition.
Despite the need for additional studies, these findings suggest a dynamic interplay between
these factors and the epithelium, contributing to the spatial organization of airway epithelial
cells. Understanding these mechanisms is essential for identifying therapeutic targets for
airway remodeling in chronic lung diseases.

Introduction

The airway epithelium is a complex cell layer of specialized cells that forms the interface
between the outside environment and the tissue underneath and interacts with factors locally
present on both sides, including microbes, and the immune system. It performs several
essential functions for maintaining homeostasis, including fluid balance, mucus production for
mucociliary clearance, barrier protection, elimination of harmful inhaled particles, and
activation of inflammatory cells in response to injury (Davis & Wypych, 2021). The respiratory
epithelium consists of numerous cell types and subsets, which are both morphologically and
functionally different (Fig.1). The key players include basal cells, ciliated cells, secretory cells
(goblet and club), and neuroendocrine cells (Hiemstra et al.,, 2015). The properties and
prevalence of each cell type differ along the proximal-distal respiratory axis. For example,
basal cells are distributed throughout the entire airway epithelium, but their prevalence
gradually decreases in the distal airways (Dean & Snelgrove, 2018). Basal cells are progenitor
cells that play an important role in the maintenance, regeneration, and repair of the epithelium
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(Fang et al., 2020). Ciliated cells are the predominant cell type at the tracheobronchial level
and are responsible for promoting mucus transport through the coordinated movement of their
apical cilia (Yaghi & Dolovich, 2016). Goblet cells, however, are rich in mucin-filled granules,
which are released to capture pathogens in the airways and are higher in number in the
proximal airways compared to the distal airways (Davis & Wypych, 2021). In contrast, the
epithelium of the distal airways contains a higher number of club cells, which partially replace
the functions of basal and goblet cells. These club cells are crucial for the protection and
maintenance of the airways. Furthermore, both basal and club cells act as progenitor cells,
differentiating into specialized cell types (Rokicki et al., 2016). Finally, the respiratory epithelial
environment also contains non-epithelial cells such as stromal cells, including fibroblasts and
immune cells nearby (Davis & Wypych, 2021).
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Fig. 1. Representation of the main cells and their distribution along the respiratory tract. Not all
cells are shown; instead, only the key players are highlighted, including ciliated cells, club cells,
basal cells, and goblet cells. Created with BioRender.

Continuous exposure to airborne pathogens, air pollution, and tobacco smoke promotes
chronic immune responses, inflammation, and repair processes leading to damage to the
airways (Dean & Snelgrove, 2018). Damage to the airways can result in substantial structural
changes and remodeling of the airway epithelium. Airway epithelial remodeling is
characterized by a change in cellular composition, driving various pathologies and a prominent
factor in several chronic lung diseases, including chronic obstructive pulmonary disease
(COPD), and asthma (Jeffery, 2001). Several studies investigated airway epithelial changes
in patients with chronic lung diseases. Shaykhiev and Crystal (2014) showed alterations in the
small airways which affected the airway wall, the airway epithelium, and small bronchioles.
These alterations included airway epithelial remodeling with basal cell and mucosal cell
hyperplasia, squamous metaplasia, altered ciliated cell differentiation, loss of club cells, and
reduced apical junctional barrier integrity. Raby et al. (2023) reported an increase in basal
cells in the airways of patients with COPD. These cells show a compromised capacity for both
regeneration and differentiation, leading to an accumulation of dysfunctional cells. Metaplasia
and hyperplasia of goblet cells are related to a deregulation of the expression of transcription
factors such as NOTCH1 and HEY2, which contribute to the increase in goblet cell formation
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and related mucus secretion at the cost of ciliated cells thereby further damaging the
mucociliary machine (Ganesan & Sajjan, 2013). Additionally, a reduction in the length of cilia
and a decrease in the club cells in the small airway epithelium was observed. This reduction
causes the composition of epithelial cells in the small, distal airways to shift towards a pattern
that more closely resembles that of the larger, proximal airways (Raby et al., 2023). Also, Yang
et al. (2017) demonstrated that the arrangement of cells along the proximal-distal axis is
altered in COPD patients. As a result of elevated EGF/EGFR signaling, smaller airway cells
lose their phenotype and gain the phenotype of the proximal airway epithelium. EGFR is
expressed in airway epithelial cells and can be activated when EGF or some of its other ligands
bind to EGFR. Activation of EGFR triggers a cascade of intracellular signals involving several
signal transduction pathways, depending on the ligand involved. Elevated EGFR signaling in
the distal airway cells promotes a phenotypic change, causing the small airway cells to lose
their features and acquire the properties of the proximal airway epithelium cells (i.e. increase
in goblet cell number) (Raby et al., 2023 & Yang et al.,2017). Structural and functional airway
alterations are also visible in patients with asthma. The main aspects of remodeling are the
thickening of the basement membrane, airway fibrosis, and goblet cell hyperplasia.
Hyperplasia of goblet cells leads to an increase in mucus-producing cells, leading to
hypersecretion and airway obstruction via mucus plugging (Varricchi et al., 2024). Moreover,
the reduction in ciliated cells further diminishes the mucociliary clearance capacity of the
epithelium, thereby impairing the efficient removal of excess mucus and inhaled particles
(Raby et al., 2023). Airway epithelial cells of asthma patients are subjected to increased
mechanical forces, such as compression, stretching, and stress as a result (Wirtz & Dobbs,
2000). An increase in mechanical stimulation is one of the causes of the overproduction of
mucus, fibronectin, and collagen Il and V (Varricchi et al., 2024). Furthermore, a reduction in
the number of club cells and a decrease in their regenerative capacity and production of
protective proteins such as secretoglobin 1A1 (SCGB1A1) is observed (Varricchi et al., 2024
& Raby et al., 2023). These findings indicate that multiple signaling pathways are involved in
airway remodeling processes, demonstrating the complexity of structural and functional
alterations in chronic lung diseases.

Understanding the cellular and molecular mechanisms that regulate the structure and function
of the airway epithelium throughout the respiratory tree could facilitate the identification of
therapeutic opportunities for addressing airway remodeling, a hallmark of several chronic lung
diseases. Although many studies examined structural and functional changes in patients with
chronic lung diseases, the mechanisms that specifically determine the spatial patterns in the
cellular composition of the airway epithelium in healthy individuals remain unknown.
Understanding these mechanisms is highly relevant, as the factors that control these spatial
patterns also regulate the cellular composition of the airway epithelium. Therefore, identifying
factors that can controllably promote or inhibit the differentiation of basal cells into specialized
cells and determine the cellular balance for example between goblet cell/ciliated cell ratio
could reveal new therapeutic targets for the treatment of conditions involving epithelial
remodeling.

The objective of this study is to investigate the scientific evidence for factors that regulate and
influence spatial patterns in the cellular composition of the airway epithelium under
homeostatic conditions. We hypothesize that the variations in the properties of these factors
along the airway tree may induce distinct structural and functional changes in the airway
epithelium. To achieve this objective, we will first investigate when spatial patterns occur
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during the development of the airway epithelium and how these patterns evolve. Secondly, we
aim to identify the factors that establish a similar gradient along the airway tree and analyze if
and how these factors influence spatial patterns in the composition of airway epithelial cells.

Development of the airway epithelium

The airway epithelium undergoes significant changes during fetal development and after birth
contributing to the spatial differences in epithelial cell composition observed in adult lungs.
These changes are essential for the adaptation of the respiratory system to extrauterine life
and for the protection of airways from pathogens and inhaled particles (Nino et al., 2022). It is
important to note that studies performed in animals need to be interpreted with care as mice
do not display a matched gradient in cellular composition along the respiratory tree as humans
(Danopoulos et al., 2019). Spatial variations in epithelial cell composition differ between
species. Despite these differences, valuable insights can still be gained from existing
knowledge (Eenjes et al., 2022).

Toskala et al. (2005) demonstrated how the temporal and spatial patterns of the
tracheobronchial airways evolve during postnatal development. Their study indicated that the
development of ciliated cells in the mouse airway follows a specific temporal sequence, with
initial progression at the tracheobronchial level starting from day 16 of gestational age.
Subsequently, the presence of ciliated cells in the distal airway epithelium becomes visible
from day 18, and a significant increase in cell density across the proximal distal tract is
observed from day 19 (Toskala et al.,2005). After birth, the density of ciliated cells in the
proximal airways of mice increases significantly by the first postnatal day and continues to
increase linearly until the 21st postnatal day (Francis et al., 2009). In contrast, the number of
ciliated cells in the terminal bronchioles of mice increases only after the first postnatal week
and remains lower than that in the more proximal airways. The differences in ciliated cell
density between the proximal and distal areas remain significant even after achieving typical
adult density (Toskala et al.,2005).

Differentiation and maturation of the human airway epithelium occur in a gradient from the
proximal to the distal tract, similar to observations in mouse models (Eenjes et al., 2022).
Gaillard et al. (1989) reported that the differentiation of ciliated cells in the human respiratory
epithelium begins around the 20th to 23rd week of gestation. In contrast, subsequent studies
indicated that such differentiation occurs at the end of the pseudoglandular phase, between
the 6th and 16th weeks of gestation (Jeffrey, 1998). During the early stage, ciliated cells are
randomly arranged and have relatively short cilia. Significant elongation of the cilia and proper
orientation of ciliated cells are observed only at the end of the canalicular period (Gaillard et
al., 1989 & Jeffery, 1998). The differentiation of secretory cells, which include goblet cells and
club cells, begins at the end of the pseudoglandular period, concurrent with the differentiation
of the ciliated cells (Jeffery, 1998). Goblet cells, which are responsible for mucus production,
begin to mature from week 13 of gestation, while club cell maturation is around week 19,
following the induction of the SCGB1A1 marker (Jeffery, 1998 & Zemke et al., 2009). Both
secretory cell types continue to differentiate and mature until the postnatal period (Jeffery,
1998). The number of goblet cells increases until midgestation, followed by a slight decrease
and concomitant increase in ciliated cells, ensuring an ideal balance at the end of gestation
(Gaillard et al., 1989 & Jeffery, 1998). Throughout the gestational period, goblet cells are more
prevalent in the proximal airway epithelium compared to the distal tract. Importantly, in the
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postnatal period, when the fetus starts breathing, there is an increase in the ratio of mucus-
producing cells to ciliated cells, which maintains a specific spatial pattern (Jeffery, 1998).

Several studies identified signaling factors involved in goblet cell differentiation during the
prenatal and postnatal periods. According to Rajavelu et al. (2015), FOXAS is a transcription
factor that promotes the proliferation of mucus-producing cells in the airway epithelium of a
newborn mouse, by inducing the expression of SPDEF, MUC5B, and MUC5AC. Deactivation
of Notch signaling leads to an overproduction of goblet cells in the murine airway epithelium,
which is associated with increased expression of the transcription factors FOXA3, SPDEF,
and MUC5AC (Tsao et al., 2011). Moreover, there is a reduction in the expression of FOXA2,
a transcription factor that inhibits the differentiation and maturation of goblet cells. Inactivation
of Notch signaling also results in a decrease in club cells and an increase in ciliated cells (Tsao
et al., 2011). Whitsett (2018) observed that Notch signal deactivation promotes the
differentiation of basal cells and club cells into ciliated cells. Studies in mice further
demonstrated a correlation between club cells and goblet cells during the postnatal period.
Inactivation of the protein O-fucosyltransferase 1 (Pofut1), disrupts Notch signaling, leading to
the conversion of club cells into goblet cells, particularly in the proximal airway tract (Tsao et
al., 2011). Thus, Notch signaling plays a critical role in maintaining club cells in their original
form and function, preventing their differentiation into mucus-producing goblet cells (Tsao et
al., 2009). This mechanism is essential for maintaining the balance among the various cell
types in the airway epithelium. Other important factors in the regulation of airway epithelium
development include B-Catenin, SOX2, SOX9, and the WNT and BMP signaling pathways
(Aros et al., 2021 & Danopoulos et al., 2018).

In conclusion, the development and maturation of the airway epithelium represent a complex
and highly regulated process that is essential for establishing a functional epithelium capable
of protecting against pathogens and inhaled particles. Studies have highlighted a specific
temporal pattern for the differentiation of ciliated, goblet, and club cells, with significant
variations between proximal and distal airway tract regions and the involvement of multiple
signaling pathways.

Factors that form a gradient across the airway tree

The epithelial gradient along the airway tree may be influenced by one or multiple factors that
form similar gradients (Fig.2). Studies demonstrated that both temperature and mechanical
exposures form a specific gradient along the airway tree. From inhalation up to gas exchange,
the temperature gradually increases along the airway tree, reaching approximately 35.7 +
0.2°C in the extrathoracic trachea and 36.9 + 0.2°C in the segmental bronchus (Khosravi et
al., 2021). The mechanical properties that vary along the airway tree include airflow resistance,
mechanical shear stress, and elasticity, which refers to the ability to stretch and compress
(LaPrad et al., 2013). Shear stress is generally higher in smaller airways compared to larger
airways due to their reduced diameter and the increased concentration of frictional forces on
a smaller surface area (Xia et al., 2010). Furthermore, the levels of elongation and
compression are greater in the distal airways compared to the proximal airways due to their
higher elasticity (LaPrad et al., 2013). Additionally, studies indicated that the pH of the airway
surface fluid progressively increases along the tracheobronchial tract due to variations in
cellular composition, the presence of mucous-secreting glands, and the distribution of ion
channels (Zajac et al., 2021). Humidity and the respiratory microbiota also form gradients
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along the airway epithelium (Man et al., 2017 & West, 1978). Investigating these gradients is
essential for understanding how they affect spatial patterns in the composition of airway
epithelial cells.
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Fig. 2. Factors that form a gradient across the airway tree. Six parameters are shown using a color
scale representing gradients of temperature, mechanical stretch/compression, shear stress, pH,
humidity, and microbiome density (Man et al., 2017, Xia et al., 2010). An increase in color intensity
corresponds to a higher measurement unit. For all parameters, a higher intensity is observed in
smaller airways compared to larger airways. In contrast, microbiome density exhibits higher
intensity in the central region of the airway epithelium. No specific values are given for the
percentage of stretching and compression, as no relevant articles are found. However, several
studies showed that larger airways, such as the trachea, are stiffer and less flexible than smaller
airways, resulting in a lower capacity for stretch and compression (LaPrad et al., 2013). Created
with BioRender.

How factors affect spatial patterns of airway epithelial cells

Temperature

Temperature levels can influence the differentiation and maturation of airway epithelial cells.
Several studies demonstrated that temperature plays a central role in the regulation of ciliated
cell motility in the epithelial airways. The frequency of ciliary beating in the nasal and tracheal
mucosa exhibits an exponential response to temperature changes within the range of 9°C to
20°C (Clary-Meinesz et al., 1992). Jorissen and Bessems (1995) observed a linear increase
in ciliary beat frequency within the temperature range of 20°C to 35°C. This linear trend is
further confirmed by Smith et al. (2010), who demonstrated a linear change in ciliary beat
frequency between 2°C and 37°C. More recently, Nikolaizik et al. (2020) confirmed the linear
relationship between temperature and ciliary beat frequency, reporting frequencies of 7.0 Hz,
7.6 Hz, and 8 Hz at 25°C, 32°C, and 37°C, respectively. However, Roth et al. (2023) observed
that the ciliary beat frequency in human tissue at room temperature is approximately 2.9 + 0.5
Hz. This discrepancy from previous studies may be attributed to variations in the samples
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used (e.g. tissue versus cell culture) and the experimental conditions. Finally, temperatures
above 40°C significantly reduce the ciliary beat frequency, potentially making it almost non-
existent and causing permanent damage to the ciliated cells (Jorissen & Bessems, 1995).
When in vitro techniques were used to examine the airway mucociliary system at temperatures
ranging from 40°C to 50°C for 20, 45, and 165 minutes, multiple stimulations with hot air
demonstrated several morphological changes, including a decrease in ciliary length, an altered
orientation of the cilia, fusion of ciliary tips, vesicle formation within the cilia, and complete
deterioration of the ciliated cells after 165 minutes (Mecklenburg et al., 1974). Furthermore,
exposure to high temperatures results in altered mucus production, increased airway
inflammation, activation of TRP receptors (including TRPV1 and TRPV4), and activation of
heat shock proteins (Deng et al., 2020 & Han et al., 2023).

Continuous exposure to low temperatures also induced morphological changes in airway
epithelial cells (Li et al., 2011). Similar to the effects observed with hot air stimulation,
ultrastructural alterations were present in ciliated cells (Li et al., 2011). These alterations
include changes in the ciliary membrane, the presence of sub-membranous vesicles, and
modifications in the architecture of ciliated cells (D’Amato et al., 2018 & Li et al., 2013). Several
studies demonstrated that cold air increases the number of goblet cells, leading to enhanced
mucus production in the airways (Giesbrecht, 1995). This is an interesting observation that
needs further confirmation, as the larger airway, which is exposed to colder temperatures than
the distal regions, harbors the highest number of goblet cells compared to other regions. The
TRPM8 channel plays a crucial role in regulating mucus production and the secretion of
Muc5bac. Activation of TRPMS by cold triggers a cascade of events involving Ca2+, PLC, PIP2,
and the protein MARCKS, resulting in mucus hypersecretion (Li et al., 2011).

In conclusion, extreme temperatures, whether high or low, induce significant morphological
and functional changes in airway epithelial cells, impacting their composition and the spatial
distribution of ciliated and goblet cells. Understanding these effects is essential for studying
how spatial patterns in the composition of airway epithelial cells are influenced.

Mechanical forces

Mechanical forces can significantly influence and contribute to airway remodeling (Veerati et
al., 2020). The interactions between mechanical forces and airway epithelial cells are of
particular interest for understanding the cellular and molecular dynamics that regulate airway
health. These interactions are essential for maintaining the structural integrity and functionality
of the respiratory system. Furthermore, understanding these dynamics is crucial for
developing novel therapeutic strategies for chronic respiratory diseases, where mechanical
forces and cellular responses are frequently dysregulated (Veerati et al., 2020). From the
prenatal stage, the airway epithelium is exposed to several mechanical forces that play a
crucial role in the development and preparation of the lungs for extrauterine life (Kitterman,
1996). Several studies demonstrated that these forces influence the branching process of the
embryonic airway epithelium. Varner et al. (2015) showed how intraluminal pressures and
mechanical forces contribute to embryonic airway morphogenesis. Alteration of fluid-filled
lumen pressure during the gestational period may impair airway epithelium formation.
Additionally, other studies demonstrated changes in the expression of specific genes in
response to mechanical stretch during lung development (Kitterman, 1996 & Nardo et al.,
2000). This confirms the influence of mechanical stress on the proliferation and differentiation
of airway epithelial cells during the prenatal phase. Subsequently, during the postnatal phase,
the airway epithelium is strongly influenced by mechanical stimuli resulting from breathing,
such as stretching, compression, and shear stress (Veerati et al., 2020).
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Mechanical stretch

Several studies demonstrated that mechanical forces, such as stretching, significantly impact
the development of the airway epithelium. Nawroth et al. (2023) observed that mechanical
stimuli simulating respiratory movements influence the maturation, differentiation, and
functioning of airway epithelial cells. In this study, an airway-on-chip device was used, in which
a breathing-related stretch force (5%, 0.25 Hz) and an airflow-related shear stress force were
applied to human primary bronchial epithelial cell cultures (hPBECs). A significant reduction
in gene expression of the basal cell marker TP63 was observed after one week of applying
stretch and airflow, indicating a potential decrease in basal cell population and consequently
increased cell maturation compared to the control chip. Furthermore, a decrease in goblet cell
numbers was observed, although this reduction was not statistically significant. Finally, gene
expression of SCGB1A1, a key marker for club cell maturation, was higher in chips subjected
to mechanical stimuli (Nawroth et al., 2023). This suggests that simulated respiratory
movements promote the maturation of club cells. This finding is particularly interesting
because, in smaller airways, where the levels of club cells are relatively high, the levels of
elongation are also higher compared to larger airways (LaPrad et al., 2013). Lin et al. (2023)
examined the behavior of airway basal cells under very high levels of stretch, showing
increased gene expression levels of basal cell markers (KRT5) and a decrease in ciliated cell
markers (Ac-tub+) after 48 hours of elongation (20%, 0.33 Hz). Furthermore, the results
indicate that this level of mechanical stretch leads to a decrease in the expression of the cell
proliferation marker MKIG7 after 24 and 48 hours of exposure. Finally, with prolonged
exposure to mechanical stretch, some studies demonstrated an increase in cell apoptosis and
caspase activation (Lin et al.,2023). However, these effects may be related to the experimental
model used, as well as the amount and frequency of the applied stress, as other studies did
not find similar results (Nawroth et al., 2023). Nawroth's studies use an elongation percentage
that reflects normal physiological conditions, whereas the studies conducted by Lin et al.
(2023) use an elongation percentage of 20%, which is considered excessive (Gong et al.,
2021). The loss of cilia and increased basal cell markers are characteristics of the
development of fibrotic processes (Collin et al., 2021). In conclusion, variations in mechanical
stretch can alter the arrangement of cells, their proliferation, and their function, potentially
resulting in changes to the spatial pattern of the airway epithelium.

Mechanical compression

Compression also seems to influence the maturation, differentiation, and function of airway
epithelial cells. According to Park and Tschumperlin (2009), secretion of Muc5ac in primary
airway epithelial cell cultures increases following alterations in the mechanical environment,
particularly during compression. The compression was quantified and analyzed following the
application of a continuous apical-basal transcellular pressure (30 cm H2O). The results
demonstrate a significant increase in the percentage of cells positive for MUC5AC over time,
with an increase evident from day 3, continuing up to day 14. Additional studies corroborated
the rise in mucus production following continuous compressive stress on normal human
bronchial epithelial cells (NHBE). Experimental data indicate that compression induces a
significant release of endothelin (ET-1 and ET-2) and transforming growth factor-2 (TGF-32)
after 4 and 8 hours, respectively (Tschumperlin et al., 2003). Elevated levels of TGF-2, TGF-
B1, and endothelin significantly contribute to increased mucus production (Veerati et al.,
2020). Specifically, the modulation of mucus production in airway epithelial cells following
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compression involves several intracellular signaling pathways, activation of transcription
factors, and upregulation of cytokines (Fagan et al., 2001 & Henriksson et al.,, 2015 &
Polikepahad et al., 2008 & Song et al., 2012). The increased mucus production following
compression may appear contradictory, given that in the small airways, where both stretching
and compression are prevalent, one would typically expect reduced mucus production.
Excessive mucus in the small airways would lead to complete airway obstruction. This
apparent contradiction could be explained by a correlation between compression and
stretching. Data from Nawroth et al. (2023) suggested that stretching may cause a decrease
in goblet cells, thereby reducing mucus production. A dynamic balance between compression
and stretching may affect the amount of mucus produced and the density of goblet cells in the
airways. This balance may vary significantly during different stages of prenatal and postnatal
development. Further research is needed to confirm the relationship between these two
mechanical forces.

Ciliated cells also change in response to the application of compressive stress. Lee et al.
(2021) indicate that the application of pressure greater than 0.5 kPa increases ciliary beat
frequency primarily due to an increase in the maximum ciliary velocity. Despite the increase
in ciliary beat frequency, the studies did not observe any morphological changes in the ciliated
cells. The observed increase in ciliary beat frequency may be a consequence of increased
mucus production induced by compression. This increase aims to remove excess mucus from
the airways, maintain effective mucociliary clearance, and prevent airway obstruction. In
conclusion, evidence suggests that compressive stress affects spatial patterns in airway
composition as a result of alterations in the maturation, differentiation, and function of airway
epithelial cells.

Mechanical shear stress

Under normal conditions, airway epithelial cells are exposed to shear forces generated by
airflow during respiration. Shear stress can influence the development of airway epithelial
cells, including their proliferation, differentiation, and function. According to Sidhaye et al.
(2008), mechanical stimuli positively influence the regulation of airway physiology. Firstly,
shear stress regulates the expression of aquaporin AQPS5, a protein crucial for water transport
across cell membranes. Furthermore, the application of shear stress to airway epithelial tissue
activates the transient receptor potential vanilloid 4 (TRPV4) channel and the voltage-
dependent L-type calcium channel (VGCC). Activation of these channels increases the
intracellular Ca2+ concentration proportional to the applied stress (Nakahari, 2007 & Sidhaye
et al., 2008). Consequently, the increased Ca2+ concentration affects the frequency of the
ciliary beat, the coordination of ciliary movement, and thereby enhancing the activity of ciliated
cells (Lansley & Sanderson, 1999).

Davidovich et al. (2011) observed that wall shear stress, generated by airflow over the airway
epithelium, contributes to increased mucus production in the proximal airways. Subsequent
studies demonstrated that shear stress influences the basal secretion of mucin by goblet cells
(Zhu et al., 2015). The results suggest that an increase in airflow causes an immediate and
temporary increase in mucin secretion. Furthermore, this suggests that the increased mucus
production after birth is also caused by the increase in shear stress. Shear stress in the airway
epithelium is higher postnatally compared to prenatally, due to the increased flow velocity and
the distinct physical properties of air relative to the amniotic fluid (Ghadiali & Gaver, 2008 &
Trieu et al.,, 2014). These data indicate that shear stress may play an important role in
regulating airway physiology and influencing spatial patterns in the composition of airway
epithelial cells.
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In conclusion, mechanical stimuli related to respiratory movements seem to play a significant
role in the regulation of airway physiology. Multiple studies suggested that compressive force,
stretch, and shear stress not only influence the maturation and differentiation of epithelial cells
but also modulate their function, contributing to airway remodeling. Specifically, the application
of mechanical stimuli has been shown to affect the expression of ciliated cell and goblet cell
markers through the activation of specific molecular signaling pathways.

Additional factors

In addition to temperature and mechanical forces, other factors forming a gradient along the
airway tree include pH, humidity, and the respiratory microbiota. Clary-Meinesz et al. (1998)
demonstrated that ciliary beat frequency varies with pH changes, increasing in alkaline
environments and decreasing in acidic environments. Thus, an increase in pH results in an
increased ciliary beat frequency. Permanent alterations in ciliated cells are observed when pH
levels drop below 3 or rise above 11. An abnormal pH can alter the viscosity and properties of
mucus produced by goblet cells, impairing their ability to trap and remove foreign particles.
Specifically, an acidic environment reduces the negative charge of mucins, causing mucin
molecules to aggregate and thereby increasing mucus viscosity (Leal et al., 2017).

Humidity also plays a crucial role in the development of the airway epithelium, affecting the
properties of goblet and ciliated cells. Studies indicate that changes in relative humidity
influence both mucus viscosity and the ciliary beat frequency of the airway epithelium
(Guarnieri et al., 2023). However, the factors and signals responsible for these changes have
not yet been identified.

According to Kayongo et al. (2023), changes in the microbiome can induce the expression of
mucus genes, thereby causing epithelial remodeling. Conversely, Dickson et al. (2016)
demonstrated that remodeling of the airway epithelium, such as increased mucus production,
influences the microbiome, leading to an increase in bacterial colonization and consequently
an imbalance in the microbiome, known as dysbiosis. This suggests a bidirectional relationship
between airway remodeling and microbiome alterations. However, further research is needed
to thoroughly investigate this relationship.

In conclusion, factors such as pH, humidity, and microbiome also influence the function of
epithelial cells, contributing to airway remodeling. However, further in-depth investigations are
necessary to fully understand these effects.

Conclusion

This review provides an overview of the factors that may regulate and influence spatial
patterns in the cellular composition of the airway epithelium under homeostatic conditions. To
do so, a literature search was conducted on how spatial patterns occur and evolve during the
development of the airway epithelium. This search was followed by the identification of factors
that establish a similar gradient along the airway tree and the analysis of how these factors
may influence spatial patterns.

Two limitations of the study concern the methods used to review and compare the
literature. The first limitation concerns the selection process of the articles for analysis. Instead
of a systematic approach, the search relied on keyword searches and studies cited in field-
specific reviews. This method may not ensure the same level of thoroughness as a systematic
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approach, increasing the likelihood of overlooking some studies. The second limitation
involves the selection criteria for the articles. The review primarily included studies focusing
on temperature and mechanical forces. Other factors, such as pH, humidity, and the
microbiome, were mentioned but not thoroughly investigated in this study. Consequently,
future research should aim to conduct a more comprehensive analysis of these latter factors.

Despite these limitations, the investigation into factors that establish a gradient has identified
several key elements, including temperature, mechanical forces, pH, and humidity. The results
demonstrated that variations in these factors alter the spatial patterns of the airways, impacting
the functioning of airway epithelial cells. Several studies indicated that the functioning of
ciliated and goblet cells varies in response to temperature changes. However, most of the
reviewed studies focus on nasal and tracheal airway cells, overlooking the influence of
temperature on the proximal section of the airway epithelium. Further research is needed to
provide a more comprehensive understanding. Additionally, studies on mechanical forces
showed variations in the differentiation, development, and function of airway epithelial cells
based on the type of force applied. Notably, stretching forces seem to inhibit goblet cell
expression, while compression forces promote mucus production. This suggests a dynamic
balance between compression and stretching that influences mucus production and goblet
cell density in the airways. Further research is necessary to confirm the relationship between
these mechanical forces. Additionally, changes in pH, humidity, and microbiome can influence
the cellular composition of the airway epithelium; however, there are not enough studies for
an in-depth analysis of these factors.

In conclusion, this study aims to highlight the importance of understanding how gradient-
forming factors influence spatial patterns of cellular composition, with the potential to identify
solutions for airway remodeling, a hallmark of many chronic lung diseases. This analysis
reveals knowledge gaps in the literature, highlighting the need to better understand the
underlying mechanisms of regulation. In line with the discussed results and revealed gaps, |
will carry out my MSc thesis focusing on how temperature variations affect the composition
and cellular organization of the airway epithelium. Next, the effect of temperature on the
mucociliary function of the epithelium will be analyzed, with a focus on ciliary beat frequency,
clearance surface, and directionality of ciliary movement. Furthermore, the effect of
temperature on the host’s defense response to molecular patterns associated with pathogens,
including viruses and bacteria, will be examined. Overall, the MSc thesis will aim to provide a
detailed overview of the effects of temperature on the airway epithelium to identify potential
therapeutic targets for airway remodeling.

Search strategy

The primary studies for this literature review were identified through a search on PubMed, one
of the largest biomedical digital databases. Subsequently, Scopus and Google Scholar were
also used. The keywords employed included ‘airway epithelial tree’, ‘spatial distribution’,
‘remodeling’, ‘temperature’, ‘mechanical forces’, ‘pH’, ‘humidity’, and ‘microbiome’. These
terms were selected based on a preliminary literature review and recommendations from
experts in the field. Initially, articles were screened based on their titles and abstracts, followed
by a full-text review. The inclusion criteria comprised English-language studies utilizing
computational models or in vitro and in vivo experiments on human or mouse cells.
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