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Abstract— Grass pollens have been identified as mediators of respiratory distress, capable
of exacerbating respiratory diseases including epidemic thunderstorm asthma (ETSA). It is
hypothesised that during thunderstorms, grass pollen grains swell to absorb atmospheric water,
rupture, and release internal protein content to the atmosphere. The inhalation of atmospheric
grass pollen proteins results in deadly ETSA events. We sought to identify the underlying
cellular mechanisms that may contribute towards the severity of ETSA in temperate climates
using Timothy grass (Phleum pratense). Respiratory cells exposed to Timothy grass pollen
protein extract (PPE) caused cells to undergo hypoxia ultimately triggering the subcellular
re-organisation of F-actin from the peri junctional belt to cytoplasmic fibre assembly travers-
ing the cell body. This change in actin configuration coincided with the spatial reorganisation
of microtubules and importantly, decreased cell compressibility specifically at the cell cen-
tre. Further to this, we find that the pollen-induced reorganisation of the actin cytoskeleton
prompting secretion of the pro-inflammatory cytokine, interleukin-8. In addition, the loss of
peri-junctional actin following exposure to pollen proteins was accompanied by the release of
epithelial transmembrane protein, E-cadherin from cell—cell junctions resulting in a decrease
in epithelial barrier integrity. We demonstrate that Timothy grass pollen regulates F-actin
dynamics and E-cadherin localisation in respiratory cells to mediate cell—cell junctional integ-
rity highlighting a possible molecular pathway underpinning ETSA events.
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combination and concentrations of allergen particles in
circulation, the sudden change in meteorological con-
ditions and individual susceptibility, are necessary for
facilitating the ETSA phenomenon [3]. ETSA events are
generally characterised by an abundance of aeroallergens,
most notably the high content of grass pollen grain pro-
teins [1]. Importantly, not all thunderstorms are accom-
panied by ETSA events, suggesting that the species of
pollen grain(s) present within a local area may be a factor
that influences ETSA severity [4].

Direct respiratory exposure and inhalation of highly
concentrated, pollen-based aeroallergens during thunder-
storms is known to increase the risk of ETSA events in
specific climates. The largest recorded ETSA event glob-
ally occurred in Melbourne (Victoria, Australia) in 2016,
where the pollen count was classified as ‘Extreme’ (> 100
grains/m®) with temperate grass pollens, Ryegrass (Lolium
perenne), and Timothy grass (Phleum pratense) compris-
ing the majority of the total pollen content [5, 6]. This
extreme, local, high concentration of pollen resulted in an
unprecedented number of people suffering acute respira-
tory distress and culminated in 9 deaths [5, 6]. Yet, the
cellular mechanisms that underpin respiratory exacerba-
tions like the Melbourne 2016 ETSA event are unknown
and the role individual pollen species play in mediating
respiratory changes at the cellular level remains unclear.

Actin is an essential cytoskeletal protein important
in maintaining and regulating many biological processes
including cell shape, ion transport, and receptor-mediated
signalling in response to extracellular stimuli [7].
Importantly, exposure to extracellular stimulus can induce
and dictate modifications to filamentous-actin (F-actin)
causing spatial and temporal reorganisations that influ-
ence changes in cell shape, size, and function and initi-
ate pathophysiological phenotypes [8—11]. In respiratory
cells, actin plays a key role in regulating both ion and sol-
ute transport, and also integrity of the epithelial barrier
via interactions with specific cell-cell junctional proteins
[12-14]. The adherent protein, E-cadherin, localises at
the cellular boundaries of cell—cell junctions to stabilise
and maintain functional integrity of the junctional barrier
[15]. As such, E-cadherin dysfunction either via muta-
tion or aberrant localisation to cell—cell junctions has been
associated with pathophysiological changes to respiratory
cellular barrier function, integrity, and the progression of
disease states [16]. Thus, both actin and E-cadherin play
a vital role in preserving respiratory junctional barrier
integrity and respiratory homeostasis, yet little is known
of their role in pollen mediated asthma events, including

ETSA. The present study sought to identify the molecu-
lar response of respiratory cells following exposure to
temperate grass pollen protein extracts of Timothy grass.
Specifically, we investigate the subcellular organisation
and localisation of both actin and E-cadherin following
exposure to Timothy grass pollen proteins.

METHODS

Scanning Electron Microscopy

The surface morphology of whole Ryegrass and
Timothy grass pollens was evaluated using JEOL JCM-
6000 scanning electron microscopy (SEM; JOEL, USA).
Samples were dispersed onto carbon sticker tabs and gold
sputter-coated for 2 min (Smart Coater, JOEL) to a thick-
ness of approximately 20 nm. Images were captured at
5 kV at 500 x and 1000 X magnifications.

Preparation of Grass Pollen Protein Extracts

Non-defatted Ryegrass and Timothy grass pollen
(Greer Laboratories, USA) proteins were extracted as
described previously [17]. Ryegrass and Timothy grass
PPEs (10 pg) were visualised on a 10% polyacrylamide
gel following SDS-PAGE and stained with Coomas-
sie Brilliant Blue R-250 (Sigma-Aldrich). Colorimetric
images were captured using the BioRad EZ Imager (Bio-
Rad, USA).

Cell Line Maintenance

The A549 cell line was purchased from the Ameri-
can Type Cell Culture Collection (ATCC). Cells were
maintained in Dulbecco’s modified Eagle medium
(DMEM):F12 (Sigma-Aldrich) supplemented with 10%
(v/v) heat-inactivated foetal bovine serum (FBS; Invit-
rogen), 0.5 mM L-glutamine (Invitrogen, USA), and 1%
(v/v) non-essential amino acids (Sigma-Aldrich) at 37 °C
with 5% CO,. Cells were seeded at 3 x 10* cells/cm?, used
between passage numbers 98 and 136. Cells were qui-
esced for 24 h and then exposed to grass PPE (0.05, 0.5
and 5 mg/mL) for 24 h.

Immunofluorescence and Image Analysis

Cells were fixed with 4% (v/v) paraformaldehyde,
blocked, and permeabilised in 5% (v/v) normal goat serum
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(Invitrogen, USA) and 0.3% (v/v) Triton X-100. Cells
were incubated with anti-E-cadherin (HECD-1; 1:100)
(Abcam; USA) and counterstained with DAPI (1:10,000)
and TRITC-Phalloidin (1:2000). To visualise tubulin,
cells were fixed with ice-cold methanol and blocked with
5% normal goat serum (v/v) (Invitrogen) and 0.3% Triton
X-100 (v/v). Cells were incubated with a-tubulin (DM1A;
1:1000) (Sigma-Aldrich) followed by secondary antibody
incubation of Alexa Fluor 488 (Whole IgG; 1:1000) (Jack-
son Immuno Research Laboratories, USA).

Protein Extraction and Immunoblotting

Cells were treated with grass PPE (0.05, 0.5, and
5 mg/mL) for 24 h prior to whole cell lysate collection.
Cells were placed on ice and washed twice with PBS.
Cells were scraped and extracted in 0.1% SDS-RIPA lysis
buffer (50 mM Tris, 150 mM NaCl, 5 mM EDTA, 1% (v/v)
Nonidet P-40, 0.1% (w/v) SDS, 1% (w/v) Na Deoxycho-
late). Lysates were centrifuged 15,500 X g for 10 min at
4 °C and supernatants collected. Whole-cell lysates (10 pg)
were subjected to gel electrophoresis and transferred onto
methanol-activated Immobilon PVDF membrane. Mem-
branes were probed with anti-E-cadherin (1:1000; HECD-
1), anti-actin (1:5000; AC-40, Sigma-Aldrich), anti-a-
tubulin (1:5000; DMAT1A, Sigma), GAPDH (1:5000;
Sigma-Aldrich), or HSP-70 (1:5000; Sigma-Aldrich) and
visualised using the BioRad ChemiDoc (BioRad).

Membrane Integrity

To determine the integrity of A549 cell lipid mem-
branes, cells were pre-loaded with Calcein-AM and
then exposed to PPE as previously described [18] A549
cells were incubated with 0.5 pM Calcein-AM (Invitro-
gen) for 15 min at 37 °C, cells were washed with PBS,
and Timothy grass PPE was added (supplemented with
20 mM HEPES). Cells were immediately imaged using
the Nikon Ti Eclipse inverted microscope with an S Plan
Fluor ELWD 20 xPh1 ADM objective equipped with
a CoolSnap ES2 camera for 90 min, with images taken
every 5 min. Images were analysed using Fiji.

Detection of Reactive Oxygen Species

Reactive oxygen species (ROS) produced by A549
cells following 24 h post exposure of PPE was measured

by incubating cells with 50 uM 2', 7'-dichlorofluorescin
diacetate (DCFDA; Sigma-Aldrich) for 15 min at 37 °C
prior to reading the fluorescence (Ex/Em 488/530 nm)
using the SpectraMax iD3 microplate reader. Positive
control cells were treated with 200 pM of Menadione
K3 (Vitamin K3; Sigma-Aldrich), while negative controls
were treated with 10 mM of N-Acetyl-L-Cysteine (NAC;
Sigma-Aldrich).

Enzyme-Linked Immunosorbent Assay

Interleukin-6 and -8 (IL-6, IL-8) production were
determined using the enzyme-linked immunosorb-
ent assay (ELISA) kits (BD OptEIA, BD Biosciences)
according to manufacturer’s guidelines. Supernatants
were collected from A549 cells treated with grass pol-
len protein extract for 24 h. Untreated cells served as the
control.

To determine the role of actin in proinflammatory
cytokine production, quiesced cells were washed with
PBS and permeabilised with 0.22 pmol/cell Triton-X-100
[19] and incubated with phalloidin for 10 min. Cells were
then washed and allowed to recover overnight prior to
exposure to grass pollen protein extract. Supernatants
were collected 24 h post exposure, and IL-8 cytokine
expression was measured.

Microscopy and Image Analysis

All cells were imaged at identical settings using
the Nikon Ti Eclipse inverted microscope with an S Plan
Fluor ELWD 40X Ph2 ADM objective equipped with a
CoolSnap ES2 camera. For fixed, immunofluorescent
images of a minimum of 20 random fields of view were
imaged. Images were analysed using open-source soft-
ware CellProfiler (v3.1.9) [20] (http://cellprofiler.org/).
Briefly, DAPI stained images were used to segment and
identify the nucleus following a minimum cross entropy
thresholding method, while cells were segmented using
the Otsu intensity threshold method. Actin- and E-
cadherin-stained images were subjected to identical thresh-
olding methods and parameters (actin: Otsu; E-cadherin:
Robust Background; Tubulin: Otsu). Individual cells
were binned with 10 equidistant, scaled bins applied to
each cell, and the mean fluorescence intensity was meas-
ured for per bin (Bin 1=cell centre and Bin 10 =cell
boundary).
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Electric Cell-Substrate Impedance Sensing

The integrity of A549 cell-cell junctions was
assessed using the electric cell-substrate impedance sens-
ing system (ECIS; Applied BioPhysics Inc., USA). ECIS
8WI10E + arrays were coated with 10 mM L-cysteine
prior to cell seeding. Real-time transepithelial electrical
resistance (TEER) data were captured every 5 min for
24 h, and resistance was measured at 8000 Hz. The initial
5 h were excluded to allow apparatus equilibration.

Brillouin Microscopy

Brillouin microscopy was utilised to assess viscoe-
lastic and compressibility properties of PFA fixed cells
immersed in PBS that had previously been treated with
Timothy grass PPE for 24 h. A total of 35 pm X35 pm
maps of Brillouin frequency shift (BFS) were measured
across cellular samples and then normalised to BFS
measurements of cell-free regions. The Brillouin micros-
copy system comprised of a continuous wave 660-nm
laser (Cobolt, Flamenco), a confocal microscope (CM1,
JRS Instruments) and a scanning tandem Fabry—Perot
interferometer (TFP1, JRS Instruments), using an immer-
sion objective lens with 60 X magnification (Nikon,
NA =1, WD=2.8 mm). Brillouin data was collected
using in-house software to perform two-dimensional
(2D) scans within plane spatial resolution of approxi-
mately 1 pm and an acquisition time per point of 20 s. To
prevent sample damage by incident radiation, the laser
power was less than 20 mW. The raw spectra of Brillouin
scattered light, containing Rayleigh and Brillouin peaks
(Stokes and anti-Stokes), were fitted using the damped
harmonic oscillator model where the exact position of
these peaks determines the BFS. The BFS data was ana-
lysed using unsupervised clustering algorithm to identify
similarity groups within the data and enable statistical
analysis across cellular regions (cell centre, body, and
periphery).

Statistical Analysis

All experiments were conducted with a minimum of
3 biological replicates. Statistical significance was deter-
mined using Student’s #-test, one-way, or two-way ANOVA
(GraphPad Prism v. 8.2.1) with a Dunnett post-hoc analy-
sis. Error bars represent SD or SEM (see figure legend for
details). Significance was determined as p <0.05.

RESULTS

Temperate Grass Pollen Species Show Diverse
Physical Properties and Protein Expression

SEM images of dry, whole Ryegrass (Fig. 1A),
and Timothy grass (Fig. 1B) showed distinct surface
topography and displayed a rough, granular exine outer
surface structure. Although dried, both grass pollen spe-
cies were identified as being spheroidal and possess-
ing a pore surrounded by an annulus (Fig. 1A-B, white
arrows). Ryegrass and Timothy grass pollen proteins were
extracted and subjected to gel electrophoresis. Coomas-
sie staining of grass pollen protein extracts indicated
varying protein compositions between the grass pollen
species (Fig. 1C). Most notably was the abundance of
known allergen proteins: group 1 allergen, Lol p 1 [21]
at~29 kDa and the group 5 allergen, Lol p 5 at~29
—31 kDa, present in the Ryegrass pollen extract (Fig. 1C;
RG) when compared to Timothy grass pollen (Fig. 1C;
TG). Both Lol p 1 and Lol p 5 are thought to be critical
mediators of allergen mediated asthma attacks [22, 23]
yet the minimal presence of either protein is an intrigu-
ing characteristic given the hypothesised role for Timothy
grass pollens in inducing ETSA events.

Exposure to Timothy Grass Pollen Rapidly
Reduces Membrane Integrity and Induces
Hypoxia

Pollen PPE first comes into contact with a cell at the
lipid membrane, and therefore, we sought to determine
if this initial contact altered membrane integrity. A594
respiratory epithelial cells were first pre-loaded with the
Calcein-AM, a cell permeable compound that passively
crosses the membrane, subsequently accumulating in the
cytoplasm where it is cleaved by intracellular esterases to
the fluorescent form. Thus, if the integrity of the membrane
is decreased as a result of pollen exposure, Calcein will be
released from the cell and intracellular fluorescence will
be reduced [18]. A549 control cells showed stable fluores-
cence throughout the 30-min time course. However, those
cells exposed to increasing concentrations of Timothy
grass pollen proteins displayed a concentration-dependent
decrease in fluorescence within the first 25-30 min
(Fig. 1D), suggesting that Timothy grass pollen proteins
had reduced the integrity of the membrane. Further to this,
protein pollen extracts (PPE) have been shown to retain
intrinsic NADPH oxidase activity that result in an increase
in cellular ROS production [24] suggesting that exposure to
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Fig. 1 Scanning electron microscopy (SEM) images of dry, whole A Ryegrass and B Timothy grass pollens obtained at 5 kV. White arrows identify
pores. Scale bar: 50 um and 20 pm (inset). C Coomassie stain of Ryegrass (RG) and Timothy grass (TG) PPE. Molecular weight marker (M) shown
in the first lane. D Fluorescence intensity of A549 cells treated with Calcein-AM and exposed to concentrations of Timothy grass PPE (0.05, 0.5,
0.5, or 5 mg/mL). Data expressed as normalised mean +SEM. Statistical analysis determined following Two-way ANOVA with Dunnett post-hoc
analysis; *p <0.05. E A549 cellular ROS production following exposure to Timothy grass PPE. Data expressed as normalised mean + SEM. Statisti-
cal analysis determined following one-way ANOVA with Dunnett post hoc analysis; **p <0.01.

PPE may induce hypoxia in A549 cells. Expectedly, those
cells exposed to either 0.5 or 5 mg/mL of PPE showed a
significant increase in ROS production 24 h post exposure
(Fig. 1E), together indicating that respiratory cell exposure
to Timothy grass PPE exposure not only reduced membrane
integrity but also induced hypoxia.

Respiratory Cells Exposed to Timothy Grass
PPE Triggered Spatial Reorganisation
of Cytoskeletal Components

Cellular hypoxia has previously been shown to
trigger activation of RhoA GTPase [11] and as such we
next investigated known downstream process of activated
RhoA GTPase, cytoskeletal organisation and abundance,
and cell morphology. A549 control cells displayed char-
acteristic dense F-actin bundles at cell borders known as
the peri-junctional actin belt (Fig. 2; Control), while the

peri-junctional actin belt of cells exposed to increasing
concentrations of Timothy grass PPE appeared less appar-
ent, suggesting that exposure to pollen had altered the
actin dynamics. Importantly, those cells treated with 5 mg/
mL of Timothy grass PPE displayed ‘dash-like’, longitudi-
nal actin fibres that traversed the cell body corresponding
with a loss of the peri-junctional actin belt, suggesting that
pollen-induced hypoxic conditions had indeed activated
the RhoA GTPase pathway as proposed by Dada et al.
(2007). To quantify this change in actin re-organisation,
those cells treated with Timothy grass PPE were binned
into 10 equidistant bins (Fig. 3A), with Bin 1 positioned at
the centre of the cell and Bin 10 at the cell periphery (i.e.,
cell boundary) and the mean actin fluorescence intensity
per bin determined. Cells treated with 5 mg/mL Timo-
thy grass PPE showed a significantly higher mean F-actin
fluorescence intensity in Bins 1-6 when compared to con-
trol (Fig. 3B), indicating an increase of F-actin present
at the cell centre as observed in the cell images (Fig. 2).
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Furthermore, the increase in central actin in these cells
was accompanied by a significant decrease in mean actin
fluorescent intensity at the cell boundary when compared
to control cells (Fig. 3B; Bin 10), confirming the loss of
peri-junctional actin observed in Fig. 2.

We next sought to determine if the spatial reorganisa-
tion of actin had influenced the organisation of additional
cytoskeletal components and therefore investigated tubulin.
Interestingly, we found that the increased presence of actin
at the centre of the cell correlated with the loss of tubulin
(Fig. 3C; Bins 1-6), suggesting that the two cytoskeletal
networks work in synergy to maintain cell area (Fig. 3D)
and shape (Fig. 3E). To determine if this spatial reorganisa-
tion of the cytoskeletal proteins was a result of increased
protein expression, we performed western blot analysis of

Control

0.5 mg/mL

0.05 mg/mL
. . . . 8
Q
=

5 mg/mL

cells exposed to Timothy grass PPE. Importantly, neither
actin nor tubulin expression was altered following expo-
sure to Timothy grass PPE (Fig. 3F, G), suggesting that the
spatial reorganisation of the cytoskeletal proteins was not
aresult of altered protein levels.

Cell Compressibility Is Decreased at the Cell
Centre Following Exposure to Timothy Grass
PPE

The pollen-induced change in membrane dynamics,
coupled with the spatial reorganisation of actin, suggested
that pollen may alter cellular viscoelasticity and com-
pressibility. Brillouin microscopy was used to ascertain if

Fig. 2 Representative images of A549 cells showing fluorescently labelled actin (red) and nucleus (blue). Merged images shown in the final panel.
Cells were treated for 24 h with different concentrations of Timothy grass PPE (0.05, 0.5, 0.5, or 5 mg/mL). Scale bar: 50 pm.
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Fig. 3 Actin fluorescence intensity was measured for cells following 24 h of Timothy grass PPE exposure. A Cells were binned into 10 equidistant,
scaled bins to quantify the mean actin fluorescence intensity. B Mean integrated (sum) F-actin florescence intensity per cell was also measured fol-
lowing treatment with Timothy grass PPE. C Mean integrated (sum) tubulin florescence intensity per cell was also measured following treatment
with Timothy grass PPE. A549 cell morphometry analysis following 24 h of grass PPE exposure D cell area and E aspect ratio. Total A549 protein
expression (western blot and densitometry analysis; HSP-70 probed for loading control) of cytoskeletal components F Actin and G Tubulin. All data
expressed as normalised mean + SEM. Statistical analysis of B and C was determined following two-way ANOVA with Dunnett post hoc analysis,
while D, E, F, G was determined following one-way ANOVA with Dunnett post hoc analysis; *p <0.05, **p <0.01.

pollen exposure altered the elasticity and compressibility
of respiratory cells as the higher the Brillouin frequency
shift (BFS), the stiffer and less compressible the cellu-
lar component (such as the nucleus) [25]. Alternatively,
low BES values are characteristic of softer cellular com-
ponents with high hydration and elasticity (such as cell
cytoplasm) [26]. To identify these cellular components,

an unsupervised clustering algorithm (K-means cluster-
ing) was used to segment the 2D maps of unlabelled cells
into 4 separate groups, PBS, cell periphery, cell body, and
cell centre (Fig. 4A). Thus, A549 cells exposed to 5 mg/
mL Timothy grass PPE resulted in a significant increase
in BFS at the cell centre (Fig. 4A, B), suggesting that the
centre of the cell had become stiffer. Importantly, this
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<« Fig. 4 A Representative 35 um X35 pum maps of Brillouin frequency
shift (BFS) measured across the cells in XY plane (parallel to the
surface of the tissue culture plastic). The colour scale represents the
magnitude of the BFS that is attributed to the compressibility of the
cell and surrounding PBS buffer. The unsupervised clustering algo-
rithm (K-means clustering) and the effective recognition of features
were used to segment the 2D maps of unlabelled cells into 4 separate
groups, discriminating PBS (blue), the cell periphery (red), cell body
(cyan), and the cell centre (yellow)-Colour Bar units GHz. B Normal-
ised BFS. Data expressed as mean=+SD. Statistical analysis deter-
mined following two-way ANOVA with Dunnett post hoc analysis;
*p<0.05.

increase in BFS correlated with the spatial reorganisa-
tion of actin observed previously (Fig. 3B) and therefore
inferring that exposure to Timothy grass pollen had sig-
nificantly reduced cell compressibility at the cell centre.

Spatial Reorganisation of F-Actin Induces
Inflammatory Response

Actin reorganisation is known to play an impor-
tant role in regulating not only cell function but also the
inflammatory response [27, 28]. Thus, given the known
role inflammatory mediators play in exacerbating thun-
derstorm asthma, we hypothesised that the change in actin
organisation observed in A549 cells following exposure
to Timothy grass PPE would also induce an inflammatory
response, specifically interleukin (IL)-6 and -8. Interest-
ingly, exposing A549 cells to Timothy grass PPE did not
induce detectable levels of IL-6 secretion at any of the
concentrations tested (data not shown). However, A549
cells treated with increasing concentrations of Timothy
grass PPE showed a significant increase in IL-8 secretion
when treated with 5 mg/mL (Fig. 5A), correlating with
the loss of actin from the peripheral belt. To determine if
the increase in IL-8 secretion following exposure to 5 mg/
mL Timothy grass PPE was in response to the spatial
reorganisation of actin, we first stabilised actin filaments
and then exposed the cells to 5 mg/mL Timothy grass
PPE for 24 h (Fig. 5B, C). Importantly, no significant
increase in IL-8 secretion was observed in those cells
exposed to 5 mg/mL Timothy grass PPE when compared
to control following stabilisation of the actin filaments
(Fig. 5B). Taken together, these data highlight a molecu-
lar link between the spatial organisation of actin filaments
and the inflammatory response.

Timothy Grass PPE Reduced E-Cadherin
Localisation to the Cell Boundary and Reduced
Cell-Cell Junctional Barrier Integrity

The integrity of the cell membrane and the pres-
ence of F-actin organisation at the peri-junctional belt
have both been identified as important determinants of
cell—cell junction formation and integrity [29, 30]. Thus,
we hypothesised that the pollen-induced changes to
membrane integrity and F-actin may also alter cell-cell
junctional integrity and therefore sought to determine
the subcellular localisation of the known cell—cell
junctional protein, E-cadherin. As the concentration of
Timothy grass PPE increased, E-cadherin localisation to
cell—cell junctions appeared to decrease, corresponding
to the loss of the peri-junctional F-actin belt (Fig. 6).
Fluorescence intensity measurements of E-cadherin
at the cell boundary confirmed that cells treated with
5 mg/mL of Timothy grass PPE had significantly less
E-cadherin localised to the cell boundary when com-
pared to control (Fig. 7A). To ensure that this reduc-
tion in E-cadherin at the cell boundary was not due to
a reduction in E-cadherin protein expression, we deter-
mined the fluorescence intensity of E-cadherin per cell
and found no significant difference between any of the
treatment groups (Fig. 7B). We further confirmed this by
western blot, and expectedly, no significant difference in
total E-cadherin expression was determined (Fig. 7C),
suggesting the reduced E-cadherin localisation to cell
boundaries was not a result of decreased E-cadherin
protein levels.

Changes to E-cadherin subcellular localisation can
alter cell—cell junctional barrier integrity, as such the
barrier integrity of A549 monolayers exposed to tem-
perate grass PPE was assessed over a 24 h period. Thus,
changes in transepithelial electrical resistance (TEER)
were measured in real time using ECIS [31]. A549 cells
treated with 0.05 mg/mL Timothy grass PPE showed a
significant increase in TEER (Fig. 7D), suggesting that
at low concentrations, Timothy grass pollen may act to
increase respiratory epithelial barrier quality. While those
cells treated with 5 mg/mL Timothy grass PPE showed a
significant decrease in TEER when compared to control
(Fig. 7D), suggesting that the loss of the peri-actin belt and
E-cadherin localisation to cell—cell junctions had reduced
barrier integrity.



Bradbury, Cidem, Mahmodi, Davies, Spicer, Prescott, Kabakova, Ong and Traini

A *
2.5+
c
S 2.0-
e
[*]
®
® 1.5+
=
-3
$10 T
®
E
S 0.54
z
0.0 T T
Control  0.05 mg/mL 0.5 mg/mL 5 mg/mL
Timothy Grass Pollen
Cc

Actin

Control

5 mg/mL

B
8 1.5-
5
®
® 1.0
=l
]
& 0.5
©
E
2 0.0 T
= Control 5 mg/mL
DAPI Merge

Fig.5 A IL-8 cytokine release 24 h post treatment with Timothy grass PPE. Data expressed as normalised mean + SEM. Statistical analysis deter-
mined following one-way ANOVA with Dunnett post hoc analysis; *p <0.05. B IL-8 cytokine release of cells pre-treated with phalloidin and then
exposed to Timothy grass PPE. Data expressed as normalised mean + SEM. Statistical analysis determined following Student’s -test; *p <0.05. C
Representative images of A549 cells showing fluorescently labelled actin (red) and nucleus (blue). Merged images shown in the final panel. Cells
were pre-treated with phalloidin to stabilise actin filaments and then exposed to Timothy grass PPE.

DISCUSSION

Temperate grass pollen species are known to have
varying compositions of allergen group proteins [21, 32],
and it is the inhalation of these allergens that penetrate
the lower airways, causing the severe asthma attacks often
associated with pollen exposure [22, 23, 33]. It has been
hypothesised that the Lol p 5 allergen proteins of pollen
granules may be responsible for triggering an epidemic
of thunderstorm asthma [22, 34] and yet Timothy grass
PPE showed a minimal amount of Lol p 5 allergen pro-
tein. Intriguingly however, despite the lack of Lol p 5,
Timothy grass PPE triggered significant actin and tubulin

reorganisation in respiratory epithelial cells, ultimately
altering respiratory cell behaviour and function.

Pollen proteins first encounter the respiratory cell
surface at the plasma membrane and here we show that
within minutes of exposure to pollen proteins, the integ-
rity of the A549 cell membrane is altered. Further to
this, PPEs are known to retain NADPH activity that can
induce oxidative stress in A549 cells [24]; our data sug-
gests that PPE-mediated hypoxia is concentration depend-
ant, with only high concentrations of Timothy grass
PPE significantly increasing ROS production after 24 h.
Interestingly, oxidative stress has been shown to reduce
Na, K+ ATPase activity [35], a transmembrane osmotic
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Scale bar: 50 um.

regulator protein that functions to maintain transepithelial
osmotic gradient and therefore epithelial barrier integrity;
thus, we hypothesise that pollen destabilises membrane
integrity and increases ROS activity to then downregulate
Na, K+ ATPase activity.

Pollen-induced spatial reorganisation of F-actin
triggered the release of F-actin from the peri-junctional
belt, causing actin filaments to form stress fibres that
traverse the cell body (Figs. 2 and 3B). Importantly,
this pollen-induced change in actin organisation coin-
cided with an equal and opposite change in microtubule
organisation (Fig. 3C). As F-actin was redistributed from
the peri-junctional ring to a more centralised stress fibre
configuration, the density of microtubule network at
the cell centre was reduced to accommodate the spatial
reorganisation of F-actin. This finding is in agreement
with several other studies that have shown actin regulates
the microtubule organisation of epithelial cells [36, 37].
Importantly, this re-organisation of the cytoskeletal com-
ponents did not change cell size or shape, but it did reduce
compressibility of the respiratory cells (Fig. 4) possibly

increasing cell stiffness [38] that may contribute to the
acute bronchospasms observed during ETSA events. Fur-
ther to this, our data agrees with previous studies that has
highlighted a role for actin dynamics in regulating the
inflammatory response (reviewed in [39]), as the reorgan-
isation of actin filaments was shown to induce secretion
of the proinflammatory cytokine, IL-8 (Fig. 5).
Cell—cell junctions play an essential role in main-
taining not only barrier integrity but also determine pro-
liferation, cell mechanical integrity, and barrier function
[40]. Our findings suggest that while total E-cadherin
expression remained unchanged (Fig. 7C), subcellular
localisation of E-cadherin to cell—cell junctions had been
disrupted following exposure to Timothy grass pollen
extract (Fig. 6). Importantly, decreased E-cadherin stain-
ing has previously been found in oral swabs of people
suffering from severe allergies [41], suggesting that loss
of E-cadherin at the cell boundary may be an important
indicator of Timothy grass mediated effects on the res-
piratory cell epithelium. Structurally, E-cadherin plays
an important role in regulating the cell—cell junctional
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PPE. D Real-time TEER quantification of cells treated with Timothy grass PPE. Data expressed as mean+ SEM. Statistical analysis determined fol-

lowing one-way ANOVA with Dunnett post hoc analysis; *p <0.05.

integrity. Our findings suggest that at low concentrations,
Timothy grass PPE increased respiratory epithelial bar-
rier quality, yet surprisingly, we observed no increase
in E-cadherin fluorescence at the cell boundary. In con-
trast, cells exposed to high concentrations of Timothy
grass PPE were shown to display a significant decrease

in respiratory barrier integrity, correlating with the loss
of both F-actin and E-cadherin from the cell boundary.
It has been previously shown that modifications to
the lipid composition of cell membranes [30] as well as
increased ROS production (i.e., reduced Na, K+ ATPase
activity) [42, 43] trigger the loss of E-cadherin from
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cell—cell junctions resulting in spatial reorganisation of and IK conducted Brillouin microscopy data curation and analysis.
cytoskeletal components [44]. Thus, we propose that HO, DT, JMD, IK, PS, and SP provided critical feedback.
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