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Abstract: Asthma is a chronic respiratory disease with one of the largest numbers of cases in the
world; thus, constant investigation and technical development are needed to unravel the underlying
biochemical mechanisms. In this study, we aimed to develop a nano-DESI MS method for the in vivo
characterization of the cellular metabolome. Using air-liquid interface (ALI) cell layers, we studied
the role of Interleukin-13 (IL-13) on differentiated lung epithelial cells acting as a lung tissue model.
We demonstrate the feasibility of nano-DESI MS for the in vivo monitoring of basal-apical molecular
transport, and the subsequent endogenous metabolic response, for the first time. Conserving the
integrity of the ALI lung-cell layer enabled us to perform temporally resolved metabolomic character-
ization followed by “bottom-up” proteomics on the same population of cells. Metabolic remodeling
was observed upon histamine and corticosteroid treatment of the IL-13-exposed lung cell monolayers,
in correlation with alterations in the proteomic profile. This proof of principle study demonstrates the
utility of in vivo nano-DESI MS for characterizing ALI tissue layers, and the new markers identified
in our study provide a good starting point for future, larger-scale studies.

Keywords: asthma; interleukin-13; nano-DESI; proteomics; metabolomics; multi-omics; air-liquid
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1. Introduction

Asthma is a chronic respiratory disease, affecting millions of people around the
world [1]. It causes inflammation, bronchial hyperresponsiveness, and remodeling of the
airways, which result in shortness of breath, wheezing, and coughing [2]. The pathophysi-
ology of asthma is reported to be related to the activity of T-helper 2 (Th2) lymphocytes.
Particularly in allergic asthma, Th2 lymphocytes produce Th2-derived cytokines (inter-
leukins, IL) IL-4, IL-5, IL-9, and IL-13 that promote the development of inflammatory cells,
including mast cells [3]. Out of these cytokines, IL-13 is a central mediator of allergic
asthma and therefore one of the most important cytokines for asthma development and
pathogenesis [4]. For example, IL-13 can induce airway remodeling, the production of
inducible nitric oxide synthase (iNOS), mucus secretion, and the release of inflammatory
mediators from mast cells, including histamine [5,6]. Histamine is the first chemical media-
tor found to evoke bronchial smooth muscle contraction in asthma, and it plays a key role
in asthma development by triggering proinflammatory responses in tissue and eliciting
major responses involved in allergic reactions [7]. High histamine levels have been found
to correlate with asthma severity [5], which makes it an interesting target to study. A
major treatment option for asthmatic attacks is the use of inhaled corticosteroids, such
as fluticasone, budesonide, and terbutaline. Although they are found to increase lung
function and reduce inflammation during long-term use in most patients [8-10], they are
not ultimately effective for all patients. Therefore, therapies that target interleukins with
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monoclonal antibodies have emerged during the last decade, albeit with varying efficacy on
lung function [11]. Thus, new opportunities for the development of treatments are required.

To gain a clear understanding of the alterations related to asthma, it is critical to obtain
a deeper knowledge of the cellular and molecular mechanisms that correlate with the
disease. Airway epithelia are commonly studied using a living lung tissue model of primary
human bronchial epithelial cells (PBECs) cultured in an air-liquid interface (ALI) [12-14].
In the ALI system, the PBECs are placed in a culture medium on a semipermeable surface.
After some time, the growth medium on the apical side of the cells is removed, creating
the ALI system. In the ALI system, the cells differentiate into a pseudostratified cell
layer, consisting of ciliated cells, goblet/secretory cells, and basal cells [15]. This mimics
the in vivo conditions of the lung, with the apical side of the ALI system towards the
air and the basolateral side on the semipermeable membrane in contact with the culture
medium [15,16].

The ALI lung tissue model can be transformed into an asthma model by introducing
IL-13 to the medium on the basolateral side [17]. Multiple studies using the ALI model have
reported that IL-13 stimulation alters the cell differentiation process, generates more mucus
cells and fewer ciliated cells, and increases paracellular permeability [18,19]. Additionally,
gene expression studies have found that IL-13 induces the hypoxia signaling pathway [20]
and the eicosanoid metabolism that leads to a reduction in airway prostaglandin E2 [21].
Furthermore, the addition of histamine to the media is considered to imitate an allergic
asthma attack, where the inhaling of allergens causes intensive histamine production and
then bronchial contraction and intensive mucus secretion [5]. Overall, it is clear that IL-13-
treated ALI-cultured cells constitute a living lung model to study asthma-relevant effects.

Metabolomics is a powerful tool that can reveal altered metabolic pathways due to
stress conditions such as pathogenesis or drug treatment [22-24]. Previous studies have
investigated metabolome alterations in ALI cells [25-27]. In such studies, the tissue model
is exposed to drugs or smoke for one or several time periods. The metabolic responses are
then studied either by first lysing the cells or by covering the apical side with a medium that
is then removed for analysis. However, covering the apical side with medium decreases
oxidative metabolism on both the apical and the basolateral side [28]. Furthermore, cell
lysis for each time point increases the number of culture inserts. Thus, there is a need for a
method that enables time-resolved metabolomics of ALI-cultured cells in a non-destructive
manner. The ability to directly analyze the apical side of the living cellular layer would
permit the study of molecular transport and the metabolic responses that occur upon IL-13
remodeling. Using the ALl interface also allows for subsequent proteomics characterization
which opens the way to multi-omics characterization of ALI cell layers. This is especially
important, as “bottom-up” proteomics has become one of the main techniques of biochemi-
cal profiling and drug discovery in the past decade [29]. In vivo studies of the cell cultures
without sample preparation contribute to understanding molecular alterations, providing
valuable information about cellular activity and physiology, and facilitating biomarker
research for clinical diagnostics [30].

The main aim of this study was to perform an in situ and temporal analysis of both
the endogenous and basally-introduced molecules that are transported and metabolized
by the living lung tissue model. This was achieved using nanospray desorption electro-
spray ionization mass spectrometry (nano-DESI MS), where the probe of two fused silica
capillaries enables localized liquid extraction and subsequent nanoESI MS directly from
the living cell layer. Here, we present time-resolved nano-DESI MS metabolite profiling
of living ALI lung epithelial cells under native and IL-13-induced conditions and upon
treatment with histamine and corticosteroids. Subsequently, we analyze the proteome and
use the multi-omics results to characterize the chemical alterations upon IL-13 treatment,
linking to asthma pathophysiology.
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2. Results
2.1. Air-Liquid Interface Nano-DESI MS for Direct Analysis of Living Cells

An air-liquid interface (ALI) model was used to imitate the epithelium cell layer in the
lungs; the cells were placed between an air environment and a liquid medium on a porous
filter. Thereafter, nano-DESI was used for the direct sampling of molecules from living cells.
For sampling the endogenous metabolome, the nano-DESI probe was placed directly in
contact with the ALI cells, and the molecules were desorbed into the liquid bridge between
the two capillaries and subsequently electrosprayed into the MS (Figure 1a—).
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Figure 1. Nano-DESI MS setup for sampling the metabolome of living ALI cell surface. (a) Schematic
of the experimental setup for sampling of the cellular layer in the microwells with nano-DESI MS.
The illustration is not to scale. (b) Side-view picture of sampling the ALI interface with nano-DESI
MS. (c) Zoomed-in view of sampling the ALI interface. (d) Averaged mass spectrum acquired from
the mucus of the living cells showing a wide range of detected endogenous metabolites and low
signal of phospholipids (insert). Panel (a) was created with Biorender.com.
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In contrast to the conventional nano-DESI setup, the secondary capillary was bent
about 45 degrees to allow for reaching the cellular layer in the ALI wells. The typical
spot size of the nano-DESI probe is 50-100 um [31,32] and the diameter of one epithelium
cell is up to 20 um [33], suggesting that analyses represent an average from a group of
cells. We performed short-time (<1 min) “touch-down” experiments on restricted sampling
areas. The short time and the high surface sensitivity of the sampling probe ensured
that cell damage caused by the high methanol content was avoided. The short time
caused the sampling to mostly be of the mucus and not the cells. In test experiments
of longer sampling times, the amount of phosphatidylcholine species extracted from the
cell membranes increased significantly. Thereby, by the short sampling, we ensured that
the cellular layer was kept intact without leakage of the medium through the cellular
layer. Furthermore, each sampling position was a different spot on the cellular layer,
limiting possible bias in the study due to induced stress conditions. In a typical mass
spectrum acquired from the living cellular surface, metabolites such as choline [M]* (m/z
104.1067), glutamine [M+Na]* (m/z 169.0584), and glucose [M+Na]* (m/z 203.0526) were
detected (Figure 1d). The minute to non-detectable signal of phospholipids, such as LPC
16:0 [M+Na]* (m/z 518.3216), PC 34:1 [M+Na]* (m/z 782.5670), and PC 36:1 [M+Na]* (m/z
808.5826), from the mucus indicates that there is some presence of phospholipids in the
mucus (Figure 1d, insert). Overall, we show that the metabolome of living ALI-cultured
cells can be effectively investigated with nano-DESI-MS.

2.2. Transportation and Metabolism of Histamine and Corticosteroids

The combination of the living cells and nano-DESI MS is an easy-to-use tool for charac-
terizing general membrane transport properties and in vivo monitoring of the metabolism
of exogenous molecules. To investigate the basal-apical transport of histamine through
the ALI lung tissue model, histamine was added to the medium on the basal side of the
insert. Subsequently, the apical side was sampled and analyzed with nano-DESI-MS. In
an experiment, four different concentrations of histamine were added to four different
inserts that were sampled after 15 min of incubation. Despite the addition of histamine
on the basal side of the cells, the signal was detected at the apical side after 15 min,
showing that histamine is transported through the ALI lung epithelial tissue model. The
histamine signal increased linearly with increasing concentration (Figure S1); this implies
concentration-independent transport of the molecule through the living cell tissue model
in the investigated concentration range.

The analysis of living cells opens a new opportunity in metabolomics, which is to
investigate real-time metabolism. To compare the impact of IL-13 treatment on the cells’
capability for metabolism, a time-course study was conducted to investigate histamine
metabolism. In this study, 100 uM of histamine was added to the basal side medium of both
Control and IL-13-treated (Treated hereinafter) cells. Subsequently, nano-DESI MS sampling
was performed from the ALI apical side (the air surface) at 0, 30, and 60 min after exposure
to histamine (HO, H30, H60, respectively). The resulting data show a linear increase in
histamine intensity during the defined time course (Figure 2a). Additionally, the intensity
of histamine was overall higher in the Treated group compared to the Control. Furthermore,
since the nano-DESI MS analysis generates data of all detectable analytes, the data also
included the main bronchial epithelium metabolite, methylhistamine. Methylhistamine
was detected in both the Control and Treated cells 30 min after exposure to histamine, but
only at low intensities. However, after 60 and 90 min (H60 and DO, respectively), it was
clearly detected at a higher intensity in the Control cells compared to the Treated cells
(Figure 2b). Overall, the detected intensities imply faster transportation and slightly slower
metabolism for basally introduced histamine in the Treated cell layers.
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Figure 2. Differences in histamine and drug transportation attributed to different cell permeability
between the Treated and the Control groups. (a) Transportation of histamine, (b) accumulation
of methylhistamine after histamine exposure, (c) terbutaline transportation, and (d) budesonide
transportation. Sampling was performed at 0, 30, and 60 min after exposure to histamine (HO, H30,
He60, respectively) and at 0, 30, and 60 min after drug exposure (D0, D30, and D60, respectively). All
intensity values are normalized to the total ion current (NI) at each scan event and presented as NI,
%103 on the y axes. Error bars represent one standard deviation.

After histamine exposure, the cells were exposed to the corticosteroids terbutaline
and budesonide, which are commonly used for asthma treatment [34,35]. The short-time
effect of these drugs was investigated on epithelium cells. The sampling was performed at
0, 30, and 60 min into drug exposure (D0, D30, and D60, respectively), where the 0 point
was 90 min after exposure to histamine. Similar to the results for histamine, the drug
was transported to a higher degree through the Treated cells compared to the Control
cells, which correlates with the expected permeability of the cell layer being higher after
IL-13 treatment [36] (Figure 2c,d). No metabolites of terbutaline (terbutaline sulfate and
terbutaline glucuronide [37]) or budesonide (16 a-hydroxyprednisolone and 6 3-hydroxy-
budesonide [38]) were detected, which is likely due to their low ionization efficiency in
positive ionization mode along with the expected low abundance since their elimination
half-times are several hours [39,40]. Follow-up studies with longer exposure times and
negative ionization mode are necessary to further investigate this drug metabolism. During
drug treatment, the intensity of histamine decreased. The levels of histamine decreased
after 30 min in the Control group, and after 60 min in the Treated group (Figure S2a).
However, the signals of methylhistamine remained even after 60 min of drug treatment
(Figure S2b). To sum up, the results demonstrate the effectiveness of using nano-DESI
MS for monitoring real-time transport and metabolism of exogenous molecules in living
ALI cells.

2.3. Metabolome Alterations in Asthma and Drug Treatment
2.3.1. Non-Targeted Overview of Endogenous Metabolism

The non-targeted analysis approach of nano-DESI MS enables general profiling of
endogenous metabolome alterations in living cells during histamine exposure and drug
treatment. The time points and respective conditions of the experiments were the same
as described in Section 2.2. The metabolite profiles of the Control and Treated groups
were clearly distinct, forming two separate groups on the orthogonal projection to latent
structure discriminant analysis (OPLS-DA) plots in their original state (HO), after histamine
exposure (H60), and after drug treatment (D60) (Figure 3a). This distinction between
the two conditions was also corroborated by the detected intensities of the individual
endogenous metabolites. In particular, 39 features (H*, Na*, or K* adducts) were detected
and subsequently annotated as 26 different endogenous metabolites using accurate mass
(Table S1).
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Figure 3. Non-targeted endogenous metabolite profiling of the living cells in the Treated and Control
groups using nano-DESI MS. (a) OPLS-DA plots highlighting the general metabolome difference
between the groups before histamine and drug treatment (HO), after the histamine exposure (H60),
and after drug treatment (D60). (b) Heatmap showing the intensity ratios of metabolites between
the Treated and Control sample groups at six time points over the course of treatments by histamine
(HO) and drug (D0). Only metabolites reliably annotated as sodium adducts are presented, data
corresponding to all annotated features are shown in Table S1. Red color represents upregulation and
blue color represents downregulation in the Treated group. All intensity values were normalized to
the total ion current prior to analysis.

Compared to the Control, the Treated group behaved metabolically differently upon
histamine exposure and drug treatment; this could be monitored using the instrumental
setup described above. We illustrate the alterations of 18 metabolites on a heatmap over the
six different time points (Figure 2b). This displays the intensity ratios (Treated over Control)
of sodium adducts of the annotated metabolites detected at a minimum of two different
time points. Creatine and creatinine were decreased in the Treated sample group at all
time points, while glucose, hypoxanthine, phenylalanine, and valine were increased in the
Treated group. The unique time-resolved in situ data further showed a shift in metabolite
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abundances due to treatments. For example, proline, oxoproline, and taurine showed an
increase during histamine exposure (HO-H60) and a subsequent decrease during drug
treatment (D0-D60) in the Treated sample group.

2.3.2. Arginine and Glutamine Metabolism

In the IL-13-induced asthma model, the most affected pathways were found to be
arginine and glutamine metabolism. Specifically, the in situ nano-DESI analysis of the
living ALI lung cell model revealed a signal increase of arginine in the Treated group as
compared to the Control (Figure 4a). Furthermore, citrulline was only detected in the
samples of the Treated group, while the glutamine signal was found to be constant between
the groups and therefore not affected by IL-13 treatment (Figure 4a).
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Figure 4. Differences in detected intensities of targeted endogenous metabolites between the Treated
and Control cells. (a) Arginine, citrulline, and glutamine levels before histamine and drug exposure
(HO timepoint). (b) Arginine, citrulline, and glutamine levels throughout the time course of histamine
exposure and drug treatment. Citrulline was never detected in any of the Control samples. Arginine
was detected as a protonated adduct, while citrulline and glutamine are presented as sodiated
adducts. Sampling was performed at 0, 30, and 60 min after exposure to histamine (HO, H30, H60,
respectively) and at 0, 30, and 60 min after drug exposure (DO, D30, and D60, respectively). All
intensity values are normalized to the total ion current (NI) at each scan event. Error bars represent
one standard deviation. Pearson correlation coefficients are displayed on the graphs for arginine and
glutamine to show the difference in cellular behavior of the Control and Treated cells during the time
of the investigation.
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Interestingly, the exposure to histamine and drugs was found to directly impact the
detected abundance of these metabolites. During the time course of histamine exposure,
the intensity of arginine slightly increased followed by a decrease during drug treatment in
both the Control and Treated groups (Figure 4b). The intensity of citrulline in the Treated
group showed opposite trends to arginine during histamine exposure and drug treatment,
with a decrease followed by an increase (Figure 4b). Despite treatment, citrulline was
never detected in the Control group. The IL-13 treatment also had a remarkable effect on
the intensity of glutamine upon exposure. Despite being similar at time zero, histamine
exposure caused a decrease in the Control cells and an increase in the Treated cells, which
was followed by an increase in the Control cells and a decrease in the Treated cells during
drug exposure. This behavior showed a strong negative correlation (Figure 4b). Overall, the
differential metabolome behavior during a time course of treatments of ALI lung epithelium
cells compared to IL-13 treatment was successfully monitored in vivo.

2.4. Proteomics Profiling after Histamine and Drug Treatment

After the histamine exposure and drug treatment, the cells were flash frozen for
subsequent proteomics analysis to discover differences in the protein expression level upon
IL-13 treatment of lung epithelial cells. The cell layer was subjected to digestion on the
surface and the resulting peptide mixtures were subsequently analyzed by single-shot
nanoUHPLC-MS/MS measurements. We identified 1164-1336 proteins in the Control
samples, and 1231-1396 proteins in the Treated samples. Proteins identified in at least
three samples in both groups were then selected for quantitative comparison; in total,
1355 proteins were quantified. Using principal component analysis (PCA), the data for the
Control and Treated groups were well-separated, mainly by the first principal component
(Figure 5a), which is also true for the heatmap based on hierarchical clustering (Figure 5b).
This implies that there were considerable molecular differences in the proteomics level
between the two groups.

To identify the proteins responsible for this differentiation, pairwise comparison
tests were performed between the Control and Treated sample groups (for details see
Section 4). Based on the results, 31 proteins were found to be significantly upregulated
(FC > 2, p < 0.05), and 22 to be significantly downregulated (FC < 0.5, p < 0.05) in the Treated
sample group (Figure 5c). For the detailed lists of differentially expressed proteins, see
Tables 52 and S3 and Figure S3. Examples of significantly upregulated and downregulated
proteins are shown in Figure 5d. Proteins with oxidation-reduction activity (e.g., Arachi-
donate 15 lipoxygenase, ketimine reductase), inflammatory proteins (CD44 antigen and
Gelsolin), and other proteins involved in glycosylation (Galectin and Beta galactoside alpha-
2,6 sialyltransferase 1) were upregulated. On the other hand, proteins mainly involved in
extracellular matrix formation (e.g., Mucins 5B and 16) were significantly downregulated,
along with glutamine synthase and Glutathione S transferase A1l. Identification of the dys-
regulated pathways in the Treated group was achieved using a protein interaction network
built on the significantly upregulated proteins using the STRING webserver (Figure 5e).
Three overrepresented pathways were observed: ribosomal proteins, histones, and inflam-
matory molecules. Thus, functionalities related to inflammatory response and subsequent
protein synthesis are strongly involved in the molecular differences related to the IL-13
treatment of lung epithelial cells.



Int. J. Mol. Sci. 2024, 25, 5034

9of 18

(a)

m Control @ Treated

Q|
S
N
<Xy
©
©
2 o/l
o * |
(S)
A 0
S\
Al
-4x105 0 4x105 PEN = Control e Treated -2 0 2 4 6
PC1 (58.28%) 20 2 log2(Fold Change)
(e) . Ribosomal proteins
RPS24
(d) ALOX15 CRYM ex108 CD44 GSN
8
%’ 8x101° ox10 dscigs 1.5%1010 Histones
X o,
8 4x108 ixAoW RbLA2_RPS25 H3C13
£ 4x1010 2x108 2%108 ~ H3-3B
E 5x10° Inflammation Hace
o e
0 0 c044/CD9 H3C12
C T C T cC T
hCG_22119 ST6GAL1 MUC5B MUC16 PIG59 GSTA1
- 8x108 3x101° 6x10°
g o 6x10° 10 8x10° 1.6x10° 4.5%10°
8 4%10° 2x10
£ 4x108 3x10°
o 1%1010 4x108 8x108
Lo 2x10° 2x108 1.5%10°
0 0 0 0
C T cC T C T C T C T

Figure 5. Differences in the proteomic profile of the Treated and the Control sample groups (for
analysis details, see Section 4.5.2). (a) Principal component analysis of the samples analyzed based on
proteins annotated in both groups. (b) Hierarchical clustering heatmap on all quantified proteins
(protein LFQ intensity values were Z-scored). The histogram in the bottom left corner shows the
correspondence between color hues and values. (c) Volcano plot of all quantified proteins. The vertical
dashed lines denote a 2-fold change while the horizontal dashed line denotes p = 0.05 significance
threshold. Blue—significantly lower in the Treated sample group, Red—significantly higher in the
Treated sample group. The detailed list of significantly altered proteins can be seen in Tables S2 and
53 and Figure S3. (d) MaxQuant LFQ intensities of selected proteins showing significantly different
quantities (FC > 2 or FC < 0.5, Benjamini-Hochberg corrected p-value < 0.05) in the two groups.
Proteins are denoted with corresponding gene names; error bars represent the standard deviation
in each group. C: Control, T: Treated. (e) Protein interaction network built on the significantly
upregulated proteins in the Treated group with the STRING webserver [41]. High confidence (0.7)
interactions are shown, the disconnected nodes are hidden, and all other settings are set as default.

Some proteins were identified as uniquely detected in either the Control or Treated
group, which means that they are strongly over- or under-expressed in the respective group,
but the degree of changes cannot be quantified. Specifically, proteins were considered

“unique” to a group if they were detected in all five samples in one group and none of

the samples in the other. Overall, there were 22 and 4 proteins that were found to be
unique in the Treated and the Control groups, respectively (Table S4). The two uniquely
detected proteins with the highest confidence of annotation (i.e., the highest number of
unique peptides) were Nitric oxide synthase and Serpin B2, both known to be involved in
asthma development. Overall, the IL-13 treatment of lung epithelial cells cultured using
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ALl displays proteome remodeling that is mainly connected to the inflammatory response
and extracellular signaling.

3. Discussion

We performed a time-resolved in vivo nano-DESI-MS investigation of living lung
cells in an air-liquid interface culture under different conditions and treatments with a
focus on secreted small molecule metabolites. Metabolic changes specifically connected
to IL-13-related inflammation were monitored in real-time by sampling the living cells.
Subsequently, a “bottom-up” proteomics analysis was performed where the cellular layer
was digested directly on the surface of the ALI wells. Overall, we identified dynamic
shifts in metabolome and proteome profiles after IL-13 treatment and metabolome changes
after relatively short exposures to histamine and drugs, reflecting the fast turnover of the
asthmatic model system.

Nano-DESI is an emerging ambient ionization technique operating with localized
liquid extraction and subsequent nanoESI ionization. The main advantage of nano-DESI
sampling is the elimination of sample preparation prior to analysis, which enables living
cells to be measured. This not only simplifies the workflow and enables in vivo measure-
ments but suggests minimal spontaneous and enzymatic molecular degradation since
molecules are detected seconds after sampling. Additionally, the diverse set of detected
molecules reflects the actual chemical environment of the sampled cell layer. The use of the
ALI—nano-DESI MS setup conveniently permits the basal treatment of the cell layer with
different molecules one by one or right after each other to study instantaneous metabolome
shifts. This opens a novel way of designing metabolomics studies.

The sampling was performed at ca. 100 pm diameter spots, which implies minimal
local damage to the cell layer and therefore a conserved cellular metabolism. We observed
that nano-DESI MS was an effective tool for temporarily resolved in vivo study of cell
metabolism. However, some limitations include the fact that sampling is performed merely
on the viscous mucus layer, which includes denatured and native (glyco)proteins that may
clog the nano-DESI capillaries and cause signal drops. Therefore, a future optimization of
the extraction solvent is planned as well as the use of pneumatically-assisted nano-DESI
MS [42].

In this study, we demonstrated an analysis with nano-DESI MS for determining the
membrane transport characteristics of a living cell layer for the first time. The generally
utilized methods for studying transcellular transport involve the use of transwell inserts,
i.e.,, immersing both sides of the cellular layer into media [43], which would suffocate the
lung epithelium cells. The combination of ALI cultured cells and nano-DESI MS, therefore,
provides an invaluable alternative that might be essential in drug development for deter-
mining drug target concentration on the apical side of the lung tissue. First, we performed a
concentration-dependent study of histamine transportation and determined that the trans-
portation of histamine through the cellular layer was concentration-independent. Then, we
performed temporally resolved monitoring of histamine and corticosteroids; we observed
faster transportation in the IL-13-treated group for all the molecules. This finding is in
agreement with the previous literature findings that the permeability of asthmatic cells was
higher than that of healthy cells because of epithelial barrier disruption, which makes the
epithelium more susceptible to environmental exposure [36,44]. Moreover, the proteomics
investigation revealed the downregulation of various cellular connectivity proteins (such
as Transmembrane channel-like protein 1), further corroborating differential membrane
transport characteristics under asthmatic conditions. Contrary to larger levels of histamine
uptake in IL-13-treated cells, we observed slower metabolism both with and without the
addition of asthma drugs. This may be attributed to the decreased activity of the enzyme
Histamine N-methyltransferase (HNMT), which is responsible for histamine’s metabolomic
transformation in the bronchial epithelium [45]. The differential abundance of HNMT,
however, was not reflected in the proteomics analysis. Therefore, we note that the high
mucus secretion and enhanced permeability of Treated cells may result in increased his-
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tamine localization in the mucus, thus restricting its metabolism by HNMT, which is mainly
localized in the cytoplasm [46]. Further studies are thus proposed on HNMT activity in
ALI lung cells.

Then, we characterized the endogenous metabolome and the cellular proteome in
connection with IL-13-treated cells; the two sample groups were well-distinguished based
on both molecular families. The nano-DESI MS analysis permitted the in vivo annotation
of 26 endogenous small metabolites; most of them were validated through the formation of
several adduct forms. The intensity of arginine showed a slight increase during histamine
exposure, a slight decrease during drug treatment in both sample groups, and a consistently
higher abundance in the Treated group throughout the study. This is in agreement with
previous findings that a higher arginine content is related to asthmatic behavior [47].
Citrulline was only detected in the Treated group, its levels showed a minor decrease
by the end of histamine treatment. Budesonide treatment had been found to inhibit the
expression of iNOS and, therefore, the synthesis of citrulline [48], however, no further
decrease in citrulline levels was observed during the time course of the drug exposure. The
“bottom-up” proteomics analysis after the drug treatment showed that the iNOS was only
detected in the Treated group, hence the unique detection of citrulline is explained by the
proteomic profiling.

The glutamine metabolism showed opposite trends of regulation in the two sample
groups of the Control and IL-13-treated ALI cells. Glutamine substantially decreased in the
IL-13-treated cells after the histamine exposure. The enzyme glutamine synthetase, which
is responsible for glutamine synthesis and metabolism, was downregulated in the Treated
cells. High concentrations of IL-13 and histamine might cause inflammation. As a result,
reactive oxygen species (ROS) and reactive nitrogen species (RNS) are produced in greater
amounts, including nitric oxide (NO) [49]. Thus, glutamine synthetase can be considerably
inactivated due to oxidative stress [50]. These processes explain the decrease in glutamine
during histamine exposure, which causes inflammation in epithelium cells. It was recently
found that glutamine deficiency causes neutrophilic asthmatic inflammation [51], making it
worthy of consideration for future studies of inflammatory asthma responses. Other amino
acids contributing to the differentiation of the Control and Treated sample groups have
also been shown to differentiate between different etiologies and severities of asthma. For
example, glutamine and valine plasma levels were found to differentiate between mildly
and highly sensitized childhood asthma [52], while plasma levels of methionine, arginine,
carnitine, and lysine were correlated with exacerbation-prone childhood asthma [53].

After histamine exposure, both groups were treated with terbutaline and budesonide
corticosteroids for 60 min. On the metabolomic level, this caused differences in the regu-
lation of a handful of amino acids, such as leucin/isoleucine, proline, oxoproline, serine,
and taurine. While the intensity of these molecules showed an increase during histamine
exposure (H0-H60), there was a substantial decrease during corticosteroid treatment (D0-
D60) in the Treated sample group. This indicates their importance in a sensitive response to
allergic attacks and drug treatment in IL-13-treated lung epithelial cells. We also identified
three highly upregulated proteins (with fold changes of over 25), FCGBP, ALOX15, and SER-
PINB2, which play critical roles in human allergy, immune responses, and asthma [54-56].
The roles of increased ribosomal activity and histones were strongly reflected in our studies,
as the proteomics pathways shown by the upregulated proteins in the Treated group re-
vealed highly enriched pathway activity. Both of these pathways have already been shown
to be involved in asthma pathology [57,58]. The activation of the NF-«kB signaling pathway
is also reflected in our results via the upregulation of Ribosomal protein S3 [59].

Glycosylation undergoes a major remodeling during asthmatic behavior. We observed
the upregulation of the ST6GAL1 sialyltransferase along with the metabolomic downregula-
tion of one N-acetylneuraminic acid derivative during drug treatment (it was only detected
in the Control group). As sialylation of mucins is associated with type-2 inflammation [60],
it is hypothesized to be a consequence of specifically inducing asthmatic behavior with
IL-13. Along with the already well-associated Mucin 5B downregulation [61], we found
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that Mucin 16 was downregulated in the Treated sample group as well. These results
suggest that the expression of mucins decreases in inflammatory asthma along with the
rate of sialylation. The distribution of mucins has already been shown to substantially
regulate the (glyco)proteomic profile of lung tissues in other diseases, such as lung cancer,
as well [62]. Galectins, a protein family that binds to 3-galactosides, were downregulated,
while the Galectin-3-binding protein was non-significantly upregulated. As a result, we
propose the importance of carrying out site-specific glycosylation studies to determine the
exact glycan compositional changes accompanying IL-13-induced asthma.

4. Materials and Methods
4.1. Reagents and Standards

For the nano-DESI solvent, HPLC-MS grade methanol (BDH Chromanorm Solvents,
VWR International AB, Stockholm, Sweden), deionized water (18.2 MQ), Milli-Q, Milli-
pore, Solna, Sweden), and formic acid (98-100%, Merck, Darmstadt, Germany) were used.
Interleukine-13 and histamine were purchased (Sigma-Aldrich, Stockholm, Sweden), and
budesonide and terbutaline were extracted from commercially available products. The
medium used for growing the cells consisted of 50 mL of Dulbecco’s Modified Eagle
Medium (500 mL of D-MDM, 5 mL of 100 mM Minimum Essential Medium Sodium
pyruvate (Gibco, MEM NaPyr, Fisher Scientific, Gothenburg, Sweden), 5 mL of 200 mM L-
Glutamine, 5 mL of 100 x Minimum Essential Medium Non-Essential Amino Acids (Gibco
MEM NEA, Fisher Scientific, Gothenburg, Sweden), and 50 mL ALI medium (250 mL of
Bronchial Epithelial Cell Growth Basal Medium (BEBM, Lonza Bioscience, Stockholm, Swe-
den), 1 vial of Bronchial Epithelial SingleQuots Kit (BEGM, Lonza Bioscience, Stockholm,
Sweden), and 500 pL 1.5 mg/mL BSA), with an addition of 50 pL 0.1 mM retinoic acid. All
the other reagents were purchased from Thermo Fisher, Waltham, MA, USA.

4.2. Cell Culturing and Air-Liquid Interface (ALI) Model

For an in vitro model of the epithelium layer with living cells, an air-liquid interface
(ALI) was used as it is described elsewhere [13]. The second passage of clonal primary
human bronchial epithelial cells was placed on semipermeable membranes in two six-
well plates and submerged in the freshly prepared medium for four days until they were
one hundred percent confluent. When confluent, the medium was removed from the
apical side of the cells allowing the cells to be cultured in ALI. Approximately one week
after differentiation, the goblet cells started to produce mucus. The cells were left in this
configuration for thirty days prior to any experiments being performed, and the mucus
was continuously removed every two days by suction to keep the cells healthy. Then, the
“Treated” sample group was exposed to interleukine-13 (IL-13) at 10 ng/mL for 5 days
(medium changed every other day), while the “Control” group was incubated with the
IL-13-free medium for the same timeframe.

4.3. Metabolomics Analysis
4.3.1. Instrumentation

The nano-DESI setup was used to analyze the metabolome of the living ALI-cultured
cells, with slight modifications to previously described setups [31]. Briefly, two fused silica
capillaries (50 um ID and 150 pm OD, GENETEK, Gothenburg, Sweden) were positioned
together, and the secondary capillary was bent about 45° to allow it to reach the cellular
layer in the ALI wells. A liquid bridge between the two capillaries was formed by deliver-
ing the extraction solvent (MeOH:H,O v/v 9:1) at 0.5 uL/min using a syringe pump. The
molecules were extracted directly from one unique spot per analysis time point in a contin-
uous flow of the solvent and delivered into the mass spectrometer through electrospray
ionization. The experiments were performed on a Velos Orbitrap (ThermoFisher, Waltham,
MA, USA) at a resolution of 60,000 (m/Am at m/z 200), a heated capillary temperature of
250 °C, and an ESI voltage of 3 kV. The AGC target was set to 1 x 10°, and mass spectra
were recorded in the m/z 100-1000 range.
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4.3.2. Time-Resolved Treatment Investigation of ALI Cell Surface

To analyze the model lung tissue, one insert was removed from the six-well plate
and placed on a glass slide with a small drop of medium between the glass and the insert.
Three parallel touchdown measurements were carried out at each condition. When the
solvent junction of the nano-DESI probe came into contact with the sample, molecules
mostly from the mucus layer were desorbed and ionized by electrospray at the inlet of
the mass spectrometer. For both the IL-13-treated and Control groups, five samples each
(5 + 5 individual transwell cultures) were analyzed. To study temporally-resolved drug
transportation and subsequent metabolome alterations, the cells were treated with 100 uM
of histamine and analyzed at 0, 30, and 60 min time points. After this, the anti-asthmatic
drugs terbutaline (100 uM) and budesonide (300 uM) were added to the medium, and
sampling was carried out at 0, 30, and 60 min after drug exposure. After nano-DESI MS
analysis, all inserts with the ALI cells were snap-frozen and stored at —-80 °C prior to
proteomics analysis.

4.4. Proteomics Analysis
4.4.1. Sample Preparation

Cell lysis and protein extraction were performed in a buffer containing 20 nM HEPES,
9 M urea, and a Complete Mini-EDTA-free protease cocktail (Roche, Solna, Sweden) aided
by sonication with a probe (10 s, 3 mm probe, pulse 1 sec, amplitude 30%). The samples
were centrifuged afterward, and the supernatant was used for protein analysis. The total
protein concentration in each sample was measured using a Coomassie assay, with bovine
serum albumin as a standard (BioRad, Solna, Sweden). Aliquots corresponding to 20 ug
protein were reduced with dithiothreitol (DTT, Sigma Aldrich, working concentration
50 mM) for 15 min at 50 °C and alkylated with iodoacetamide (IAA, Sigma Aldrich,
working concentration 25 mM) for 15 min at room temperature in the dark. After two times
dilutions with 50 mM ammonium bicarbonate, trypsin (Promega, Madison, WI, USA) was
added at a trypsin:protein ratio of 1:20, and digestion was performed overnight at 37 °C.
Digestion was stopped by adding 35 pL (1/4 of total volume) of 2% trifluoroacetic acid
(TFA), 20% acetonitrile (ACN), and 78% water. After digestion, the samples were dried
down and purified using Pierce Cyg Spin Columns (Thermo Scientific, USA) applying the
manufacturer’s protocol. After elution, peptides were vacuum centrifuged to dryness using
a Speedvac system 1SS110 (Thermo Scientific) and stored at —80 °C until further use.

4.4.2. NanoHPLC-MS/MS Analysis

LC-MS/MS analysis for proteomics was performed using an EASY-nLC 1000 system
(Thermo Fisher Scientific) coupled to a QExactive Plus mass spectrometer (Thermo Fischer
Scientific) equipped with a nano-ESI source. Solvent A was 0.1% formic acid (FA) in
H,O and solvent B was 0.1% FA in acetonitrile (ACN). Peptides were reconstituted in
solvent A to a nominal concentration of 0.2 ug/pL, and 5 puL (1 ng) from each sample was
injected onto a Cyg pre-column (75 pm i.d., 2 cm length, 3 um particle size, Thermo Fischer
Scientific). Peptide separation was carried out using a linear 150 min gradient from 4 to
100% B with a flow rate of 250 nL./min through the pre-column and the following analytical
Cyg column (75 umi.d., 15 cm length, 2 um particle size, Thermo Fischer Scientific). The
mass spectrometer was operated in positive mode with an electrospray voltage of 2.2 kV.
The survey MS spectra (400-1750 m/z) were generated at a resolution of 70,000 (FWHM)
using an automatic gain control (AGC) target of 3 x 10°. Data were recorded in data-
dependent mode, where the top ten most abundant peaks were selected for fragmentation
using higher energy collision-induced fragmentation with nitrogen. A normalized collision
energy of 25% was applied. The AGC target for MS/MS was set to 5 x 10° at a resolution
of 17,500. Dynamic exclusion was used with an exclusion period of 20 s.



Int. J. Mol. Sci. 2024, 25, 5034

14 of 18

4.5. Data Analysis
4.5.1. Metabolomics

Mass spectra were analyzed in ThermoFisher Xcalibur QualBrowser. Thermo RAW
files were converted into centroid mzXML files using MSConvertGUI v3.0 (ProteoWizard)
and further analyzed in Matlab R2022b. The first 20 scans were considered for analysis
from each sampling spot. The absolute peak intensities were extracted for m/z of interest
(5 ppm tolerance) and each intensity was normalized to the scan total ion current and then
averaged for the 20 scans, excluding 0 intensity values. The detected features were filtered
for two group comparisons; only those that were quantified in at least two samples of both
sample groups were considered. Molecules were considered uniquely detected in one group
(Control or Treated) when they were detected in at least 60% of the samples in one group
and at most 20% in the other group at a given condition (timepoint). OPLS-DA plots were
created using Metaboanalyst 5.0 to compare the metabolomic profiles of the Treated and
Control groups. All adducts were used for all annotated metabolite features, and missing
values were imputed with LoDs (1/5 of the minimum positive value of each variable).

4.5.2. Proteomics

The acquired data (RAW files) were processed by MaxQuant software,
version 1.5.3.30 [63], and database searches were performed using the implemented An-
dromeda search engine [64]. MS/MS spectra were correlated to a FASTA database con-
taining proteins from Homo sapiens extracted from the UniProt database (UP000005640,
accession date: 15 June 2016). A decoy search database, including common contaminants
and a reverse database, was used to estimate the identification false-discovery rate, where a
rate of 1% was accepted. The following settings were used in the search: minimum peptide
length of seven amino acids, 20 ppm mass tolerance in the first search, 4.5 ppm mass
tolerance in the second search, 20 ppm mass tolerance for the fragment ions, trypsin as
digestive enzyme, and two maximum missed cleavages were allowed. Carbamidomethy-
lation was set as a fixed modification and the variable modifications were Oxidation (M)
and Deamidation (NQ). The search criteria for protein identification were set to at least
two matching unique peptides. Proteins were considered uniquely detected if they were
identified in all five samples of one group and none of the samples in the other group, and
were disregarded in the quantitative comparisons. Proteins present in at least 60% (three
out of five) of the samples in both groups were selected for the quantitative comparison
of the two groups. Data analysis was based on label-free quantification (LFQ) intensi-
ties for the proteins. Statistical analysis was performed with the BioStatFlow webserver
(v2.9, http:/ /www.biostatflow.org, accession date: 15 February 2023) [65]. Data were
log2-transformed, and the imputation of missing data points was performed using the
kNN algorithm (k = 10). Principle component analysis was performed; ellipses represent
a confidence level of 0.95. Hierarchical clustering was performed based on Euclidian
distances; variables were reduced to 75% of the original using the Kruskal-Wallis test
and Benjamini-Hochberg FDR correction. For the quantitative comparison of the two
groups, the Wilcoxon t-test was performed; false discovery rates were controlled using
the Benjamini-Hochberg method at 5%. The fold change (FC) was defined by the ratio
FC = (LFQryeated / LFQcontrol). When defining upregulated and downregulated proteins
in the Treated group compared to the Control group, FC > 2 (upregulated) or FC < 0.5
(downregulated) were defined as the criteria. A gene enrichment analysis was performed
on the proteins that were upregulated in the Treated group with the STRING webserver
(v12.0, https:/ /string-db.org/, accession date: 5 February 2024) [41] using high confidence
(0.7) interactions and all other settings set as default.

5. Conclusions

In this study, we used nano-DESI MS to characterize the cellular metabolome followed
by “bottom-up” proteomics. We demonstrated the feasibility of in vivo nano-DESI-MS
measurements that allowed for the real-time measurement of transport and metabolism
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in the ALI lung-cell layer. Nano-DESI MS proved to be an efficient tool for measur-
ing the permeability differences in the cell layers as well as characterizing the cellular
metabolome. Additionally, the metabolomic remodeling was successfully monitored in
connection with the histamine and corticosteroid treatment of the IL-13-induced asthma
model. The subsequent proteomics measurements showed a good correlation with the
metabolomic alterations and the previous literature findings along with unraveling new
(glyco)proteomic targets for asthma treatment. This implies the unbiased utility of in vivo
nano-DESI for characterizing ALI tissue layers.
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