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Abstract

Background Acute respiratory distress syndrome (ARDS) causes high mortality and has no specific pharmacologi-
cal treatment. Scarcity of drugs against ARDS is in part due to the lack of models for ARDS. As raised serum heme
levels are associated with higher mortality in patients with ARDS, we hypothesised that circulating heme contrib-
utes to ARDS pathology and can induce lung injury resembling human disease. We aimed to develop a new model
for acute lung injury and ARDS research with heme-induced injury in human precision cut lung slices (PCLS).

Methods We analysed heme and its degrading enzymes along with inflammatory cytokines in patients with coro-
navirus disease 2019 (COVID-19) and ARDS compared to healthy adult subjects. In PCLS, we studied effects of heme
on cell survival, membrane integrity, the transcriptome by gene expression and the proteome by protein expression
analysis or ELISA. We also tested synergistical effects with lipopolysaccharide (LPS) on cell survival in addition to heme
to simulate bacterial infection.

Results Patients with COVID-19 and ARDS had increased serum levels of heme and heme oxygenase 1 (HO-1)
compared to controls. In PCLS, heme induced cell death in a dose-dependent manner, stimulated pro-inflammatory
and injury signals and triggered changes to the extracellular matrix (ECM). Comparative analyses of the lung tran-
scriptomic and proteomic signatures revealed 27 common markers (log2 fold change greater than 1, at adjusted (adj)
p-value < 0.05 significant), most of which were inflammatory. Similar inflammatory cytokines were raised in blood
from patients with COVID-19 and ARDS compared to controls. LPS did not increase cytotoxicity in addition to heme.

Conclusion Heme induced inflammatory cytokine release and cell death in human PCLS, resembling the patterns
observed in blood samples from patients with COVID-19 and ARDS. Thus, heme-stimulated PCLS represent a novel
ex vivo model for mechanistic studies for acute lung injury and ARDS.
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Background
Acute respiratory distress syndrome (ARDS) is a clinical
condition of patients presenting with acute hypoxemic
respiratory failure due to inflammation and acute lung
injury [1]. ARDS can be induced by pulmonary or extra-
pulmonary causes [2]. Pneumonia is the most common
pulmonary cause, whereas sepsis is the most common
extra-pulmonary cause of ARDS [3]. Pneumonia can
be caused by bacterial pathogens producing endotoxin
in case of gram-negative bacteria (such as LPS) or viral
pathogens [4]. ARDS was induced by the initial variants
of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) virus and led to 7.1 million deaths globally
[5]. Bacterial superinfection was commonly observed
in patients with COVID-19 related ARDS [6]. Even
outside the pandemic setting, ARDS contributes to a
major healthcare burden and has a mortality of 34.9%
due to mild ARDS and 46.1% due to severe ARDS [7].
The management of ARDS patients is mainly supportive
using oxygen therapy while no effective pharmacological
therapy is available to date [8]. The biggest challenge in
developing pharmacological therapy is the heterogeneity
of ARDS in terms of aetiology, pathogenesis, clinical
manifestation as well as treatment response [8]. Based on
plasma concentration of inflammatory cytokines such as
interleukin 6 (IL-6), interleukin 8 (IL-8), tumour necrosis
factor (TNF), and others [9, 10], two ARDS phenotypes
have been defined: the hyper- and hypo-inflammatory
ARDS phenotype. The hyper-inflammatory phenotype
is associated with a higher mortality risk [9, 10]. Higher
mortality was also associated with increased circulating
cell-free hemoglobin (CFH) in severe sepsis patients [11].
In patients with critical illnesses such as ARDS due
to sepsis, red blood cells (RBCs) are often damaged,
releasing hemoglobin into the intravascular and intra-
alveolar spaces [12]. Hemoglobin molecules consist of
four polypeptide chain with heme embedded in each
polypeptide chain [13]. Heme is composed of a ring
like organic compound known as a porphyrin, to which
an iron atom is attached [13]. Heme has pro-oxidant,
inflammatory and cytotoxic properties [14, 15]. Shaver
et al. [16] reported that the level of CFH in the airspace
in ARDS correlated with increased permeability of the
respiratory barrier and that the damage induced by
CFH is mediated by heme. Raised levels of heme [17,
18] and its catabolites [19, 20] were found in serum
or bronchoalveolar lavage (BAL) of patients with
ARDS. Heme oxygenase -1 (HO-1) is a stress response
protein, that catabolises heme and is induced following
exposure to heme and pro-inflammatory cytokines
[21]. HO-1 levels are raised in the BAL fluid and lung
tissue of patients with ARDS [19]. HO-1 levels can be
a useful prognostic marker in ARDS and correlate with
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poor prognosis [22, 23]. Extracellular matrix (ECM)
degradation in early ARDS induces the production of
chemokines, cytokines, growth factors, and adhesion
molecules that lead to further inflammation and injury
[24].

The COVID-19 pandemic accelerated ARDS research.
However, despite arduous efforts, no pharmacological
treatment prevents or cures patients with COVID-
19 ARDS [8, 25]. One reason for this unmet need is
the limited availability of current preclinical in vitro
or in vivo models of ARDS. The proinflammatory role
of heme has been shown in vitro [26, 27], and elevated
plasma CFH levels observed in in vivo ARDS studies
further underscore its role in the disease pathogenesis
[28, 29]. However, in vitro and in vivo findings can only
be translated to human disease to some extent. Precision-
cut lung slices (PCLS) have emerged as a powerful tool
to study respiratory diseases bridging in vitro and in vivo
studies [30, 31]. PCLS have preserved cellular types,
original localisation within the lung scaffold and show
functional responses when stimulated [32].

To address the critical knowledge gap concerning the
pathophysiological role of heme in lung injury and ARDS
and provide insights into the consequences of increased
heme levels during ARDS, we suggest a new ex vivo
model of heme-induced lung injury in human PCLS.

Methods

Human lung sample collection and PCLS generation

We generated PCLS from human lung tissue that was
obtained from 21 patients who underwent thoracic
surgery at the University Hospital (Inselspital) in
Bern. Residual lung tissue from diagnostic procedures
was utilized for PCLS generation. In case of cancer
diagnosis, lung tissue was obtained from a tumour-free
margin of a minimum of 5 cm. Patients consented to
the use of residual tissue for research. Tissue sampling
was approved by the local Ethics Committee, Bern,
Switzerland (KEK-BE_2018-01801, KEK-02418). The age,
gender, primary diagnosis, smoking status and the test
performed using PCLS of these patients are described in
Table 1.

Lung tissue was processed immediately or within a
maximum of 18 h after surgery. Until the processing
was started the lung tissue was kept refrigerated at 4°C
in complete medium containing DMEM, high glucose,
GlutaMAX"™ supplement, pyruvate (Gibco) contain-
ing 20mM HEPES (Sigma Aldrich) and 1% antibiotic/
antimycotic 100x (Sigma Aldrich) following previ-
ously published protocols [33]. If overnight storage of
lung tissue was required, ITS supplement (13146, Sigma
Aldrich) and 0.1% fetal bovine serum were added. Tis-
sue was processed in sterile conditions. Two percent
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Table 1 Clinical information from PCLS tissue donors
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Donor No Gender Age (years) Diagnosis Smoking status Methods and analysis

1 Female 71 NET Unknown XTT, ELISA

2 Male 74 NSCLC, squamous Ex-smoker, 30 PY ELISA, transcriptomics, proteomics

3 Male 73 NSCLC, squamous Ex-smoker, 50 PY ELISA

4 Male 62 Lung Metastasis Non-smoker XTT, ELISA

5 Male 73 Lung Metastasis Ex-smoker, 50 PY XTT, ELISA

6 Male 62 Lung Metastasis Non-smoker ELISA, transcriptomics, proteomics

7 Male 62 NSCLC, adenocarcinoma Ex-smoker, 70 PY ELISA, transcriptomics, proteomics

8 Female 54 NSCLC Smoker, 30 PY XTT, ELISA, LDH, transcriptomics, proteomics

9 Male 39 Congenital pulmonary Unknown XTT, ELISA, LDH, transcriptomics, proteomics
airway malformation

10 Female 64 NSCLC, squamous Smoker, 40 PY XTT, ELISA, LDH, transcriptomics, proteomics

1 Female 67 B-Cell Lymphoma Ex-smoker, 20 PY ELISA, LDH, transcriptomics, proteomics

12 Male 77 NSCLC, squamous Ex-smoker, 60 PY ELISA, LDH, transcriptomics, proteomics

13 Male 73 NSCLC, squamous Smoker, 100 PY LDH, immunofluorescence

14 Male 67 NSCLC, adenocarcinoma Smoker, 50 PY LDH

15 Female 58 NSCLC, adenocarcinoma Ex-smoker, 100 PY LDH

16 Male 72 NET Ex-smoker, 100 PY Immunofluorescence

17 Female 62 NSCLC, adenocarcinoma Non-smoker Immunofluorescence

18 Female 64 NSCLC, adenocarcinoma Smoker, 50 PY Immunofluorescence

19 Female 47 NSCLC Non-smoker XTT, ELISA

20 Male 78 NSCLC, adenocarcinoma Non-smoker XTT, ELISA

21 Female 51 Lung metastasis Unknown XTT, ELISA

ELISA enzyme-linked immunosorbent assay, LDH lactate dehydrogenase, NET neuroendocrine tumour, NSCLC non-small cell lung cancer, PY pack years, XTT 2,3-bis(2-

methoxy-4-nitro-5-sulfophenyl)-5-carboxanilide-2H-tetrazolium

low melting point agarose (A9414, Sigma Aldrich) was
used to infiltrate the lung tissue and tissue blocks were
obtained. To generate PCLS, lung tissue blocks were
cut at 400 pm thickness using the Compresstome®
VF 310-0Z Vibrating Microtome (Precisionary, USA).
PCLS were cultured in complete medium. Before fur-
ther processing, PCLS were rested in the incubator at
37 °C, 5% CO, overnight. PCLS of 4mm diameter were
standardised using biopsy punches (Siramo, Switzer-
land) and cultured in 48-well plates (Falcon) with 250
ul of complete medium per well. For recovery from
stress induced by processing, the PCLS were rested in
the incubator at 37 °C, 5% CO, for 24 h before starting
the experiments.

Heme preparation

Heme (10mM) was prepared by dissolving 65.2 mg of
Hemin (51280, Sigma Aldrich, BioXtra>96% HPLC)
in 10 ml of 0.1 M NaOH (Merck). The pH was adjusted
to pH range 7.4-7.8 with 85% phosphoric acid (49685,
Sigma Aldrich). The heme solution was filtered through
a0.22 um (Millipore) filter under sterile conditions in our
BSL2 hood. Heme was aliquoted and stored at — 20 °C
and used for experiments within a week.

Heme stimulation

Before stimulation, PCLS were washed twice with
Dulbecco’s phosphate buffered saline (DPBS) (D8537,
Sigma Aldrich) to remove any residual RBCs in PCLS.
PCLS were stimulated without (controls) or with heme
(100 uM in 250 pl of complete medium without fetal
bovine serum) for 24 h. After incubation, supernatants
were collected from each well. PCLS were washed twice
with DPBS, then snap frozen and collected in separate
cryovials for RNA and protein isolation or used for viable
immunofluorescence staining.

LPS stimulation

PCLS were stimulated with LPS (tlrl-eblps, InvivoGen)
alone (100 ng/ml in 250 pl of complete medium without
fetal bovine serum) or LPS combined with heme (LPS
100 ng/ml and heme 100 uM in 250 pl of complete
medium without fetal bovine serum) for 24 h.

Viability and cytotoxicity assays

We determined cell viability after heme-stimulation with
CyQUANT"™ XTT Cell Viability assays (Thermo Fisher
Scientific). PCLS (1 PCLS/well in a 48 well-plate with

250 pl of medium without FBS per well) were stimulated
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with different concentrations of heme (0, 50, 100, 150,
200 uM) for 24 h. Then, XTT reagent was added to PCLS
in culture as per the manufacturer’s instruction. To
determine cytotoxicity, CyQUANT " LDH Cytotoxicity
fluorescence assay (Thermo Fisher) was performed
using supernatants from PCLS according to the
manufacturer’s instruction. The protocols for the viability
and cytotoxicity were adapted for the PCLS experiments.
PCLS stimulated with 25 pl of 1X lysis buffer (Invitrogen)
for 45min were used as a positive control for the viability
and cytotoxicity assays. Absorbance and fluorescence
were measured in the “Varioskan LUX Multimode
Microplate Reader” (Thermo Fisher) by subtracting the
blank (supernatant alone), following the manufacturer’s
recommendations.

Immunofluorescence

After 24 h of stimulation with heme, the PCLS were
washed with DPBS and exposed to a far-red fluorescent
dye, DRAQ?7 (ab109202, Abcam, 1:250 dilution) for 10
min, revealing uptake in nonviable cells with damaged
membranes. As a positive control, PCLS were stimulated
with 1X lysis buffer (Invitrogen) for 45 min. The PCLS
were then stained with diamidino-2-phenylindole (DAPI,
Sigma-Aldrich) for 5 min as a counterstain for nuclei.
PCLS were mounted on slides with mounting medium
EMS Shield Mount with DABCO™. Images were taken in
the CellVoyager ' CQI Benchtop High-Content Analysis
System within 15 min. All pictures were taken with the
same 2Xmagnification, exposure and intensity. Images
were processed with Image]J (version 2.14, Java 1.8, LOCI,
University of Wisconsin).

Transcriptome analysis

Total RNA was isolated for bulk RNA-sequencing using
PCLS from 7 donors. We used the proposed combination
TRIzol® (A33250, Thermo Fisher) and RNeasy Micro
Kit (Qiagen) for RNA isolation according to Stegmayr
et al. [34]. The quality control and sequencing were
performed at the Next Generation Sequencing Platform
of the University of Bern. The quantity and quality of
the purified total RNA were assessed using a Thermo
Fisher Scientific Qubit 4.0 fluorometer with the Qubit
RNA BR & HS Assay Kit (Thermo Fisher Scientific) and
a Fragment Analyzer RNA Kit (Agilent). Sequencing
libraries were made with 355 ng input RNA using
an Illumina TruSeq Stranded mRNA Library Prep
kit (Illumina) in combination with TruSeq RNA UD
Indexes (Illumina) according to Illumina’s guidelines.
The resulting cDNA libraries were evaluated using a
Thermo Fisher Scientific Qubit 4.0 fluorometer with the
Qubit dsDNA HS assay Kit (Thermo Fisher Scientific)
and an Agilent Fragment Analyzer (Agilent) with a HS
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NGS Fragment Kit (Agilent), respectively. Pooled cDNA
libraries were sequenced paired-end using a NextSeq
1000/2000 P2 Reagents (100 Cycles) v3 (Illumina) on an
[lumina NextSeq 1000 instrument. The run produced on
average, 32.7 million reads/library.

Data analysis was supported by the “Interfaculty
Bioinformatics Unit (IBU) and Swiss Institute of
Bioinformatics (SIB), University of Bern, Bern,
Switzerland” The quality of the RNA-seq data was
assessed using FASTQC v.0.11.9 [35] and RSeQC v.4.0.0
[36]. The reads were mapped to the reference genome
using HiSat2 v.2.2.1 [37]. FeatureCounts v.2.0.1 [38] was
used to count the number of reads overlapping with each
gene as specified in the genome annotation (Homo_
sapiens.GRCh38.107). The Bioconductor package
DESeq2 v1.38.3 [39] was used to test for differentially
expressed genes (DEG) between the experimental
groups. ClusterProfiler v4.7.1 [40] was employed to
identify gene ontology (GO) terms containing unusually
many differentially expressed genes. Gene set enrichment
analysis (GSEA) [41] was run in ClusterProfiler v4.7.1
[40] using gene sets from the Kyoto Encyclopedia of
Genes and Genomes (KEGG) [42]. All analyses were run
in R version 4.2.1 (2022-06-23) (R Core Team 2022). Data
exploration and visualisation was done using the Shiny
application v1.6.0 [43]. Log2 fold change (FC) greater
than 1, at adj p-value <0.05 was considered significant.

Proteome analysis of protein lysates

Total protein was isolated using PCLS from 7 donors
used for transcriptome analysis. Protein was extracted
using radioimmunoprecipitation assay (RIPA) lysis
buffer (89900, Thermo Fisher), protease inhibitor
cocktail (Sigma Aldrich) and phosphatase inhibitor
cocktail 1 (Sigma Aldrich) following the methods as
previously described [33]. Further processing of samples
was performed at the Core Facility Proteomics & Mass
Spectrometry of the University of Bern. Samples were
precipitated with 5-volume acetone at — 20 °C for 4 h. The
pellets were re-suspended in 8M urea/50mM Tris pH8
and protein concentration was determined with Qubit
Protein Assay (Invitrogen). An aliquot corresponding
to 5 pg of protein was reduced, alkylated, and digested
with LysC for 2 h at 37 °C, followed by Trypsin at room
temperature overnight. The digests were analyzed by
nano-liquid chromatography on a Dionex, Ultimate
3000, (ThermoFischer Scientific) coupled to a timsTOF
Pro (Bruker Daltonics) which generated data in data
dependant acquisition (DDA).

Data analysis was performed at the Core Facility
Proteomics & Mass Spectrometry of the University of
Bern. The DDA data were used to produce a spectral
library with fragpipe [44] version 20.0 with the
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following parameters: human database from SwissProt
[45]. Differential expression tests were performed
with the moderated paired t-test; for multiple test
correction, the R tool fdrtool [46] was applied to
generate differentially expressed protein (DEP) in
between the experimental groups. Significance criteria
using 20 imputation cycles were applied as described in
Uldry et al. [47], imposing a minimum log2 FC of 1 in
absolute value, and a maximum adj p-value of 0.05. The
t-statistic was then used as a ranking metric for gene
set enrichment analysis with the R tool ClusterProfiler
[40] and the KEGG pathway database [42].

We used the Perseus platform v1.6.14.0 (Max Planck
Institute of Biochemistry, Germany) to compare the
list of DEG to the DEP to find common markers [48].
We used the search tool for the retrieval of interacting
genes/proteins (STRING) data base version 12 (Global
Biodata Coalition and ELIXIR) to understand the
function and role of DEG and DEP in our model
(https://string-db.org/) [49].

Cytokine measurements

IL-6 and IL-8 ELISA kits (Bio-Techne) were used to test
their levels in supernatants from PCLS (in triplicate)
according to the manufacturer’s instructions. Plates
were read in a “Varioskan LUX Multimode Microplate
Reader” (Thermo Fisher).

Serum samples from COVID-19 ARDS patients and healthy
individuals

We collected 20 serum samples from patients admitted
to a hospital in Switzerland due to SARS-CoV-2
between June 2020 and September 2021. The blood
samples were collected within 7 days of admission
and stored at the Bio-Bank at Inselspital, University
Hospital Bern (n=7) or at the Bio-Bank at CHUYV,
Lausanne University Hospital (n=13). All 20 patients
with COVID-19 were admitted due to respiratory
reasons and ARDS [1]. The participants signed a
consent form before inclusion in the study that was
approved by the local ethical committee (KEK 2020-
00799). For comparison, 20 serum samples from
healthy adults were collected. The age group of the
healthy adult group was above 40 years, similar to the
age group in the patient group. Blood was collected
from 10 healthy volunteers from the Pulmonology
Department at Inselspital, University Hospital Bern
(Swiss ethical committee Bern approval KEK_246/15
PB_2016-01524). 10 healthy serum samples were
purchased from a biospecimen collection company
(SanguineBio, Woburn, MA, USA).
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Human serum analysis

The heme assay kit (Abcam, ab272534) was used
for determining heme concentration in the serum
samples with a dilution of 1:5, following manufacturer’s
recommendations. Undiluted human serum samples
were analyzed by ProcartaPlex Luminex (Thermo Fisher)
customized multiplex kits (PPX-12-MXGZHHG and
PPX-02-MXH6C3E).

Statistical analysis

Results are expressed in mean *standard deviation for
all continuous variables. GraphPad Prism (version 9) was
used for statistical analysis Statistical analysis for HO-1
was performed by unpaired t-test whereas for heme, and
multiplex it was performed by Mann—Whitney test and
Benjamini—Hochberg correction for multiple testing was
applied. For the XTT assay with different concentration
of heme, one way ANOVA, and Tukeys multiple
comparison test as post-hoc test was performed. For
LDH assay and ELISAs, Wilcoxon test was performed.
For XTT assay and IL-6 ELISA comparing effects of heme
and combination of heme and LPS, one way ANOVA
and Dunn’s multiple comparisons test was performed.
P-value<0.05 was considered significant. We used
“Cytokines and Inflammatory Response (Homo sapiens)”
from WikiPathways database [50] to match our results
(https://www.wikipathways.org/pathways/WP530.html).

Results

Heme increases cytotoxicity and reduces cell survival

in human PCLS

Compared with the control group (n=20), serum heme
levels in patients with COVID-19 and ARDS (n=15)
were significantly increased (p=0.002; 35.02+16.5 vs
46.6 £18.3 uM, respectively, Fig. 1la), indicating heme
accumulation. Serum HO-1 levels were nearly twice as
high in patients with COVID-19 and ARDS compared to
healthy adults (p=0.007; 3.17 vs 1.59 ng/ml, respectively,
Fig. 1b). Furthermore, serum ferritin levels were raised in
patients with COVID-19 and ARDS compared to healthy
adults (p=0.001; 56.26 ng/ml vs 5.59 ng/ml, respectively,
Fig. 1c). In the next step, we evaluated the direct effects
of heme on lung tissue in the in our ex vivo model and
stimulated human PCLS with different heme concentra-
tions for 24 h. Our results demonstrated a dose-depend-
ent decrease in PCLS viability with a 30% reduction at 50
uM and a 85% reduction at 200 uM, as measured by XTT
(Fig. 1d). The following experiments were performed at a
concentration of 100 uM or IC50. Cytotoxicity, as meas-
ured by LDH assay (Fig. 1le), was raised by a median of
66% in the PCLS stimulated with 100 uM heme com-
pared to controls. In addition, the heme-stimulated
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Fig. 1 Heme affects cytotoxicity and cell survival in PCLS. a Heme levels measured by colorimetric heme assay were raised in serum of patients
with COVID-19 and ARDS (n=15) as compared to healthy controls (n=20, p=0.002). b HO-1 levels measured by ELISA were greater in serum

of patients with COVID-19 (n=20) compared to healthy controls (n=20, p=0.007). c Ferritin levels were raised in serum of patients with COVID-19
and ARDS (n=20) as compared to healthy controls (n=20, p=0.001). d XTT assay showed heme reduces the viability of PCLS up to 50% at 100 uM
(n=3, p=0.0003). Results are displayed as mean + SD. (*p < 0.05, *p <0.01, ***p < 0.001). e Cytotoxicity % as measured by LDH assay after treatment
with 100 uM heme (n=8, p=0.0078). f Qualitative representative immunofluorescence images of DRAQ7 (magenta), in human PCLS stimulated
with heme (n=3) and medium alone (control). Nuclei were stained with DAPI (cyan). Pictures acquired at 2X magnification. Scale bar=1 mm

PCLS had a significant uptake of the nuclear dye DRAQ7
(Fig. 1f) as compared to the control PCLS, confirming
that cell membranes were compromised and the cells
nonviable. PCLS treated with lysis buffer was used as
positive control (Supplemental Fig. S1).

Heme induces pro-inflammatory and injury signals in PCLS
Principal component analysis (PCA) based on the 500
most variable genes revealed the overall similarity of the
gene expression profiles with or without heme in the

transcriptomic analysis (RNA-seq assay). Supplemental
Fig. S2a demonstrated a separation of the heme-stimu-
lated PCLS from the control group (n=7), with PC1 and
PC2 explaining 59.4% of the variance. The DGE analysis
revealed 1827 differentially expressed genes in heme vs
control condition (Supplemental table S1), 1095 genes
were downregulated, whereas 732 genes were upregu-
lated, as displayed in the volcano plot (Fig. 2a). The 10
genes related to inflammation and ECM were clustered
in a heat map (Fig. 2b), identifying HMOX1 (HO-1 gene),
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Fig. 2 Transcriptomic profiles in heme and control PCLS. a Volcano plot of overall DEG between the heme-stimulated group and the control group.
A total of 1827 genes were selected following log2 FC> 1 and adj p-value <0.05. b Clustered heatmap of 10 genes associated with inflammatory
pathway and ECM. ¢ Gene ontology overrepresentation analysis (GO ORA) of biological processes (BP), molecular functions (MF) or cellular
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(base 10) of the p values. d Dot plot of activated and supressed pathways in gene set enrichment analysis (GSEA) using KEGG database

in the heme-stimulated group as compared to control group (adj p-value < 0.05). The x-axis represents the number of genes in the core enrichment
set divided by the total number of genes in the set. The size of the dots represents the size of the core enrichment set

a rate-limiting enzyme for heme degradation, as the
most upregulated gene. Inflammatory genes such as IL6
(Interleukin-6 gene), TNF (Tumour necrosis factor gene),
CXCLS8 (Interleukinn-8 gene), and IL-1f (Interleukin-1
beta gene) were also upregulated following stimulation.
Proteinases such as MMP1 (Matrix metalloproteinase
1 gene) and ADAMTS4 (A disintegrin and metallopro-
teinase with thrombospondin motifs 4 gene) involved
in ECM remodelling and repair were upregulated, while
structural components of ECM e.g. ELN (Elastin gene),
FBLNI (Fibulin 1 gene) and COLIA2 (Collagen Type I
Alpha 2 Chain) were downregulated after heme expo-
sure. Gene ontology (GO) analyses of the five most rel-
evant functions (Fig. 2c) highlighted that in molecular

processes (MP) differential genes in heme-stimulated
PCLS belong to ECM structural constituent, whereas
biological processes (BP) involved cytokine signal induc-
tion in response to external stimulus or antigen as rel-
evant mechanisms. Meanwhile, the cellular component
(CC) analysis associated the differential genes with
changes in the ECM and in the proteasome complex. A
complete GSEA was performed to evaluate molecular
interaction according to the KEGG PATHWAY Data-
base (Fig. 2d). Results showed activation of inflamma-
tory pathways such as nuclear factor ¥ B (NF-x B) (Net
enrichment score (NES)=2.35, p=2.10x10""), JAK/
STAT (NES=2.08, p=6.47x10"%) and toll-like receptor
(TLR) signalling pathway (NES=2.04, p=7.45x107%).
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Also, there was activation of two pathways of cell death-
necroptosis (NES=2.17, p=1.96 x 10"%) and ferroptosis
(NES=1.66, p=0.0001). On the contrary, ECM recep-
tor interaction pathways were supressed (NES=-— 2.25,
p=1.48x10"%),

Whole proteomic profile was analysed in heme-stim-
ulated and control PCLS. Principal component analysis
(PCA) showed separation between the heme-stimulated
and control group (n=7, Supplemental Fig. S2b). The
proteomic analysis revealed 35 differentially expressed
proteins, represented in the volcano plot (Fig. 3a, Sup-
plemental table S2); with most of them (34 proteins)
being upregulated. Inflammatory cytokines such as IL-8,
CXCL1, CXCL2 and HMOX1 were the most upregulated
proteins, while the coagulation factor F13A1 was the only
downregulated protein. In line with our transcriptom-
ics analysis, GSEA (Fig. 3b) of our proteomic data indi-
cated activation of inflammatory pathways, including
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NF-k B (NES=2.4, p=1.25%10""") and TLR (NES=2.24,
p=0.0001) signalling.

Additionally, necroptosis (NES=1.96, p=0.0008) and
ferroptosis (NES=2.05, p=0.001) pathways were acti-
vated, consistent with the transcriptomic GSEA analysis.
The activation of these inflammatory pathways was con-
firmed in PCLS supernatants by ELISA, which showed
greater secretion of inflammatory cytokines such as IL-8
and IL-6 in PCLS after heme-stimulation (p=0.001,
n=12, Fig. 3c, d). The addition of LPS to heme did not
worsen the viability (n=3, p=0.99, Fig. 3e) as compared
to the viability of heme stimulation. Similarly, addition
of LPS to heme did not induce a statistically significant
change of IL-6 as measured by ELISA (n=3, p=0.99,
Fig. 3f). In the PCLS model 27 markers were identified
simultaneously at the gene level and protein levels and
are listed in Table 2. These markers had a positive and
strong correlation in their transcriptomic and proteomic
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Fig. 3 Proteomic profiles in heme and control PCLS. a Volcano plot of overall differentially expressed proteins (DEP) of heme-stimulated vs control
group. The x-axis corresponds to the log (base 2) of the fold change and y-axis corresponds to the negative log (base 10) of the p values. Thirty-five
proteins were dysregulated in heme-stimulated PCLS compared to control, following log2 FC> 1 and adj p-value <0.05. b Dot plot of activated
pathways in GSEA using KEGG database in the heme-stimulated group as compared to control group (adj p-value <0.05). There were no supressed
pathways. ¢, d ELISA for IL-6 and IL-8 measured from supernatants, (n=12, ***p <0.001). e XTT assay did now show difference in viability

in the heme and combined heme and LPS group (n=3, p=0.99). Results are displayed as mean +SD (*p <0.05). f IL-6 levels measured in the heme
and combined heme and LPS group (n=3, p=0.99) did not show statistically significant difference. Results are displayed as mean+SD
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Table 2 Markers commonly expressed in transcriptome and proteome analysis of PCLS

Transcriptomics Proteomics

Gene Description Log fold change FDR Log fold change FDR
1 HMOX1 Heme oxygenase 1 549 1.12E=270 373 2.77E-06
2 CXCL8 Interleukin-8 447 742E-141 3.86 2.81E-05
3 IL6 Interleukin-6 401 491E-26 2.69 0.001
4 IL1B Interleukin-1 beta 3.75 3.82E-27 3.04 0.001
5 GBP5 Guanylate-binding protein 5 362 2.71E-26 157 0.004
6 IDO1 Indoleamine 2,3-dioxygenase 1 3.50 7.12E-14 261 0.003
7 HSPAG Heat shock protein family A Member 6 337 230E-116 176 0.014
8 CXCL1 Chemokine (C-X-C motif) ligand 1 3.13 4.23E-29 343 0.001
9 PTGS2 Prostaglandin G synthase 2 3.09 267E-119 239 0.002
10 CXCL2 Chemokine (C-X-C motif) ligand 2 3.04 2.95E-55 344 9.25E-05
11 TNFAIP6  Tumour necrosis factor-inducible gene 6 protein 2.89 6.87E-18 265 0.001
12 GBP4 Guanylate-binding protein 4 287 1.09E-18 1.14 0.010
13 CFB Complement factor B 2.70 4.94E-61 1.06 0.015
14 CXCL5 Chemokine (C-X-C motif) ligand 5 244 3.25E-19 226 0.001
15 FTHI Ferritin heavy chain 2.1 2.10E-64 1.82 2.56E-05
16 CCL3 Chemokine (C-C motif) ligand 3 2.10 1.06E-06 213 0.005
17 ADAMTS4 A disintegrin and metalloproteinase with thrombospondin motifs 4~ 2.08 1.58E-22 1.04 0.013
18 MX1 MX Dynamin Like GTPase 1 2.07 2.71E-28 1.05 0.003
19  APOLI1 Apolipoprotein L1 1.78 3.34E-37 145 0.002
20  CEMIP Cell migration-inducing and hyaluronan-binding protein 1.67 1.62E-16 1.08 0.017
21 SRGN Serglycin 1.65 2.16E-27 1.36 0.007
22 GDF15 Growth differentiation factor 15 1.55 8.89E-24 142 0.003
23 MMP1 Matrix Metallopeptidase 1 1.53 2.85E-20 1.82 0.001
24 Q1S Complement C1s subcomponent 1.34 3.88E-31 1.11 0.001
25  GBP3 Guanylate-binding protein 3 1.33 1.86E—11 1.06 0.011
26 FOSL2 Fos-related antigen 2 .11 1.32E-15 1.03 0.001
27 FCGR3A Low affinity immunoglobulin gamma Fc region receptor IIIl-A -2.05 5.14E-24  -1.20 0.006

FDR false discovery rate

expression (Spearman r=0.78, p<0.0001, Supplemental
Fig. S3).

Confirming the clinical relevance of our model find-
ings, we detected increased levels of IL-6, IL-8, C-X-C
Motif Chemokine Ligand 1 and 2 (CXCL1 and 2) and
growth differentiation factor-15 (GDF-15) in the sera
of patients with COVID-19 and ARDS compared
with those of healthy adults (Table 3). The levels of
Chemokine (CC motif) ligand 3 (CCL3), matrix metal-
loproteinase-1 (MMP-1), indoleamine 2,3-dioxygenase
(IDO), C-X-C Motif Chemokine Ligand 5 (CXCL5) and
heat shock protein 70 (HSP70) revealed no difference
between healthy adults and COVID-19 patients. Fig-
ure 4a, b show scatter plots for IL-6 (p=0.001) and IL-8
(p=0.023) analysis respectively, demonstrating signifi-
cantly increased inflammation in patients with COVID-
19 and ARDS. Additionally, the scatter plot shows raised

CXCL1, CXCL2 and GDF-15 in patients with COVID-19
(Fig. 4c—e).

To summarise our findings, Fig. 5 was generated with
WikiPathways [50] by using the pathway “Cytokines and
Inflammatory Response (Homo sapiens)” All the genes
and proteins that matched this pathway were upregu-
lated. Upregulated markers following heme stimulation in
PCLS were mainly linked to macrophages. Macrophages
activate immune cells such as T cells, neutrophils and
other lung cells such as the endothelial cells and fibro-
blasts, for the inflammatory response via IL-6, IL-8,
TNE, IL-1B, CXCL1 and CXCL2 that were increased in
our model [24, 51, 52]. The picture integrates our results
into the mechanism of possible immune cell activation
and the response from structural cellular components
of PCLS that drives an inflammatory response, in our
case, provoked by heme itself or indirectly by lung injury
induced by heme.
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Table 3 Multiplex analysis of blood from healthy adults and
SARS-CoV-2 infected patients

Name Serum mean (pg/ml)
Healthy SARS-CoV-2 Adj p-value
1 I-6 0.0 117.5+3309 0.001
2 IL-8 0.62+0.97 99+9.2 0.023
3 CXCL1 764+4.7 2517+25 0.001
4 CXCL2 494+29 14.7+16.6 0.001
5 Ferritin 5591+5771 56,260+ 68,519 0.001
6 GDF-15 237741913 1365+ 1598 0.001
7 CCL3 7.18+95 95+87 0.159
8 HSP70 99.85+189.1 170.04£300 0.360
9 MMP-1 668.7+531.3 839.3+650.6 0.456
10 DO 18.68+£26.4 41.78+62.6 0.560
Il CXCL5 1422+€111.7 1813742237 0910

Results are displayed in mean +SD.

CXCL1 C-X-C Motif Chemokine Ligand 1, CXCL2 C-X-C Motif Chemokine Ligand
2, CCL3 C-C Motif Chemokine Ligand 3, CXCL5 C-X-C Motif Chemokine Ligand
5, GDF-15 Growth differentiation factor-15, IDO Indoleamine 2,3-dioxygenase,
MMP-1 Matrix metalloproteinase-1, HSP70 Heat shock protein-70

Discussion
Here, we describe a new model of ALI in human PCLS
triggered by heme. Using a combined transcriptomic
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and proteomic approach, we investigated the effects
of heme-induced lung injury ex vivo. Our study
suggests that cell injury, cell death, strong cytokine
stimulation, upregulation of inflammatory pathways
and downregulation of ECM-receptor interaction
occur in heme-stimulated PCLS. Our model findings
are consistent with analyses from sera of patients
with COVID-19 and ARDS, confirming their clinical
relevance.

Our clinical findings in patient sera congruent with
previous findings on heme and HO-1 in patients with
COVID-19 related ARDS [17, 53]. In patients with
ARDS, raised levels of ferritin have been previously
reported [54] and may have prognostic potential [55, 56].
While heme is probably not the initial and single cause
for ARDS development, raised levels in serum of patients
suggest that heme might potentially contribute to lung
injury and associated mechanisms. We thus investigated
direct effects of heme on lung tissue in the PCLS model
to evaluate its effects and simulate ex vivo some of the
ARDS features.

We showed that heme induces cytotoxicity and
reduces cell viability by compromising cell membrane
integrity [57, 58]. Our findings are consistent with those
of Ryter et al. [59] who reported that heme treatment

*kk
a) 2000 —— b) 60—
1500 ]
_E E 40—
21000 E
EID 0
= =
]
]
R 0

Healthy COVID-19

*kk

d) 40

w
o
|

[
n
at

um
[
==

CXCL2 (pg/ml)
N
S
|

[y
o
|

0 outn umgmy

Healthy COVID-19

Healthy COVID-19

. C) 1204 ——
. 100 .
T 80|
?0 | |
. 2 60
[ ] %40— 'l.
B 20
o & | o 2
9
o o T

Healthy COVID-19

* % %
e) 8 1
]
= 6-
E
o
£
n 4+
-
a8 "
o 2
0_

Healthy COVID-19

Fig.4 COVID-19 patients had raised inflammatory markers. a—e Inflammatory markers such as IL-6, IL-8, CXCL1, CXCL2 and GDF-15, respectively
measured by multiplex analysis were raised in serum of patients with COVID-19 and ARDS (n=20) as compared to healthy serum (n=20) (*p < 0.05,

**p<0.01,**p<0.001)



Kewalramani et al. Respiratory Research (2025) 26:124

Th

L2
Th17
Th

B Cell
L- 17,
B Cell
i 12
B Cell 1
1o [ ewo]
ITI/
Plasma Cell !
Mast Cell i
BTy 1 R R —

“Clonal expansion

Page 11 of 16

Th Tc Tc

of T cells
Tc
Lymphocyte Activated
Killer Cells (LAK)
L2
— 1
TGFB1 | 2 [ IFNG | IL1s ||
U ere et
i i
T-helper L2 | 16128 | IL15 [+ NKceIIj
1 i

1B
IL10

L6
IFN1@

112
IFNB1

IL-15
TNF

Hematopoiesis

Hematop oietic Stem Cell

IL1p

woz] (e ] we—
p
NF E

128

|:| Elevated in transcriptomic expression in PCLS

:l Elevated in transcriptomic and proteomic expression in PCLS

Endothelia Cells

Fibroblasts

[ Inflammatory Response J

Fig. 5 Cytokines and inflammation response from WikiPathways. 19 upregulated markers only at gene level are coloured are in blue and 7
upregulated markers upregulated at the gene and protein levels are coloured in yellow. Abbreviations: CXCL1/2/8, C-X-C Motif Chemokine Ligand
1/2/8; CSF1/2/3, Colony stimulating factor 1/2/3; IFNG, Interferon gamma; GDF 15, Growth differentiation factor 15; IL-1a/13/2/6/8/11/13/15/17A/
17F, Interleukin-1a/13/2/6/8/11/13/15/17A/17F; TNF, Tumour necrosis factor

compromises cell membrane integrity in vitro. Our
enrichment analysis revealed the activation of non-
apoptotic mechanism of cell death, such as ferroptosis
and necroptosis, while we did not find upregulation
of caspases or other markers of the classical apoptotic
cell death pathways. We visualised compromised
cell membrane integrity in heme-stimulated PCLS
which supports the role of non-apoptotic cell death
in our results. Recently the roles of necroptosis [60]
and ferroptosis [61] in ARDS have received increased
attention. A study on macrophages showed that heme
caused early macrophage death characterized by the loss
of plasma membrane integrity and morphologic features
resembling necrosis [62]. The authors demonstrated
that free heme causes necroptosis in macrophages by
TLR4 dependant activation of NF-x B. Correspondingly,
a study using the lungs of 7 ARDS patients after
autopsy found evidence of cell death by necroptosis
in lung epithelial cells [60]. Conversely, Qui et al. [61]
demonstrated a role of ferroptosis in the pathogenesis of

COVID-19, identifying markers of lipid peroxidation by
immunostaining and lipidomics in post-mortem lungs
from COVID-19 patients [61]. In heme-induced model
of injury it is perceivable to expect ferroptosis. Indeed, it
has been shown before that heme released by hemolysis
of erythrocytes induced ferroptosis in intestinal epithelial
cells in in vitro mouse model [63]. However, this has
not been further investigated. Future studies using cell
rescue by inhibitors of ferroptosis might help elucidate
the underlying mechanisms and identify potential drug
targets.

The relationship between cell death and heme-induced
inflammation has been convincingly established by
the work of Dutra et al. [14] and Erdei et al. [27], who
demonstrated that heme stimulation caused NOD like
receptor protein 3 (NLRP3) inflammasome activation
dependant IL-1B production. Cytokines, such as IL-1p
activate NF-« B pathway [64]. NF-« B plays a vital role
in the inflammatory response, hence it is considered
as a master regulator of inflammation by secreting
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inflammatory cytokines such as TNEF, IL-6, IL-8 and
IL-1B [64]. Heme induced cell injury via necrosis is the
starting point of causing inflammation caused by NLRP3
induced IL-1B secretion. Necrosis is a prerequisite
for NLRP3 activation [65, 66]. This is in line with the
findings of Li et al. [67], who reported that only necrosis
causes activation of inflammation and not apoptosis.
Inflammation observed after heme stimulation in PCLS
supports our theory of the non-apoptotic cell death
pathway being dominant in our experimental findings.

Heme reduced viability followed by increased
inflammatory signals, while the observed effects might
be partially due to injury itself and not specific for heme.
Heme binds to TLR4 [68, 69], and TLR4 receptor binding
might contribute to increased inflammatory signals.
In unpublished data we observed that heme induced
inflammation was not exclusively mediated by TLR4,
as its inhibition did not abrogate the effects observed in
our experiments. It remains unclear if other receptors
are involved in the observed heme induced effects or
such effects are unspecific responses to injury. The GSEA
analysis revealed activation of TLR and nucleotide-
binding, and oligomerization domain (NOD) signalling
in the heme-stimulated PCLS confirming that in the
PCLS model, heme induces inflammation via TLR4
[68, 69] and NLRP3 [14, 27]. NF-k B pathway has been
identified as an activated pathway in the transcriptomic
and proteomic analysis. Previous studies have shown, in
patients with ARDS that NF-« B signalling pathway and
JAK-STAT signalling pathways are involved [70-72].

The effect of heme combined with inflammatory
stimuli such as LPS has been intriguing in different
experimental models. Heme and LPS both act on TLR4
but at different sites [15]. In vitro studies in mice have
demonstrated synergy in lethality and inflammation on
combined heme and LPS exposure [73]. In a study with
mice derived macrophages it was noted that heme and
LPS synergy was enhanced in the presence of serum
proteins at critical concentrations [74]. Interestingly, a
recent publication showed the response of combined
heme and LPS treatment varies in humans and mice
macrophages. In human macrophages the combination
reduced the inflammatory response while in mice
macrophages it amplified the inflammatory response
[75]. We did not find any evidence of increase or decrease
in inflammatory response on combining heme and LPS
in the PCLS model.

In line with our model, we found raised levels of
inflammatory cytokines such as IL-6, IL-8, GDF15,
CXCL1, CXCL2 and ferritin in serum of patients with
COVID-19 in accordance with other published studies
[51, 52, 76, 77]. Interestingly, 7 markers that were raised
in serum of patients with COVID-19 and ARDS patients
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such as IL-6, IL-8, HO-1, ferritin, CXCL1, CXCL2 and
GDEF-15 were also upregulated at gene and protein
analysis of the heme-stimulated PCLS model, underlining
the clinical relevance of our model. In-vivo chemokines
such as CXCL2 [78], IL-8 [79], and TNF [80] caused
chemotaxis of neutrophils from the circulation. While
inflammatory cytokines such as IL-6, TNF and IL-1B
cause haematopoiesis [81], raised GDEF-15, has anti-
inflammatory properties and raised levels in COVID-19
patients were associated with poor prognosis [76]. An
additional mechanism that accentuates inflammation
is ECM degradation by induced chemokines, cytokines,
growth factors and adhesion molecules that leads to
inflammation and injury [24].

In early phase of ARDS inflammation and ECM
degradation occur [24]. Interestingly, we also observed
effects on ECM expression after heme-induced
injury in PCLS. We noted downregulations of genes
that code for components of ECM such as collagen
(COL1AI, COL5A1, COL6A5 COL6A6, COLI10AL
COL14A1l), elastin (ELN), laminin (LAMBI) and
fibulin (FBLNI, FBLN2). Complementary to the loss of
expression in ECM components, our dataset showed
upregulation of proteinase genes such as matrix
metalloproteinase (MMP1,10,13,25) and a disintegrin
and metalloproteinase with thrombospondin motifs 4
(ADAMTS4). Clinical studies in ARDS patients showed
raised MMP1 level which also indicates disease severity
(82). ADAMST4 levels were raised in endotracheal
aspirates in patients with ARDS due to severe influenza
[83]. The transcriptomic and proteomic analysis
identified upregulation MMP1 and ADAMTS4 in the
heme-stimulated group, again emphasising the clinical
application of our model. However, in later stages of
ARDS fibroblasts are recruited which causes excess ECM
deposition. ECM deposition may lead to post ARDS
sequelae and fibrosis, which was extensively studied in
COVID-19 survivors [84].

There is a lack of research investigating the mechanism
of ARDS in human PCLS model [85, 86] and animal
derived PCLS model [87]. The merit of our study is that
our findings and the development of a new model for
acute lung injury allows further mechanistic research and
evaluation of pathways activated upon lung injury. To our
knowledge, this study is the first to utilise transcriptomic
and proteomics analysis in conjunction with the PCLS
model to study heme-induced injury. The proposed
model reduces need for animal studies in acute lung
injury and ARDS research, supporting the 3 R (refine,
reduce and replace) approach. However, we acknowledge
the limitations of our study and our proposed model.
The PCLS does not allow the study and recruitment of
circulating inflammatory cells [31], which is important
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during ARDS. Circulatory inflammatory cells such
as neutrophils play a critical role in pathogenesis and
disease progression of ARDS [88]. Most inflammatory
signals that were detected in our experiments come from
all the cell types present in the PCLS, immune cells along
with structural cells such as epithelial cells, endothelial
cells and fibroblasts. In addition, in patients in vivo heme
enters the alveolus from the endothelial side or the site of
trauma [89]. This injury side is not entirely comparable
between ARDS patients and our experimental setting
with heme being applied on tissue sections. Of note,
PCLS also contain pulmonary vessels and heme affects
these endothelial cells, which are known to be to be of
greatest risk of heme exposure in vivo. Moreover, our
PCLS model does not take into account the ventilatory
stretch during respiration [31] and following mechanical
ventilation in ARDS patients nor hypoxemic conditions.
Additionally, the markers observed at the proteomic
level were less than at the gene level. However, studies
that have looked at transcriptomic and proteomic
analysis observed that the protein expression is usually
lower than RNA expression potentially due to post
translational regulation or modification of instable
proteins as compared to RNA or technical bias [90].
Despite washing with DPBS the possibility of residual
heme from RBCs cannot be eliminated, but since the
inflammatory response in heme-stimulated PCLS was
compared to control PCLS from the same donor, which
could also contain traces of heme, any contribution of
heme from RBCs should have been adjusted. Though
PCLS is a useful model it cannot fully replicate the
complex pathogenesis of ARDS where during the disease
course the triggers can amplify. The disease progression
is additionally influenced by ARDS related factors such
as hypoxia, hyperoxia, and cytokine increase that also
affect lung response. Also, the PCLS were generated
from some human donors with smoking history or tumor
diagnosis, which might have primed lung tissue towards
inflammatory stimuli which needs to be acknowledged
as a limitation. For ethical reasons it is extremely difficult
to obtain completely healthy lung tissue. A comparison
to true healthy lung tissue is thus unfortunately not
possible.

We aimed to establish heme stimulated PCLS as a
novel model for acute lung injury and ARDS research.
Although our model is limited to heme-stimulated injury,
the model allows evaluation of involved mechanisms and
testing of potential drug targets in ARDS. PCLS can be
applied for testing the effectiveness of therapeutics prior
to clinical testing. In our PCLS model, we have confirmed
the findings of individual studies studying the effect of
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heme in vitro [14, 27, 69]. We have also noted changes
in ECM in lung injury, which have not been extensively
studied during early stage of lung injury. The NF-« B
and NLRP3 pathways are the main pathways involved in
heme mediated inflammation. Heme induces lytic cell
death caused by damage to membrane integrity. Targeted
therapies towards these mechanisms may help improve
the outcome of patients with ARDS. This approach of
studying diseases from patient derived samples is a very
valuable step towards advancement in personalised
medicine as they point towards the pathological mecha-
nism in diseased individuals and aid in planning targeted
interventions.

Conclusions

Heme induces inflammatory cytokines and cell death
in human PCLS, similar to findings from patients with
COVID-19 and ARDS. PCLS proved to be a useful
translational tool to understand mechanism of action and
disease pathophysiology, which might lead to discovery
of novel targets and therapies. Further validation of the
non-apoptotic cell death needs to be addressed in the
future.
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