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3. ZUSAMMENFASSUNG

Im Zuge von Verbrennungen konnen schwerwiegende Traumata entstehen,
wobei pulmonale Schadigung und respiratorisches Versagen haufige
medizinische Komplikationen darstellen. Im Rahmen dieser Studie wurden die
Auswirkungen von Verbrennungen auf die Glykokalyx untersucht. Der Fokus
wurde auf die pulmonale Glykokalyx, sowie den Beitrag der neutrophilen
Granulozyten im Rahmen der Schadigung gelegt. Ziel der Forschung war zu
eruieren, wie Verbrennungstraumata die Glykokalyx beeinflussen und somit
Lungenschaden exazerbieren, und zu einem akuten Atemnotsyndrom (ARDS)

beitragen kénnen.

Schlisselbestandteile der Glykokalyx, einschlieRlich Syndecan-1 (SDC1),
Syndecan-4 (SDC4) und Hyaluronan (HA) wurden mit Hilfe von Enzyme-Linked
Immunosorbent Assays (ELISA) quantifiziert und mit klinischen Scores bei 28
Verbrennungspatientinnen und 8 Kontrollpersonen korreliert.

Single-cell RNA sequencing (scRNA-seq) Daten aus einem murinen
Verbrennungs-Tenotomie-Modell, sowie humane DNA-microarray Daten von
244 Verbrennungspatientinnen und 35 gesunden Kontrollen wurden
analysiert. Mittels bioinformatischer Analysen wurden maogliche Faktoren,
welche am Glykokalyx-Shedding beteiligt sein konnten identifiziert und diese
anschlieRend mittels Proteome Profiler Antibody Array und ELISA in unserer
Studienkohorte validiert. AnschlieRend wurden in-vitro Versuche an 3D-
Lungenmodellen und alveolaren Epithelzellen zur experimentellen Validierung

durchgefihrt.

Uber einen Zeitraum von 21 Tagen, wobei die Spitzenwerte bei Tag 14 lagen,
lieRen sich signifikant erhohte SDC1-Serumspiegel bei Verbrennungs-
patientinnen nachweisen. Dies deutet auf eine anhaltende Stérung der
Glykokalix nach der Verbrennung hin. Dem gegeniiber erreichten die ebenfalls

gemessenen SDC4- und HA-Spiegel keine statische Signifikanz, was auf die
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Burn-related trauma is often associated with severe pulmonary complications.
In this study, we investigated glycocalyx derangements following burn injuries,
mainly focusing on pulmonary glycocalyx disruptions and the contribution of
neutrophils in this process. The investigation focused on unraveling the way
burns trigger potential glycocalyx derangement, thus contributing to

pulmonary complications such as acute respiratory distress syndrome (ARDS).

Using enzyme-linked immunosorbent assays (ELISA), serum levels of
Hyaluronan (HA), Syndecan-4 (SDC4), and Syndecan-1 (SDC1) were measured
and correlated with clinical scores or features in 28 burn patients and 8
controls. Publicly available DNA microarray data from burn patients, as well as
controls, were subjected to bioinformatic analysis to identify differentially
expressed genes (DEGs) involved in glycocalyx derangement. Furthermore,
single-cell RNA sequencing (scRNA-seq) analysis of data from burn-related
trauma in mice was performed. Proteome Profiler Antibody Array and ELISA
were used to substantiate the in-silico findings in our patient cohort.
Treatments of human airway 3D tissue models and small airway epithelial cells

(SAECs) in-vitro were used to corroborate previous findings.

Compared to controls, serum SDC1 concentrations were significantly increased
in patients from day 1 post-burn throughout a follow-up period of 21 days.
Peak SDC1 levels were observed on day 14, suggesting a prolonged glycocalyx
disruption post-burn. Conversely, SDC4 and HA levels did not reach statistical
significance, highlighting the unique sensitivity of SDC1 to burn trauma. In the
early phase post-burn, elevated SDC1 levels and the likelihood of inhalation
injury showed a significant correlation, indicative of direct lung injury affecting

the glycocalyx.
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In-silico DEG analysis revealed that genes involved in activation and functional
regulation of neutrophils were significantly regulated in burn patients
compared to controls. Notably, metalloproteinase-8 (MMP8) presented the
largest fold-change in expression. The upregulation of Mmp8 was found to be
systemic and conserved across species as per scRNA-seq analysis of data from
murine burn-related trauma. Proteome Profiler and ELISA validated MMP8's
elevation post-burn in our study group. Notably, a significant correlation
between MMP8 and SDC1 serum levels was observed. In-vitro treatments with
recombinant human MMP8 on 3D lung models and small airway epithelial cells

confirmed SDC1 shedding, underscoring its role in shedding of the glycocalyx.

To conclude, SDC1 serum levels were significantly higher in burn patients
compared to controls and correlated with the occurrence of inhalation-related
injury. Moreover, we found MMP8, mainly sourced from neutrophils amidst
systemic inflammation, to be a critical factor in SDC1 shedding post-burn.
Thus, MMP8-mediated derangements of the lung’s glycocalyx may contribute

to respiratory failure and ARDS, - common complications after burn trauma.

Note: Preliminary results of this study have been presented at the 9" OGDV
Science Days, Bad Gastein (Austria), April 04-06, 2024.
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6. BACKGROUND

6.1 Immunological Consequences of Burn Trauma

Burn injuries substantially affect the immune system, causing notable
alterations and disruptions in its functioning. This impact extends to both the
innate and adaptive components of immunity. A few hours after burn-injury
innate immune cells are activated. Neutrophils and macrophages among
others recognize molecules generated by burn-induced tissue damage called
DAMPs (damage-associated molecular patterns) or alarmins. These DAMPs are
detected through PRRs (Pattern Recognition Receptors), such as Toll-like and
NOD-like receptors. Downstream TLR-signaling initiates an inflammatory
response, for example via NFkB signaling, culminating in the release of various
cytokines and chemokines including TNF, IL-8, IL-6 and IL-1B among others.
These inflammatory mediators further contribute to the cycle of inflammation
and can lead to a prolonged systemic inflammatory response and disruption

of the immune system homeostasis. (3, p.5)

The dysregulation of the immune system overlaps with a phenomenon
described as a "genomic storm" in critically injured individuals. Said occurrence
is characterized by the widespread regulation of genes associated with
systemic inflammation, innate immune response, and - later on -
compensatory anti-inflammatory mechanisms. (27) While pro-inflammatory
cytokines like interleukin 1 (IL-1), interleukin 6 (IL-6), and tumor necrosis
factor-alpha (TNFa) characterize the early systemic inflammatory response
syndrome (SIRS), (28) the subsequent transition towards an anti-inflammatory
response is mediated by immunosuppressive factors such as transforming
growth factor beta (TGFB1) and interleukin 10 (IL-10). (8)
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6.2 Burn-Induced Changes in Neutrophil Function

The systemic inflammation and increased immune system activation in burn
injury results in significant tissue harm and impaired organ function.
Concurrently, immunosuppression leads to increased vulnerability to
infections. Neutrophils and macrophages are key players in the initial immune
response at the injury site. Despite their activation by DAMPs, which are signals
of burn-related tissue damage, and pathogen-associated molecular patterns
(PAMPs), the functionality of these cells regarding antigen-presentation and
elimination of pathogens is compromised post-injury. The impaired
functioning of the immune response has been associated with multiple factors,

including the dysregulation in neutrophil degranulation. (39)

Neutrophils are crucial in the defense against pathogens, utilizing various
mechanisms, including phagocytosis, the secretion of defensive compounds,
and the formation of neutrophil extracellular traps (NETs). NETosis describes
a process by which neutrophils release their chromatin as extracellular traps.
This mechanism depends on the enzyme protein-arginine deiminase 4 (PAD4).
PAD4 allows for the reconfiguration of DNA in neutrophils. The reconfiguration
process involves NADPH oxidase activity, facilitating the production of reactive
oxygen species (ROS) and activating PAD4. (40) An additional pathway for
NETosis that does not rely on NADPH oxidase but utilizes ROS from
mitochondria has also been described. (41) Once operational, PAD4 converts
arginine to citrulline (citrullination). The epigenetic modification of the

histones H3 and H4 relaxes the chromatin structure.

Other proteins that can be found in the azurophilic granules, like
myeloperoxidase (MPO) and neutrophil elastase (NE), then migrate to the
nucleus, further assisting in the decondensation of chromatin and eventually
leading to the disruption of the nuclear membrane. The now loosened

chromatin merges with granular and cytosolic proteins to form the nascent
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neutrophils upregulate complement receptors in response to burn injury (44),
and NE contributes toward complement amplification. (45) This interplay may
affect coagulation processes in severe burn injuries. The coagulation
disturbances found in burns have similarities with systemic coagulation
abnormalities observed in patients with sepsis or trauma. They are
characterized by a tendency towards thrombosis, diminished fibrinolysis, and
compromised natural anticoagulant pathways. Like neutrophil activation, the
onset and intensity of coagulation anomalies correlate with burn severity. Even
though the exact pathophysiology remains elusive, hemodilution and
hypothermia are major contributing factors. Given that coagulopathy is linked
to complications and increased mortality, targeting these issues is essential.
(46)

Moreover, leukocytosis and relative lymphopenia were reported in burn
injuries. Post-burn, a significant rise in the total counts of leukocytes and
neutrophils occurs, while the relative percentage of lymphocytes declines
during the first week following the injury, indicating a prolonged innate
inflammatory response. The rise in absolute leukocyte and neutrophil numbers
and concurrent decrease in the relative percentage of lymphocytes correlates
with a higher Sequential Organ Failure Assessment (SOFA) score. (10) This
suggests that the severity of burn injury is associated with a shift towards a
systemic inflammatory response characterized by elevated (immature)
neutrophil counts. (39) This sustained and innate inflammatory response
includes not just a surge in the number of immature neutrophils but a shift in
T cell composition towards a more pro-inflammatory profile. Through ongoing
systemic inflammation, the immune system is on high alert. This persistent
systemic inflammation could potentially heighten the risk of secondary
complications in burn victims, as the immune system remains in a heightened

state of alert, which might be detrimental over time. (47)
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primarily attach to chondroitin sulfate (CS) and heparan sulfate (HS) chains. At
the same time, decorin, versican, and biglycan are mainly linked with
chondroitin sulfate (CS) and dermatan sulfate (DS). Mimecan is associated with
keratan sulfate (KS) chains. (22) Even though proteoglycans and glycoproteins
create a substantial part of the glycocalyx, it is important to remember that
they are not their sole constituents. As previously discussed, the glycocalyx's
structure incorporates fixed elements and integrates soluble components like
various molecules and ions that blend seamlessly into the matrix. This allows
for a dynamic and highly hydrated meshwork. The adaptability of this layer is
crucial for regulating barrier permeability through osmotic gradients,
facilitating cell adhesion, and functioning as a sensor for mechanical forces,-

thus allowing it to respond and adapt to various stimuli.

6.4 Advances in Alveolar Epithelial Glycocalyx Research

While the endothelial glycocalyx has been the subject of extensive research,
our knowledge about the glycocalyx across other cell types remains
incomplete. For instance, the alveolar epithelial glycocalyx has not received
as much attention compared to the pulmonary endothelial glycocalyx.

Again, tracing back to electron microscopy studies in the 1960s, the scientific
community first became aware of a continuous layer across the alveolar
epithelium. Weibel ER and Gil J. described a superficial film that has now been
identified as a pulmonary surfactant, a crucial player in respiratory physiology.
(20) They later described two distinct parts of the previously observed layer in
glutaraldehyde-fixed murine lungs via electron microscopy. Besides the lipid-
rich surfactant film, an additional layer beneath it was noted. (20,54) Building
on these foundational observations, it's now understood that, like the
carbohydrate layer found on endothelial cells throughout the organism, the
glycocalyx of (alveolar) epithelial cells also consists of GAGs that are secured

to the apical surface via proteoglycans, which are embedded within the
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its derangement contributes to lung damage following various types of

injuries. (20)

A study conducted by Haeger et al. revealed the presence of both chondroitin-
and heparan sulfate as part of the glycocalyx of the pulmonary epithelium. An
increase in permeability of the lung could be shown as a result of herparan
sulfate shedding through heparinase I/Ill treatment. However, cleavage of
chondroitin sulfate via chondroitinases did not produce the same effect. (56,
p.365) In a murine lung injury model induced by intratracheal
lipopolysaccharide (LPS), a release of long-chain HS (at least 20 saccharides in
length) into the bronchoalveolar lavage fluid was observed. This suggests the
cleavage of the proteoglycan anchors (like SDC1 and SDC4) rather than the HS
molecules themselves. Congruent with the findings, an increase of syndecan-
1 and syndecan-4 ectodomains in bronchoalveolar lavage fluid was observed
following LPS-induced lung injury in mice, indicating the cleavage of alveolar
HS's proteoglycan anchor. (56,57) Clinical samples of patients suffering acute
respiratory distress syndrome (ARDS) revealed that shed HS in the airspace
correlates with increased alveolar permeability. (26) This finding underscores
the role of epithelial HS in maintaining lung health, as its degradation may
enhance lung permeability and lead to barrier dysfunction. (58) Interestingly,
the derangement of HS was not limited to LPS-induced lung injury but could
also be observed in a murine model of intratracheal bleomycin-induced lung
injury, where long-chained HS could be found in the BAL for up to 3 weeks
post-injury. (57) Similarly, degradation of the epithelial glycocalyx was
observed following influenza infection. The viral stimulus led to a significant

and prolonged shedding of GAGs into the air spaces. (59)
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maintaining lung structure and function and plays a critical role in the lung's

response to injury and disease.

6.6 Glycocalyx Shedding in Direct vs. Indirect Lung Injuries

It is important to differentiate between the mechanisms of direct and indirect
lung injuries. In direct lung injury models, such as those induced by
intratracheal LPS or bleomycin, significant glycosaminoglycan (GAG) shedding
occurs due to epithelial injury. In contrast, indirect lung injury models such as
cecal ligation and puncture (CLP) tend to lead to pulmonary endothelial
dysfunction with minimal epithelial glycocalyx degradation reported. Generally
speaking, it is thought that direct lung injuries predominantly cause epithelial
glycocalyx degradation, whereas indirect injuries primarily affect the
endothelial glycocalyx. (20) For example, in a clinical study where 52% of the
enrolled patients developed ARDS, a strong association between elevated
syndecan-1 levels and the onset of ARDS was found, - especially in cases of
non-pulmonary sepsis. Moreover, syndecan-1 plasma levels correlated with
various non-pulmonary organ failures and increased in-hospital mortality.
This suggests that the extent of endothelial glycocalyx degradation in sepsis

is significantly linked to ARDS and overall organ dysfunction. (23)

Building on the distinction between glycocalyx degradation in direct and
indirect lung injuries, one may argue that the underlying mechanisms and
pathways are also distinct: The process of endothelial glycocalyx degradation
associated with sepsis, which would be classified as indirect lung injury, was
found to be predominantly driven by heparanase. (20) This enzyme explicitly
targets HS. The subsequent shedding facilitates neutrophil infiltration by
exposure of endothelial adhesion molecules and contributes to inflammation

as well as pulmonary complications. (20,65)
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doxycycline, a broad-spectrum tetracycline-class antibiotic. It could be shown
that doxycycline reduced glycocalyx derangement in the pulmonary epithelium
in conditions including bleomycin-, influenza infection- and LPS-mediated
lung damage. (20) Also, other proteases like ADAMs (a disintegrin and
metalloproteinase) are believed to play a role in glycocalyx disruption. For
instance, in response to stimuli like tumor necrosis factor-a (TNF-a) and
interferon-y (IFN-y), ADAM17 is instrumental in mediating syndecan
derangement in murine lungs. Inhibition of ADAM17 significantly reduced the
shedding of both syndecan-4 and syndecan-1, despite concurrent treatment

with proinflammatory cytokines. (20,69)

6.7 Interplay of Surfactant and Glycocalyx

Within the intricate environment of the alveolar space, there is emerging
evidence of the complex interaction between the surfactant system and the
alveolar epithelial glycocalyx in pulmonary health and pathology.
Pulmonary surfactant is secreted by alveolar type Il epithelial cells and is
primarily composed of lipids and proteins. The lipid fraction of surfactant
consists of about 80% phospholipids, with dipalmitoylphosphatidylcholine
(DPPC) being the most prevalent lipid found in surfactant. Neutral lipids like
cholesterol make up 10% of its constituents. Another 10% of the surfactant
comprises surfactant proteins (SP-A, SP-B, SP-C, and SP-D). Traces of other
substances can be found in the surfactant layer as well. (70) The surfactant's
fundamental role is critical for respiratory function. It reduces surface tension
at the air-liquid interface, increasing pulmonary compliance and thereby
preventing atelectasis (alveolar collapse) during the respiratory cycle. The
reduction in surface tension decreases the pressure needed to keep the alveoli

open and functional. (71)
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to pathogens, aid in opsonization and microbial control as well as interact with
various immune cells. Through these features, SP-A and SP-D exhibit
phagocytosis-enhancing properties. Mice deficient in these surfactant proteins
are less capable of pathogen clearance and generating an appropriate immune
response to stimuli such as LPS. (25,73)

In contrast, surfactant protein B (SP-B) and surfactant protein C (SP-C) are
hydrophobic but nevertheless may play an essential role in the surfactant-
glycocalyx interaction. SP-B and SP-C also play a key role in surface tension
regulation by allowing for the even distribution and durability of the surfactant
layer. In a matching manner, mutations in SFTPC and SFTPB are linked to
respiratory failure. (25,74) Interestingly, these two surfactant proteins are also
known to connect with hyaluronan via its hydrophobic binding sites. Together,
SP-C, SP-B, and hyaluronan form a gel that accumulates beneath the surfactant
layer and helps in evening out irregularities on the alveolar epithelial surface.
(25)

6.8 Impact of Glycocalyx Shedding on Lung Pathology

Impaired epithelial repair in the lung, a critical issue in pulmonary medicine, is
intricately linked to the degradation of the alveolar epithelial glycocalyx,
particularly involving the role of syndecan-1. (20) Recent studies have shown
that the degradation of alveolar epithelial glycocalyx is linked to impaired
epithelial repair. It could be demonstrated that SDC1 is crucial for adhesion
and migration of pulmonary epithelial cells, and the derangement thereof may
hinder epithelial repair processes. In particular, the extracellular domain of

SDC1 mediates cell adhesion by modulation of a2B1 affinity in the lung's

epithelium, which is integral to cellular attachment and migration. (20,75) In
lung pathology, SDC1 shedding was also found to influence conditions like

fibrosis and cancer. The absence or reduced expression of SDC1 is associated
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7. MATERIALS AND METHODS

7.1 Ethical Statement

This study was approved by the Institutional Review Board of the Medical
University of Vienna (vote 1997/2023) and was conducted adhering to the
principles outlined in the Declaration of Helsinki, as well as in compliance with

the “Good Scientific Practice” guidelines by the Medical University of Vienna.

Note: All the experiments and methods listed, except for patient enrollment
and sample collection, were conducted by Hannes Kiihtreiber under the
supervision of Univ.-Prof. Univ.-Doz. Dr. med. univ. Hendrik Ankersmit, MBA,

and Dr. med. univ. Daniel Bormann, BSc, as part of the diploma thesis.

7.2 Patient Enrollment and Sample Collection

For this study’s investigation, serum samples that have been previously
assessed for sST2 and IL-33 levels, as well as markers for neutrophil
activation, were examined. (9,10) A power analysis was performed in
alignment with the initial hypothesis, positing an elevation of glycocalyx
components that are shed in patients post burn. Considering an anticipated
difference of 1.5 standard deviations between groups, with an alpha error of
0.05 and statistical power of 0.95, the required study population was
calculated. To achieve adequate power and ensure robust and statistically
significant results, an experimental group consisting of n=25 subjects and a
control group of n=8 were required. In line with the calculated parameters, a
total of 28 patients and 8 control subjects were enrolled in the study. Patients
admitted to the Intensive Care Unit 13il1 and to the Department of Plastic and
Reconstructive Surgery at the Medical University of Vienna within 24 hours

after the burn trauma were included. Further inclusion criteria were an age >18
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years and the presence of an injury covering a minimum of 10% of the Total
Body Surface Area (TBSA). The accurate determination of TBSA was achieved
by marking the affected areas on a blank human body diagram and subsequent
quantification during the initial clinical examination. Individuals presenting
with either chronic infectious diseases or an autoimmune disorder were
deemed ineligible for this study. The clinical treatment of the patients
remained unaltered throughout their participation in the study. During daily
routine blood withdrawal, an additional 27ml was taken for research purposes
in the first week after admission to the hospital. Follow-up blood sampling
was performed on a weekly basis until the fourth week. Mortality was defined
as any instance of all-cause mortality occurring within the period of
hospitalization. Patients with third-degree burns were categorized as 'third-
degree positive.' This classification was applied irrespective of the extent of
the burn-affected region. A comprehensive set of clinical scores and data was
collected at the Department of Plastic and Reconstructive Surgery and Intensive
Care Unit 13il, including SAPS Il and APACHE IlI, among others. The data
obtained was securely stored in an anonymized database for future analysis to
ensure patient information's confidentiality and integrity. Clinically relevant
laboratory parameters, such as C-reactive protein (CRP), white blood cell (WBC)
count, and lactate dehydrogenase (LDH), were routinely evaluated at the
hospital's central laboratory. Eight healthy volunteers were enrolled for
comparative analysis to serve as the control group. The blood samples from
both the control and patient subjects were processed in accordance with a
consistent protocol for both groups. Following a thirty-minute incubation time
at room temperature, the whole blood was centrifuged at 2850 g for 17
minutes for serum separation. To ensure stability for subsequent analysis, the

obtained samples were stored at temperatures below -70 °C to -80 °C.
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7.3 Quantification of Serum Analytes via Enzyme-Linked

Immunosorbent Assay

The assessment and quantification of serum Syndecan 1 (SDC1), Syndecan 4
(SDC4), Hyaluronan (HA), and Matrix Metalloproteinase-8 (MMP-8) was
conducted via enzyme-linked immunosorbent assay (ELISA). Following
commercially available ELISA kits were used, adhering to the manufacturers’
instruction: Human Syndecan-1 DuoSet ELISA kit (R&D Systems®, cat#:
DY2780, lot: P302508), Human Syndecan-4 DuoSet ELISA kit (R&D Systems®,
cat#: DY2918, lot: P278572), Hyaluronan DuoSet ELISA kit (R&D Systems®, cat#
DY3614-05, lot: P335416) and Human Total MMP-8 DuoSet ELISA kit (R&D
Systems®, cat#: DY908, lot: P342488). Appropriate dilution of the burn serum
samples for the ELISA assay was performed as follows: Syndecan 1 (1:10),
Syndecan 4 (1:10), Hyaluronan (1:5), MMP-8 (1:20). Supernatants from in-vitro
were used undiluted, except for Hyaluronan, which was diluted 1:5. The optical
density readings were obtained by using a Tecan F50 infinite microplate reader
(Tecan Group, Mannedorf, Switzerland). and processed via Magellan software
version (Tecan Group, Mannedorf, Switzerland). Analyte concentrations were

deduced from external standard curves.

7.4 Proteome Profiler Antibody Array

To evaluate serum proteases, serum samples from two individuals per group
were pooled. Analysis was performed in adherence to the manufacturer's
guidelines, using the Proteome Profiler Human Protease/Protease Inhibitor
Array (R&D Systems®, cat#: ARY025, lot: P320590). A Gel Doc XR+ system
(Bio—-Rad Laboratories Inc., Hercules, CA, USA) was used for signal detection.
The quantification of dot densities for each duplicate was conducted via
ImagelLab 6.0.1 (Bio—Rad Laboratories Inc.) using the volume tool. Adjustments

for background were made according to the manufacturer's protocol
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instructions. The background-corrected average dot volumes for each
protease were depicted as fold changes in the burn group compared to the
control group. GraphPad Prism version 10.0.3 (GraphPad Software, San Diego,

CA, USA) was used to visualize the results as bar plots.

7.5 Statistical Analysis

For statistical analysis and visualization of the data, IBM SPSS Statistics version
29.0.0 (IBM, Armonk, NY, USA) and GraphPad Prism version 10.0.3 (GraphPad
Software, San Diego, CA, USA) were used. The Enzyme-Linked Immunosorbent
Assay (ELISA) data was preprocessed with the application of the Robust
regression and Outlier removal (ROUT) method (Q=1%). After the detection and
removal of outliers, a Shapiro-Wilk test was performed to evaluate the
normality of data distribution. Since the ELISA data did not adhere to Gaussian
distribution prerequisites, further analysis was conducted using the
nonparametric Kruskal-Wallis tests with Dunn’s multiple comparison tests.

For correlation analysis between two metric variables, Pearson correlation
coefficients were used. Additionally, simple logistic regression analyses and
odds ratio calculations were conducted to examine associations between
nominal and metric variables. The ELISA results are presented as minimum-
to-maximum boxplots, with significant time points (adjusted p-value <0.05)

distinctly marked in red.

7.6 Single-cell RNA sequencing (scRNA-seq) Analysis

Publicly available single-cell data from the NCBI Gene Expression Omnibus
(GEO) database (GSE126060) was retrieved. The data was derived from a study
involving a murine burn-tenotomy model. (81) The animals received a partial-

thickness burn injury covering 30% of their total body surface area (TBSA) on
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7.7 DNA Microarray and Gene Set Enrichment Analysis

Human Affymetrix U133 Plus 2.0 GeneChip™ data (GSE37069) was retrieved
from the NCBI's GEO database, employing GEOquery version 2.66.0 (84) for
the download. Differential gene expression (DEG) analysis was performed via
the limma package version 3.54.0 (85) in R (version 4.3.1) using RStudio
(version 2023.6.2.0 + 561). For the gene set enrichment analysis, only DEGs
between the control and burn groups with a log2fold change >1 and an
adjusted p-value of <0.05, following the Benjamini & Hochberg correction
method, (86) were considered. These DEGs were functionally annotated using
the Enrichr (87) package, accessing several databases, including “GO Biological
Process 2023”, “KEGG 2021_Human,” and “Reactome 2022”. Results from
Enrichr were refined by filtering terms with a Benjamini-Hochberg adjusted p-
value below 0.05. These were then ranked based on the "combined score,",
which incorporates Fisher’s exact test p-values and rank deviations. The
enriched terms are illustrated in dot plots, depicting combined score and gene

ratios of genes.

~.8 Bioinformatics Data Visualization

Bioinformatics analysis results were visualized using the following R
packages:

Seurat v. 4.9.9.9059 (82), ggplot2 v.3.4.2 (88), EnhancedVolcano v.1.18.0
(89), and scCustomize v.1.1.1 (90).
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8 at a 1.0 ng/ul concentration in SABM™ Growth medium. As part of the
experimental design, SAECs were also treated with inactive rhMMP-8 (prepared
without adding APMA), APMA alone in SABM™ Growth medium, or with the
growth medium alone as a control. EpiAlveolar™ 3D Small Airway Human
MicroTissues were treated with activated rhMMP-8 in an alveolar assay
medium supplied by the manufacturer or for control with the alveolar assay

medium alone.

7.10 Immunofluorescence Staining and Microscopy

Paraffin-embedded sections were first deparaffinized by heating them with a
heater fan until the paraffin melted, approximately 10 minutes, ensuring the
slides did not dry out at any point. This was followed by two 10-minute
incubations in xylene and sequential rehydration through a series of ethanol
solutions (96%, 80%, 30%) for a few seconds each, with two repetitions at each
concentration. Finally, the sections were rinsed twice in deionized water (dH.0O)
for one minute each. Antigen retrieval was performed using a citrate buffer
method. To prepare a 10mM sodium citrate buffer (pH=6), 25mL of Target
Retrieval Solution 10x (Dako cat#: S2369) was diluted in 225mL dH20. The
slides were placed in a jar containing 80 ml buffer and heated in a pressure
cooker for 20 minutes, followed by cooling to room temperature for another
20 minutes. Pre-staining, the samples were washed in Phosphate-Buffered
Saline (PBS) twice for five minutes each. The primary Anti-Syndecan-1 antibody
(Abcam, Cambridge, UK, cat#: ab128936, lot: GR3384628-10) was diluted
1:500 in 2% PBS/BSA and 100 ul was added to each pap pen encircled section
and incubated overnight at 4°C. After overnight incubation at 4°C, the sections
were washed in PBS thrice for five minutes each. Subsequently, they were
incubated for 30 minutes at room temperature in the dark with a red
fluorescence secondary antibody. The secondary antibody applied was the
Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa
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8. RESULTS

8.1 Demographic and Clinical Characteristics of Study

Participants with Burn Injuries

In this study, 28 participants (7 females and 21 males) who had suffered burn
injuries fulfilled the inclusion criteria and were enrolled. The mean age of the
patients was 49.6 years, with a standard deviation (SD) of + 21.8 years. In
addition, 8 age matched subjects (3 females, 5 males) with an average age of
40.5 years (SD £19.9 years) were included as a control group. To compare the
age distribution of the burns and control group, an unpaired t-test was
performed and revealed no statistically significant difference between groups
(p=0.2967).

The median Abbreviated Burn Severity Index (ABSI) for the patients within our
study cohort was 8, with an interquartile range (IQR) of 5 to 9. For the Total
Body Surface Area (TBSA) affected by the burn injury, a mean of 32.5% (SD =
20.2%) was recorded. The burn coverage within our group showed variation,
ranging from as little as 11% to as high as 90%. Regarding the Acute Physiology
and Chronic Health Evaluation Il (APACHE 2) score, the mean value was 18 (IQR:
11.5-26.5). The Simplified Acute Physiology Score Il (SAPS) mean score was 36
(IQR: 24.75-48.5). Notably, 19 patients (67.9%) had sustained third-degree
burns, and 6 (21.4%) had experienced inhalation injuries. The median length
of hospital stay was 33 days (IQR: 15-67.75).

All clinical characteristics of the patient cohort are presented comprehensively
in Table 2.
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8.2 SDC1 Serum Levels are Significantly Elevated Post-Burn

To test the hypothesis that burn injury significantly alters the composition of
the glycocalyx, we first measured the serum levels of syndecan-1 (SDC1),

syndecan-4 (SDC4), and Hyaluronic Acid (HA) in burn patients over 21 days.
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Figure 5. Serum levels of glycocalyx constituents in burn patients.

Systemic levels of SDC1 (A), SDC4 (B), and HA (C) were quantified in healthy controls and burn
patients over a 21-day follow-up. Data analysis was performed using Kruskal-Wallis tests,
complemented by Dunn's multiple comparisons. Data are presented as minimum to maximum
boxplots showing all points. Time points with statistical significance (adjusted p-value < 0.05)

are marked in red.

Our data, as illustrated in Figure 5, showed that while the mean serum levels
of SDC1 in the control group (3.42 = SD 2.17 ng/ml) did not differ significantly
from those on the day of admission (dO) in the burns group (7.17 = SD 3.38
ng/ml), a significant increase in these levels could be observed from day 1 to
day 21 of the follow-up period (Fig.5A). This suggests a slightly delayed
response in SDC1 elevation post-burn. From day one post-burn (d1) onwards,
a significant increase in SDC1 levels was observed, with the mean rising
significantly (p-value < 0.005) on day 1 (12.16 + SD 5.84 ng/ml) with an

adjusted p-value < 0.005. Albeit with some fluctuations, this upward trend
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Overall, SDC1 levels demonstrated a marked and sustained increase,
underscoring the significant impact of burn trauma on the glycocalyx.

SDC4 and HA levels differed, showing no statistically significant alterations
over the same period. This divergence underscores the complexity of the
glycocalyx's response to burn injury and indicates that different glycocalyx
components may react distinctly to such trauma.

8.3 SDC1 Levels Correlate with Inhalation Injury

Next we assessed whether there is a significant correlation between clinical
scores or features (such as inhalation injury) and the serum levels of SDC1,

within the first 21-day following burn injury. (Table. 3)

The assessment of the correlation between SDC1 levels and the Abbreviated
Burn Severity Index (ABSI) revealed a fluctuating pattern. A peak Pearson r value
of 0.62 on day 2 (95% Cl: 0.29 - 0.82, p = 0.001) suggested a moderate
correlation at an early stage. However, subsequent days did not maintain this
significance level, with no significant correlation noted beyond day 4 (Pearson
r=0.46, p = 0.023).

In the case of inhalation injury, the Odds Ratios (OR) derived from logistic
regression analysis consistently suggested an increased odds of inhalation
injury with elevated SDC1 serum levels post-burn, with the ORs being
statistically significant from day O to day 5. On day 0, the OR was 1.91 (95%
Cl: 1.25 - 4.16, p = 0.001), indicating nearly double the odds of experiencing
an inhalation injury immediately following the burn trauma for each unit
increase in SDC1 levels. The likelihood of inhalation injury remained
significantly elevated on day 1 (OR = 1.47,95%Cl: 1.12 - 2.68, p = 0.002) and
peaked on day 2 with an OR of 1.58 (95% Cl: 1.15 - 2.88, p < 0.001), This
heightened risk continued through day 5, as reflected by an OR of 1.31 (95%
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8.4 Burns Spark Innate Immunity and Notable MMPS8
Upregulation

To investigate the cellular and molecular responses in burn injury, an analysis
of independent publicly available data (GSE37069) was performed. Blood
samples from 244 severely burned patients with >20% TBSA, as well as 35
healthy subjects, were collected and subjected to DNA microarray analysis
using Affymetrix U133 plus 2.0 GeneChip™. We focused on identifying
differentially expressed genes (DEGs), with particular emphasis on possible

neutrophil involvement in the derangement of the glycocalyx post-burn.
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Figure 6. DNA-microarray DEGs and Gene Set Enrichment Analysis (GSEA).

(A) DEGs between control and burn groups are presented. Genes upregulated in the burn group
show a positive fold change, while those downregulated show a negative fold change. DEGs
that reach statistical significance (log2 fold change > 1, adj. p < 0.05) are highlighted in red.
(B) Illustrates the top 10 'GO Biological Process 2023"' terms associated with significantly
upregulated DEGs. (C) Shows the top 10 terms from a combined query of 'KEGG 2021 Human'
and 'Reactome 2022'. Results are displayed as dot plots with their respective combined scores

and gene ratios.
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Conversely, DEG analysis showed a significant downregulation of genes
involved in regulating the adaptive immune system, like T cell receptor- and
antigen receptor-mediated signaling. Key genes involved in T cell activation
and differentiation, like ITK, CD3D, CD3G, ZAP70, and MALTI were
downregulated. The downregulation of genes involved in Thl and Th2 cell
differentiation and T cell receptor signaling suggest an altered T cell-mediated
immune response following burn injury. This contrasts with the upregulation
of neutrophil and innate immunity-related genes and outlines a layered and

intricate immune response post-burn trauma.

8.5 ScRNA-seq Reveals Conserved MMP8 Upregulation in

Burn-Related Trauma Across Species

To facilitate a deeper understanding of the impact of burn-related trauma (and
surgical injury) on the glycocalyx and the involvement of different cellular
populations, we performed single-cell RNA sequencing (scRNA-seq) analysis
on data from a murine burn-tenotomy model (GSE126060). Mice were
subjected to a partial-thickness dorsal burn, encompassing 30% of their total
body surface area. Concurrently, an achilles tenotomy was performed on the
hind limb. Tissue samples from the hind limb were collected at day O (no
burn/tenotomy = untreated) and on days 3, 7, and 21 post-injury and
subjected to single-cell sequencing. After merging the datasets from the
different conditions and time points (untreated day 0O, days 3, 7, and 21), we
conducted stringent quality control and obtained a Seurat object
encompassing 27,998 features and 27,337 cells. The cells that met our
defined criteria were integrated using reciprocal principal component analysis

(rPCA) for downstream analysis.
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8.6 MMPS8 Increases in Serum Post-Burn and Correlates with
SDC1 Levels.

Building on the bioinformatic findings, we explored the protease profiles in
burn serum samples from our study cohort. To discern protease signatures in
post-burns versus controls, we pooled samples from two randomly selected
individuals per group and employed a Proteome Profiler Human Protease Array
(R&D Systems®). Our analysis and quantification revealed a distinct
upregulation of MMP8, which exhibited a 3.29-fold change compared to
controls. MMP8 stood out as the protease with the most substantial increase,

corroborating its potential role after burn trauma. (Fig.9A, B)

To validate the increased MMP8 protein levels observed in the Proteome
Profiler Array, we measured MMP8 serum levels via enzyme-linked
immunosorbent assay (ELISA) of all samples over the 21-day follow-up period.
(Fig.9C) The ELISA could confirm a significant elevation of MMP8 concentration
in burns compared to controls. Mean levels in the control group (1.14 = SD
0.55 ng/ml) and the burn group on the day of the admission (13.56 + 10.94
ng/ml) differed significantly (p.<0.001), although with high variability in the
burns as exemplified by the large standard deviation. The initial spike in MMP8
levels was followed by a decrease on day 1 (6.26 = SD 6.26 ng/ml), together
with a reduction in standard deviation. Compared to controls, the serum levels
remained elevated and, though with slight fluctuations in means and standard
deviations, achieved statistical significance (p.<0.01) throughout the follow-
up period. Expanding on the previous findings, we analyzed the correlation
between MMP8 and SDC1 serum levels in burn patients, as we have previously
identified SDC1 as a glycocalyx constituent significantly elevated from day 1
post-burn onwards. (Fig.9D) By employing simple linear regression analyses,
it was shown that from day 1 post-burn, SDC1 diverged and demonstrated a
fluctuating correlation with MMP8 levels. On day 1, only a weak correlation

could be observed (R2=0.17, p=0.054). Specifically, on day 3, we observed a
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8.7 MMPS8 Induces SDC1 Shedding and Contributes to
Pulmonary Glycocalyx Damage In-Vitro

Considering our previous findings that SDC1 serum levels were significantly
elevated post burn and correlated with inhalation injury and MMP8 serum
levels post burn, we next tested the hypothesis that MMP8 could shed SDC1

from the lung.
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Figure 10. Effects of MMP8 Treatment on Pulmonary Glycocalyx In Vitro

(A) Immunofluorescence imaging of untreated and rhMMP8-treated EpiAlveolar™ 3D lung
models, incorporating alveolar epithelial cells (EpiCs), fibroblasts (FBs), and endothelial cells
(ECs). 20x magnification images display DAPI-stained nuclei (blue) and SDC1 fluorescence
(red). (B) ELISA-based quantitative analysis of SDC1, SDC4, and HA in EpiAlveolar™ model
supernatants, with significant differences (p < 0.05) marked in red. (C) SAECs treated with
APMA, rhMMPS8 alone, and activated rhMMP8, with SDC1, SDC4, and HA levels in supernatants
analyzed via ELISA. Statistical significance was assessed using the Kruskal-Wallis test and

Dunn's multiple comparisons, highlighting significant results (adj. p < 0.05) in red.
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9. DISCUSSION

We could show that SDC1 serum levels were significantly elevated post-burn,
suggesting a systemic derangement of the glycocalyx. Moreover, increased
SDC1 serum levels were associated with the presence of inhalation injury. Burn
patients suffering from inhalation injury are at an increased risk for mortality
and morbidity, while the exact mechanisms behind the complications and
poorer outcomes remaining unclear. (92) Derangements of the glycocalyx may
play a significant role in the complications observed in burn patients. (20,93)
The prevailing view is that direct lung injuries mainly lead to the degradation
of the epithelial alveolar glycocalyx, while derangements of the endothelial
pulmonary glycocalyx are characteristic of indirect lung injuries through
processes such as systemic inflammation. (20) Our observations align with
previous findings from a porcine model, where increased SDC1 serum levels
were found post inhalation-injury. (94) Another study revealed that inhalation
injury was associated with endotheliopathy as measured by increased SDC1
shedding and abnormal fibrinolytic phenotypes in patients post-burn injury.
(95) Since the lung is a major source of SDC-1 shedding, and considering the
consequences of lung injury and related inflammatory states (96), it is
plausible that serum SDC1 levels might surge soon after a burn. Interestingly,
SDC1 serum levels in our study group remained significantly elevated in burn
patients compared to healthy controls over the 21-day follow-up period. This
suggests the involvement of processes beyond direct lung damage, such as
inflammatory responses. A study by Murphy et al. emphasized the impact of
systemic inflammation on lung damage. They could show that SDC1 shedding
was significantly greater in non-pulmonary sepsis cases compared to
pulmonary sepsis and linked to the risk of developing ARDS. (23) Our
bioinformatic analysis of human Affymetrix data from severely burned patients
revealed a significant upregulation in genes related to neutrophil activation
and functions, such as migration, degranulation, and NETosis. This highlights

the enhanced role of neutrophils in the innate immune response to burns and






