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1 Introduction

1.1 Peritoneal cavity and role of peritoneal macrophages

1.1.1 Peritoneal cavity and peritoneum

The peritoneum is a continuous tissue membrane that lines the intraperitoneal
abdominal organs (visceral layer) and the abdominal and pelvic walls (parietal
layer) 2. Thus, it covers an estimated surface area of 1.7 m?'. Like other serosal
membranes such as the pleura and pericardium, the peritoneum comprises a
monolayer of mesothelial cells, a basal lamina and underlying loose connective
tissue (Figure 1) 3. Cellular and noncellular components, including fibroblasts,
adipocytes, blood and lymphatic vessels and extracellular matrix (ECM)-related

molecules, form the connective tissue 34.

The peritoneal cavity, the space between the parietal and visceral layer, is filled
with a small volume of peritoneal fluid (5 - 20 mL) °. This plasma transudate
contains immunoglobin G (IgG), anti-microbial peptides, free-floating mesothelial
cells, and immune cells, including macrophages, eosinophils and
lymphocytes 245, The peritoneal fluid and the non-adhesive surface of the
peritoneum, a mesothelial cell-generated glycocalyx, allow mobility of the
abdominal organs against each other 3°.

The peritoneum facilitates immune modulation, fluid and cell transport while
limiting adhesion formation and tumor dissemination “. Disruption of these
mechanisms may contribute to an imbalance of peritoneal homeostasis,
potentially resulting in pathologic conditions such as fibrotic adhesions,

inflammatory peritonitis or tumor dissemination °.

1.1.2 Peritoneal macrophages

Macrophages are highly heterogeneous and specialized myeloid cells that

partake in immune responses (innate and adaptive), wound repair and tissue



homeostasis 7. Due to their high plasticity, macrophages can adopt either a
more pro- (M1) or anti-inflammatory (M2) phenotype 8°. In response to the
release of pathogen-associated (PAMPs) or damage-associated molecular
patterns (DAMPs), pattern recognition receptors like Toll-like receptors (TLR) are
activated and pro-inflammatory signaling pathways are triggered °. Pro-
inflammatory signaling pathways include p38, MAPK and NF-kB, responsible for
releasing pro-inflammatory cytokines (e.g., interleukin-1 or IL-1, IL-6) and
recruiting additional immune cells to the site of tissue injury or inflammation.
These M1 or “classically” activated macrophages are cytotoxic and highly
express CD86, a co-stimulatory marker essential for T cell activation 810
Conversely, a non-inflammatory microenvironment accommodates the
differentiation towards M2 or “alternatively” activated macrophages °'"2. These
anti-inflammatory macrophages highly express the scavenger receptor CD163
and show tumor-promoting properties via the release of growth factors and their
involvement in angiogenesis and tissue remodeling. The M1/M2 macrophage
polarization nomenclature, however, largely applies to in vitro monocyte-derived
macrophages, which are classically activated with LPS (lipopolysaccharide) and
IFN-y (interferon gamma) or alternatively activated with IL-4 3. In vivo
macrophages may show co-expression of pro- and anti-inflammatory polarization

and activation markers.

Research on tissue-resident macrophages has mainly focused on murine
macrophages or in vitro monocyte-derived macrophages '. Limited research on
human tissue-resident macrophages is available because of the need for surgical
procedures, low cell counts and difficult in vitro cell culture conditions 7. Recent
findings and fate-mapping studies have revealed that tissue-resident
macrophages are not, as previously assumed, solely derived from hematopoietic
stem cells (HSC) 7-'5. Instead, most tissue-resident macrophages stem from
embryonic precursors capable of self-renewal and proliferation. F4/80 is highly
expressed by yolk sac progenitor-derived tissue-resident macrophages, whereas
HSC-dependent macrophages show lower levels of F4/80 516,



Within the peritoneal cavity, monocytes and macrophages constitute 50 to 90 %
of leukocytes 2. In a steady-state, the population of tissue-resident peritoneal
macrophages mostly consists of large peritoneal macrophages (LPMs) capable
of phagocytosis and tissue repair -'7. In contrast, only one-tenth are small blood
monocyte-derived peritoneal macrophages (SPMs) (Figure 1). These SPMs are
recruited more often following tissue injury or inflammation 7. GATA-binding
protein 6 (GATAG) is the transcription factor responsible for the differentiation of
these long-lived murine LPMs, and GATAG6-gene-specific expression regulates
their survival, proliferation and metabolism '6. Ruiz-Alcaraz et al. suggested that
the CD14**high) CD16**(igh) subset constitutes a mature phenotype of tissue-

resident human peritoneal macrophages found in a homeostatic environment 4.

Peritoneal macrophages have often been utilized to study the phagocytic or
oxidative activity of tissue-resident macrophages '4'8. Phagocytosis is the
process by which pathogens, foreign materials and other cells larger than 0.5 pm
in diameter can be ingested and eliminated by forming a specialized vacuole or
“phagosome” 9. As specialized phagocytes, macrophages can remove
pathogens via phagocytic oxidative burst, which refers to the quick release of
elevated levels of reactive oxygen species (ROS) 2°. Superoxide (O2) and
hydrogen peroxide (H202) are produced by NADPH oxidase 2 (NOX2) and
xanthine oxidase (XO) 2?'. These high intrinsic levels of ROS formed during
oxidative burst could explain the higher resistance of macrophages toward

oxidative stress 2.
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Figure 1: Origin of tissue-resident peritoneal macrophages and their local proliferation
within the peritoneal cavity. Tissue-resident macrophages (large and small peritoneal
macrophages, LPMs and SPMs) are derived from yolk-sac progenitors and hematopoietic stem
cells (HSC) "'5. The peritoneum comprises a monolayer of mesothelial cells, basal lamina and
underlying connective tissue 3. Adapted from Dos Anjos Cassado et al., Frontiers in Immunology,
2015, under CC BY 4.0 "®. Created with biorender.com.

1.2 Peritoneal surface malignancies and role of peritoneal macrophages

1.2.1 Peritoneal surface malignancies

Peritoneal surface malignancies stem from primary tumors of the peritoneum
(e.g., peritoneal mesothelioma) or from peritoneal metastasis of tumors with
intraperitoneal or extraperitoneal origin '. Development of peritoneal metastasis
differs greatly depending on the origin of the primary tumor, of which ovarian and
gastric cancer show the highest incidence of peritoneal involvement. Prior to the
introduction of advanced surgical techniques and hyperthermic intraperitoneal
chemotherapy (HIPEC) or pressurized intraperitoneal aerosol chemotherapy
(PIPAC), minimal therapeutic options existed to achieve full cytoreduction and
removal of microscopic residual tumor 225, Cytoreductive surgery (CRS) and
HIPEC is, however, related to a high incidence of postoperative complications 26.
Zhou et al. showed that 22 out of 86 patients (25.6%) suffered from high grade
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postoperative complications after CRS and HIPEC, which negatively affected the

patient survival outcome.

Tumor dissemination within the peritoneal cavity can occur via the
hematogenous, lymphatic or transcoelomic route 2’. The latter requires the
detachment of cells from the intraperitoneal primary tumor, survival of cancer
cells within the peritoneal cavity and attachment to the mesothelial monolayer 28,
Damage to the mesothelial cell monolayer via the release of matrix
metalloproteinases (MMPs) allows for invasion of the submesothelial space 28-2°.
MMPs form a family of calcium- and zinc-dependent proteolytic enzymes that can
cleave most ECM components and regulate other enzymes and cell receptors.
De novo angiogenesis is necessary for tumor growth, mostly regulated by the
release of vascular endothelial growth factor (VEGF) 2.

1.2.2 Role of tumor-associated macrophages

Macrophages, which infiltrate or settle in the microenvironment of solid tumors,
are defined as tumor-associated macrophages (TAM) 3°. Their polarization is
determined by the tumor microenvironment and the cytokines, chemokines and
other signaling molecules released by cancer and stromal host cells 3'. High
expression levels of IL-4, IL-13, C-C motif chemokine ligand 8 (CCL8) and C-X-
C motif chemokine ligand 12 (CXC12) within the tumor microenvironment
promote recruitment and polarization towards the predominantly M2-like
phenotype of TAMs. The M2-like phenotype can be further subdivided into M2a
and M2b macrophages with immunoregulatory properties, while M2c
macrophages show immunosuppressive activity and are involved with tissue

remodeling 2.

TAMs participate in nearly the entire process of tumor cell metastasis, including
invasion, vascularization, intra- and extravasation and creating pre-metastatic
niches 3'. TAMs, for example, release proteolytic enzymes, including MMPs and
serine proteases, as well as soluble factors such as transforming growth factor 3
(TGF-B), IL-8 and IL-1B, leading to loss of ECM as a barrier against tumor



invasion. De novo angiogenesis and remodeling of the existing vasculature
through the release of VEGF and MMP-9 further promote tumor growth.
Consistent with their pro-tumoral activity, high infiltration of TAMs is related to
poor outcomes in most human cancers 33. Altered epidermal growth receptor
(EGFR) signaling reduced the number of M2-polarized TAMs and improved
prognosis in murine cancer cell models 3*. In contrast, pro-inflammatory M1
macrophages have tumoricidal potential by increasing their pro-inflammatory
cytokine secretion, antibody-dependent cellular toxicity and phagocytotic

activity 3.

1.3 Peritoneal adhesions and tissue repair

1.3.1 Peritoneal adhesions

Peritoneal adhesions are fibrous bands that can form between the omentum,
intraperitoneal viscera and abdominal wall 35%6. These bands constitute either a
thin layer of connective tissue, more organized bands with nerve fibers and blood
vessels or direct contact of serosal surfaces. Peritoneal adhesions can be
categorized as congenital or acquired, of which the latter can be of inflammatory
(e.g., peritonitis) or postoperative origin. The incidence of peritoneal adhesions

after surgery is estimated at 67 to 93 % 373,

Even though most patients with postoperative adhesions are asymptomatic, a
clinically relevant number of patients develop a symptomatic condition or
“adhesive disease” . One-third of patients, who received open abdominal-pelvic
surgery, required two hospital readmissions on average over ten years for
adhesion-related complications “°. Postoperative complications include small
bowel obstruction, chronic abdominal-pelvic pain, secondary infertility and
increased technical difficulty with subsequent surgery #'42. The cost for adhesion-
related complications surpasses $2 billion annually in the United States 4243,

Surgical lysis of adhesions, or adhesiolysis, is often required for patients with

symptomatic bowel obstruction, infertility and ineffective pain relief 4144,



Prevention of postoperative adhesions is necessary to reduce adhesion-related
morbidity and improve patient outcomes after abdominal-pelvic surgery.
Development of these anti-adhesive prophylactic agents, however, requires a
better understanding of the pathophysiology of the inflammatory response to

surgical trauma-induced peritoneal injury.

1.3.2 Peritoneal tissue repair

Peritoneal tissue repair differs from skin or other epithelial layer repair as it results
from the simultaneous repopulation of mesothelial cells from undifferentiated
precursor cells of the underlying mesenchyme and the implantation of free-
floating mesothelial cells 4546, Since peritoneal tissue defects do not solely rely
on the proliferation or migration of mesothelial cells from the edges, these defects
can be closed more quickly, mostly independent of the initial size of the injury 45.

Physiological tissue repair and the development of peritoneal adhesions undergo
three phases following tissue injury: (1) inflammation, (2) coagulation and
proteolysis and (3) remodeling or formation #°. Injured mesothelium releases
cytokines and chemokines, including IL-1, IL-6 and tumor necrosis factor o (TNF-
a), allowing for higher vascular permeability and the recruitment of additional
immune cells to the injury site. Vascular injury activates the coagulation cascade,
resulting in thrombin generation and fibrin deposition 447, These fibrin deposits
form a temporary matrix on the tissue defect, attract peritoneal macrophages and
are later repopulated with mesothelial cells. If the balance between coagulation
and fibrinolysis is dysregulated after surgery and insufficient fibrinolysis occurs,
collagen- and fibronectin-producing fibroblasts proliferate within the substrate
matrix 4. The ingrowth of capillaries and neuronal fibers leads to more organized
adhesions %4, [If, however, inflammation subsides and fibrinolysis leads to the
degradation of these fibrin deposits, normal peritoneal healing occurs, which is
facilitated by the proteolytic environment of the peritoneal cavity under

physiologic conditions 3548,



1.3.3 Role of peritoneal macrophages in tissue repair

Intravital microscopy has shown that GATAG6+ tissue-resident peritoneal
macrophages attach to tissue defects within seconds of injury, entirely engulfing
the wound within 15 minutes %°. The formation of these aggregates in response
to DAMPs leads to a reduced number of peritoneal macrophages in peritoneal
lavages 7. This “macrophage disappearance reaction” is associated with higher
pro-inflammatory cytokine levels in the peritoneal fluid and the recruitment of
monocytes and other immune cells to the peritoneal cavity. These SPMs can be
directly involved in wound repair or act as an intermediate population to replace

the depleted GATAG6+ macrophages.

1.4 Non-invasive physical plasma

1.4.1 Definition and use of non-invasive physical plasma

Non-invasive physical plasma (NIPP) is a novel therapeutic tool with wound
healing, anti-tumoral and anti-microbial properties 5. NIPP is a highly reactive
(partially) ionized gas at atmospheric pressure 2. Consisting of a high number of
reactive species, ions, electrons, electromagnetic field and weak ultraviolet
radiation, NIPP exerts physical and chemical effects. While these physical effects
(e.g., generation of an electromagnetic field, ultraviolet radiation) are minimal
53,54 the chemical effects through plasma-derived reactive oxygen and nitrogen
species (RONS) can induce considerable molecular and morphological changes
at a cellular level %2%. NIPP can, for example, induce cellular membrane
changes, DNA double-strand breaks (DNA-DSBs), increase intracellular RONS
levels and decrease the anti-oxidative potential of cells.

NIPP is produced using electric alternate or direct currents, microwaves or
radiofrequencies °°. Different methods and configurations exist to generate
ionized gases: dielectric barrier discharge (DBD), atmospheric pressure plasma
jets and plasma needles %6. Frequently used feeding gases are atmospheric air,

pure nitrogen or noble gases, including argon. In this study, an atmospheric



pressure plasma jet — kINPen® MED — with argon as the feeding gas was used.
The kINPen® MED incorporates a pin-type powered electrode within a dielectric
ceramic tube and an outer electrode *’. The pen-like handpiece is connected to
a power and gas supply unit with a flexible tube approximately 1 m long
(Figure 2).

As the feeding gas is ionized to form plasma, the charged species in the plasma
discharge react with atmospheric air and the target, either solids or liquids,
transforming oxygen- and nitrogen-based species into reactive species 2.
Hydroxyl (‘OH) and nitric oxide (‘NO) are generally formed by plasma-air
interactions, whereas plasma-liquid interactions generate long-lived nitrates
(NO3"), nitrites (NO2), and hydrogen peroxide (H202). The biologically active
agents can be transferred from the gas to the liquid phase to generate plasma-
activated liquids (PAL) %°. These biologically active agents most likely possess
the primary anti-tumoral activity since comparable effects in vitro and in vivo with
PAL and direct treatment were observed °. Additionally, the cytotoxicity of these
RONS is suppressed by adding specific scavengers (e.g., cysteine, catalase) or
renewing the cell medium directly after PAL treatment. The indirect treatment
offers advantages over direct treatment, as more tumor modalities can be
targeted (e.g., injection of solid tumors or use as an abdominal lavage) ¢'. PAL
can be stored for up to seven days at -80 °C without losing effectiveness %32,
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Figure 2: Schematics of the atmospheric pressure plasma jet kINPen® MED. The kINPen®
MED incorporates a pin-type powered electrode within a dielectric ceramic tube and an outer
electrode . Adapted from Holl et al., Biomedicines, 2022, under CC BY 4.0 3. Created with
biorender.com.

Studies have demonstrated the therapeutic effects of NIPP treatment, leading to
its use in wound repair, cancer as well as infectious or inflammatory skin disease
treatment 6465 The selective anti-tumoral activity of NIPP is promising, as studies
showed in vitro anti-proliferative effects on ovarian, colorectal and cervix cancer
cells 8668 In vivo effects have also been shown in clinical trials. Marzi et al.
(2022), for example, demonstrated that NIPP could be an alternative to invasive
loop electric excision, offering a tissue-preserving treatment modality for patients
with confirmed cervical intraepithelial neoplasia ©°. In the 24-week follow-up, 19
out of 20 patients (n = 20) showed complete histological remission.

1.4.2 Anti-tumoral activity of non-invasive physical plasma

Cancer cells have shown a greater sensitivity towards plasma-derived RONS
than benign cells, possibly due to their higher expression of aquaporins and lower
distinct cholesterol fraction in the cellular membrane 7%7'. Studies have further
suggested that NIPP can promote immunogenic cell death (ICD) by which dying
cancer cells release DAMPs 7273, Especially considering that cancer cells can
evade surveillance of the host immune system, ICD and NIPP treatment could

10
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re-establish the immunogenicity of cancer cells by promoting adaptive immunity
against cancer cells %374, NIPP treatment can, for example, lead to higher
activation of antigen-presenting cells (APCs) and shift the anti-inflammatory,
tumor-promoting  milieu towards a more pro-inflammatory tumor

microenvironment 7475,

1.4.3 Wound healing properties of non-invasive physical plasma

NIPP presents wound healing properties due to its bactericidal effects via the
upregulation of anti-microbial peptides of the R-defensin family and faster
initiation of tissue repair via inflammatory stimuli 8476, NIPP-derived RONS may
lead to an increased release of signaling molecules (e.g., IL-6, IL-8 and monocyte
chemoattractant protein 1 or MCP-1) 7778 Regarding peritoneal tissue repair,
NIPP showed dose-dependent reduced proliferation of pro-adhesive peritoneal
fibroblasts, while peritoneal mesothelial cells maintained their wound closure
potential 83. While RONS may show beneficial wound healing effects, excessive
production may slow wound repair by contributing to an imbalanced redox

homeostasis 7°.
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1.5 Aim of thesis

The role of peritoneal macrophages in tumor dissemination and postoperative
adhesions emphasizes the need for therapeutic alternatives targeted at
peritoneal macrophages. As present prophylactic and therapeutic agents showed
an unclear clinical benefit or are associated with side effects 8981, NIPP treatment

could offer a novel, non-invasive therapeutic approach.

This study aimed to isolate, culture and characterize human tissue-resident
peritoneal macrophages from peritoneal lavages since most research focused on
murine macrophages or in vitro differentiated human blood monocyte-derived
macrophages '. Hence, investigations on specifically human tissue-resident
macrophages are required in order to further translate these experimental
preclinical findings to more human-like models. After establishing the cell culture
model, this study investigated the PAL-derived molecular and cellular effects

focusing on the following in human tissue-resident peritoneal macrophages:

- Does NIPP treatment induce DNA double-strand breaks and apoptosis?

- Does NIPP treatment induce anti-oxidative pathways?

- Does NIPP treatment induce a phenotype switch?

- Does NIPP treatment alter the release of cytokines and chemokines?

- Does NIPP treatment affect migratory activity?

- Does NIPP treatment show subcellular effects at a nuclei, lipid and protein
level as measured by label-free, marker-independent Raman micro-

spectroscopy?

12



2 Material and methods

2.1 Material

2.1.1 Laboratory equipment

Table 1: Instruments

Instrument
Automated cell
counter
Brightfield
microscope
Cell cytometer
Centrifuges
Centrifuge
Fluorescence
microscope
Incubator
Objective
Pipetboy

Pipettes

Plasma jet

Thermomixer
Raman microscope

Vortex

Water bath

2.1.2 Consumables

Type
NucleoCounter NC-200

EVOS XL Core Cell Imaging
System
BD LSR Fortessa

Centrifuge 5424 R, 5415 R,
5810 R, MiniSpin
Megafuge 8 small benchtop
centrifuge

Cell Observer

CO2 incubator CB 150
63 x Apochromat water
immersion-objective
Pipetboy acu 2

Eppendorf Research Plus
0.1-2.5 pL, 0.5-10 pL, 10-200
uL, 100-1000 pL

kINPen MED

ThermoMixer C

WITec alpha 300 R Raman
System

Vortex Genie 2

Table 2: Consumables

Material

Automatic cell counter

cassette

Type
NucleoCounter Via2-
Casette

Manufacturer
Chemometec,
Denmark
ThermoFisher, USA

BD Bioscience,
Germany
Eppendorf, Germany

ThermoFisher,
Germany

Carl Zeiss AG,
Germany

Binder, Germany
N.A. 1.4, Olympus,
Japan

Integra Biosciences,
Germany
Eppendorf, Germany

neoplas tools,
Germany
Eppendorf, Germany
WITec GmbH,
Germany

Scientific Industries
Inc., USA

GFL, Germany

Manufacturer
Chemometec,
Denmark
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Cell culture inserts

Cell culture well plates
Cell scraper

Cotton swabs

Cryo tubes

Imaging dishes

Plate sealers
Plastic pipettes

Plastic pipettes
Polypropylene
centrifuge tubes
Polypropylene
microfuge tubes
Polystyrene microfuge
tubes

V-bottom plate

2.1.3 Gas

Table 3: Gas

Gas Purity
Argon 2 99,996 %

2.1.4 Reagents

Table 4: Reagents

ThinCert, 8 um pore size

6, 24 and 48 wells

2mL

p-Dish 35 mm, high (glass

bottom)

10 pL, 100 uL, 200 pL,
1 mL

5mL, 25 mL, 50 mL
15 mL, 50 mL
1.5mL,2mL

5mL

Catalogue number
10100321

Reagent Catalogue
number
Accutase 423201
Bovine serum albumin (BSA) 8076
CS&T RUOQO beads 15849991
Dulbecco’s phosphate buffered 14190094
saline (DPBS)
EDTA 8043.1
Fixation/Permeabilization solution kit 554714
Human male AB serum 21001P
Methanol >99 % 8388.1

Greiner Bio-One,
Germany

Corning, USA
Corning, USA
Rossmann, Germany
Greiner Bio-One,
Germany

Ibidi, Germany

BioLegend, USA
Greiner Bio-One,
Germany

Corning, USA
Greiner Bio-One,
Germany
Eppendorf, Germany

BD Bioscience,
Germany
BioLegend, USA

Manufacturer
Linde, Germany

Manufacturer

Biolegend, USA
Carl Roth, Germany
BD Bioscience,
Germany

Gibco, USA

Carl Roth, Germany
BD Bioscience,
Germany

H2B, France

Carl Roth, Germany
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Carl Roth, Germany
Selleck Chemicals,
USA

Carl Roth, Germany
ThermoFisher,
Germany
Sigma-Aldrich, USA

Sodium azide (NaNs) 4221.1
Staurosporin S1421
Triton X-100 3051.4
UltraComp eBeads Plus 01-3333-41
compensation beads
4 % Paraformaldehyde (PFA) 158127
2.1.5 Buffers and solutions
Table 5: Buffers and solutions
Buffers, solutions Components

Blocking buffer (IF)
Antibody dilution buffer
(IF)
1 x Perm/Wash
FACS buffer

EDTA

2.1.6 Cell culture media and supplements

Table 6: Cell culture media and supplements

Reagent

Dulbecco’s Modified Eagle’s Medium
(DMEM), high glucose, Glutamax™
supplement, pyruvate

Fetal bovine serum (FBS)

Minimal Essential Medium (MEM)
L-Glutamine

Penicillin/Streptomycin (P/S)
Recombinant human macrophage-colony
stimulating factor (M-CSF)

Catalogue
number
31966021

10270-106
31095029
25030-024
15140-122
300-25

0.5 g BSA + 30 pL Triton + 10 mL DPBS
0.1 g BSA + 30 pL Triton + 10 mL DPBS

1 mL 10 x Perm/Wash + 9 mL distilled water
DPBS + 2 % FBS + 0.05 mM NaNs; + 0.1 mM

Manufacturer

Gibco, USA

Gibco, USA
Gibco, USA
Gibco, USA
Gibco, USA
PeproTech,
Germany
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2.1.7 Antibody targets, commercial kits and viability dyes

Table 7: Antibody targets, commercial kits and viability dyes

Antibody target, Species Catalogue Manufacturer
viability dyes number

Anti-human CD14 PE mouse 325605 BioLegend, USA

(clone HCD14) IgG1

Anti-human CD14 FITC  mouse 325603 BioLegend, USA

(clone HCD14) IgG1

Anti-human CD16 mouse 302039 BioLegend, USA

BV605™ (clone 3G8) lgG1

Anti-human CD68 PE- mouse 61-0689-42 ThermoFisher

eFluor 610 (clone lgG2b Scientific, USA

Y1/82A)

Anti-human CD68 (clone  rabbit IgG 76437 Cell Signaling

D4B9C) Technology,
Netherlands

Anti-human CD86 PE mouse 305405 BioLegend, USA

(clone 1T2.2) lgG2b

Anti-human CD163 mouse 25-1639-42 ThermoFisher

PE/Cy7 (clone GHI/61) lgG1 Scientific, USA

Anti-human CD206 mouse 321125 BioLegend, USA

BV421™ (clone 15-2) 1gG1

Anti-human GATAG6 PE rabbit 1IgG 26452 Cell Signaling

(clone D61E4) Technology,
Netherlands

Anti-human HLADR mouse 361603 BioLegend, USA

FITC (clone TU36) lgG2b

Anti-phospho-Histone- mouse 16-202A Sigma-Aldrich, USA

H2AX FITC (Ser139, lgG1

clone JBW301)

Apotracker Green 427401 BioLegend, USA

staining solution

CellTracker Green C2925 ThermoFisher

CMFDA Scientific, USA

Cy3-AffiniPure goat anti- 111-165- Jackson

rabbit 003 ImmunoResearch,
(H+L) UK

Hoechst 34580 H21486 ThermoFisher
Scientific, USA

LEGENDplex HU 740930 BioLegend, USA

Essential Immune

Response Panel

Zombie NIR 423105 BioLegend, USA
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7-Aminoactinomycin D
(7-AAD) viability staining
solution

420403 BioLegend, USA

Table 8: Antibody and viability dye “master mixes”

Antibody, Use Dilution
viability dye ratio
Apotracker FC 1:200
CellTracker IF 1:1000
Green CMFDA
CD14, CD68 FC 1:50
CD14, CD16, FC 1:50
GATAG6

1:50
CDo68 IF 1:800
CD86, HLADR, FC 1:50
CD163, CD206
Cy3-AffiniPure IF 1:500
H2A.X FC 1:250
Hoechst IF 1:1000
Zombie NIR FC 1:1000

“Master mix“

1 yL 80 uM Apotracker stock solution +
9 uL FACS buffer — 5 pL diluted
reagent + 100 yL FACS buffer

1 uL 10 mM CellTracker stock solution +
999 L serum-free DMEM Glutamax
CD14: 1 yL Ab + 5 pL human serum +
45 pL FACS buffer

CD68: 2 uL Ab + 10 pL human serum +
90 pL 1 x Perm/Wash

CD14, CD16: 2 uyL Ab + 4.8 uL human
serum + 43.2 uL FACS buffer

GATAG6: 2 yL Ab + 10 pL human serum
+ 90 uL 1 x Perm/Wash

2.5 uL Ab + 2000 pL antibody dilution
buffer

4 uL Ab + 4.2 pL human serum + 41.8
uL FACS buffer

6 yuL Ab + 3000 pL antibody dilution
buffer

0.4 pyL Ab + 10 pL human serum + 90
pL 1 x Perm/Wash

3 pL Ab + 3000 pL antibody dilution
buffer

0.5 L Zombie NIR + 500 uL DPBS

FC: flow cytometry, IF: immunofluorescence, Ab: Antibody

2.1.8 Software programs

Table 9: Software programs

Software programs
BD FACSDiva (8.0.3)
Control FIVE (5.0)
EndNote (20.2)
FlowJo (10.8.2)
GraphPad Prism (9)
ImageJ

LEGENDplex data analysis

Manufacturer

Becton Dickinson, USA

WITec GmbH, Germany

Clarivate Analytics, USA

Becton Dickinson, USA

GraphPad Software Inc., USA

U.S. National Institutes of Health, USA
BioLegend, USA



MatLab (R2018a)

Microsoft PowerPoint (16.43)
Microsoft Word (16.43)
NucleoView™ NC-200 Software
Project FIVE (5.2)
TheUnscrambler (X10.5)

ZEN (blue edition)

The MathWorks, Germany
Microsoft, USA

Microsoft, USA
Chemometec, Denmark
WITec GmbH, Germany
Camo Software AS, Norway
Carl Zeiss, Germany

18



2.2 Methods

2.2.1 Sample collection of human tissue-resident peritoneal macrophages

Samples were obtained following written informed consent from patients
undergoing laparoscopic surgery at the University Women’s Hospital in
Tabingen. The ethics committee of the medical faculty at the Eberhard Karl’s
University Tubingen approved the use of human donor cells (495/2018B0O2).
Shortly after skin incisions were made for port placement in exploratory or
therapeutic laparoscopic surgery, the peritoneal cavity was rinsed with 10 - 15 mL
sterile, isotonic 0.9 % NaCl solution, which was then collected from the pouch of
Douglas (rectouterine pouch) with a plastic syringe (Figure 3). Contamination with
blood could not always be avoided. Samples were stored at 4 °C to minimize cell

attachment to the plastic syringe prior to isolation.

uterus

wash
cytology

pouch of
Douglas

ovary

rectum

Figure 3: Sample collection of wash cytology in the pouch of Douglas. Laparoscopic image
of the pouch of Douglas (rectouterine pouch) shown with permission of Prof. Martin Weiss.
Adapted from Holl et al., Biomedicines, 2021, under CC BY 4.0 #. Created with biorender.com.

2.2.2 Isolation of human tissue-resident peritoneal macrophages

Human tissue-resident peritoneal macrophages were isolated from peritoneal
lavages as previously described 8384, The isolation process is described in Figure
4. The sample was transferred from the plastic syringe into a 50 mL Falcon tube
and centrifuged at 500 x g for 5 min at 4 °C. The supernatant was carefully
removed and the cell pellet was washed with 10 mL cold Ca?*/Mg?*-free DPBS.
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A second washing step followed and the cell pellet was resuspended in 2 mL cold
DMEM Glutamax supplemented with 20 ng/mL macrophage-colony stimulating
factor (M-CSF), 100 pg/mL streptomycin, 100 U/mL penicillin, 2 mM L-glutamine
and 10 % heat-inactivated FBS. 20 pL of the cell suspension was diluted at a 1:4
dilution ratio for cell counting with an automated cell counting device. The cells
were seeded at a seeding density of 2 - 4 x 10° cells per well in a polystyrene 48-
well plate and left to adhere at 37 °C and 5 % CO.. After a 2h-incubation period,
non-adherent cells were aspirated and removed. Plastic-adherent macrophages
were washed three times with 200 uyL warm DPBS. The protocol relies on the
faster adherence of macrophages than other peritoneal cells 8. Initial seeding
density was chosen based on the subsequent experiments performed.

o\ i
AN
X4
p ’ e
pZ ‘ /V -
i
10-15mL transfer into 50 mL L -
peritoneal wash Falcon tube
cytolo:
Ytology remove supernatant,
centrifuge,
wash with DPBS
III resuspend in 2 mL
- +— culture media
_ seed cells in 48-
ﬁ well plate  count cells
allow cells to _
I o adhere for 2h at
culture cells for 37°Cin
3 days before incubator before Il N

media exchange wash with
DPBS

Figure 4: Isolation of human tissue-resident peritoneal macrophages. Isolation of cells after
sample collection from the peritoneal cavity. Created with biorender.com.

2.2.3 Culture of human tissue-resident peritoneal macrophages

Human peritoneal macrophages were cultured in 200 yL DMEM Glutamax per
well in a 48-well plate. The exchange of culture media was performed three days
after isolation by washing cells once with warm DPBS and adding fresh culture
media. The morphology of the macrophages was observed daily using a
brightfield microscope.
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2.2.4 Enzymatic dissociation and reseeding

Human peritoneal macrophages were harvested enzymatically with accutase.
Macrophages were washed three times with either cold DPBS or FACS buffer
(DPBS + 2 % FBS + 0.05 mM NaN3 + 0.1 mM EDTA), depending on whether
cells were reseeded or stained for flow cytometry. Adherent macrophages were
detached with accutase for 10 min at 37 °C and 5 % CO.. Culture media was
added to inactivate accutase. The cell suspension was collected in 15 mL tubes
and the remaining adherent cells were washed three times. The cell suspension
was centrifuged at 300 x g for 5 min at 4 °C and resuspended in either culture
media or FACS buffer. Prior to reseeding, cells were counted using an automated

cell counter.

2.2.5 Immunostaining

Immunostaining of the intracellular protein CD68 and the nuclear-specific dye
Hoechst was wused to characterize human peritoneal macrophages
morphologically. Primary human peritoneal fibroblasts were used as a negative
control. Macrophages were reseeded in glass bottom imaging dishes at a
seeding density of 3 x 10° cells. Cells were cultured for 24 hours at 37 °C and
5 % COo.. Cells were fixed with 400 pL 4 % PFA for 10 min at 37 °C. PFA was
removed and cells were washed three times with 500 uL cold DPBS. All steps
with PFA including washing steps were performed under a specialized fume
hood. For permeabilization of cells, cells were incubated in 400 pL ice-cold
methanol for 20 min at -20 °C. Cells were then rinsed with 1 mL cold DPBS for 5
min. Cells were blocked with a blocking buffer (0.5 g BSA + 30 pL Triton + 10 mL
DPBS) for 60 min at room temperature in the dark. The blocking buffer was
aspirated and 400 yL of the diluted primary antibody CD68 was added. The
antibody was diluted at a 1:800 dilution ratio with an antibody dilution buffer (0.1 g
BSA + 30 uL Triton + 10 mL DPBS). Cells were incubated overnight with the
primary antibody, covered in aluminum foil and stored at 4 °C. Cells were rinsed
three times with 1 mL cold DPBS. Cells were incubated in 400 uL of the diluted

fluorochrome-conjugated secondary antibody Cy3 for 60 min at room
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temperature in the dark. The secondary antibody Cy3 was diluted at a 1:500
dilution ratio with the aforementioned antibody dilution buffer. Cells were rinsed
with 1 mL cold DPBS for 5 min. Hoechst, a counterstain for the nucleus, was
diluted at a 1:1000 dilution ratio with the antibody dilution buffer. Cells were
incubated in 400 pL of the diluted nuclear-specific dye for 20 min at room
temperature, covered with aluminum foil and placed on a plate shaker. Cells were
rinsed with 1 mL cold DPBS for 5 min and resuspended in 400 uL cold DPBS
before image acquisition with a Cell Observer fluorescent microscope. Images
were acquired at a 20 x and 63 x magnification.

2.2.6 Surface and intracellular marker staining using flow cytometry

Flow cytometric staining of human peritoneal macrophages was performed
simultaneously for cell surface and intracellular proteins. Table 10 shows a
detailed description of the conjugated antibodies. The staining of solely surface
markers is described in 2.2.11, as it differs from the co-staining with intracellular
markers. A fixation and permeabilization treatment is required for the staining of

intracellular markers.

Human peritoneal macrophages were washed twice after harvesting with 1 mL
cold DPBS and transferred into FACS tubes. These were centrifuged at 300 x g
for 5 min at 4 °C. After the supernatant was discarded, cells were resuspended
in 500 puL PBS containing 0.5 yL Zombie NIR, a fixable viability dye. Cells were
incubated for 20 min at room temperature in the dark. Cells were then washed
twice with FACS buffer. Cells were resuspended in 50 pyL of surface marker
antibodies diluted in FACS buffer, supplemented with 10 % sterile-filtered human
male AB serum. After antibody addition, tubes were vortexed and cells were
incubated for 30 min on ice in the dark. Cells were then washed with FACS buffer
and resuspended in 100 pL Cytofix/Cytoperm. Cells were incubated in
Cytofix/Cytoperm for 20 min on ice in the dark. After the 20 min-incubation period,
cells were washed twice with 1 mL 1 x Perm/Wash. Cells were blocked by adding
100 pL blocking reagent (10 % sterile-filtered human male AB serum diluted in

1 x Perm/Wash) for 20 min on ice in the dark. Intracellular antibodies were added
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directly, tubes were vortexed after antibody addition and cells were incubated for
30 min on ice in the dark. Cells were then washed once more with 1 mL
1 x Perm/Wash and resuspended in 100 uL FACS buffer before data acquisition
with flow cytometry.

Single-color compensation controls and unstained controls of peritoneal
macrophages were used for the compensation setup in the flow cytometer.
Compensation controls were performed using compensation beads to adjust the
photomultiplier tube (PMT) voltages. Unstained cells were used to further adjust
the PMT voltages, forward (FSC) and side scatter (SSC) settings and determine
the gating strategy. The gating strategy comprised the removal of cell debris in
the forward and side scatter plot (FSC vs SSC), doublets in the pulse geometry
plot (FSC-A vs FSC-H) and dead cells with the viability dye (FSC vs Zombie NIR).
Unstained cells showed background fluorescence and cellular autofluorescence,
allowing for better visualization of positive cell populations.

Table 10: Conjugated antibodies used for staining in flow cytometry

Antibody Fluorochrome Target

CD14 PE cell surface
CD14 FITC cell surface
CD16 BV605™ cell surface
CD68 PE-eFluor 610 intracellular
CD86 PE cell surface
CD163 PE/Cy7 cell surface
CD206 BV421™ cell surface
GATAG6 PE intracellular
HLADR FITC cell surface
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2.2.7 Generation of plasma-activated liquids and cell treatment

Plasma-activated liquids (PAL) were generated using the atmospheric pressure
plasma jet KINPen® (neoplas tools). The plasma jet was operated with a power
and gas supply unit. The noble gas argon was applied as a feed gas with a
4 L/min flow rate. The plasma jet, which comprised a central pin-type electrode,
generated a visible 9 - 13 mm long plasma effluent, of which the temperature did
not exceed 40 °C. A 2 - 3 kV voltage was applied at the central electrode with a

sinusoidal frequency of approximately 1 MHz.

The treatment of the culture media MEM without pyruvate occurred manually.
2mL MEM was added to a 6-well plate. The plasma jet was positioned
approximately 7 mm above the center of the well. MEM was activated for 120 s
with plasma. MEM was treated with pure argon gas for 120 s as a negative
control. The PAL dilutions are shown in Table 11.

Before PAL treatment, cells were washed once with warm DPBS. The volume of
plasma-activated and argon-treated MEM was adjusted depending on the size of
the wells. In a 48-well plate, for example, 200 pL of plasma-activated or argon-
treated MEM per well was added. Cells were treated with PAL for 4 h at 37 °C
and 5 % CO2 before further propagation in full DMEM Glutamax for the indicated
time points. Except for an apoptosis and necrosis assay, all experiments were
performed with an argon-treated control, 1:2-diluted and undiluted PAL. The initial
apoptosis and necrosis assay was performed with an argon-treated control, 1:5-
diluted, 1:2-diluted, 1:1-diluted and undiluted PAL.

Table 11: PAL dilutions

Dilution ratio e.g. 200 L

1:5 33 uL PAL + 167 yL MEM
1:2 67 uL PAL + 133 yL MEM
1:1 100 pL PAL + 100 pL MEM
undiluted 200 pL PAL
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2.2.8 Apoptosis, necrosis: Apotracker and 7-AAD co-staining

Apoptosis and viability was measured in the flow cytometer by co-staining
Apotracker, similar to Annexin V, with 7-AAD, a membrane impermeant dye in
viable cells.

Human peritoneal macrophages were washed twice after harvesting with 1 mL
cold FACS buffer and transferred into FACS tubes. Cells were centrifuged at
300 x g for 5min at 4 °C and the supernatant was discarded. The 80 uM
Apotracker stock solution was diluted at a 1:10 dilution ratio with FACS buffer and
5 uL of the diluted reagent was added to the cell suspension in 100 yL FACS
buffer to yield a final concentration of 400 nM Apotracker staining solution. Tubes
were vortexed gently and cells were incubated for 20 min at room temperature in
the dark. Cells were then washed twice with FACS buffer and resuspended in
100 pL FACS buffer. 5 uL of 7-AAD viability dye was added. Cells were incubated
for 10 min at room temperature in the dark before flow cytometric data acquisition.
Apotracker was registered in the FITC channel.

For the gating strategy, viability was defined as the percentage of cells negative
for Apotracker and 7-AAD, as these cells showed no phosphatidyl exposure or
cell membrane permeability 8586, The co-staining allowed for the discrimination
of early and late apoptotic as well as necrotic and live cells. The separation of
these populations can be seen in the gating strategy as populations within the
quadrants Q1 - Q4 in Figure 5. Q1 shows necrotic cells (Apo-, 7-AAD+), Q2
shows late apoptotic (Apo+, 7-AAD+), Q3 shows early apoptotic (Apo+, 7-AAD- ),
and Q4 shows viable cells (Apo-, 7-AAD-). Macrophages were treated with 2 yM
Staurosporine for a 2 h-incubation period and in a water bath at 80 °C for a 20
min-incubation period for positive controls of apoptosis and necrosis,
respectively. These positive controls helped to determine the gating strategy and
are shown in the Appendix (1).
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Figure 5: Gating strategy of Apotracker and 7-AAD co-staining. (a) Shown is the separation
of early and late apoptotic as well as necrotic and viable cells as populations within the quadrants
Q1 - Q4. Q1 shows necrotic cells (Apo-, 7-AAD+), Q2 shows late apoptotic (Apo+, 7-AAD+), Q3
shows early apoptotic (Apo+, 7-AAD-), and Q4 shows viable cells (Apo-, 7-AAD-). (b) Shown is
an exemplary flow cytometry dot plot (Apo vs 7-AAD) of peritoneal macrophages treated with
undiluted PAL. Parts of this figure were previously published in Schultze-Rhonhof et al., Frontiers
in Immunology, 2024, under CC BY 4.0 %7,

2.2.9 DNA double-strand breaks: yH2A .x staining

DNA double-strand breaks (DSB) were measured by intracellular staining of
histone H2A.X phosphorylation on Ser139 (yH2A.X), a marker of DNA damage,
in the flow cytometer 88. The yH2A X fluorescence intensity was measured four

and 24 hours after PAL treatment.

Human peritoneal macrophages were washed twice after harvesting with 1 mL
cold FACS buffer and transferred into FACS tubes. Cells were resuspended in
150 pL Cytofix/Cytoperm and incubated for 20 min on ice in the dark. Cells were
washed twice with 1 mL 1 x Perm/Wash. Cells were blocked by adding 100 pL
blocking reagent (10 % sterile-filtered human male AB serum diluted in 1 x
Perm/Wash) for 20 min at room temperature in the dark. 0.4 pL of anti-y H2A.X
antibody was added directly, tubes were vortexed gently after antibody addition
and cells were incubated for one hour at room temperature in the dark. Cells were

washed once with 1 mL 1 x Perm/Wash and resuspended in 250 uL FACS buffer.
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Macrophages were treated for 30 min at 25 J/m? UV light as a positive control for
DSBs. Unstained cells and positive controls were used to adjust PMT voltages
for data acquisition and to perform gating strategy. Gating was performed as
previously described to quantify mean fluorescence intensities (MFIs) of positive

cell populations.

2.2.10 Protein expression analysis by DigiWest multiplex protein profiling

Human peritoneal macrophages were harvested with accutase 24 hours after
PAL treatment and cell pellets were frozen at -80 °C until DigiWest multiplex
protein profiling was performed as previously described 89, Antibody signals
were measured using Luminex™ FlexMAP 3D™ Instrument System (Luminex
Corporation, TX, USA). Protein bands were shown as peaks by plotting average
fluorescence intensity (AFI) with the respective molecular weight of the antibody.
Streptavidin conjugates were used as loading controls to normalize resulting

antibody signals.

2.2.11 Surface marker expression

Surface marker expression was measured for the markers CD86, HLADR,
CD206 and CD163 24 hours after PAL treatment in the flow cytometer. Human
peritoneal macrophages were washed after harvesting with 1 mL cold FACS
buffer and transferred into FACS tubes. Cells were centrifuged at 300 x g for 5
min at 4 °C and the supernatant was discarded. All antibodies were diluted at a
dilution ratio of 1:50 with FACS buffer supplemented with 10 % sterile-filtered
human male AB serum. 50 uL of surface marker antibodies diluted in FACS buffer
was added and the tubes were gently vortexed once more after antibody addition.
Cells were incubated for 30 min on ice in the dark, after which they were washed
with 1 mL FACS buffer. Cells were then resuspended in 100 uyL FACS buffer and
1 pL 7-AAD viability dye was added. Cells were incubated for 10 min on ice in the

dark before flow cytometric data acquisition.
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Similar to intracellular marker staining, single-color compensation controls and
unstained controls of peritoneal macrophages were included to adjust PMT
voltages. Fluorescence minus one (FMO) controls were further performed to
show lack of significant spillover in other fluorescence channels. Gating was
performed as previously described to quantify MFIs of positive cell populations.
Gating strategy is partially shown in Figure 6. The entire gating strategy and FMO

controls can be seen in the Appendix (2, 3).
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Figure 6: Gating strategy of surface marker expression in flow cytometry. (a) Shown is the
removal of cell debris in the forward and side scatter plot (FSC-A vs SSC-A), (b) doublets in the
pulse geometry plot (FSC-A vs FSC-H) and (c) dead cells with the viability dye (FSC-A vs 7-AAD).
Previously published in Schultze-Rhonhof et al., Frontiers in Immunology, 2024, under CC BY
4.0°%,

2.2.12 Cytokine and chemokine release

LEGENDplex HU Essential Immune Response Panel, a bead-based
immunoassay, was used to quantify 13 different chemokines and cytokines
simultaneously in the flow cytometer. The mean fluorescence intensities (MFls)
of IL-4, IL-2, CXCL10 (IP-10), IL- 1B, TNF-«x, CCL2 (MCP-1), IL-17A, IL-6, IL-10,
IFN-y, IL-12p70, CXCL8 (IL-8) and TGF- 1 in cell culture supernatants were
measured. Supernatants were collected four and 24 hours after PAL treatment.
These were centrifuged at 3000 x g for 3 min to remove cell debris and were
frozen at -80 °C until analysis. The manufacturer’'s instructions were closely
followed °'. The standard was prepared by adding 75 pL of assay buffer to each
of the six labelled polypropylene microcentrifuge tubes (C1 - C6). A 1:4 dilution
was performed by transferring 25 uL from C7 (top standard) to C6. The diluted
reagent was mixed well and further serial dilutions were performed. CO contained
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75 pL assay buffer. Wash buffer was prepared by diluting 25 mL of 20 x wash
buffer with 475 mL distilled water.

The plate was loaded with 15 pL assay buffer and 15 pL standard or sample,
respectively. Antibody-immobilized beads were vortexed and 15 pL of mixed
beads were added to each well. The plate was sealed with a plate sealer and
covered in aluminum foil. The plate was placed on a plate shaker at 800 rpm for
2 hours at room temperature and then stored at 4 °C overnight. The following day
the plate was centrifuged at 500 x g for 5 min. Instantly after centrifugation the
supernatant was discarded by quickly inverting and blotting the plate. Wells were
then washed with 200 pL of 1 x wash buffer and incubated for 1 min in wash
buffer. The plate was once more centrifuged at 500 x g for 5 min and an additional
washing step as previously described was performed. 15 pL of detection
antibodies were added to each well. The plate was once more sealed with a plate
sealer, covered in aluminum foil and placed on a plate shaker at 800 rpm for
30 min at room temperature. After two washing steps, 150 yL of 1 x wash buffer
was added to each well and the beads were resuspended by pipetting. Samples

were then transferred into FACS tubes for flow cytometric data acquisition.

The flow cytometer settings were set as described in the manufacturer’s
instructions. FSC and SSC as well as PMT voltages in the APC-, FITC- and PE-
channel were calibrated using predefined beads. No compensation was required.
A standard or calibration curve was acquired for each of the analytes. Technical
replicates (duplicates) were performed for each sample. A low flow rate and a
stopping gate including 4000 events was set. LEGENDplex data analysis
software was used to analyze flow cytometric data. MFIs were recorded and
absolute concentrations of the analytes were determined from the acquired

standard curves.

2.2.13 Migration analysis

A Transwell migration assay was performed 24 hours after PAL treatment to
observe changes in the migratory activity of PAL-treated macrophages.
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Peritoneal macrophages were reseeded at a seeding density of 8 x 10 cells in
200 pL DMEM and loaded onto ThinCert cell culture inserts (upper chamber) with
a 8 um pore size. 600 yL DMEM Glutamax was added into the respective lower
chamber of a 24-well plate. Cells were left to adhere for 2 hours at 37 °C and 5 %
COs.. Cell culture inserts were then carefully washed once with 200 pL warm
DPBS and transferred to unused wells containing 600 yL MEM. 200 uL argon-
treated or PAL-treated MEM was added to the cell culture inserts. Cells were
incubated for 4 hours at 37 °C and 5 % CO.. Cell culture inserts were then
carefully washed once with DPBS, 200 yL serum-free DMEM Glutamax was
added and the cell culture inserts were transferred to unused wells containing
DMEM Glutamax supplemented with 20 % heat-inactivated FBS. 24 hours after
PAL treatment, the wells were washed twice with DPBS. Migrated cells were
stained with 600 uL CellTracker Green CMFDA diluted at 1:1000 dilution ratio
with serum-free MEM, which was added to the respective wells. Cells were
incubated for 30 min at 37 °C and 5 % CO.. Cells were then fixed with 4 % PFA
for 15 min at room temperature. Cells in the cell culture inserts were removed
with a cotton swab. Cell culture inserts were transferred into unused wells
containing 600 uL DPBS.

Tile scans of the migrated cells were acquired with a Cell Observer fluorescent
microscope at a 5 x magnification. TIF images were imported from the ZEN blue
image acquisition and analysis software to Imaged for counting of the migrated
cells to the lower chamber of the Transwell dish. Images were then converted
into 16-bit greyscale images. For counting of the migrated cells, the threshold for
pixel intensity and particle size was adjusted to exclude small noise pixels. The
watershed tool allowed for separation of the merged cells.

2.2.14 Raman micro-spectroscopy

Raman micro-spectroscopy was performed for the molecular analysis at a lipid,
nuclei and protein level of fixed cells. To show the effects of PAL treatment on
human peritoneal macrophages, cells were reseeded at a seeding density of
3 x 10° cells per glass bottom dish. After reseeding, cells were cultured for 24
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hours at 37 °C and 5 % CO: and treated with PAL for four hours. 24 hours after
PAL treatment, cells were fixed with 400 puL 4 % PFA for 10 min at 37 °C. Cells

were covered with DPBS and stored at 4 °C in the dark until Raman analysis.

Raman imaging was performed with a customized inverted WITec Raman system
using a 532 nm green laser and a CCD spectrograph with a 600 g/mm grating.
Images were acquired with a 63 x apochromat water-immersion objective, an
integration time of 0.1 s, a pixel resolution of 1 x 1 ym and a laser power of 50 mV.
For each sample, 9 - 10 cells were measured as large area scans of different
sizes due to the both elongated and round shape of the isolated human peritoneal

macrophages.

Image analysis was performed using Project FIVE 5.2 software (WITEC GmbH)
as previously described 63899293 The spectral data was baseline corrected,
cosmic rays were removed and the spectra was cropped from 300 to 3045 cm™.
True component analysis (TCA), a non-negative matrix factorization-based tool,
followed to identify subcellular structures, including nuclei, lipids and proteins,
based on prominent spectral components. The subcellular structures were further
visualized as false-color coded intensity distribution heat maps. Single spectra of
the subcellular structures were extracted using masks applied to the intensity
distribution heat maps.

Principal component analysis (PCA), a multivariate data analysis tool with a
vector-based approach, simplified the dimensionality of the spectral data
acquired to improve interpretability while reducing data loss %. PCA was
performed using The Unscrambler x 10.5 software (Camo Software) and the
NIPALS algorithm as previously described 63699293 The fingerprint region, which
ranges from 400 to 1800 cm!, was investigated for nuclei, proteins and lipids. A
further PCA analysis for the high wavenumber region (2700 to 3100 cm™') was
performed for proteins and lipids. PCA results are shown as score plots and
loading plots. Loadings show how the original variables explain the principal
components (PC) . Each vector or PC shows decreasing amounts of variation
in chronological order . Therefore, PC-1 shows a higher amount of variation
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compared to PC-2. PC (score) values are plotted against each other to show
separation of data sets for the argon-treated control, 1:2-diluted and undiluted
PAL. PCs were chosen based on the clustering behavior of the data sets in the
score value dot plots and the biological relevance of the most prominent peaks

in the respective loading plots .
2.2.15 Statistical analysis

All statistical analyses were unless otherwise stated performed using a paired
student’s t-test with GraphPad Prism 9.2.0 (GraphPad Software Inc., San Diego,
CA, USA) after testing for normality with the Shapiro-Wilk test. P-values of < 0.05
were considered statistically significant. The data is shown as mean + standard

deviation of a minimum of three independent experiments.
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3 Results

3.1 Characterization of human tissue-resident peritoneal macrophages

Human tissue-resident peritoneal macrophages isolated from peritoneal lavages
were characterized with brightfield microscopy, immunostaining and flow

cytometry.

3.1.1 Characterization using brightfield microscopy

Macrophages became increasingly adherent after isolation and increased in size.
They adopted a round (Figure 7a) or elongated, fibroblast-like shape (Figure 7b)
as seen in the brightfield microscope images. Pro-inflammatory, or “classically”
activated, macrophages have a round form, whereas anti-inflammatory, or
“alternatively” activated, macrophages develop a more elongated shape. The
isolation of peritoneal macrophages vyielded macrophages of different
phenotypes and cell complexity.

3.1.2 Characterization using immunostaining

Cells were stained with CD68, a pan-macrophage marker, and Hoechst, a
nuclear-specific dye, to further characterize the peritoneal macrophages. Images
were acquired with a 63 x magnification. Round and elongated, fibroblast-like
macrophages showed a high expression of the intracellular CD68 marker, as
shown in Figures 7c and 7d. In Figure 7e, primary peritoneal fibroblasts were
used as a negative control, as these showed no expression of the intracellular
marker CD68.

33



Figure 7: Characterization of human tissue-resident peritoneal macrophages in brightfield
and fluorescence microscopy. Isolated primary macrophages from peritoneal lavages were
cultured for at least five days. (a) and (b) Brightfield microscope images (10 x) were taken six
days after isolation in 48-well culture plates. Macrophages showed round and elongated,
fibroblast-like shapes. (c) and (d) Fluorescence microscope images (63 x) were taken five days
after isolation in 35 mm high glass-bottom dishes. Macrophages were stained with CD68, an
intracellular marker (orange), as well as Hoechst, a nuclear-specific dye (blue). (e) Primary
peritoneal fibroblasts were used as a negative control. Scale bars represent 400 um for brightfield
microscope images and 20 uym for fluorescence microscope images. Parts of this figure were
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previously published in Schultze-Rhonhof et al., Frontiers in Immunology, 2024, under CC BY 4.0
87

3.1.3 Characterization using flow cytometry

Different surface and intracellular markers were used in flow cytometry to
characterize the isolated human tissue-resident peritoneal macrophages.
Surface markers included CD14 and CD16, whereas intracellular markers
included CDG68, as already utilized for immunostaining, and GATAG, a specific
intracellular marker for tissue-resident peritoneal macrophages. Surface
markers, including CD86, HLADR, CD206 and CD163, were further co-stained to
characterize the isolated peritoneal macrophages based on a more pro- or anti-
inflammatory phenotype.

Flow cytometry demonstrated that peritoneal macrophages represented the
largest cell population of isolated cells following the plastic adherence-based
isolation method from peritoneal lavages. In Figure 8a, more than 90 % of the
cells were positive for CD14 (90.2 + 0.2 %) and CD68 (93.7 + 0.4 %) after
excluding cell debris, doublets and dead cells. Dead cells were stained with 7-
AAD, a membrane impermeant dye excluded from viable cells.

Figure 8b shows the flow cytometric surface marker expression of CD14 and
CD16. Fewer macrophages were positive for the surface marker CD16 (61.2 +
13.5 %) compared to CD14 (90.9 £ 1.1 %). GATAG, an intracellular peritoneal-
specific macrophage marker, was expressed by 98.5 + 0.4 % of the cells.

The percentage of cells positive for pro-inflammatory (CD86, HLADR) and anti-
inflammatory (CD206, CD163) surface markers are shown in Figure 8c. Most
macrophages showed a basal expression of pro- and anti-inflammatory surface
markers. Peritoneal macrophages showed a higher basal expression of pro-
inflammatory surface markers with 99.9 + 0.1 % of cells expressing CD86 and
90.2 + 5.1 % expressing HLADR. The basal expression of anti-inflammatory
surface markers was lower with 58.1 + 18.9 % of the cells expressing CD206
and 82.7 + 11.1 % expressing CD163.
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Tissue-resident peritoneal macrophages showed a high expression of CD14,
CD16 and the peritoneal-specific marker GATAG6. Co-expression of the pro- and
anti-inflammatory surface markers reveals the heterogenous nature of tissue-

resident peritoneal macrophages in a homeostatic environment.
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Figure 8: Characterization of human tissue-resident peritoneal macrophages in flow
cytometry. Isolated primary macrophages from peritoneal lavages were cultured for at least five
days. (a) Bar graph shows the percentage of cells positive for CD14 and CD68. (b) Bar graph
shows the percentage of cells positive for the surface markers CD14 and CD16 and the
intracellular peritoneal macrophage-specific marker GATAG. (c) Bar graph shows the percentage
of cells positive for pro- (CD86, HLADR) and anti-inflammatory surface markers (CD206, CD163).
Shown are mean = SD, n = 3. Previously published in Schultze-Rhonhof et al., Frontiers in
Immunology, 2024, under CC BY 4.0 ¥,
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3.2 Characterization of PAL-treated human tissue-resident peritoneal

macrophages

A combined apoptosis and necrosis assay was used in preliminary experiments
to test the dilution ratios 1:5-, 1:2- and 1:1-diluted as well as undiluted PAL on
peritoneal macrophages. Previous experiments performed with the same
parameters (2 mL culture media, 4 L/min gas flow, 4 h-incubation period) and
equipment determined 1:2-diluted PAL as a therapeutic window for peritoneal
cells if used as an anti-adhesion prophylaxis, as it showed a significant reduction
in fibroblast confluence while preserving the mesothelial cell monolayer 3. A
confluence-based assay was used to determine the therapeutic window of PAL-
treated fibroblasts and mesothelial cells. Such a confluence-based assay could
not be reproduced for peritoneal macrophages. The dose-dependent reduction
in viability and the effect of the different dilution rations (1:5-, 1:2-, 1:1- and
undiluted PAL) on the apoptotic and necrotic behavior of PAL-treated
macrophages are shown in the Appendix (4).

Considering the prior established therapeutic window for an anti-adhesion
prophylaxis, the 1:2-diluted and undiluted PAL were selected to be further
investigated for human tissue-resident peritoneal macrophages. The number of
dilutions feasible for peritoneal macrophages was limited due to the relatively low
number of cells isolated from the peritoneal lavages and difficult in vitro culture

conditions.

3.2.1 Analysis of viability, apoptosis and necrosis of PAL-treated macrophages

The effect of PAL treatment was investigated on the viability and induction of
early and late apoptosis as well as necrosis using the previously mentioned flow
cytometry co-staining of Apotracker and 7-AAD. Gating allowed for the separation
of cell populations as viable, early and late apoptotic as well as necrotic cells.
Unstained and positive controls were used to determine the gating strategy.
Figures 9c, 9d and 9e show the gating strategy and the flow cytometry dot plots
of one donor for the argon-treated control, 1:2-diluted and undiluted PAL.
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Quadrant 1 (Q1) shows necrotic cells (Apotracker-, 7-AAD+), Q2 late apoptotic
cells (Apotracker+, 7-AAD+), Q3 early apoptotic cells (Apotracker+, 7-AAD-) and
Q4 viable cells (Apotracker-, 7-AAD-). In total, four donors were measured (n =
4).

In Figure 9a, three of the four donors showed a viability over 90 % for the argon-
treated control, one donor showed a viability of 86.8 %. However, all four donors
demonstrated a comparable effect regarding viability, apoptosis and necrosis of
PAL-treated macrophages. 24 hours after PAL treatment, the peritoneal
macrophages sustained a high viability with 94.1 + 4.9 % viable cells for the
argon-treated control, 92.9 + 7.3 % for the 1:2-diluted and 91.2 + 7.8 % for the
undiluted PAL.

Figure 9b shows the percentage of apoptotic and necrotic cells 24 hours after
PAL treatment. A marginal, non-significant early and late apoptosis was induced
for undiluted PAL. Paired t-tests were used for the analysis (* p < 0.05) after
testing for normality with the Shapiro-Wilk test. As for the argon-treated control
0.9 £ 0.3 % were early apoptotic, while 1.4 £ 0.8 % and 1.2 £ 0.5 % were early
apoptotic for the 1:2-diluted and undiluted PAL, respectively. Compared to the
argon-treated control, of which 3.3 + 3.4 % cells were positive for late apoptosis,
the 1:2-diluted and undiluted PAL resulted in 4.0 £ 4.9 % and 5.3 £ 5.9 % late
apoptotic cells, respectively. Regarding necrosis, 1.7 £ 1.6 % cells were necrotic
for the argon-treated control, while 1.7 £ 1.7 % and 2.3 + 2.1 % cells were necrotic
for the 1:2-diluted and undiluted PAL, respectively. The results showed that there
was no considerable increase in early and late apoptosis as well as necrosis.
Accordingly, the peritoneal macrophages sustained a high viability following PAL

treatment.
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Figure 9: Analysis of viability, apoptosis and necrosis of PAL-treated peritoneal
macrophages. Peritoneal macrophages were treated for four hours with 1:2-diluted and undiluted
PAL on day four after isolation. 24 hours after PAL treatment peritoneal macrophages were
stained with Apotracker-FITC and 7-AAD staining solution for flow cytometry. (a) Bar graph shows
the high viability of the 1:2-diluted and undiluted PAL-treated macrophages. (b) Bar graph shows
the percentage of PAL-treated macrophages early apoptotic (black), late apoptotic (light grey)
and necrotic (dark grey). No significant increase in early, late apoptosis and necrosis was seen
following PAL treatment. (c), (d) and (e) Flow cytometry dot plots of one donor (donor 4) are
shown for the argon-treated control (c), 1:2-diluted (d) and undiluted PAL (e). Shown are mean *
SD, n = 4. Previously published in Schultze-Rhonhof et al., Frontiers in Immunology, 2024, under
CCBY4.0%,

3.2.2 Analysis of DNA double-strand breaks of PAL-treated macrophages

The effect of PAL treatment was further investigated on the induction of DNA-
DSBs with the intracellular staining of histone H2A.X phosphorylation on Ser139
(yH2A.X), an indicator of DNA damage. The yH2A.X fluorescence intensity was
measured using the flow cytometer four and 24 hours after PAL treatment. The
mean fluorescence intensities (MFIs) of the PAL-treated macrophages are shown
in Figure 10. Paired t-tests were used for the analysis (* p < 0.05) after testing for

normality with the Shapiro-Wilk test. There was no significant increase in the
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induction of DNA double-strand breaks for the 1:2-diluted and undiluted PAL

compared to the argon-treated control for both time points (four and 24 hours).
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Figure 10: Analysis of DNA double-strand breaks (DNA-DSBs) in PAL-treated
macrophages. Peritoneal macrophages were treated for four hours with 1:2-diluted and undiluted
PAL on day four after isolation. No significant increase in DSBs were seen four and 24 hours after
PAL treatment for the 1:2-diluted and undiluted PAL. Shown are the mean + SD, n = 3.

3.2.3 Protein profiling of PAL-treated macrophages

DigiWest protein profiling, a high-throughput bead-based Western blot, was
performed for further in-depth molecular characterization of PAL-derived effects
on human tissue-resident peritoneal macrophages. Survival, proliferation and
apoptosis markers as well as a redox-related enzyme were measured 24 hours
after PAL treatment for the argon-treated control, 1:2-diluted and undiluted PAL.
Cells were harvested 24 hours after PAL treatment and cell pellets were frozen
at -80 °C until analysis. The average fluorescence intensities (AFIs) measured
for each sample were normalized to their respective loading control (streptavidin).
The AFls and streptavidin controls are shown in the Appendix (5). Paired t-tests
were used for the analysis (* p < 0.05) after testing for normality with the Shapiro-
Wilk test.

Cellular factors related to immune response control, proliferation and pro-survival

pathways, including proto-oncogene tyrosine-protein kinase (Src), S6 ribosomal

40



protein (rpS6) and phosphatase and tensin homolog (PTEN) showed an
increased expression (Figures 11a, 11b and 11c). For PTEN and S6 ribosomal
protein the upregulation was significant (PTEN: p = 0.0252; rpS6: p = 0.0207).
Src showed a non-signficant increase (Src: p = 0.0707) for undiluted PAL
compared to the argon-treated control.

The expression of effector cysteine-dependent aspartate-specific proteases
(caspases, casp), casp3 and casp9, was not significantly increased in PAL-
treated macrophages as shown by DigiWest protein expression profiles (casp3:
p =0.4704; casp9: p = 0.4405) (Figures 11d and 11e). Further signaling pathways
related to apoptosis including p38 mitogen-activated protein kinases (MAPK) and
NF-kappa B (NF-kB) were not significantly increased (p38-MAPK: p = 0.4038;
NF-kB: p = 0.2035) (Figures 11f and 11g).

Superoxide dismutase, a redox-related enzyme, was moderately upregulated for
undiluted PAL compared to the argon-treated control (p = 0.1037) (Figure 11h).
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Figure 11: Protein profiling of PAL-treated macrophages. Peritoneal macrophages were
treated for four hours with 1:2-diluted and undiluted PAL on day four after isolation. A high-
throughput Western blot was performed with samples frozen 24 hours after PAL treatment.
Shown are the relative intensities of the analytes normalized to their respective streptavidin
loading control. (a), (b) and (c) show cellular factors related to proliferation, immune response
and survival: PTEN (a), rpS6 (b) Src (c). (d), (e) and (f) show cellular factors related to apoptosis:
casp3 (d), casp 9 (e), p38-MAPK (f) and NF-kB (g). (h) shows the redox-related enzyme
superoxide dismutase. Shown are mean + SD, n = 3, * p < 0.05. Adapted from Schultze-Rhonhof
et al., Frontiers in Immunology, 2024, under CC BY 4.0 .
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3.2.4 Analysis of surface marker expression of PAL-treated macrophages

Surface marker expression was analyzed to see whether PAL treatment can
induce changes in polarization toward a pro- or anti-inflammatory phenotype in
human tissue-resident peritoneal macrophages. CD86 and HLADR are pro-
inflammatory markers (M1), whereas CD163 and CD206 represent anti-
inflammatory markers (M2). Using the flow cytometer, the mean fluorescence
intensity (MFI) was measured to quantify surface marker expression. As shown
in Figure 12, there was no change in surface marker expression for CD86 and
CD206 for 1:2-diluted and undiluted PAL compared to the argon-treated control.
However, there was a moderate, non-significant downregulation of HLADR (p =
0.0889) and CD163 (p = 0.1556) expression for the undiluted PAL compared to
the argon-treated control. A paired t-test was used for the analysis (* p < 0.05)

after testing for normality with the Shapiro-Wilk test.
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Figure 12: Analysis of surface marker expression in PAL-treated macrophages. Peritoneal
macrophages were treated for four hours with 1:2-diluted and undiluted PAL on day four after
isolation. Surface marker expression was measured 24 hours after PAL treatment. The mean
fluorescence intensities (MFls) of the different surface markers are shown. Surface marker
expression of HLADR, a pro-inflammatory, and CD163, an anti-inflammatory surface marker, was
moderately reduced for the undiluted PAL. Shown are mean + SD, n = 3. Previously published in
Schultze-Rhonhof et al., Frontiers in Immunology, 2024, under CC BY 4.0 &7,

3.2.5 Analysis of cytokine and chemokine release of PAL-treated macrophages

Release of cytokines and chemokines was studied to further investigate changes
in the polarization profile of PAL-treated macrophages, as these intercellular
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messengers are greatly involved in multiple signaling pathways, including the
differentiation and polarization process of macrophages. 13 different cytokines
and chemokines were measured in the culture supernatants collected four and
24 hours after PAL treatment. After four hours, the mean fluorescence intensities
(MFIs) of the analytes were partially too low to be detected or further processed
as concentrations. The macrophages had not been stimulated previously with,
for example, LPS and IFN-y or IL-4 and IL-10 to boost cytokine release. However,
after 24 hours seven of the 13 analytes were detectable. These included IL-2, IP-
10, IL-6, IL-17, IL-10, IL-8 and MCP-1.

The standard curves were generated based on a seven-fold dilution. For the
standard curves of all analytes, the curve fittings had an R? > 0.99, except for IL-
17, where the R? > 0.98, which allowed for high accuracy in calculating the
absolute cytokine concentrations. However, for MCP-1, the MFls measured were
higher than the standard curve range, so that the absolute concentrations could
not be calculated. The average MFIs and absolute concentrations of the analytes
are shown in Table 12. Figure 13 shows the averaged MFIs (duplicates)
measured 24 hours after PAL treatment.

The pro-inflammatory cytokines including IL-6, IL-17 and IP-10 showed a
moderate increase, especially for the undiluted PAL compared to the argon-
treated control. However, changes in the cytokine/chemokine release of PAL-
treated macrophages were not significant due to the high donor-dependent
variance (IL-6: p = 0.2837; IL-17: p = 0.4288; IP-10: p = 0.1426 for undiluted
PAL). The other pro-inflammatory cytokines, IL-2, IL-8 and MCP-1, showed no
PAL-derived changes. The anti-inflammatory cytokine, IL-10, demonstrated a
small decrease, which was higher for undiluted (p = 0.1757) compared to the 1:2-
diluted PAL (p = 0.2762). IP-10, IL.-8 and MCP-1 were the cytokines or
chemokines with the highest average MFIs and accordingly absolute
concentrations (Table 12).
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Figure 13: Analysis of cytokine and chemokine release of PAL-treated macrophages.
Peritoneal macrophages were treated for four hours with 1:2-diluted and undiluted PAL on day
four after isolation. The mean fluorescence intensities (MFIs) of the cytokine/chemokine levels
were measured as duplicates in cell culture supernatants 24 hours after PAL treatment. (a), (b)
and (c) A moderate increase in pro-inflammatory cytokines and chemokines, IL-6, IL-17 and IP-
10, can be seen. (d), (e) and (f) Other pro-inflammatory cytokines, including MCP-1, IL-2 and IL-
8, showed no changes. (g) The anti-inflammatory cytokine, IL-10, showed a moderately
decreased expression. Shown are mean + SD, n = 4. Previously published in Schultze-Rhonhof
et al., Frontiers in Immunology, 2024, under CC BY 4.0 &',
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Table 12: Average MFIs and absolute concentrations of cytokines and
chemokines released 24 hours after PAL treatment. The following table was
previously published in Schultze-Rhonhof et al., Frontiers in Inmunology,
2024, under CC BY 4.0 %7,

donor
(n=4)
argon
IL-6 1:2
undil.
argon
IL-17  1:2
undil.
argon
IP-10 1:2
undil.
argon
IL-2 1:2
undil.
argon
IL-8 1:2
undil.
argon
IL-10 1:2
undil.
argon
MCP- 1:2
1 undil.

average MFI [a.u.]

1

446
1110
989
40

16

22
12625
17276
17597
72

81

74
30348
34854
47838
116
86

70
40561
41575
41213

2

102
324
165
15

16

40
8152
16376
11249
49

58

45
12278
28463
16048
45

61

46
20068
29348
19177

3

412
397
1995
34

98

76
17705
26368
29187
74

71

81
35577
37569
41765
85

75

83
39247
42102
43148

4

1075
736
909
18

13

17
6054
2659
5892
72

59

63
22954
4120
8341
206
153
146
40337
36578
36858

average absolute concentration

[pg / mL]
1

122
289
260
6.67
2.33
3.41
565
830
850
5.63
6.73
5.94
1847
2631
7633
9.39
6.64
5.08
>10000
>10000
>10000

2

247
88.6
43.5
1.96
2.33
6.73
364
773
499
2.73
3.99
2.22
372
1594
548
2.65
4.16
2.70
1670
3809
1523

3

112
108
501
5.63
15.2
12.3
858
1618
1980
5.85
5.48
6.81
2899
3254
4549
6.50
5.58
6.28
>10000
>10000
>10000

4

281
197
240
2.55
1.69
2.37
277
148
271
5.74
4.08
4.52
1017
102
223
17.2
12.6
12.1
>10000
7917
8186
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3.2.6 Migration analysis of PAL-treated macrophages

To investigate functional changes, the migratory activity of PAL-treated
macrophages was measured using Transwell dishes. Migrated cells were stained
with Cell Tracker Green.

Fluorescence microscope images were acquired at a 5 x magnification as shown
in Figures 14a, 14b and 14c. Migrated cells showed clustering at the border of
the Transwell dish. Instead of extracting a region of interest (ROI) at the center
of the Transwell dish, all migrated cells including those at the border were
counted to allow for quantification of absolute cell numbers. Reduced migratory
activity of PAL-treated macrophages was already visible in the fluorescence
microscope images based on their cell distribution. The absolute cell numbers of
migrated cells were counted using an Imaged macro. Figure 14d shows a
moderate, non-significant decrease in migrated cells to the lower chamber of the
Transwell dish for the undiluted PAL compared to the argon-treated control (p =
0.0609). A significant effect was seen for the 1:2-diluted PAL compared to the
argon-treated control (p = 0.0327).
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Figure 14: Migration analysis of PAL-treated macrophages. Peritoneal macrophages were
cultured in Transwell dishes and treated with 1:2-diluted and undiluted PAL for four hours.
Migratory activity was measured 24 hours after PAL treatment using Cell Tracker Green staining.
Fluorescence microscope images of the argon-treated control (a), 1:2-diluted (b) and undiluted
PAL (c) are shown. Images were taken using the tile function at a 5 x magnification. (d) Bar graph
shows the absolute cell numbers of migrated cells to the lower chamber of the Transwell dish for
the argon-treated control, 1:2-diluted and undiluted PAL. Shown are mean + SD, n =3, * p < 0.05.

3.2.7 Raman micro-spectroscopic analysis of PAL-treated macrophages

Peritoneal macrophages were analyzed with label-free Raman micro-
spectroscopy in order to identify morphological and molecular changes at a
nuclei, lipid and protein level 24 hours after PAL treatment. In total, 9-10 single
cells were analyzed for each argon-treated control, 1:2-diluted and undiluted PAL
of the individual donors (n = 3). True component analysis (TCA) allowed for
characterization of cell components, which produced false-color coded heat
maps. Representative Raman images can be seen in Figure 15a. Nuclei are
colored in blue, lipids in red and proteins in green. No morphological differences
at a nuclei and protein level were observed for the untreated and treated
macrophages. At a lipid level discrete changes, such as slight clumping for the
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macrophages treated with undiluted PAL, were visible compared to the argon-

treated control.

Cell components in the TCA were identified based on specific peaks. The spectra
of nuclei were determined based on distinct peaks at, for example, 785 cm', 1220
to 1284 cm', 1458 cm™' and 1655 to 1680 cm™'. These refer to O-P-O backbone,
thymine and adenine, nucleic acid modes as well as ring breathing modes of DNA
and RNA bases %-% | The spectra of lipids could be identified based on peaks at
1078 cm™, 1270 cm™, 1460 cm™, 1754 cm™ and 3015 cm’, which are associated
with C-C or C-O stretch, C=C groups in unsaturated fatty acids, CH2/CHs
deformation, C=0 band and v=CH of lipids °°-193. The most distinctive peaks of
Raman spectra of lipids correspond to the hydrocarbon chain, which can be seen
in the following regions: 1400 to 1500 cm™', 1250 to 1300 cm™' and 1050 to 1200
cm 1% Further, the C-H stretching, as seen in bands with a high wavenumber
(2800 to 3100 cm™), is indicative of lipid spectra '%. The spectral components
describing proteins show prominent peaks at 1008 cm™', 1308 cm!, 1453 cm™’
and 1667 cm™, which refer to phenylalanine, C-N asymmetric stretching in
aromatic amines, protein and C=C stretching bands %:195-197 A more detailed
molecular assignment of the peaks for nuclei, lipids and proteins, which are seen
in Figure 15b, can be found in Tables 13, 14 and 15. Figure 15b shows the
average spectra of cellular components.
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Figure 15: Raman micro-spectroscopic analysis of PAL-treated macrophages. (a)
Representative Raman images of the TCA (True Component Analysis) are shown for the argon-
treated control, 1:2-diluted and undiluted PAL. (b) A characteristic spectrum of each of the
analyzed cell components was used to identify nuclei, lipids and proteins in the TCA. The
fingerprint spectrum refers to the region of 600 to 1800 cm-. A silent region is seen from 1800 to
2700 cm™'. From 2700 to 3100 cm™" further characteristic peaks can be seen, especially for lipids
and proteins. Shown are the nuclei in blue, lipids in red and proteins in green. Parts of this figure
were previously published in Schultze-Rhonhof et al., Frontiers in Immunology, 2024, under CC

BY 4.0 %7

Table 13: Peak assignment for nuclei.
Peaks (cm™) Assignment

748

785
1018
1120
1220-84
1458
1628
1655-80

DNA

uracil, thymine, cytosine, O-P-O backbone
C-O stretch (ribose)

C-O (ribose)

thymine, adenine

nucleic acid modes

guanine carbonyl group

thymine, guanine, cytosine (ring breathing
modes)

Table 14: Peak assignment for lipids.
Peaks (cm™) Assignment

1078

1270

1309
1460
1670
1754
2853-81

3015

v(C-C) or v(C-0), phospholipids, C-C or C-O
stretch (lipids)

phospholipids, C=C groups (unsaturated fatty
acids)

CHa3/CH> twisting or bending mode (lipids)
CH2/CHs deformation (lipids, collagen)
v(C=C) (trans, lipids, fatty acids)

C=0 (lipids)

CH2 symmetric stretch (lipids) & CHo,
asymmetric stretch (lipids, proteins)

v=CH (lipids)

Table 15: Peak assignment for proteins.
Peaks (cm™) Assignment

Reference
108

96
109
107
97
98
110
96

Reference
99,111

100,112
101
101
113
102

114

103

Reference
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760 tryptophan, §(ring) 97,113
ring breathing of tryptophan (proteins)

1008 phenylalanine 105
1083 C-N stretching mode (proteins > lipids) 11
1278 proteins, collagen | 108
1308 C-N asymmetric stretching in aromatic amines 105
1453 protein bands 106,107
1603 C=C of phenylalanine & tyrosine 11,115
1667 protein bands, C=C stretching 98,106,107
2853-81 CHa symmetric stretch (lipids), asymmetric 114
stretch (lipids, proteins)

2900 CH stretch (lipids, proteins) 114
2940 C-H vibrations (lipids, proteins) 116

PCA analysis, a multivariate data analysis tool, facilitated the discovery of minor
spectral differences. Single spectra were extracted for each of the three cell
components from the acquired single-cell large area Raman scans. These were
used to perform PCA analyses at a nuclei, lipid and protein level.

The effect of PAL treatment on the molecular composition of nucleic acids was
analyzed first. A PCA analysis of the extracted single spectra of nuclei was
performed for the fingerprint region. No clear clustering of the argon-treated
control, 1:2-diluted and undiluted PAL data sets was seen in the score values dot
plot (PC-2 versus PC-3) in Figure 16a. A Mann-Whitney U test further showed no
significant spectral differences in the score values of PC-2 in Figure 16b of the
argon-treated control compared to 1:2-diluted and undiluted PAL. Even though
no significant differences were seen in the score values for the nucleic acids, the
loadings plot for PC-2 in Figure 16c showed peaks at 718 cm™, 788 cm,
1096 cm™" and 1655 to 1680 cm™'. These peaks can be assigned to nucleotides,
phosphodiester bands, phosphodioxy groups and ring breathing modes of
tyrosine, guanine and cytosine 9:97:100.115 ' A more detailed molecular assignment

of nuclei-specific peaks in the loadings plot for PC-2 can be found in Table 16.
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Figure 16: Molecular analysis using Raman micro-spectroscopy at a nuclei level of PAL-
treated macrophages. Peritoneal macrophages were treated with 1:2-diluted and undiluted PAL
for four hours. A molecular analysis at a nuclei level was performed on cells fixed 24 hours after
PAL treatment using Raman micro-spectroscopy Results of the multidimensional data analysis
are shown above. (a) Score values dot plot (PC-2 versus PC-3) of the extracted single spectra of
nuclei showed no clear separation of the argon-treated control (blue), 1:2-diluted (green) and
undiluted PAL (red). (b) Score values for PC-2 further showed no significant spectral differences
for the argon-treated control, 1:2-diluted and undiluted PAL. (c) Loadings plot for PC-2 showed
nuclei-specific peaks. A more detailed molecular assignment can be found in Table 16. Shown
are individual values and mean + SD for the 28-30 single cells from three donors. Adapted from
Schultze-Rhonhof et al., Frontiers in Immunology, 2024, under CC BY 4.0 &7,

Table 16: Peak assignment for nuclei in fingerprint region of PAL-treated
macrophages.

Peaks (cm™) Assignment Reference

718 C-N (membrane phospholipid head) 15
nucleotide peak

788 C’5-O-P-O-C’3 phosphodiester bands (DNA), 97
O-P-O stretching (DNA)

1018 C-O stretch (ribose) 109

1096 phosphodioxy groups (PO2) 100

1250 guanine, cytosine (NH>) 110

1325-30 CH3CH: wagging mode in guanine, adenine 17

1355 guanine (N7, B,Z-marker) 110

1655-80 tyrosine, guanine, cytosine (ring breathing 96
modes)
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After having analyzed the nucleic acids, the lipidome profile of PAL-treated
macrophages was characterized in-depth. Two PCA analyses of the extracted
single spectra were performed. First, one PCA analysis was performed for the
regions 600 to 1800 cm™" and 2700 to 3100 cm™', excluding the silent region (1800
to 2700 cm™). However, the high wavenumber region (2700 to 3100 cm')
concealed spectral differences in the fingerprint region. Therefore, two separate
PCA analyses were performed to allow for better separation of the spectral
differences in the two regions.

Figure 17a shows the score values dot plot of the fingerprint region for PC-1 and
PC-2. A clear separation was seen for the undiluted PAL compared to the argon-
treated control data sets, while 1:2-diluted showed a greater overlap with the
argon-treated control. The separation of the argon-treated control and undiluted
PAL data sets was confirmed in a Mann-Whitney U test of the PC-1 score values
in Figure 17b (p < 0.0001). An unpaired t-test of the PC-1 score values of the
argon-treated control and 1:2-diluted PAL showed no significant spectral
differences (p = 0.9965). Raman peaks that contributed to the separation in the
fingerprint region, as seen in the loadings plot of PC-1 in Figure 17c, were the
following: 1073 cm™, 1270 cm ', 1440 cm™" and 1655 cm™" for undiluted PAL and

1638 cm™ " and 1697 cm™ ' for the argon-treated control.

In the score values dot plot for PC-1 and PC-2 of the high wavenumber region
(Figure 18a), a distinct separation was seen for undiluted PAL compared to the
argon-treated control with greater clustering of undiluted PAL along the x-axis.
Again, a greater overlap was seen for 1:2-diluted PAL and the argon-treated
control. The separation seen for undiluted PAL and the argon-treated control was
further confirmed in a Mann-Whitney U test, which indicated significant
differences in the molecular composition of lipids for undiluted PAL compared to
the argon-treated control (p < 0.0001, Figure 18b). No significant spectral
differences were seen in the Mann-Whitney U test of 1:2-diluted PAL and the
argon-treated control (p = 0.9273). Raman peaks that contributed to the spectral

differences, as seen in the loadings plot of PC-1 in Figure 18c, were: 2844 cm™"
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and 3010 cm™' for undiluted PAL and 2940 cm™! for the argon-treated control. The
peaks at 1270 cm™, 1440 cm™, 1655 cm™ and 3010 cm™*, which can be assigned
to PAL-treated macrophages, refer to the C=C double bond of unsaturated fatty
acids 100102112114 “ A more detailed molecular assignment of the peaks in the
loadings plot for the fingerprint and high wavenumber region of PC-1 can be
found in Tables 17 and 18.
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Figure 17: Molecular analysis using Raman micro-spectroscopy at a lipid level of the
fingerprint region of PAL-treated macrophages. Peritoneal macrophages were treated with
1:2-diluted and undiluted PAL for four hours. A molecular analysis at a lipid level was performed
on cells fixed 24 hours after PAL treatment using Raman micro-spectroscopy. Results of the
multidimensional data analysis for the fingerprint region are shown above. (a) Score values dot
plot (PC-1 versus PC-2) of the extracted single spectra of lipids showed a clear separation for the
argon-treated control (blue) and undiluted PAL (red). A greater overlap was seen for the argon-
treated control (blue) and 1:2-diluted (green) (b) Score values for PC-1 further showed significant
spectral differences for the argon-treated control and undiluted PAL. (c) Loadings plot for PC-1
showed lipid-specific peaks. A more detailed molecular assignment can be found in Table 17.
Shown are individual values and mean + SD for the 28-30 single cells from three donors.
Significant differences (*p < 0.05) were determined using an unpaired t-test or Mann-Whitney U
test. Adapted from Schultze-Rhonhof et al., Frontiers in Immunology, 2024, under CC BY 4.0 %7,
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Figure 18: Molecular analysis using Raman micro-spectroscopy at a lipid level of the high
wavenumber region of PAL-treated macrophages. Peritoneal macrophages were treated with
1:2-diluted and undiluted PAL for four hours. A molecular analysis at a lipid level was performed
24 hours after PAL treatment using Raman micro-spectroscopy. Results of the multidimensional
data analysis for the high wavenumber region are shown above. (a) Score values dot plot (PC-1
versus PC-2) of the extracted single spectra of lipids showed a clear separation of the argon-
treated control (blue) and undiluted PAL (red). A greater overlap was seen for the argon-treated
control (blue) and 1:2-diluted (green). (b) Score values for PC-1 further showed significant
spectral differences for the argon-treated control and undiluted PAL. (c) Loadings plot for PC-1
showed lipid-specific peaks. A more detailed molecular assignment can be found in Table 18.
Shown are individual values and mean + SD for the 28-30 single cells from three donors.
Significant differences (*p < 0.05) were determined using Mann-Whitney U tests. Adapted from
Schultze-Rhonhof et al., Frontiers in Immunology, 2024, under CC BY 4.0 &7,

Table 17: Peak assignment for lipids in fingerprint region of PAL-treated
macrophages.

Peaks (cm™) Assignment Reference
877 C-C-N* symmetric stretching (lipids) 97

980 =CH bending (lipids) 97

1073 triglycerides (fatty acids) 118

1078 C-C or C-0O stretching mode (phospholipids) 99

1270 C=C groups (unsaturated fatty acids) 100

1313 CH3CHz> twisting mode (lipids, collagen) 11,115
1440 8(CHy) (lipids), CH2 bending (lipids) 102,114
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1638 intermolecular bending mode of water 1

1655 C=C (lipids; not amide 1) 12
1697 amide | 102
1750 C=0 (lipids), n(C=C) (lipids, fatty acids) 112,113

Table 18: Peak assignment for lipids in high wavenumber region of PAL-
treated macrophages.

Peaks (cm™') Assignment Reference
2844 vs(=CH2) 104
2853 - 81 CH2 symmetric stretch (lipids), CH, asymmetric 14
stretch (lipids, proteins)
2889-908 CHz asymmetric stretch (lipids) 114
2940 C-H vibrations (lipids, proteins), vasCHz, (lipids, 13116
fatty acids)
3010 unsaturated =CH stretch 100

Besides analyzing the nucleic acids and lipidome profile, the molecular
composition of proteins of PAL-treated macrophages was further characterized.
Two separate PCA analyses of the extracted single spectra were performed. As
seen at a lipid level, proteins also showed bands with higher intensities in the
region of 2700 to 3100 cm'.

In the score values dot plot of the fingerprint region for PC-2 and PC-3 (Figure
19a), the separation of the argon-treated control, 1:2-diluted and undiluted PAL
data sets was not as evident as compared to the clustering seen at a lipid level.
An unpaired t-test of score values of PC-2 indicated significant spectral
differences for the argon-treated control and undiluted PAL in the fingerprint
region (p = 0.0024). A Mann-Whitney U test further showed significant spectral
differences for the argon-treated control and 1:2-diluted PAL (p = 0.0263). The
Mann-Whitney U test was chosen because the Shapiro-Wilk test indicated that
the data for 1:2-diluted PAL was not normally distributed. Raman peaks at
980 cm™, 1083 cm, 1637 cm™ and 1685 cm™, as seen in the loadings plot of
PC-2 in Figure 19c, explain the spectral differences of the argon-treated control
and PAL-treated macrophages in the fingerprint region. Regarding peaks at 1200
to 1300 cm™, 1637 cm™ and 1685 cm ' PAL-treated macrophages showed

vibrational changes in amide | and lll bands of secondary protein structures
97,113,119
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In the score values dot plot of the high wavenumber region for PC-2 and PC-3
(Figure 20a), the limited separation seen of the argon-treated control, 1:2-diluted
and undiluted PAL data sets was comparable to the fingerprint region. A Mann-
Whitney U test of the score values of PC-2 for the high wavenumber region
showed significant spectral differences in the argon-treated control and undiluted
PAL-treated macrophages (p = 0.0004, Figure 20b). No significant spectral
differences were seen for the argon-treated control compared to 1:2-diluted PAL
(p = 0.0505). Raman peaks at 2850 cm™, 2913 to 2938 cm™', 2935 cm™ and
2980 cm'" give information regarding the spectral differences in the argon-treated
control and PAL-treated macrophages (Figure 20c). For example, peaks at 2850
cm™, 2883 cm™ and 2935 cm™' indicated spectral differences in CH2 symmetric
stretch, CH2 asymmetric stretch and CH3 symmetric band in chain end 100113114,
A more detailed molecular assignment of the protein-specific peaks in the

fingerprint and high wavenumber region can be found in Tables 19 and 20.

The lower explained variance at a protein level in the fingerprint and high
wavenumber region compared to lipids correlates with the smaller separation
seen in the score plots. As seen at a lipid level, the explained variance was higher

in the high wavenumber compared to the fingerprint region.

58



a) 05 g b) o0.2- T '
—_ — i
N . .
_ 8 0.1 A *e0
x bt ° o0 .:=°
= g coti: 2, p=im
G‘? 3 0.0 0g0e0® ®ole
(&) © M b 3.;. o
o : $e8e® oo .T
G -0.1- HAR
g (1)
-0.5 T i T -0.2 T T T
-0.4 -0.2 0.0 0.2 0.4 argon 1:2 undil.
PC-2 [4%] @ argon
o 1:2
@ undil.
0.2 2
c) . E
: .t
— : o
s
o - v
Remp v
» .
(=2}
S
T
©
2 & .
gg ¢
-0.2 T 1
600 1200 1800

raman shift [cm™]

Figure 19: Molecular analysis using Raman micro-spectroscopy at a protein level of the
fingerprint region of PAL-treated macrophages. Peritoneal macrophages were treated with
1:2-diluted and undiluted PAL for four hours. A molecular analysis at a protein level was
performed 24 hours after PAL treatment using Raman micro-spectroscopy. Results of the
multidimensional data analysis for the fingerprint region are shown above. (a) Score values dot
plot (PC-2 versus PC-3) of the extracted single spectra of proteins showed no clear separation of
the argon-treated control (blue), 1:2-diluted (green) undiluted PAL (red). (b) Score values for PC-
2 showed significant spectral differences for the argon-treated control and undiluted PAL. (c)
Loadings plot for PC-2 showed protein-specific peaks. A more detailed molecular assignment can
be found in Table 19. Shown are individual values and mean + SD for the 28-30 single cells from
three donors. Significant differences (*p < 0.05) were determined using an unpaired t-test and
Mann-Whitney U test.
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Figure 20: Molecular analysis using Raman micro-spectroscopy at a protein level of the
high wavenumber region of PAL-treated macrophages. Peritoneal macrophages were treated
with 1:2-diluted and undiluted PAL for four hours. A molecular analysis at a protein level was
performed 24 hours after PAL treatment using Raman micro-spectroscopy. Results of the
multidimensional data analysis for the region of high intensity bands are shown above. (a) Score
values dot plot (PC-2 versus PC-3) of the extracted single spectra of proteins showed no clear
separation of the argon-treated control (blue), 1:2-diluted (green) undiluted PAL (red). (b) Score
values for PC-2 showed significant spectral differences for the argon-treated control and undiluted
PAL. (c) Loadings plot for PC-2 showed protein-specific peaks. A more detailed molecular
assignment can be found in Table 20. Shown are individual values and mean + SD for the 28-30
single cells from three donors. Significant differences (*p < 0.05) were determined using Mann-
Whitney U tests.

Table 19: Peak assignment for proteins in fingerprint region of PAL-
treated macrophages.

Peaks (cm™) Assignment Reference
753 symmetric breathing (tryptophan) 99

980 C-C stretching R-sheet (proteins) 97

1083 C-N stretching mode (proteins > lipids) 11
1200-300 amide Il (proteins) 97

1278 proteins, including collagen | 108

1313 CH53CH, twisting mode (collagen, lipids) 11,115
1398 C=0 symmetric stretch, CH, deformation 101,119
1454 CH, stretching/CH3; asymmetric deformation 119,120

overlapping asymmetric CHs bending & CH>
scissoring (elastin, collagen & phospholipids)
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1506 N=H bending 105

1558 v(CN), §(NH) amide Il (proteins) 121
1637 amide | band 19
1685 amide | (non-hydrogen bonded) 113

Table 20: Peak assignment for proteins in high wavenumber region of
PAL-treated macrophages.

Peaks (cm™') Assignment Reference
2850 CH2 symmetric stretch 13
2853-81 CH2 symmetric stretch (lipids) & CH2 14
asymmetric stretch (lipids, proteins)
2883 CH asymmetric stretch (lipids, proteins) 114
2913-38 CH stretch (lipids, proteins) 114
2935 chain end CHs symmetric band 100
2980 Vas(CHAA) 122

Raman micro-spectroscopy allowed for the characterization of plasma-treated
macrophages at a nuclei, lipid and protein level. Significant spectral differences
were seen at a lipid and protein level for undiluted and partially for 1:2-diluted
PAL. No significant effects were seen at the nuclei level, correlating with previous
experiments, as no significant DNA double-strand breaks, apoptosis or necrosis
was induced after PAL treatment for the 1:2-diluted and undiluted PAL.
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4 Discussion

Tissue-resident macrophages contribute to the defense against bacterial
infection, tumor dissemination and tissue injury within the peritoneal cavity 2. In
the presence of peritoneal cancer, the differentiation and polarization profile of
infiltrating monocytes and macrophages is altered towards the predominantly M2-
like, tumor-promoting phenotype of TAMs via cytokines and chemokines released
from cancer and stromal host cells 332, Activating macrophages and blocking
their phenotype switch may thus present a potential target for an
immunotherapeutic approach with PAL to reduce tumor growth and
dissemination 74124, After peritoneal injury, LPMs attach to tissue defects within
seconds %9, initiating an inflammatory response via their GATAG6-driven
transcriptional program '23. The use of PAL as an anti-adhesion prophylaxis has
been described in a study by our laboratory group, which examined the effects of
PAL on the cell type-specific response of human peritoneal fibroblasts and
mesothelial cells ©3.

This thesis will discuss the use of PAL as an anti-tumoral agent and anti-adhesion
prophylaxis at a macrophage level. PAL potentially represents a novel, effective
preventive treatment option that is easily applicable and has demonstrated low
side effects in other clinical applications 9125

4.1 PAL treatment as an anti-tumoral immunotherapeutic approach

Even though considerable progress in multimodal treatment (e.g., CRS, HIPEC
or PIPAC) has been made, peritoneal recurrence rates remain high, with a
median survival rate of three to six months following the recurrence of gastric
cancer 126 The long-term survival benefit is also uncertain since HIPEC is
related to severe postoperative complications (e.g., adhesive ileus, systemic
sepsis, digestive fistula) 6. PAL may thus represent an adjuvant treatment
option for peritoneal metastasis, allowing for lower adverse effects, tissue

preservation and minimal cytotoxicity towards benign cells %74, PAL was further
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described as non-mutagenic and did not significantly alter the blood plasma anti-

oxidant level 127,

Long-term tumor control requires specific and systemic recognition and removal
of cancer cells 4128, |nitiation of ICD may contribute to prolonged and protective
anti-tumoral immunity. Cancer cells experiencing ICD exhibit proteins on their
cellular membrane and release biomolecular messengers, or DAMPs '2°.
Common DAMPs associated with ICD are surface-exposed calreticulin as well
as adenosine triphosphate and high-mobility group box 1, which are released into
the extracellular environment as a chemoattractant or activating factor for APCs.
The cancer-immunity cycle starts with APCs recognizing these biomolecular
messengers and activating T cells in the draining lymph nodes 74'2°. However,
the upregulation of “don’t eat me” signals or an immunosuppressive tumor

microenvironment can lead to low T cell activation 74.

PAL treatment may modulate the immunogenicity or visibility of cancer cells and
the anti-tumoral activity of immune cells 737, Changes in differentiation and
polarization, receptor expression, metabolism and modified cytokine or
chemokine secretion profiles of immune cells may enhance pro-inflammatory
immune responses targeting cancer cells 74. Bekeschus et al. showed that in vitro
NIPP treatment of CT26 colorectal cancer cells was associated with higher
immunogenic cell surface molecules (e.g., calreticulin) '*°. Van Loenhout et al.
demonstrated that the secretion of less immunosuppressive cytokines by stromal
host cells following NIPP treatment led to a higher infiltration of the tumor
microenvironment with pro-inflammatory immune cells '?°. These M1-like
macrophages are capable of phagocytosis and lysis of cancer cells, cancer-
related antigen presentation and release of pro-inflammatory cytokines (e.g., IL-
6) to recruit and activate cells, such as CD8+ T and natural killer cells, required
for tumor control '2. If more macrophages, however, are skewed towards an M2-
like phenotype within the tumor milieu, the lower M1/M2 ratio is associated with
higher chemoresistance '3'. M2-like macrophages can release growth factors
and downregulate apoptosis signaling pathways in cancer cells.
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4.2 PAL treatment as an anti-adhesion prophylaxis for postoperative

adhesions

Prevention and treatment of postoperative adhesions are the focus of intensive
research. Current adhesion prevention strategies focus on optimizing surgical
techniques and using anti-adhesive agents (e.g., pharmacological agents or
physical barriers) '32. Improvement of surgical techniques includes reducing
surgical trauma and ischemia as well as limiting exposure of the peritoneal cavity
to foreign materials (e.g., sutures or powdered gloves). Targets of these anti-
adhesive agents include minimizing local inflammation and inhibiting fibrin
deposition 8'. Physical barriers primarily serve as a temporary matrix, capable of
separating wound surfaces during the early phase of tissue repair. SEPRAFILM
(Baxter, USA), INTERCEED (Ethicon, USA) and ADEPT (Baxter, USA) have
FDA approval to inhibit postoperative adhesion formation. ADEPT, a 4 %
icodextrin solution, prevents injured peritoneal surfaces from adhering to
surrounding tissue by producing a fluid reservoir for approximately four days
within the peritoneal cavity '33. However, physical barriers and 4 % icodextrin
solution showed a higher risk of anastomosis insufficiency after bowel resection,
sepsis and labial swelling &. Especially the insufficient evidence for these anti-
adhesive agents' efficacy in clinical trials may explain the lack of widespread

clinical use 81134,

So far, the anti-adhesive effect of PAL treatment has only been investigated in a
limited number of studies 83135, Holl et al. (2022) studied PAL-derived effects on
human peritoneal mesothelial cells and fibroblasts ©3. Like fully differentiated
macrophages, mesothelial cells demonstrated higher robustness against PAL-
derived oxidative stress and maintained an intact cell monolayer. Conversely,
fibroblasts were inhibited from over-proliferation, entered G2/M cell cycle arrest
and showed a higher expression of apoptosis markers (e.g., Annexin V, casp3

and casp7).
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Peritoneal wound healing, as previously described (1.3.2), requires cellular
infiltration and the release of mediators by injured mesothelial cells and
macrophages, which initiate the inflammatory response essential for tissue repair
4546 Tissue-resident macrophages represent the largest cell population within
the peritoneal fluid 2. Expansion of these macrophages has demonstrated a
protective role '*6. However, a lack of peritoneal macrophages has also been
shown to limit the development of adhesions '37. Using a mouse model, Ito et al.
described that tissue-resident F4/80"9" CD206~ macrophages could form “cell
barriers” to limit the exposure of injured sites by enclosing the fibrin-rich clots and
preventing these damaged sites from attaching to neighboring surfaces '38. The
recruitment of macrophages to these injured tissue sites is, as previously
mentioned, known as the “macrophage disappearance reaction” '’. However,
these macrophage-containing cell barriers are often insufficient to prevent
complete adhesion formation, and therefore Ito et al. further proposed to boost
macrophage response '8,

In addition to the role of tissue-resident macrophages in peritoneal tissue injury,
Sahputra et al. showed that monocyte-derived inflammatory macrophages can
potentially attenuate the formation of peritoneal adhesions by modulating
inflammation, fibrin deposition and fibrinolysis 13°. Enhanced proteolytic activity
of monocyte-derived macrophages can lead to the clearance of immature
adhesions within 7 to 14 days after surgery. Accordingly, monocyte-derived
macrophages could also remove fibrin-rich clots formed due to intraperitoneal
bacterial infection '4°. These infiltrating monocytes can differentiate into tissue-
resident macrophages via an intermediate population '3°. Blocking these
infiltrating monocytes with antibody-mediated C-C chemokine receptor type 2
(CCR2) depletion or using monocyte-depleted murine models resulted in higher
postoperative adhesion occurrence. The aforementioned studies demonstrate
that infiltrating monocyte-derived and tissue-resident macrophages may regulate
postoperative adhesion formation through clearance of immature adhesions or
cell barrier formation 138139, |n this study, our observations are, however, limited

to tissue-resident macrophages, as the postoperative infiltrating monocytes could
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not be isolated due to the removal of peritoneal lavages at an early stage of
surgery in order to minimize blood contamination and intraoperative dilution of

peritoneal fluid.

4.3 PAL-derived effects on human tissue-resident peritoneal macrophages

In this study, the commercially available plasma device kINPen® was used. Due
to the potential intraoperative use of the NIPP technology (e.g., minimally
invasive or open abdominal-pelvic surgery), the indirect (PAL) over the direct
treatment form of NIPP treatment was selected. The plasma application
parameters, including distance, volume, treatment time and culture media, were
carefully chosen, as the concentration and type of RONS generated vary greatly
depending on these parameters '#'. Lower concentrations of RONS are
necessary for physiological processes (e.g., proliferation and differentiation),
whereas higher levels can result in pathophysiological responses (e.g., apoptosis
and necrosis) 4. Hence, lower levels of PAL-derived RONS may stimulate wound
repair and higher concentrations may elicit cell death for cancer treatment. 1:2-
diluted and undiluted PAL were investigated to show a dose-dependent effect of
PAL compared to the argon-treated control. Culture media was used as a carrier
instead of a ringer-lactate solution to provide optimal culture conditions for the
isolated peritoneal macrophages. The culture medium MEM was selected since
the specific formulation excludes pyruvate. Tornin et al. showed that the absence
of pyruvate leads to a considerable increase (10 - 100 x) in PAL-derived hydrogen
peroxide (H202) without modifying the concentration of nitrites (NOz’), thereby

intensifying the cytotoxic, anti-tumoral activity of PAL 142,

Given the role macrophages play in peritoneal tumor dissemination and tissue
repair, the cell-specific response of these macrophages to PAL was investigated
in terms of morphological, molecular and functional changes. Most of the
peritoneal macrophages isolated in this study showed a high expression of the
intracellular transcription factor GATAG, which suggests that these are highly
matured tissue-resident LPMs 146 The high surface marker expression of CD14
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and CD16 within the largest subset of isolated peritoneal macrophages further
allowed for discrimination from newly migrated blood monocytes 4. The
increased influx of blood monocytes generally follows within 24 hours after
surgery 3. The primary isolated GATA6+ macrophages from peritoneal lavages
further revealed co-expression of M1 and M2 surface markers, allowing these
macrophages to function as sentinel and effector cells, maintain tissue
homeostasis and orchestrate wound repair &'44. Common surface markers
identifying M1 macrophages include a high expression of the co-stimulatory
molecules CD86 and HLADR, responsible for antigen presentation and T cell
activation 8'2. Higher mannose receptor CD206 and scavenger receptor CD163
expression suggests a more anti-inflammatory or M2-like phenotype associated
with phagocytosis and endocytosis of haptoglobin-hemoglobin complexes 81112,
TAMs have been described to highly express CD163 '#5. The density of these
CD163+ TAMs corresponds to the progression of gastric cancer and peritoneal
metastasis. Flow cytometric characterization of peritoneal macrophages isolated
from female patients showed that 99.9 + 0.1 % of cells expressed CD86 and 90.2
+ 5.1 % expressed HLADR, both pro-inflammatory surface markers. The basal
expression of anti-inflammatory was lower than pro-inflammatory surface
markers. 58.1 + 18.9 % of cells were positive for CD206 and 82.7 £ 11.1 % for
CD163. HLADR and CD163 showed a reduced flow cytometric expression in
PAL-treated macrophages, while the expression of CD86 and CD206 remained
largely unchanged. Perhaps no distinct phenotype switch towards a pro- or anti-
inflammatory phenotype was observed since the isolated peritoneal
macrophages were fully differentiated 146,

Lower surface marker expression may also be due to damage to the cellular
membrane via lipid peroxidation. For example, superoxide (O2") can react with
nitric oxide (NO) to initiate lipid peroxidation, leading to higher membrane
permeability, altered membrane fluidity and functional changes in membrane
proteins 147, Accordingly, the reduced migratory activity of PAL-treated
macrophages may be due to cellular membrane changes or an altered activation
state rather than due to apoptosis or necrosis. Reduced migratory activity is
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characteristic of classically activated M1 macrophages '48. Vogel et al. suggested
that the activation status of macrophages may affect their ability to reorganize
their cytoskeleton. M2 macrophages form filopodia and migrate more toward a
chemoattractant, whereas M1 macrophages adopt a spherical morphology.

Even though PAL-derived oxidative stress may affect cellular membrane integrity
and induce cell death in cancer cells 4%, most PAL-treated macrophages showed
high viability and minimal, non-significant apoptosis in the co-staining with
Apotracker and 7-AAD. Like Annexin V, Apotracker detects externalized
negatively charged phospholipids during apoptosis 8. 7-AAD is relatively
membrane-impermeant in viable cells 8, indicating that a limited number of PAL-
treated macrophages experienced increased membrane permeability. Minimal,
non-significant early and late apoptosis was induced for undiluted PAL,
correlating with observations that fully differentiated macrophages are more
resistant to RONS-derived oxidative stress and cellular death than monocytes or
other leukocytes 146150 The robustness of peritoneal macrophages towards PAL-
derived oxidative stress could be due to the moderate upregulation of the redox-
related enzyme superoxide dismutase in DigiWest protein profiling. The primary
ROS species produced in vivo from molecular oxygen include hydrogen peroxide
(H202), superoxide (O2) and hydroxyl radicals ("OH) '®'. These can lead to
oxidative stress-induced damage to cellular structures, such as lipids, proteins
and nuclei. Superoxide dismutase catalyzes the conversion of O2"™ to H2O2, which
can be reduced to H,O '52. Hwang et al. demonstrated that increased superoxide
dismutase expression in epithelial cells inhibited excessive inflammatory

response and apoptosis by blocking p38-MAPK/NF-kB signaling in epithelial cells
152

Further apoptosis markers and pathways in protein profiling, such as casp3 or
casp9, also showed no significant upregulation in PAL-treated macrophages.
Effector caspases initiate the degradation phase of apoptosis, a form of cell-
programmed death, including DNA fragmentation, shrinkage of cells and blebbing

of the cellular membrane '%3. Instead, cellular markers relevant for proliferation

68



and immune response, including Src and PTEN, showed a significantly increased
expression 54155 PTEN, a lipid phosphatase that acts as a PI3K antagonist,
leads to an enhanced inflammatory response via the release of pro-inflammatory
cytokines (e.g., IL-6) '%°. Src kinase is also related to immune response control,
partaking in the functional activation of macrophages and the macrophage-
derived inflammatory response '34. The low apoptosis and high viability following
PAL treatment is consistent with the absence of DNA-DSBs in PAL-treated
macrophages. It has been suggested that RONS can induce severe DNA
damage and consequently apoptosis in cancer cells, as these show a higher
expression of aquaporins than healthy cells 771, These aquaporins accelerate
the transport of RONS, leading to higher intracellular concentrations within
cancer cells. Since Marzi et al. (2022) showed that DNA-DSBs can be observed
more quickly than apoptosis and are often transient in PAL-treated cells %, we
quantified these four and 24 hours after PAL treatment via the phosphorylation of
the histone H2A X at Ser139. Raman micro-spectroscopy at a nuclei level further
confirmed the absence of DNA-DSBs or induction of apoptotic or necrotic
signaling pathways. Brauchle et al. identified spectral shifts for cell death stages
in apoptotic and necrotic cells via Raman micro-spectroscopy '%¢. However, no
molecular changes were seen for the 1:2-diluted or undiluted PAL compared to
the argon-treated control. The absence of significant spectral shifts at a nuclei
level for PAL-treated macrophages correlates with the results seen in the
Apotracker and 7-AAD co-staining, DigiWest protein profiling and H2A.X-staining.

Raman micro-spectroscopy and multivariate data analysis allowed for the
biochemical characterization of PAL-treated macrophages’ subcellular
structures, including lipids, proteins and nuclei. The ability of Raman imaging to
identify PAL-derived changes has been previously demonstrated in bacterial
spores by Wang et al. and cervical tissue by Wenzel et al. 157158, Proteins and
lipids have been described as the cellular structures, which are the most reactive
to indicate macrophage activation in Raman micro-spectroscopy '5°. Statistical
analysis of PC score values confirmed significant separation in the proteome and
lipidome profile of argon-treated and PAL-treated macrophages. Vibrational
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changes in the amide | and Ill bands (1200 to 300 cm™, 1637 cm™ and 1685
cm™ '), which determine the secondary structures of proteins, contributed to the

spectral differences 97:113.119,

Further in-depth analysis of the composition of lipids showed that Raman peaks
at, for example, 1270 cm™', 1440 cm™', 1655 cm, 2855 cm™ and 3010 cm™,
contributed to the separation seen in the score plots for the argon-treated control
and PAL-treated macrophages. These peaks can be assigned to PAL-treated
macrophages and refer to the C=C double bond of unsaturated fatty acids
100.102,112,114 - PAL treatment, therefore, may significantly alter the degree of
saturation in the fatty acid composition of macrophages. Montenegro-Burke et al.
showed that macrophage phenotypes differ in fatty acid composition using fluid
chromatography and mass spectroscopy '®°. Higher intensities of triglycerides
(TGs), diacylglycerols and cholesterol esters, which are stored as lipid droplets,
are distinctive of the lipidome profile of M1 macrophages ''. Regarding
triglycerides, M1 macrophages have higher proportions of unsaturated
triglycerides (i.e. double bonds in the fatty acyl chains), especially
polyunsaturated fatty acids (PUFA)- containing triglycerides. Triglyceride and
cholesterol ester-containing lipid droplets are required for inflammatory functions
and may serve as substrate pools for pro-inflammatory cytokines (e.g., IL-1[3 and
IL-6) 167.162_ The lipidome profile, particularly the fatty acid turnover, is related to
metabolic shifts in macrophage polarization 95163,

Consistent with the changes seen in Raman micro-spectroscopy regarding lipid
composition, we were able to demonstrate that PAL-treated macrophages
showed a moderate increase in pro-inflammatory cytokines and chemokines,
including IP-10, IL-6 and IL-7, and a non-significant decrease in the anti-
inflammatory  cytokine  IL-10. IP-10, for example, demonstrated
immunomodulatory activity by recruiting APCs or activated T cells in melanoma
and glioma murine tumor models '%4. However, IP-10 or CXCL10 may also be
involved in tumor progression if the corresponding receptor CXCR3 is
upregulated in cancer cells. Our observations of PAL-derived changes in cytokine
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release correlate with the findings of Cheng et al., as they demonstrated higher
IL-2 and IL-6 and lower IL-10 release 30 s after macrophage treatment with NIPP
165 Arndt et al. further showed that NIPP treatment significantly increased pro-
inflammatory cytokine release (e.g., IL-6, IL-8, MCP-1) by fibroblasts '%6. They
proposed that the higher levels of these aforementioned signaling molecules may
lead to a faster and improved immune response in the inflammatory phase of

wound repair.

Improved immune response in the inflammatory phase may lead to a higher
percentage of monocyte-derived inflammatory macrophages recruited to the
peritoneal cavity. These SPMs may attenuate the formation of postoperative
adhesions by modulating fibrin deposition and fibrinolysis '3°. In contrast, tissue-
resident peritoneal macrophages can help to remove cell debris and form a cell
barrier 3. McFarland-Mancini et al. demonstrated the importance of IL-6
signaling for wound healing '¢”. Wound healing was slower in IL-6-deficient mice
due to compromised macrophage infiltration, more cellular debris or fibrin
deposition and delayed re-epithelialization. Tager et al. revealed that IP-10, which
was moderately increased in PAL-treated peritoneal macrophages, can limit the
occurrence of pulmonary fibrosis '®8. Increased pulmonary fibrosis was observed
in IP-10-deficient mice after bleomycin application, as IP-10 may prevent
fibroblast accumulation by reducing their migratory activity. While the changes in
cytokine release of PAL-treated peritoneal macrophages were predominantly
associated with a pro-inflammatory shift, the cytokine secretion profiles were very
donor-dependent and dynamic. Quantitative variability of these cytokine
secretion profiles has also been described in other studies and can, for example,
be observed based on sampling time point 74.

Tissue-resident peritoneal macrophages are highly resistant to plasma-derived
oxidative stress by upregulating anti-oxidative mechanisms. NIPP can, however,
trigger a moderate pro-inflammatory response in macrophages by altering their

lipid and protein composition, as shown with label-free Raman micro-
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spectroscopy. A NIPP-modulated cellular response may thus further facilitate the

already shown anti-tumoral and wound healing properties at a macrophage level.
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5 Summary

This thesis investigates PAL-derived effects on tissue-resident human peritoneal
macrophages, as this cell population may present a potential target to limit tumor
dissemination and postoperative adhesions within the peritoneal cavity.

Since most studies have investigated human blood-derived monocytes and
murine macrophages ', we wanted to investigate PAL-derived molecular,
functional and immunomodulatory effects on tissue-resident human peritoneal
macrophages. In this study, the isolated macrophages were characterized with
immunostaining and flow cytometry. Even though PAL only had limited effects on
human peritoneal macrophages regarding apoptosis, viability and DNA double-
strand breaks (DNA-DSBs), the exposure to reactive oxygen and nitrogen
species (RONS) actively triggered a cellular response. PAL treatment induced
moderate upregulation of the redox-related enzyme superoxide dismutase and
significant upregulation of cellular factors (PTEN, Src and rpS6) related to
immune control, proliferation and survival, as seen in DigiWest protein profiling.
Label-free and marker-independent Raman micro-spectroscopy further
confirmed significant spectral changes in the proteome and lipidome profile of
PAL-treated macrophages. An altered lipid composition regarding
polyunsaturated fatty acid (PUFA)-containing triglycerides was observed based
on spectral shifts and contributed to the moderate release of pro-inflammatory
cytokines (e.g., IP-10, IL-6 and IL-17).

The high intrinsic anti-oxidant potential of fully differentiated macrophages to
upregulate pro-survival signaling pathways against oxidative stress explains the
limited effect of PAL treatment on macrophages. Their cellular response and
skew towards a pro-inflammatory phenotype with anti-tumoral activity after PAL
treatment should be further investigated in co-culture models with cancer cells or

in vivo.
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Zusammenfassung

Ziel dieser Arbeit war es, die Wirkungen einer PAL-Behandlung auf die im
Gewebe ansassigen peritonealen Makrophagen zu untersuchen. Schliel3lich
stellt diese Zellpopulation ein potenzielles Ziel dar, um eine Tumorausbreitung

und postoperative Adhasionen innerhalb der Bauchhdhle zu reduzieren.

Da die meisten Studien aus menschlichem Blut stammende Monozyten und
murine Makrophagen untersucht haben ™4, wollten wir die molekulare,
funktionelle und immunmodulatorische Wirkung einer PAL-Behandlung auf
humane, ausdifferenzierte peritoneale Makrophagen untersuchen. In dieser
Studie wurden die isolierten Makrophagen mittels Immunfarbung und
Durchflusszytometrie charakterisiert. Obwohl PAL nur eine begrenzte Wirkung
auf ausdifferenzierte peritoneale Makrophagen hinsichtlich Apoptose,
Lebensfahigkeit und DNA-Doppelstrangbriche zeigte, 16ste die Exposition eine
aktive zellulare Reaktion aus. Im DigiWest-Assay war erkennbar, dass eine PAL-
Behandlung zu einer moderaten Hochregulierung des Redoxenzyms
Superoxiddismutase sowie zellularer Faktoren (PTEN, Src und rpS6), die mit der
Immunkontrolle, Proliferation und dem Uberleben peritonealer Makrophagen im
Zusammenhang stehen, fuhrte. Die Raman Mikrospektroskopie bestatigte
weiterhin signifikante Veranderungen im Proteom und Lipidom der mit PAL
behandelten Makrophagen. Eine veranderte Lipidzusammensetzung (u.a. der
Triglyzeride, die mehrfach ungesattigte Fettsauren enthalten) konnten auf Basis
von Spektralverschiebungen beobachtet werden und trug zur moderaten

Freisetzung proinflammatorischer Zytokine (z. B. IP-10, IL-6 und IL-17) bei.

Das hohe intrinsische antioxidative Potenzial der ausdifferenzierten
Makrophagen bei oxidativem Stress erklart die begrenzte Wirkung einer PAL-
Behandlung auf Makrophagen. Die zellulare Reaktion der Makrophagen und
deren Tendenz zum proinflammatorischen Phanotyp mit antitumoraler Wirkung
nach einer PAL-Behandlung sollte in Ko-Kulturmodellen mit Krebszellen oder in

vivo weiter untersucht werden.
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6 Appendices

Appendix 1: Apotracker and 7-AAD co-staining controls. (a) Flow cytometry dot plot shows
unstained control. (b) and (c) Flow cytometry dot plot and histogram show Apotracker-FITC
control. (d) and (e) Flow cytometry dot plot and histogram show 7-AAD control.
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Appendix 2: Gating strategy for flow cytometric surface marker expression. Gating comprises
the exclusion of cell debris (a), cell doublets (b) and dead cells (c). Unstained control helped to
identify negative cell populations. These were used to set the gates for CD86-PE (d), HLADR-
FITC (e), CD163-PE-Cy7 (f) and CD206-BV421 (g). Previously published in Schultze-Rhonhof et
al., Frontiers in Immunology, 2024, under CC BY 4.0 ¥,
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Appendix 3: FMO controls for flow cytometric surface marker expression. FMO controls were
performed to show lack of significant spillover in other fluorescence channels.
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Appendix 4: Analysis of viability, apoptosis and necrosis of PAL-treated macrophages in
preliminary experiments. Peritoneal macrophages were treated for four hours with 1:5-, 1:2-, 1:1-
diluted and undiluted PAL on day two after isolation. 24 hours after PAL treatment peritoneal
macrophages were stained with Apotracker-FITC and 7-AAD staining solution. (a) Bar graph
shows the percentage of viable cells of the 1:5-,1:2-, 1:1-diluted and undiluted PAL following PAL
treatment. (b) Bar graph shows the percentage of cells early apoptotic (black), late apoptotic (light
grey) and necrotic (dark grey) following PAL treatment. No significant increase in early and late
apoptosis as well as necrosis was seen following PAL treatment compared to the argon-treated
control. Shown are the mean + SD, n = 4.
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Appendix 5: Average fluorescence intensities of analytes and pathways measured in protein
profiling using DigiWest technology.

average fluorescence intensity [AFI]

donor 1 2 3
(n=3)
argon 218 136 164
PTEN 1:2 312 207 256
undil. 334 281 227
argon 306 1045 735
rpS6 1:2 715 1183 1103
undil. 732 1828 1058
argon 9043 13921 6880
Src 1:2 18337 20280 7387
undil. 20698 22614 9116
argon 1816 2612 1434
casp3 1:2 2656 2485 1574
undil. 2717 2612 1832
argon 300 182 184
casp9 1:2 255 180 188
undil. 354 233 249
argon 859 868 622
p38-MAPK 1:2 1179 787 558
undil. 1122 972 682
argon 797 940 636
NF-kB 1:2 1023 1134 739
undil. 1066 1219 828
streptavidin argon 344236 479884 283736
(loading ctrl) 1:2 496244 619837 259730
undil. 423749 567875 266247
superoxide argon 17249 24438 9271
dismutase 1:2 34473 27284 10645
undil. 31910 32783 12742
streptavidin argon 228102 298807 170348
1:2 329648 386819 155596

undil. 280735 361157 160327
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