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1 Introduction

1.1 Chronic kidney disease and Kkidney replacement therapies in childhood

- the need for experimental research

Chronic kidney disease (CKD) is increasingly common worldwide, leads to major
cardiovascular complications, a reduced life-expectancy and places a heavy burden on
healthcare systems. Almost 850 million adult individuals are affected globally (1) and
approximately 1.5 million grown-ups are involved in Hungary. (2) There is an estimated
2 million children affected by CKD stages 2-5 out of 2 billion children worldwide. This
number is comparable to the predicted number of pediatric patients with type 1 diabetes
and tenfold the number of children with cystic fibrosis. (3) This makes CKD one of the
most common noncommunicable diseases. Despite the significance of this complex
disease group with diverse etiology in children, awareness and public health effort for
early diagnosis and prevention remain inferior to adult patient care and to other pediatric
chronic diseases.

In end-stage kidney disease (ESKD) kidney transplantation (KTx) is the optimal kidney
replacement therapy (KRT), having a superior survival rate compared to dialysis. Five-
year survival rates are 80% with KTx vs. 53% on dialysis (4). However, KTx has limited
availability due to the shortage of donor organs and various underlying diseases with
associated comorbidities precluding KTx (5). With the steadily increasing number of
CKD patients, the reliance on dialysis as a life-maintaining therapy is growing
significantly. Peritoneal dialysis (PD) and hemodialysis (HD) are both suitable for
bridging- and long-term therapies. There are controversial results regarding the
superiority of one dialysis method over the other with respect to the hard outcomes such
as mortality, suggesting a rather complimentary role and the need of individualized
decision making. In pediatrics, PD is the preferred dialysis mode, since it provides a wide
flexibility for school-aged children, less hospital visits and thus a better quality of life.
PD does not require a permanent vascular access, which is particularly relevant in infants
and young children and is more cost-effective in most countries (6).

This thesis focuses on the peritoneum as a dialysis membrane, the underlying molecular
mechanisms of peritoneal solute transport and CKD and PD induced expression and

functional alterations. As a proof of concept, a first experimental pharmacological
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intervention reversing PD induced changes is presented. This is of particular interest in

view of the increasing affected population and time spent on PD per individual.
1.1.1 Etiology and complications of CKD

CKD leads to a gradual, irreversible loss of kidney function over time. KDIGO defines it
as abnormalities of kidney structure or function (glomerular filtration rate, GFR, in
mL/min/1.73 m? body surface area), present for more than 3 months, with implications to
health. (7) The rising numbers of CKD patients worldwide are mainly but not only due to
adult patients, and originates from the increasing prevalence of hypertension, diabetes
mellitus and obesity. While adult and pediatric CKD share the basic pathophysiological
background, the leading causes of ESKD in children are different. Most common
pediatric underlying diseases are congenital anomalies of the kidney and urinary tracts
(CAKUT) (approx. 50%), steroid resistant nephrotic syndrome (approx. 10%), chronic
glomerulonephritis (e.g. lupus nephritis, Alport syndrome, approx. 8%) and renal
ciliopathies (approx. 5%) (8-11).

Etiology leading to CKD is age dependent with structural causes predominating in
younger patients, while glomerulonephritis being the leading cause over the age of 12
years (9, 12). Premature, low-birth weight and small for gestational age newborns suffer
from a reduced nephron number, predisposing to CKD. With the growing prevalence of
childhood obesity and improved premature care, the future distribution of causes of CKD
are destined to change, introducing new challenges to pediatric nephrologists. Pediatric
CKD has additional peculiarities, such as highly dynamic mineral bone disorder and
reduced growth, substantially contributing to exceedingly high cardiovascular diseases,
which manifest already in childhood. (13) Children with kidney failure have a 30-60-fold
higher mortality risk than the age-related healthy population. (14, 15)

1.1.2 Classification of CKD, ESKD

According to KDIGO 2024 Clinical Practice Guideline for the Evaluation and
Management of Chronic Kidney Disease six categories of CKD are distinguished
according to GFR categories (G1, G2, G3a, G3b, G4, G5) (14). This dissertation is
focused on CKD G5 (CKDS), also called end stage kidney disease (ESKD) requiring
dialysis or the stage CKDS5, i.e. individuals actual on dialysis.



According to pediatric guidelines, PD should be initiated, when the creatinine clearance
is < 10 ml/min/1.73 m? and/or when there are symptoms and signs of uremia and/or
growth failure (15). At this stage (CKDS5), mild changes in the peritoneal ultrastructure

and cellular profile have developed.

1.2 Peritoneal morphology and function
1.2.1 Peritoneal membrane structure

The peritoneum is a thin serosal membrane that lines the abdominal cavity and internal
organs. The peritoneal surface area is proportional to the body surface area (16). The
peritoneum is divided into the parietal peritoneum lining the abdominal wall and the

pelvic cavity, and the visceral peritoneum covering the outer surface of abdominal organs.

Multiple functions of the peritoneal membrane are crucial to the local and systemic
homeostasis, such regulating inflammatory, fibrotic and angiogenetic processes,
exchanging abdominal fluids, providing nutrition and mechanical support to the
abdominal organs, and protection from frictions and adhesions. (17) Being involved in
internal organ development, with biochemical signals driving and sustaining cell
transition (18, 19) and also regulating pathophysiological processes regarding tumor
progression in the peritoneum, and post-infectious and postinterventional adhesions,
make it an organ of high importance. (20)

Schaefer et al has first described the healthy peritoneal ultrastructure in detail. (21)

The mesothelial cell layer, a cell monolayer at the surface of the mesothelium showed
calretinin and E-cadherin positivity and was also positive in immunohistochemistry

studies for AQP-1, suggesting a role in transport.

Mesothelial cells have a prominent role in the induction of fibrosis, by formation of cell
protrusions, adjoining the opposing mesothelial surfaces, when exposed to sustained
noxious stimuli. (22-24) Protrusion forming is also an important mechanism in malignant
mesothelial cell metastases. (25) Both functions require rearrangement in mesothelial
cell-to-cell communication involving proteins of the paracellular pathways, the tight

junctions. (26, 27)
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Its utmost functional importance in PD transport, in opposition with former theories has
been proven by a recently published paper by our group (Marinovic et al.) which is not
discussed in detail in this dissertation. (28) The mesothelial coverage is unchanged during

CKD and the first two years of PD, but a progressive loss has been shown thereafter. (28)

The submesothelium, composed of extracellular matrix, small blood vessels and fewer
lymphatic vessels and nerves. (21) Submesothelial thickness was increasing after infancy
and was lower again in adulthood. Total peritoneal microvessel density was also age-
dependent, forming a U-shaped curve starting from infancy. Importantly the capillary
endothelial surface area per volume of peritoneal membrane and likewise, lymphatic
endothelial surface area per volume of peritoneal membrane was threefold higher in the
first year of life. The endothelium of blood capillaries and lymphatic vessels were built
up by a single endothelial cell layer. No vasculopathy, epithelial-to-mesenchymal
transition (EMT) or calcification was present in healthy children. (21)

The ultrastructural changes of the peritoneal membrane already start at CKD, and
accelerate amid the supraphysiological glucose-, GDP- and uremic toxin concentrations
of PD. During peritoneal dialysis peritoneal inflammation and progressive fibrosis are
present. Reorganization of the peritoneal membrane can differ regarding the glucose
degradation product (GDP) content of the PD fluid. Low GDP PD treatment can promote
early angiogenesis, while high GDP PD triggers apoptosis and development of
vasculopathy. (29) Increased vascularization impacts small solute transport. (29) Elevated
lymphatic vascularization affects the escalation of peritoneal absorption. (30) Progressive
fibrosis in the submesothelium and vasculopathy defines a reduced osmotic conductance

of glucose and therefore reduces the fluid removal capacity. (31)

Studies on the molecular counterparts of solute transport, i.e. purification function of PD

are lacking.
1.2.2 The peritoneum as a dialysis membrane, the 3-pore model

The peritoneum works as an endogenous semipermeable dialysis membrane and is being
used as a peritoneal dialyser for more than 50 years. The primary goal is the removal of
excessive water and small solutes (e.g. creatinine) and middle-size molecules (e.g. -2
microglobulin) in ESKD. However, there are major limitations of PD, namely a limited

efficacy of purification and a limited sustainability of PD. The PD membrane is

11



progressively transformed with time on PD, and effectivity of toxin-, salt- and water
removal declines. (29, 32)

In 1993, Rippe and his colleagues described peritoneal transport with a mathematical
model, only considering the endothelium as a key barrier for transport. [Figure 1.] The
,»3-pore model” hypothesizes three different sizes of pores for the exchange of molecules,
a) transcellular/ultrasmall pore, primarily responsible for water transport (aquaporin-1 -
AQP1), b) small pore, responsible for small solute and ion transport, and c) the large pore,
subject of macromolecule transport. Only the molecular counterparts of the transcellular
pore, AQP-1 is identified to date. (33) In mice with global AQP-1 knock-out peritoneal
water transport is 50% reduced (34-36) In clinical setting, promoter variants of AQP1
also influence ultrafiltration and are associated with technique failure and mortality rates
in patients on chronic PD. (37) The molecular mechanisms of the remaining water and of

solute removal is still uncertain.
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Figure 1. A simplified diagram of the peritoneal, size-selective transport described by the 3 pore model

based on Flessner et al. (38)

1.3 Complications of peritoneal dialysis
1.3.1 Infectious complications

The most common complication of PD is peritonitis. The acute, and in many cases
repeated infections contribute to the reorganization of the membrane, and often the
revision of the catheter or discontinuation of PD. Catheter exit-site infections are also
infectious complications, potentially leading to secondary infection of the abdominal

cavity.
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1.3.2 Changes of the peritoneal membrane structure and transporter status,

ultrafiltration failure

During PD, the peritoneal membrane undergoes major transformation. (29) As
mentioned, these alterations begin already prior to dialysis, during CKD, where mild
chronic parietal peritoneal inflammation is already present, just as epithelial-to-
mesenchymal transition and vasculopathy.

So called conventional PD fluids are high in glucose degradation products (GDPs), lactate
and have an acidic pH. They induce peritoneal submesothelial fibrosis, progressive
peritoneal mesothelial cell loss and vasculopathy. (29) Two chamber PD fluids have a
substantially reduced GDP-content and a neutral to physiological pH and contain either
lactate or bicarbonate as buffer compound. These fluids have been classified as
biocompatible fluids, however, they also cause early peritoneal inflammation, fibroblast
activation and EMT, together with a marked angiogenesis, that correlates with the PD
membrane transport function. (39) Fluids with novel osmolytes, such as icodextrin, have
been introduced two decades ago, and improve patient outcome due to reduced dialytic

glucose exposure and associated sequelae. (40, 41)

Peritoneal solute transport function is classified into low, low-average, high-average and
high transporters, based on the peritoneal equilibrium test (PET). (42) [Figure 2] PET
tests are advised to be done both before the dialysis start, and then once yearly or in case
of clinical complications to monitor the changes in the transporter status and adjust the
dialysis regime accordingly. The PET quantifies the movement of small solutes urea,
creatinine and glucose, based on sampling of serum and dialysate effluent at different
time points (0.-120/240 min). Faster transporters exchange solutes faster, i.e. have a
higher solute clearance capacity but also have a faster glucose uptake, and lose the
osmotic gradient required for ultrafiltration. During the course of long-term PD, patients
develop a faster transporter status and eventually lose the capability of adequate

ultrafiltration. (43, 44)
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S— Patients Type 4-hours
- (%) D/P creatinine Characteristics

10

Rapid solute transport
Absorption of glucose:
>0.78 Reduced UF

Loss of proteins?
Serum albumin?

10%

High Good solute transport
53% Average 0.65-0.77 Sufficient UF

o,

Low Solute transport relatively slow
31% Average 0.52 - 0.64 Good UF

o w_wm m Clearance targets difficult to achieve

Time (min)

Very good UF

6% <0.51 Slow solute transport I

Figure 2. Peritoneal transporter status according to the results of the peritoneal equilibrium test (PET). The
Dialysate(Crea)/Plasma(Crea) (D/Pcrea) and the D/Dy ratio for glucose ratios categorize patients in four
groups of peritoneal transport function. On the graphs the five lines dividing the four areas (four categories

of transporters) are the maximum value. (Modified from Warady BW et al, 1996) (45)

As an additional complication, peritoneal protein leakage can increase with chronic PD
due to an insufficient cellular barrier function. Increasing peritoneal protein loss predicts
worse outcome regarding cardiovascular events, peritonitis and also death, while the link

with technique survival is unclear. (46-50)

1.4 Transport components of the peritoneal membrane — paracellular and

transcellular proteins

Peritoneal permeability is characterized by transcellular and paracellular transport.
Considering the peritoneum as a leaky membrane, allowing for rapid diffusion of water
and small solutes, paracellular pathways have a major role in underlying transport
mechanisms. (51-53) Tight junctions (TJ) are the key elements of mostly permselective
paracellular transport in endothelial and epithelial barriers, and also indirectly effect
transcellular transport properties. They ensure the polarization of these monolayers and
their proper operation as barriers. Many physiological functions rely on this barrier role
to sustain physiological cell and organ function (54). Proper function of TJ proteins is
crucial for preserving the physiological permeability of the endothelial barrier. (55)

Previously it was assumed, that the mesothelial cell layer has limited barrier function,
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compared to the endothelium, based on mathematical modelling (56) and comparison of
the electrophysiological monolayer characteristics of endothelial and mesothelial cells
(57). In this dissertation the paracellular properties of both the mesothelial and endothelial
compartment is described in depth.

Paracellular permeability has not yet been described before in detail regarding the
peritoneum, of other cellular membranes is controlled by claudins and the TJ-associated
MARVEL proteins occludin (OCL), tricellulin (TriC) and marvelD3. Currently there are
27 described members of the claudin (CLDN) family, in the work of this dissertation the
following molecules were chosen to be discussed in detail: the pore-forming claudin 2, -
4, -15, facilitating the paracellular transport of water and sodium (CLDN2 and CLDN15)
and chloride (CLDN4), and on the sealing group of claudin 1, -3, -5, responsible for

reducing the paracellular conductance. (58)

CLDN2, -4, and -15 are pore-forming claudins. Claudin-2 is a paracellular channel for
small cations and water, both transports occurs through the same pore. (59, 60) Increased
expression of CLDN2 leads to impaired barrier function. (61) CLDN4 plays a major role
in the intestines and exerts chloride transport. (62) CLDN4 is a receptor of the
Clostridium perfringens toxin. It is not expressed in Williams-Beuren syndrome, the
specific functional consequences are not yet clarified. CLDN4 probably covers a wide
range of functions, many yet unknown. (63, 64) CLDN15 is also a paracellular channel

for small cations and water, but with a distinct function to CLDN2. (65)

The sealing group of claudins, (e.g.CLDNI1, -3, -5) reduce paracellular conductance. (58)
CLDNI1 is a paracellular barrier molecule against transepithelial diffusion, defining
epithelia as tight, with almost impermeable tight junctions, such as the human epidermis.
(66-68) 1t also plays a role in oncological diseases, such as hereditary mammary cancer,
colorectal, ovarian or pancreatic cancer. (69) CLDN3 is a general barrier forming
molecule, also typical for tight epithelia, with no charge preference for ions, and like
CLDN4 a receptor for Clostridium perfringens enterotoxin. (62, 70) CLDN3 also forms
complexes with various other proteins of the claudin family. (71, 72) CLDNS is
considered to be the most important TJ component protein for endothelia, mediating cell-
cell interactions (73). Its presence and function has also been confirmed in epithelial

barriers, e.g. in intestinal barrier (74) CLDNS is deleted in the velo-cardio-facial
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syndrome (DiGeorge syndrome), and CLDN5-deficient mice exhibit blood-brain-barrier
defect. (75, 76)

The zonula occludens family consists of 3 members: ZO-1-3. Zonula occludens-1 (ZO-
1) is a significant scaffolding protein bridging TJ claudins to the actin cytoskeleton. (77,
78) Occludin function is only partially understood. In OCL knock-out mice it regulates
paracellular permeability under hydrostatic pressure shifts but does not alter intestinal
barrier function by default. Tricellulin is a TJ protein present at the meeting surface of
three cells, regulating the passage of macromolecules (79, 80).

With the abovementioned transporters as the focus of my studies it is possible to get a
valid understanding of epithelial and endothelial paracellular sealing functions (CLDNI1,
CLDNY5) in the peritoneum. It is also feasible to study small cation and anion transport,
and water transport with focusing on CLDN2, CLDN3, CLDN4 and CLDN15, getting a
broader picture on possible small molecule transport.

Scaffolding and structural TJ proteins (ZO-1, OCL) were chosen to understand the overall
function of the TJ complex.

The transcellular pathways consist of water and ion channels of the plasma membrane,
such as the abovementioned AQP-1 and the epithelial sodium channel (ENaC), the
sodium-glucose co-transporters-1 (SGLT1) and sodium/phosphate cotransporter
PiT1/SLC20A1 (PiT1) studied in this dissertation. The distribution of sodium-glucose co-
transporters-2 (SGLT2) in the peritoneum, intensively discussed in other fields of
nephrology, in addition to glucose transporter-1 and -3 (GLUT-1, -3) has already been
described, showing regular expression of these transporters in PD patients and the
increased expression of SGLT-2 with PD duration and a significant enhancement of this
molecule in encapsulating peritoneal sclerosis (EPS) patients. (81) SGLT-2 inhibition in
mice has significantly reduced peritoneal fibrosis and microvessel density, thus improved
ultrafiltration, although did not influence the development of high-glucose transporter
status. (82) These results pinpoint the importance and possibilities still hidden in studies
addressing peritoneal transport proteins.

Detached mesothelial cells isolated from patients’ dialysate effluent also express various
TJ proteins (CLDNI1, -2-, -8, OCL, ZO-1) in altered levels compared to non-dialysed
controls and decreased expression in high- versus low transporters. (83) TJ proteins

quantified in the PD effluent, originating from detached mesothelial cell, may also have
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a connection with the PD fluid induced insult to the mesothelium. (84) Glucose, oxidative
stress and proinflammatory cytokines can cause expressional changes in TJ components
and ultrastructural reorganization of the TJ. In vitro, glucose and reactive oxygen species
reduce ZO-1, OCL and CLDNI expression in human primary peritoneal mesothelial cells
(HPMC), but not the glucose polymer used in new generational PD fluids, icodextrin (40,
41).

Altogether these findings illustrate the importance of the paracellular and transcellular
pathways, and the lack of knowledge regarding peritoneal transport, the significant lack
of knowledge regarding, and by this the lack of knowledge on potential therapeutic

interventions to enhance PD efficacy.
1.4.1 Vascular disease alterations in CKD and during PD

Due to a plethora of pathomechanisms accumulating with CKD and additional factors
such as the enhanced dialytic glucose exposure during PD, PD patients suffer form an
exceedingly, 40-times increased cardiovascular risk relative to the age-matched general
population (85). In 2020 the Standardized Outcomes in Nephrology-Peritoneal Dialysis
(SONG-PD) initiative established a core outcome set for future trials, based on the shared
priorities of patients, caregivers and health professionals. Cardiovascular complications
were one of core outcomes according to all stakeholders. (94) This underlines the
essential need of further research. In this context peritoneal and omental vascular tissues
provide a unique scientific window, especially when these tissues are collected from
children. Children are virtually devoid of any aging and lifestyle related factors, such as
smoking or alcohol consumption, and the underlying diseases in the majority of cases do
not affect the systemic vascular integrity, as in most cases they are limited to the kidney
and urinary tract. Key driving factors of local systemic damage associated with PD fluid
administration are supraphysiological concentrations of glucose in dialysis fluids and in
conventional PD fluids also the high amounts of GDPs, generated during the heat
sterilization process and during prolonged storage. GDPs are rapidly absorbed into the
circulation, increasing the systemic advanced glycation end product (AGE)
concentrations. (86-88) Additional local damage is exerted by conventional PD fluids due
to the acidic pH. Different from adults, children on PD rarely develop diabetes mellitus,
blood glucose concentrations remain the physiological range. (89) This, however, does

not preclude major vascular consequences. A recent transcriptome-proteome cross-omics
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study in arterioles demonstrated major complement activation in PD patients associated
with vascular disease (90). Comprehensive data on the molecular pathomechanisms
induced by the GDP load on cardiovascular health is largely unknown. This dissertation
used omental arterioles to assess systemic vasculopathy, as surrounded by fat tissue, they
are protected from immediate PD-fluid induced effects, and they also represent key
segments of the vasculature defining blood pressure (91). The analysis was focused on
vascular transporter molecules such as ZO-1 also involved in inflammation, apoptosis

and early vasculopathy (92-95) and CLDNS, the primary sealing claudin in endothelium.
1.4.2 Preserving the peritoneal membrane function

CKD and PD patients suffer from long standing complications of uremia and KRT.
Underlying mechanisms still remain only partially understood. PD has been administered
as a successful KRT for more than 60 years, and yet the basic principles of therapy
remained largely unchanged. The superiority of a newer generation of biocompatible
fluids is still a divisive topic, and even these fluids have a transformative effect on the
peritoneal membrane (96-101). However, with the increasing number of ESKD patients,
the need for long-term, effective PD therapy is growing. Fluids with novel osmolytes,
such as icodextrin, have been used in the past two decades and since no new products
have been introduced for wider usage in the PD fluid market. In the same direction, PD
fluids with protective additives counteracting local and systemic pathomechanisms
should result in improved PD technique and patient outcome (102, 103). Enhancing PD
treatment efficacy is essential for improved patient outcomes, and in-depth exploration
of the still largely unknown underlying mechanisms of transport and membrane

transformation is essential.
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2 Objectives

During the time of my PhD studies, the aim was to investigate yet little described

components of peritoneal membrane transport, i.e. tight junction molecules, transporters

and channels during the course of CKD and PD treatment. The following questions have

been addressed.

1.

Expression of key molecules of peritoneal trans-and paracellular transport in
health, CKD and during PD in mesothelium and endothelium in the peritoneal
membrane

Correlation of peritoneal transcellular and paracellular protein expression and
peritoneal membrane function during PD

Establishment of an experimental workflow for studying barrier integrity and
permeability within the same polarized cell monolayer of interest in the context
of PD, mesothelial and endothelial mono-cell layer barriers.

Reversing the PD-fluid induced disintegration of the endothelial membrane by
pharmacological means (with AlaGln)

The effect of high GDP load in PD on endothelial cell junction and cytoskeleton

disruption in vasculopathy
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3 Methods

3.1 Patient selection and sampling of the international peritoneal biobank

All immunohistochemistry studies listed in this dissertation were performed according to
the following principles: “[p]eritoneal tissues were collected within the International
Peritoneal Biobank (IPPB, registered at www.clinicaltrials.gov—NCT01893710) as
described previously. (21) The study was performed according to the Declaration of
Helsinki which sets ethical principles regarding human experimentation. The Ethical
Committee of the Medical Faculty at the University of Heidelberg and institutional boards
from all participating centers approved the study protocol and consent forms. Written
informed consent was obtained from the patient’s parents and patients as appropriate.”
(104).

In the experiments performed in transporter studies, we have investigated “46 individuals
with normal renal function for analysis of age-related junction and transcellular
transporter abundance were analyzed (age 0—75 years), 23 children with CKDS5 and 24
children on PD for 12.8 (IQR 7.9, 21.9) months with neutral pH PD fluids with low
glucose degradation product content. Individuals with a body mass index (BMI) of > 35
kg/m2 and with chronic inflammatory diseases, and diseases affecting the peritoneum
were excluded. Tissues in individuals with normal renal function were collected during
abdominal surgeries unrelated to kidney and during living donor kidney transplantation.
Tissues from children with CKD5 were obtained at the time of PD catheter insertion, in
PD patients at the time of catheter revision and/or exchange, kidney transplantation,
hernia/leakage” (104) all other details (the length of PD, exact dialytic glucose exposure
and peritonitis episodes, treated successfully) are discussed in the relating publication.
(104)

Parameters of children with normal kidney function, patients with CKDS5 and patients on
PD were compared matched for age and body surface are (BSA).” Biochemical
characteristics are described in the related article. ”In 23 patients (21 on cycling PD),
peritoneal equilibration test (PET) was performed to assess peritoneal transport function.
PET was performed according to standard guidelines and 2 h D/P creatinine and D/D0
glucose were measured (105-107). The underlying diseases of these 23 patients and their

biochemical findings did not differ from the rest of the group.”
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In the study about glucose derivative induced vasculopathy the main principles of patient
selection criteria were the same as the abovementioned, with the following certain
differences. “After matching for age, glucose exposure, and PD duration, parietal
peritoneal tissue of 60 double-chamber, low-GDP and 30 single chamber, high-GDP PD
fluid—treated patients were selected and age-matched to 107 children with CKDS5.
Individual GDP exposure was calculated from the actual PD regime and GDP content of
the administered PD, as published previously (108, 109).“ (110) The molecular
background of vasculopathy was studied in microdissected omental arterioles in CKDS5,
low-GDP PD and high GDP PD patients. For transcriptome and proteome analysis
mRNA and protein were isolated (n=8 in CKDS5, n=6 for high-GDP, and n=5 for low-
GDP group), not discussed in further detail here. ”For validation of the key molecular
pathways identified by cross-omics in arterioles, parietal peritoneal tissue of 10 patients
with low- and high-GDP PD ... underwent digital immunohistochemistry analyses.”

(110)

3.2 Histological studies

Immunohistochemical stainings were performed on formalin-fixed tissue sections
according to standard methods and all markers were stained as described previously. (29)
(35) The following antibodies were used: ASMA (Dako Cytomation, Denmark, 1:1000),
calretinin (Cell Marque, CA, USA, 1:100), CD31 (1:25), CD45 and CD68 (both 1:100),
podoplanin (1:1000) were from Dako Cytomation, Denmark. Claudin-1-5, OCL, TRiC
and ENaC were from Thermo Fisher Scientific, MA, USA (all 1:500), ZO-1 (LifeSpan
Biosciences, USA, 1:500), SGLT1 (Millipore, USA, 1:2000), PiT1 (SLC20AT1) (Thermo
Fisher Scientific, MA, USA, 1:500). Secondary antibodies (against the host species of the
first antibody were purchased from Thermo Fisher Scientific, MA, USA, 1:300).
Immunofluorescence stainings were performed according to standard methods. After
dewaxing, heat induced antigen retrieval was performed in microwave. Claudin-5
conjugated with Alexa 488, ZO-1 conjugated with Alexa 555 (Thermo Fisher Scientific,
MA, USA, 1:1000) and claudin-2 primary antibody was applied overnight and after
washing, secondary Alexa 647 (Thermo Fisher Scientific, MA, USA, 1:1000) antibody
added. Cell nuclei were counterstained with DAPI (Thermo Fischer, MA, USA, 1:1000).
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3.3 Digital image analysis

“Submesothelial thickness was measured at least 5 different sites of CD31 stained
scanned sections. Microvessel density was analyzed from CD31 stained tissues and was
defined as the number of vessels per unit of analysis area. Podoplanin and CD31 positive
vessels were defined as lymphatics. Blood vessel density was calculated from the density
of CD31 stained capillaries minus podoplanin positive lymphatics. Diffuse podoplanin
staining phenotype was defined as extra-lymphatic (podoplanin positive, but CD31
negative) podoplanin abundance as previously described (29).” (104) Capillary vessel
area was defined as:

endothelial area + lumen area and capillary wall

intimal thickness

The capillary endothelial surface area relative to peritoneal volume was calculated by:

endoluminal perimeter of CD31 stained endothelium X section thickness X number of vessels (umz)

analyzed peritoneal area X section thickness uma3

“CD45 positive leukocytes, CD68 positive macrophages and ASMA positive cells were
quantified per mm2 of submesothelial area. Semi-quantitative score was applied for
mesothelial coverage (0—6, with 0 = no or isolated cells present only, and 6 representing
complete coverage). Mesothelial cells identified as calretinin positive cells in the
submesothelium with phenotypic signs of fibroblasts were defined as EMT cells and
quantified per mm2 sub mesothelium. Arteriolar luminal diameter to vessel external
diameter (L/V) was quantified on arterioles with a 60—100 um diameter, average of L/V
of 5 to 7 vessels per sample measured was taken as the representative valuel4. Digital
image analyses Whole tissues slides were scanned and evaluated using the Aperio®
Precision Image Analysis Software as described previously (29, 110). For quantification
of junction and transcellular transporting proteins, positive Pixel Count Algorithm
(Aperio® Technologies, Inc., Vista, California, USA version 9) was used and regions of
interest (ROI) were annotated, excluding surrounding fat tissue and lumen. Intensity
ranges were validated for each specific staining, and a threshold set for defining pixel
positivity. Protein abundance was calculated as the number of positive pixels divided by
total number of pixels, the latter being defined by the ROI area. Tissues for one marker
were stained in one run, in case when more than one run was necessary, internal controls

were used to normalize staining intensities to account for inter-staining variation. No
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inflammatory cells were present in the mesothelial cell layer and only arterioles without
inflammatory cell infiltration were analyzed. Confocal microscopy imaging z-stacks of
DAPI, Alexa-488, Alexa-555 and Alexa-647 were acquired at x 400 magnification with
Leica TCS SP5 (Leica Biosystems, Wetzlar, Germany) confocal microscope. Subsequent
co localization and z-projection with maximal intensity were prepared using open-source
FIJI software.” (104)

Further details of automated imaging with ACQUIFER Imaging Machine, a widefield
high-content screening microscope (ACQUIFER Imaging GmbH, Heidelberg,

Germany), are listed in the corresponding publications. (55, 111)

3.4 Cell culture experiments

“Human umbilical vein endothelial cells (HUVEC) were commercially purchased
(PromoCell, Heidelberg, Germany) and kept in endothelial cell growth medium with
supplement and antibiotics (PromoCell, Heidelberg, Germany) in an incubator at 37 C

and 5% CO2. All experiments were performed on cells within the first 5 passages.” (111)

In our AlaGlIn supplementation experiments “[tlhe HUVEC were incubated with acidic,
(pH 5.5), lactate buffered PD fluid (CPDF; CAPD StaySafe ®, 2.3% glucose, Fresenius
Medical Care, Bad Homburg, Germany), with high glucose degradation product content
and with neutral pH, low glucose degradation product content, lactate buffered PD fluid
(LPDF; Balance ®, 2.3% glucose, Fresenius Medical Care, Bad Homburg, Germany),
and culture medium as control. Unspecific cytotoxicity was ruled out by lactate
dehydrogenase (LDH) measurements in the supernatant photometrically in central
laboratory (Analysezentrum, Heidelberg University Hospital, Heidelberg, Germany).
Glucose concentration and calcium content (1.75 mmol/L) were the same in both PD
fluids. An alanyl-glutamine dose-response curve was established, for further experiments,

pharmacological dose of 8 mM was used, as established previously. (112)” (55)

3.5 Cell cultures, transendothelial electrical resistance and dextrane

transport measurements

To measure transendothelial resistance during the establishment of the new experimental
workflow for investigating monolayers, we have started with an in vitro model of human

umbilical vein endothelial cells (HUVEC). For this monolayer “a cell suspension (5x10°4
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cells/cm?) was seeded and cultured on a polyester/polycarbonate mesh (Transwell, 0.4 m
pore size, 12-well type; Costar, MA, USA) using standard culture conditions. The apical
and basolateral chambers of the Transwell were filled with 0.2 mL and 1 mL culture
medium, respectively.” (111) We have used the same set-up in the AlaGln experiments
too, with other fluids to incubate in. For these experiments, “[tthe HUVEC were
incubated with acidic, (pH 5.5), lactate buffered PD fluid (CPDF; CAPD StaySafe ®,
2.3% glucose, Fresenius Medical Care, Bad Homburg, Germany), with high glucose
degradation product content and with neutral pH, low glucose degradation product
content, lactate buffered PD fluid (LPDF; Balance ®, 2.3% glucose, Fresenius Medical
Care, Bad Homburg, Germany), and culture medium as control. Unspecific cytotoxicity
was ruled out by lactate dehydrogenase (LDH) measurements in the supernatant
photometrically in central laboratory (Analysezentrum, Heidelberg University Hospital,
Heidelberg, Germany). Glucose concentration and calcium content (1.75 mmol/L) were
the same in both PD fluids. An alanyl-glutamine dose-response curve was established,
for further experiments, pharmacological dose of 8§ mM was used, as established
previously (112).” (55)

“Transendothelial electrical resistance (TER) was measured daily using an EVOM volt
ohm meter equipped with STX-2 electrodes (World Precision Instruments, Sarasota, FL,
USA). The electrodes were inserted into both ends of the mesh. An alternating current of
less than +20 pA was applied between the electrodes at a frequency of 12.5 Hz. To
calculate the normalized TER of each monolayer, the background TER of a blank filter
was subtracted from the TER of the respective cell monolayer. The resistance of each
monolayer was multiplied by the effective surface area (0.33 cm?) corresponding to the
filter size in order to obtain the electrical resistance of that monolayer (in Q*cm?). The
treatment was initiated when each monolayer was fully formed as demonstrated by a
plateau in the TER (4-6 days post-seeding), and the baseline TER was >10 Q*cm?. The
data are presented as % fold change of the cells cultured in standard culture conditions
(control).” (111)

To assess the paracellular endtothelial barrier dextrane transport in vitro, we measured
the flux of 4 kDa, 10 kDa and 70 kDa fluorescently labeled dextrane with the same
method. As an example the “flux of 10 kDa fluorescein isothiocyanate (FITC) labelled

dextran (obtained from Sigma Aldrich, Taufkirchen, Germany) from the apical to the
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basolateral compartment of a Transwell chamber as a function of time. More specifically,
1 mg/mL was added in the apical compartment of a Transwell chamber and the increase
of the fluorescence intensity in the basolateral Transwell compartment after 4 h. An
equimolar amount of unlabeled dextran was added to the basolateral compartment of the
[T]ranswell system to maintain an isotonic condition. At 4 h after the addition of the 10
kDa FITC-dextran, a 10 pL volume of each sample was collected from both sides of the
chamber. Each sample was assessed using a fluorescence spectrophotometer (F-2000;
Hitachi, Tokyo, Japan) at an excitation wavelength of 490 nm and an emission
wavelength of 520 nm. A calibration curve was established and used for the calculation
of the amount of FITC dextran, which was transported to the lower compartment. Results

are presented as % fold change of the cells cultured in standard culture conditions

(control).” (111)

3.6 Immunostaining

To carry out immunostaining in the course of setting up the new experimental workflow
and to implement it on AlaGln experiments, “[c]overglasses/filters were fixed in absolute
ethanol at 20C for 5 min, washed, permeabilized (0.5% Triton X in PBS for 10 min),
washed again and blocked (5% bovine serum albumin in PBS) for 1 h at room temperature
(RT). Incubation with the primary antibody was performed overnight at 4C. The
appropriate secondary fluorescent antibody was added on the next day for overnight at 4
C. For double-staining, coverglasses/filters were fixed again with 4% PFA for 20 min at
RT, washed and incubated again with the primary antibody. Polyclonal antibodies were
incubated first. Nuclei were stained with DAPI (1:1000). After washing, the filters were
cut out from the plastic by a needle tip, put on glass slide, covered with Prolong Gold
(Thermo Fischer Scientific, Dreieich, Germany) and let harden at least for 24 h at RT in
the dark and kept at 4 C until analysis. PBS (1.25 mM Ca™" and 1.75 mM Mg"" was used

to stabilize the cell membranes throughout the staining procedure.” (111)

3.7 Western Blot

“Cells were lysed with whole cell lysis buffer (10 mM Tris, 150 mM NacCl, 0.5% TritonX-
100, 0.1% SDS, protease inhibitor). Equal amounts of 30 g of total protein of each cell

lysate were diluted with 4 loading buffer (containing 4%-mercaptoethanol). Proteins,
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dependent on their expected size, were separated in a 10% or 12% polyacrylamide gel at
200 V for 45 min. The transfer of the protein onto a polyvinylidenfluoride membrane was
performed in a Transblot Cell (Bio-Rad Laboratories, Munich, Germany) at 105 V for 90
min. The membrane was blocked with blocking buffer (3% bovine serum albumin, 5%
milk) for 1 h at room temperature followed by incubation with specific antibodies against
Z0-1 (LS-B5625, Life Span Biosciences, 1: 500) and CLDNS5 (clone 4C3C2,
ThermoFischer Scientific, 1: 500) overnight at 4 C on a shaker. The membrane was rinsed
once and washed three times for 5, 10 and 15 min with 0.05% Tris-buffered saline with
Tween 20 (TBS-T), then incubated for 1 hat room temperature with the secondary
antibody (anti rabbit horseradish peroxidase conjugated, 1:3000). Following three further
washing steps with 0.05% TBS-T, enhanced chemiluminescent signal detection was
performed. Equal loading of protein was assessed by re-probing the membrane for
glyceraldehyde 3-phosphate dehydrogenase (GAPDH, H86504M, Meridian Life Science
1: 20,000) for 30 min. The signals were scanned and quantified densitometrically using

Image Lab Software ® (Bio-Rad, Hercules, CA, USA).

Further details of the used murine model from the discussed article about AlaGln are

published (55).

3.8 Single Molecule Localization Microscopy (SMLM) and data analysis

“For the SMLM experiments, a custom-made apparatus based on an iMic microscope
(Till Photonics, FEI) was used (113-115). The SMLM system is equipped with an
Acousto Optical-Tunable-Filter (AOTF), a variable beam expander (Standa Ltd., Vilnius,
Lithuania), a Flat-Top-Profile forming optics—PiShaper (AdlOptica GmbH, Berlin,
Germany), a 100x /NA1.46 oil plan apochromatic objective lens (Carl Zeiss Microscopy,
Gottingen, Germany) and four lasers: 405, 491, 561, and 642 nm with maximal laser
power of 120, 200, 200, and 140 mW, respectively. ... The system was maintained free
from environmental influences by thermomechanical stabilization (£102 K), constant
monitoring of the temperature in the measurement environment and liquid cooling of the
main critical components. The SMLM measurements were initiated after allowing an
hour for thermal equilibrium used in order to avoid thermal expansion effects. The
fluorescent light was recorded by an iXon Andor Ultra EMCCD camera (Andor
Technology, Belfast, Northern Ireland) (80 nm/px, EM-gain set to 100). To allow for
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comparisons among measurements, the following automatized image acquisition protocol
was employed: After a 10 s and 20 s flash at 150 mW and 140 mW, respectively,
fluorophores were set into a reversible bleached state. Subsequently, 2000 images (100
ms integration time) were recorded and stored as a 16-bit grey-scale *tiff image stack. In
addition to the SMLLM data stack, a widefield image of the relevant specimen region was

recorded.

SMLM data analysis was performed with an in-house developed python-based package
and the use of MATLAB software (116, 117). Following visual inspection, masks were
interactively determined to limit analyses to membrane areas of neighboring cells. The
programs detect the position of the blinking dye molecules, use a 2D Gaussian to calculate
their position, and compile a matrix containing the signal amplitude, the x- and y-
coordinates, and the corresponding errors. Based on this matrix, relative pairwise distance
distribution histograms (0—200 nm) for Ripley’s structuring analysis (117), signal counts,
and pointillistic images of the CLDNS5 and ZO-1 stained junction areas between two

endothelial cells were created.” (111)

3.9 Statistics

Descriptive data were summarized using proportions, means (SD), or medians
(interquartile range).”(110) “AlaGln effect is shown as a percentage of the corresponding
treatment group without AlaGln supplementation.”(55) “Normal distribution was
assessed graphically and by Shapiro-Wilk test, Pearson, or Spearman correlations were
calculated as appropriate. T test or Mann-Whitney test were applied for testing of
differences between 2 groups based on the data distribution. For describing differences in
proportions, %2 or Fischer exact test were used. Two-sided tests were applied unless stated
otherwise. One-sided tests were used only in the validation cohort” of the arteriole studies
“(n=10 per group) to confirm direction of regulation from comparison of 30 versus 60
patients for submesothelial thickness, microvessel density, blood vessel density, and
lumen/vessel (L/V) ratio, which were significantly regulated.”(110) In the presented
studies, “[e]xperiments were performed at least 4 times in at least 3 replicates. (111)
Based on the data distribution, associations between functional data and transport protein
abudances were studied by Pearson and Spearman correlation analysis. Arteriolar

CLDN2 abundance association with age and microvessel density was tested with
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multivariable linear regression models. “One-way parametric ANOVA as well as
nonparametric Kruskal-Wallis was implemented for multiple group comparisons, with
Holm-Sidak and Dunn methods, respectively, to adjust for multiplicity.”(110) Details of
immunofluorescent image statistical analyses and SMLM microscopy statistical analyses
can be found in the corresponding two publications discussed in this dissertation. “For
single-molecule localization microscopy cluster analysis and for ionic and solute
permeability measurement, 2-way ANOVA followed by Holm-Sidak test was applied.”
(110) “In all statistics, two sided tests were used and p<0.05 was considered
significant.”(55) “GraphPad Prism software (Version 9, La Jolla, CA, USA) and SPSS
(Version 25) were used.” (104)

3.10 Ethical approval

“The studies have been approved by all local institutional review boards.... Patients and
parents provided written informed consent, children as appropriate and approved by the

local institutional review boards.” (104)
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4 Results

4.1 Human peritoneal tight junction, transporter and channel expression in

health, kidney failure and associated solute transport

4.1.1 Peritoneal morphology and TJ and transcellular ion transporting proteins

and channels in CKDS5 and PD

In this dissertation I investigated parietal peritoneal tissues from 70 children with normal
kidney function, with end stage kidney disease and on peritoneal dialysis to examine the
TJ protein distribution and abundance and their association with peritoneal morphology.

For further methodological details please refer to Levai et al. 2023. (104)

4.1.2 Peritoneal morphology of children with normal kidney function, CKD and
on PD

Our studies demonstrated inflammatory cell infiltration in the peritoneum and activation
of fibroblast and profibrotic activity in children with CKDS5, together with vascular lumen
narrowing. Reduced mesothelial cell coverage and mesothelial-mesenchymal
transitioned cells in the submesothelium were present in patients on neutral pH PD fluids
with low glucose degradation product content, while the submesothelial layer being more
vascularized and infiltrated by inflammatory cells, e.g. macrophages and leukocytes.
[Table 1] We limited our studies to the mesothelial monolayer and the arterioles to
exclude any analytic bias by peritoneal inflammatory cell infiltration, which have been

described to express junction proteins.
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Table 1. Digital histomorphometry of the parietal peritoneum of children with normal kidney
function, with CKDS5 and on PD for 12.8 (IQR 7.9, 21.9) months. (104)

Controls p-
(n=23) CKD 5 (n=23) PD (n=24) value* CKD5 vs PD*
Mesothelial coverage (0-6) 5.0(3.5,6.0) 5.0(5.0,6.0) 3.0(1.5,6.0) 0.04 0.06
Submesothelial thickness (um) 250 (150, 400) 325 (213,395) 307 (265, 503) 0.07 0.30

Submesothelial microvessel

density (/mm?) 80(56.5,185) 126 (80,150) 161 (111,227)  0.02 0.24

Lymphatic  vessel  density 37.4 (19.9,
(/mm?) 54.3) 26.1(19,48.2) 22.5,(8.7,459) 0.26 1.0

Diffuse podoplanin staining

(% patients) 0 0 21 0.08 0.97
Blood microvessel density
(/mm?) 61 (38, 160) 98 (64, 117) 153 (64, 219) 0.01 0.22
Total endothelial surface area
(pm?/um?) 3.5(2.1,4.7) 5743,74)  9.6(6.1,13.7) <0.0001 0.04
Lymphatic endothelial surface
area (pm?/um?) 1.4 (1.1,3.4) 2.2(1.5,2.8) 24(14,42) 0.59 1.0
Blood microvessel endothelial
surface area (um?/ pm?) 1.6(1.1,3.4) 34(24,45) 72(57,10.8)  0.0009 0.05
LIV ratio 0.61 (0.56, 0.53 (0.47, 0.46 (0.37,

0.77) 0.66) 0.61) <0.0001 0.25
ASMA positive cells (%
patients) 0 26.1 45.8 0.002 0.28
ASMA score (0-3) 0(0,0) 0(0,1) 1.0 (0, 2) 0.0004 0.08
CD45 positive cells (% patients) 0 13 71 <0.0001 <0.0001
CD45 score (0-3) 0(0,0) 00, 1) 1(0,2) <0.0001 <0.0001
CD68 positive cells (% patients) 0 8.7 583 <0.0001 0.0001
CD68 score (0-3) 0(0,0) 00, 1) 1(0,2) <0.0001 <0.0001
Fibrin deposits (% patients) 0 43 16.7 0.07 0.28
EMT positive (% patients)? 0 0 42 <0.0001 0.0003
EMT (cells/mm?)* n.a. n.a. 25 (18, 53) n.a. n.a.

L/V ratio = lumen diameter / vessel ratio, ASMA = alpha smooth muscle actin, EMT = epithelial to mesenchymal
transition. * Only EMT positive patients included. n.a. = not applicable. * ANOVA/Kruskal-Wallis test as appropriate.

+T-test or Mann-Whitney test as appropriate. Data is expressed as median and interquartile range.
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4.2 Tight junction and transcellular transporter protein abundance in the
parietal peritoneum in children with normal kidney function, children

with CKDS5 and on PD

CLDNI to -5 and CLDNI15 and ZO-1, OCL, TriC [Figure 3.], SGLT1, ENaC and
PiT1/SLC20A1 [Figure 4.] were consistently detected in mesothelial and arteriolar
endothelial cells in parietal peritoneum of children with normal kidney function, with
CKD and on PD.

Age-dependency was only present in mesothelial CLDN4 and arteriolar CLDN1 and
CLDN2, other studied proteins had similar abundances across age groups, which suggests
that age-dependent differences in the peritoneal solute and water transport may primarily
be due to the differences in peritoneal vascularization. (21, 104)

CKDS5 patients exhibited a higher abundance of peritoneal mesothelial CLDN2 and
arteriolar CLDN3 than in healthy controls. In PD patients mesothelial and arteriolar
CLDNI1 and mesothelial CLDN2 had the highest abundance, while mesothelial and
arteriolar CLDN3 [Figure 3] and arteriolar ENaC were lowest [Figure 4].
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Figure 3. Tight junction protein abundance in children with normal kidney function, children with CKD5
and on PD)

Abundance of sealing claudins (CLDN1, CLDN3, CLNDS5), pore-forming claudins (CLDN2, CLDN4,
CLDNI15) and ZO-1, OCL and TriC in the mesothelial (A) and in the arteriolar areas (B). CKDS5 patients
showed a higher abundance of peritoneal mesothelial CLND1 and arteriolar CLDN2 and -3 than in controls.
PD patient samples had the highest mesothelial and arteriolar CLDN1 and mesothelial CLDN2 abundance,
while mesothelial and arteriolar CLDN3 were the lowest. Data are presented as median (IQR). One-way
ANOVA with Holm-Sidak multiple comparison post-test or Kruskal-Wallis test with Dunn’s multiple

comparison post-test were used, accordingly. (104)
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Figure 4. Transcellular sodium channel
(ENaC) and sodium and phosphate
transporter proteins (SGLT1 and PiT1) in
healthy individuals, CKD5 and in PD

Mesothelial ENaC, mesothelial and
arteriolar SGLT1 and PiT1 abundance was
unchanged over CKD5 and PD treatment.
Arteriolar ENaC abundance was lowest in
PD, compared to controls. Data are
presented median (IQR). Kruskal-Wallis
test with Dunn’s multiple comparison post-

test was used.

In patients with CKDS5, peritoneal
mesothelial CLDN1 and arteriolar CLDN2
and -3 abundances were higher than in
controls. Peritoneum from patients on PD
had the highest mesothelial and arteriolar
CLDN1 and mesothelial claudin-2
abundance, while mesothelial and
arteriolar CLDN3 [Figure 3] and arteriolar
ENaC were lowest [Figure 4]. (104)

4.2.1 Peritoneal cellular barrier function in health, CKD and PD

Sealing TJ defines cellular monolayer barrier function, of which endothelial and

mesothelial cells are relevant in PD. To study endothelial alterations induced by CKD

and PD we analysed parietal arterioles.

Changes in sealing CLDNS5/1 ratios have been associated with impaired barrier function

in endothelial cells. (68) The peritoneal arteriolar CLDNS5/CLDNI ratio in children with

PD was significantly lower (Kruskal-Wallis p=0.002) than in children with normal renal

function or CKD. [Figure 5] The findings were not altered by the history of peritonitis.
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Figure 5. Lower arteriolar CLDNS5/CLDN1 abundance ratio in peritoneal dialysis, compared to control and

CKD?5 indicates an impaired cellular barrier function in PD.

Change of the ratio of arteriolar CLDNS5 and CLDNI1 sealing proteins due to peritoneal dialysis, indicating
an impaired sealing function of the endothelium and sample stainings from all three investigated groups.
Data are presented as median (IQR) and Kruskal-Wallis test with Dunn’s multiple comparison was used.
Representative immunostainings of arterioles are given on the right side. (104) With the permission of Iva

Marinovic.

4.2.2 Correlation of tight junction and a transcellular transporter protein with

peritoneal membrane solute transport

To understand the putative functional impact of altered transporter protein expression in
PD we correlate these with function data obtained in PET tests available in 23 patients.
The 2-hour dialysate plasma ratio (D/Pcrea= 0.46 = 0.16) of the creatinine and the 2-hour
dialysate glucose/initial dialysate glucose concentration ratios (D/Do= 0.56 +0.21)
correlated with arteriolar CLDN2 and mesothelial CLDN15 abundance. In addition,
mesothelial CLDN4 correlated with D/Do glucose and mesothelial sodium/phosphate
cotransporter PiT1 correlated with D/Pcra [Figure 6]. Regarding the arteriolar
endothelium, CLDN2 correlations with both D//Dg glucose and D/Pcrea has shown a trend,
pointing in the same direction (r=-0.44, p=0.04; r=0.34, p=0.11), was close near to

significance.
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Figure 6. Correlation of arteriolar CLDN2 and mesothelial CLDN4, CLDN15 and PiT1 abundance with
D/Pcrea and D/Dy glucose obtained from peritoneal equilibration test data in a subcohort of patients at the
start of PD treatment (CKDS5) and on chronic PDs. D/Pcr. and D/Dy Glucose significantly correlated with
CLDN?2 in the arteriolar area, CLDN15 in the mesothelial area and D/Dy Glucose with CLDN4 (with D/Pcyea
p=0.06, r=0.50) in mesothelium and D/Pce with PiT1 (with D/Dg glucose p=0.19, r=-0.41). (104)
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In a multivariable analysis of arteriolar CLDN2 abundance, submesothelial vessel density
(quantified by CD31 positivity) and age, solely arteriolar CLDN2 predicted D/Pcrea and
D/Dy glucose ratios (p =0.086/0.036) [Table 2]

Table 2. Multivariable linear regression of D/Pcic. (A) and D/Do glucose (B) in CKDS
and PD patients with peritoneal equilibration test (PET) data (n=22). (104)

A)
Multivariable Analysis
Coeff. (95% ClI) p-value
Microvessel density (/ mm?) 0.000 (-0.001, 0.001) 0.413
Age (years) -0.007 (-0.018, 0.004) 0.218
Arteriolar CLDN2 (% pos. area) 0.006 (-0.001, 0.013) 0.086
B)
Multivariable Analysis
Coeff. (95% ClI) p-value
Microvessel density (/ mm?) 0.000 (-0.001, 0.001) 0.664
Age (years) 0.004 (-0.011, 0.018) 0.600
Arteriolar CLDN2 (% pos. area) -0.010 (-0.018, -0.001) 0.036
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4.3 Experimental workflow to study protein expression and transport

function in a single, polarized cell monolayer

Until now, physiological studies and imaging analyses were performed from different
populations of cells, because of different sample preparation techniques required for
confocal microscopy, transmission electronmicroscopy or freeze fracture electron

microscopy.

We have therefore established an experimental workflow for human umbilical vein
endothelial cells (HUVECS), that were cultured on Transwell filters to ensure polarization
and performed transendothelial electrical resistance (TER) and FITC dextrane (10 kDa)
flux measurements in paralell. In addition to these functional measurements, the same
monolayers underwent immunolabeling (ZO-1 and CLDNS5), and automated
immunofluorescent imaging covering large monolayer areas. Finally, the same
monolayers were used for single molecule localization microscopy (SMLM), allowing

for ZO-1 and CLDNS spatial clustering analysis on the nanoscale. [Figure 7.]

Dipeptide Alanyl-Glutamin (AlaGln) was used to modulate the properties of the
endothelial monolayers, SMLM showed the non-random, higher degree of clustering of

CLDNS cell-cell junction areas (55, 111).

37



Step 1 Step 2

)
. Vo 3%
=5 LA
| P8 -
N
s 5 *

Step 3 Step 4

Figure 7. Integration of the stepwise experimental workflow for in-depth TJ study in endothelial cells.
HUVECs were grown on PC Transwell filters, and the TER of the monolayer was measured with a volt/ohm
meter until confluence. (Step 1): After confluent monolayer formation, experimental solutions were added
and TER changes along with 10kDa FITC dextran paracellular transport were monitored for a 4-hour
period. (Step 2): Subsequent immunofluorescent staining was performed on the monolayer in the PC
Transwell filter with different fluorescently labeled antibodies. (Step 3): Automated immunofluorescence
intensity analysis was performed from a z-stacks by the ACQUIFER Imaging Machine comprising 10% of
the entire insert. (Step 4): The same filter was subjected to single molecule localization microscopy
(SMLM) followed by image processing of the junction area. Image processing algorithms were employed
in order to assess the clustering of the TJ proteins of interest. The Figure was constructed with

BioRender.com (accessed on 17 March 2021). (111) With the permission of Maria Bartosova.
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4.4 Alanyl-Glutamine restores endothelial ZO-1 organization after

disruption by a conventional peritoneal dialysis fluid

Next, we analyzed in impact of PD fluid additive AlaGln in stabilizing endothelial
integrity and function. AlaGln supplementation to the cell culture medium dose-
dependently increased TER in HUVEC. [Figure 8A]

Paracellular barrier’s integrity is well reflected by TER in the leaky endothelia. The main
tight junction component responsible for this function is ZO-1, a connector of claudins
and the actin-cytoskeleton, and in endothelial membranes CLDNS, a key sealing junction
protein. (73, 78) The abundance of ZO-1 was reduced with the addition of AlaGln, while
CLDNS5 abundance increased with 8 mM AlaGln (pharmacological doses used in recent
clinical trials) and decreased with administrating higher concentrations of AlaGln [Figure
8BC]. (118)

AlaGln dose-dependently reduced 10 kDa and 70 kDa dextran transport across the
HUVEC monolayer. Adding 8 mM AlaGln to the medium, significantly decreased 70
kDa transport across the barrier (p=0.03), 10 kDa transport was unchanged (p=0.15) (55).
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Figure 8. (A) Alanyl-glutamine (AlaGln) in cell medium dose-dependently increased TER in human
umbilical vein endothelial cells (HUVEC) (ANOVA p <0.001). (B) gives representative ZO-1 and CLDNS5
stainings of HUVEC treated with increasing doses of AlaGln. Scale bar = 50 um, (C) the mean and SD
values of the fluorescence signal quantification of both endothelial junction proteins. Endothelial ZO-1
abundance is decreased and CLDNS increased with 8 mM AlaGlIn. A.U.= arbitrary units. * p <0.05, ** p <
0.01, *** p <0.001. X axis is signaling doses of AlaGln at both A and C graphs. (55)



Next, endothelial cells were exposed to conventional PD fluids (CPDF) and low GDP PD
fluids (LPDF) with or without 8 mM AlaGlIn. TER increased with AlaGln addition to both
CPDF and LPDF, compared to only dialysate fluid treatments. [Figure 9A]
Transendothelial transport for 10kDa and 70 kDa molecules was reduced with AlaGln
supplemented to CPDF (p = 0.02/0.04), but not in case of LPDF (p = 0.51/0.55) [Figure
9B].

The abundances of ZO-1 and CLDNS5 were reduced with incubation of HUVEC with
CPDF 9.5 + 2.2% and 45 + 12% of medium control, (p = 0.0049/0.02) and addition of 8
mM AlaGln could preserve both ZO-1 and CLDNS levels 87 + 23% and 129 + 69% of
medium, (p= 0.54/0.007 vs. medium/CPDF only and p= 0.56/0.05 vs. medium/CPDF
only). ZO-1 and CLDNS abundance was not modified significantly by neither LPDF, nor
AlaGln supplemented LPDF incubation (ZO-1: 98 + 28% and 105 + 30% of medium
control; (p = 0.91/0.78 vs. medium control), CLDNS: 118 + 47% and 105 + 25% of
medium control, (p = 0.83/0.61 vs. medium control) [Figure 9C].
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Figure 9. Supplementation of 8§ mM alanyl-glutamine (AlaGln) to CPDF and LPDF increased electrical
resistance of HUVEC after 1 and 5 h (A). 10 kDa and 70 kDa dextran transport was reduced with CPDF
only (B). Reduction of ZO-1 and CLDNS5 protein abundance in CPDF treated HUVEC was restored with
AlaGln supplementation (C). Data are mean + SD. A.U. = arbitrary units. * p <0.05, ** p <0.01. (55)

Barrier function, reflected by TER and permeability are defined by the quantity, but also
the spatial organization of the intercellular junction proteins. Introduced before, in the
experimental workflow to study cell monolayers [Figure 7], we performed SMLM for

Z0-1 molecules in cell-cell junction membrane areas. (111)

Consistent to the HUVEC immunofluorescent stainings [Figure 8B], the determined
membrane-bound ZO-1 molecule number per nm? (determined by the labeling signal
density) was reduced with the supplementation of 8 mM AlaGln ((1.39 + 0.43) x 10—4
counts/nm2 vs. (2.04 £ 0.58) x 10—4 counts/nm2 without AlaGln, (p = 0.01)). There was
a significant increase, when AlaGln was supplemented to LPDF ((2.07+0.52)x10—4
counts/nm2 vs. (1.48 + 0.48) x 10—4 counts/nm? without AlaGln, (p = 0.009)). The
number of membrane-bound ZO-1 molecules remained unchanged when the same dose
of AlaGln was added to CPDF (1.10 + 0.55) x 10—4 counts/nm2 with AlaGln vs. (1.40 £
0.71) x 10—4 counts/nm2 without AlaGln, (p=0.23) [Figure 10A].

Another important aspect of the ZO-1 molecule’s relationship to the membrane structure
is the spatial, structural organization of it. We examined the membrane regions according
to Ripley’s distance frequency curve shapes, where occurring peaks indicate the
formation of molecular clusters, signaling the functionality of membrane embedded
molecules. (119) “The slope of the Ripley curves at higher distances can be used as a

measure for the degree of randomness of the surrounding points (120).” (55)

AlaGln supplemented to medium reduced ZO-1 molecule density was accompanied by a
slight increase in molecule clustering, reflecting the more homogenous molecule
distribution. During incubation with CPDF, AlaGln supplementation strongly increased
Z0-1 clustering, but the randomness of the surrounding (i.e. the slope of the Ripley curves
at high distances), did not change. Therefore, in case of AlaGIln supplementation in
medium and CPDF, the increased cluster formation could be related to different density
changes. Supplementing AlaGln to LPDF led to an increase of the ZO-1 molecule density
and the reduction of its clustering [Figure 10C, D]). (55)
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Figure 10. Single molecule localization microscopy was used for quantification and clustering of single
Z0-1 molecules at the junction areas in HUVEC, cultured on Transwell filters for proper polarization.
Representative localization images reconstructed from the loci data matrix are given in (A) with and without
masking, mask width is 100 nm (red scale bar = 1 pm). (B) ZO-1 molecule density for given treatments,
(C) Ripley frequency distance curves: relative frequencies of point-to-point distances given on the x-axis
(D) respective violin plots of the distances at which most molecules were found. Alanyl-glutamine (AlaGln)
reduced the number of fluorophore signals in the membrane of endothelial cell incubated with medium and
increased it with LPDF incubation (B). ZO-1 molecule clustering was changed in a characteristic way when

AlaGln was added (C,D). (55) With the permission of Maria Bartosova.
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4.5 GDP induce arteriolar tight junction disintegration

Long-term cardiovascular complications are an important aspect of impaired renal
function and renal replacement therapies. Reactive metabolites, i.e. uremic toxins in
CKD, and the heavy GDP burden of PD can lead to vasculopathy and worsen the
cardiovascular outcomes and long-term mortality of children with renal failure. (110,

121)

Arteriolar omics analysis of microdissected omental arterioles of children with a normal
kidney function, with CKD and on PD demonstrated the suppression of canonical actin
cytoskeleton and tight junction pathways, related to high-GDP exposure. (110) The
abundance of peritoneal ZO-1 was not different between the high- and low-GDP groups
(110) but correlated with the L/V ratio (=—0.52, P=0.021), Casp3 (r=0.43, P=0.061), p16
(r=0.54, P=0.016), and IL-6 (r=0.50, P=0.028). (110)

As described above, the spatial organization of the intercellular junctions is defining the
endothelial integrity, we therefore analyzed ZO-1 organization according to Ripley
distance frequency curve shapes. High-GDP PD caused an inferior degree of clustering
of ZO-1 in arteriolar endothelial cells, suggesting a less dense organization of ZO-1
molecules in the junctional area (Figure 11A), the degree of randomness of the
surrounding points was much higher. Measuring the most frequent distances between
single ZO-1 molecules, we have found that most frequent distances between single ZO-1
molecules were higher with high-GDP compared with low-GDP exposure (92 [54.5-97]
nm versus 34.5 [28.3-42] nm; P=6.1x10-9, Figure 11B). The number of membrane-
bound ZO-1 molecules per nm? did not differ ([4.33£3.10] 10-6 and [4.68+3.65] 10-6
counts/nm?, P=0.70; Figure 11C)
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Figure 11. Endothelial ZO-1 (zonula occludens-1) clustering is modified by high—glucose degradation
products (H-GDP) PD. A, Single-molecule localization microscopy quantification of ZO-1 clustering
within 100 nm distance in parietal peritoneal arteriolar tissue sections of low-GDP (L-GDP)-treated and
H-GDP-treated patients (n=3 per group). The representative images on the right give an overview of single
arterioles (inset in the upper right corners) and single ZO-1 molecule visualization with H- (upper image)
and L-GDP PD (lower image), scale bar=10 pm. Data are presented as median (interquartile range [IQR]),
2-way ANOVA followed by Holm-Sidak test for multiple comparison was applied. Letters indicate
significant differences between the groups, individual P values are listed in Table VII in the Data
Supplement of Bartosova et al 2021, Circulation Research. B, The respective frequencies of the distances
between single ZO-1 molecules, (C) the membrane-bound ZO-1 molecules per nm2, n=25. In B and C, data
are presented as median (IQR), Mann-Whitney test was applied. (110) With the permission of Maria

Bartosova.
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Human umbilical arterial endothelial cells (HUAEC) were treated for 24 hours with
increasing doses of 3,4-DGE (5, 10, 20 uM content) as present in high-GDP PD fluids.
Increasing doses of 3,4-DGE progressively disrupted membrane ZO-1 molecule
organization. [Figure12C] Functional studies demonstrated a dose-dependent decline in
transendothelial electrical resistance and increased permeability for 4 kDa dextran with 5

to 20 umol/L 3,4-DGE exposure [Figure 12D].
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Figure 12. 3,4-dideoxyglucosone-3-ene (3,4-DGE) disrupts membrane ZO-1 (zonula occludens-1) and
increases endothelial monolayer permeability. Human umbilical arterial endothelial cells (HUAEC) were
incubated with 3,4-DGE at concentrations as present in high—glucose degradation products (GDP) PD fluids
for 24 h. A, Total endothelial ZO-1 is unchanged (n=3), cell membrane ZO-1 is disintegrated (n=10). A—
B, Analyzed by nonparametric Kruskal-Wallis test). Scale bars=50 pm. B, In Transwells, HUAEC
paracellular ionic permeability (transendothelial electric resistance, presented as relative change to medium
control, n=6), and 4, 10, and 70 kDa dextran permeabilities in response to increasing concentrations of 3,4-
DGE are given (n=6), 2-way ANOVA followed by comparison of treatment vs control group with Holm-
Sidak correction was applied. A.U. indicates arbitrary units; DAPI, 4',6-Diamidin-2-phenylindol; IF,
immunofluorescence; and WB, western blot. Adapted from Bartosova et al. Circulation Research 2021.

(110) With the permission of Maria Bartosova.
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5 Discussion

With the growing prevalence of CKD worldwide together with substantial shortage of
kidney donors, the need for improved dialysis care is increasing. This thesis is focused
on PD, since it confers several advantages over hemodialysis, especially in the pediatric
population, where hemodialysis is hardly feasible in infants and young children. It
addresses the thus far largely unresolved question of molecular mechanisms of peritoneal
solute transport, the impact of CKD and PD and proofs the concept of future therapeutic
modulation to increase PD efficacy and sustainability. (104) The latter are the key
shortcomings of current PD therapying children and adults. Another key achievement is
the establishment of a standardized in-vitro workflow for a combined in vitro testing of
transporter expression and function within one experiment, including SMLM (111) and
that PD associated GDP exposure was identified as a key mechanism of endothelial cell

junctions and cytoskeleton disruption. (110)

5.1 Human peritoneal tight junction, transporter and channel expression in

health, CKD and PD and associated solute transport

The peritoneal membrane is crucial in the abdominal homeostasis and multiple
pathological mechanisms (e.g. post-inflammatory and post-interventional adhesions,
cancer progression). TJ are fundamentally involved in these processes. (122, 123) The
peritoneal membrane goes through progressive alterations through the course of PD due
to PD fluid bioincompatibility, limiting its use. (29)

This thesis provides the first comprehensive analysis of barrier forming sealing TJ and
pore forming TJ exerting paracellular transport, as well as of the cellular sodium channel
ENaC and phosphate and glucose transporters PiT1 and SGLT1 across age groups, and
in patients with CKD and on PD. By comparing these findings to the peritoneal solute
transport insights functional significance could be obtained, albeit the mechanistic link is
not proven.

To underline the importance of not yet described transport proteins, we proved the

consistent detectability of CLDNI1 to -5 and CLDNI15, ZO-1, OCL, TriC, SGLT1 and
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PiT1/SLC20A1 in both mesothelial and arteriolar endothelial cells in the parietal

peritoneum of children with normal kidney function, with CKD and on PD.

Age-dependency was only present in mesothelial CLDN4 and arteriolar CLDN1 and
CLDN2, other findings were consistent among age groups, which suggests that age-
dependent differences in the peritoneal solute and water transport may primarily be due
to the already known differences in peritoneal vascularization. (21, 104)

Regarding morphological differences among the three groups, CKD increased the
peritoneal vessel density, possibly compensating for the arteriolar lumen obliteration also
present, just as in previous large-cohort pediatric studies. (21, 104) Even though this
effect is already known in peritoneal membrane transformation under uremic conditions,
the underlying mechanisms have not yet been studied. In CKD there is a systemic
accumulation of uremic toxins, and inflammatory cytokines, oxidative stress is increased,
which - according to various in vitro and animal studies — induce the impairment of TJ
expression in multiple organs (e.g. intestine, endothelium, liver, kidney, etc.) (122, 124-
127) In CKD we observed an increased arteriolar CLDN3 and mesothelial CLDN2
expression. The higher abundance of CLDN2 suggests an impaired barrier function of the

mesothelial layer.(28, 61)

In the parietal peritoneum mesothelium and endothelium of PD patients two sealing
proteins differed. CLDN1 abundance was increased and CLDN3 was less abundant than
in children with CKD. CLDN3 being the only claudin forming complexes with all other
proteins of the claudin family. (71, 72) Mesothelial CLDN2 abundance increased further

in the PD group of our patients’, suggesting a higher deterioration of the barrier function.

Z0-1, OCL and TriC proteins were expressed consistently in the three groups, keeping
in mind that the spatial organization of these scaffolding molecules change during CKD
and PD (e.g. GDP impact on clustering), influencing the barrier function. (55, 110)

The expressions of ENaC, PiT1 and SGLT1 transcellular transporters and channels, were
maintained during CKDS5 and PD. [Figure 4]

The overall effect of the TJ regulation on the cellular barrier function is still uncertain, as
it is known not to necessarily reflect the function of the TJ complex. The expression,
subcellular localization and function of these molecules can differ with cell- and tissue

types. (104) (128) The clustering of TJ molecules can reflect paracellular permeability
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and is altered e.g. by glucose degradation products present in PD fluids. (55, 104, 110)
[Figure 11]

Our findings of an altered arteriolar CLDN5/CLDNI ratio, due to an altered CLDN1
expression suggests altered vascular sealing in PD. [Figure 5] In CLDNS deficient mice
the blood-brain-barrier (BBB) size-selectively loosens. (129) CLDNS5 expressional
changes lead to an impaired BBB, and CLDNS5 targeted BBB opening is under active
investigation for small molecule delivery into the brain. (75, 76) In case of CLDNS5 -
K.O. mice, CLDN12 upregulation can work as a counterbalancing mechanism in the
membrane composition. (129) As previously discussed, not only the expression levels,
but the spatial organization is important in case of tight junction proteins. (55) In post-
ischemic states in mice ischemia/reperfusion models, the inflammatory response
inversely correlated with the CLDNS5/CLDNI ratio of the BBB. (67, 68, 130) The role of
both claudins and their ratio in peritoneal transport function is yet uncertain. The
correlation of CD45 and CD68 cell counts and the CLDNS/CLDNI1 ratio was not present
in the peritoneum, however the different inflammation patterns induced by PD and in the

BBB could be behind this contrast.

Dialytic protein loss is independently predicted by D/Pcrea and presence of IL-6 (a marker
of local peritoneal inflammation) and may reflect generalized endothelial dysfunction.
(131) Addition of AlaGln in a randomized crossover trial reduced peritoneal protein loss.
(118) Next to our in vitro results discussed in a later results section, where AlaGln
supplementation increased CLDNS and ZO-1 abundance [Figure 8], clustering and TER
in endothelium, our group has also demonstrated that in mice it has upregulated peritoneal
CLDNS expression. (55) All the mentioned findings suggest the significant role of
CLDNS in peritoneal membrane barrier function and thus makes it a good candidate for

pharmaceutical targeting.

Despite the chronic disease conditions of CKD and PD, peritoneal membrane transport
function should be preserved. PD is a suitable KRT for both children and adults, unless
a few contraindications e.g. severe adhesions due to previous surgical interventions. (132)
There are certain intraindividual differences in solute transport and transporter status
[Figure 2] (45) which are reflected by transport protein differences (133) and peritoneal
vascularization as mentioned above and described before in the literature. (21, 29) As a

current finding of this dissertation, the transperitoneal transport of creatinine and glucose

49



correlated with arteriolar CLDN2 and mesothelial CLDN4 and 15, both pore-forming TJ
proteins. A correlation between creatinine transport and the mesothelial sodium and
phosphate cotransporter, PiT1/SLC20A1 was also detected. [Figure 6] In multivariable
analysis, CLDN2 independently predicted peritoneal transport rates. (104) [Table 2]

Based on the latter CLDN2 should be a priority target of therapeutic modulation to

enhance peritoneal solute transport.

Correlations between peritoneal membrane transport function and paracellular and
transcellular transporters may indicate their role as molecular counterparts in peritoneal

transport.

Summarizing these findings, the abundance of paracellular and cellular transporters in
healthy controls and changes during CKD and PD in the peritoneum provides a new
aspect to find the yet undescribed molecular counterparts of peritoneal membrane
function.

Expressional changes in the mesothelial paracellular transport proteins suggest the
possible, yet unconsidered role of the mesothelial cell layer in peritoneal transport, thus
opening up a wide-range of new possibilities in the preservation of membrane structure
and function. (28)

Regarding options of membrane preservation, the effects of acute inflammation on the
molecular machinery of peritoneal transport and possible counteractions are central and
questions, which we hope to tackle in the future, but is outside the scope of this

dissertation.

5.2 Experimental workflow for studying barrier integrity, permeability, and
tight junction composition and localization in a single endothelial cell

monolayer

In addition to this descriptive work and to be able to model the peritoneal membrane
function and study the functional aspects of these membranes, we have established a
widely usable workflow, useful for research questions regarding epithelial and
endothelial monolayers.

As described previously the “[T]he polarization of endothelial cell monolayers is critical
for their absorptive and/or secretory functions as well as the prevention of pathogens

entering the systemic circulation. (134, 135) The tight junctions are a dynamic structure
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that can be reorganized depending on the external stimuli in a way that the paracellular
permeability can adapt to the required characteristics of diffusion restriction. (136) The
way claudins interact with other TJ machinery components such as the zonula occludens
(ZO) adaptor proteins is an area of great scientific interest and requires methodologies
providing functional analyses together with high spatial and temporal resolution. (137) In
several pathological conditions, like anaphylaxis or sepsis, the disruption of the
endothelial TJ is a hallmark of disease severity and progression since the leakage of
proteins to third spaces will follow and induce interstitial and organ oedema that can be
fatal for the patient. (138-140) Therefore, a thorough understanding of the mechanisms
underlying this disruption and the investigation of potentially therapeutic compounds is

of great interest” (111)

The combination of TER, paracellular dextran flux, the estimation of TJ abundance with
immunofluorescent labeling and assessing TJ spatial organization with SMLM in
endothelial cells make this workflow a uniquely useful approach to obtain coherent data
from parallel methods and have an in-depth and comprehensive data from a single

endothelial monolayer.

With this workflow it is possible to provide a triad of functional, temporal and spatial
description of the paracellular permeability changes that are caused by any stimulus in a

single monolayer and affect TJs. (111)

Previously available methodological approaches investigating paracellular permeability
in epithelial or endothelial monolayers were limited to assessing only one or two aspects
of function. Either TER measurements and paracellular fluxes of fluorescently labelled
dextran was available (141-143), without any further highlighting of the underlying
molecular mechanisms, or for better visual understanding of TJ localization and
abundance changes, immunofluorescence could have been used, or as a further option
confocal microscopy performed on a monolayer in a Transwell filter can have an
enhanced information content. (143, 144) Using automated imaging techniques enables
us to have a high-throughput approach and be able to manage large amount of samples
simultaneously in a time-efficient manner. However confocal microscopy, even though it
can cover the whole cellular area from apical to basolateral sides with Z-stack imaging,
can easily result in fluorophore bleaching, limiting its further use because of higher laser

power need for visualization with SMLM microscopy. (145) [Figure 10]
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Another classically used method — TEM is not suitable for data collection from multiple
perspectives, due to the sample preparation procedure restraints. (80, 146)

Recent progress in SMLM studies opened new opportunities for high spatial resolution
experiments in TJ studies, compatible with different techniques used prior to the SMLM
method, allowing the usage of a single monolayer grown on a Transwell filter for

multidimensional measurements. (55, 147)

“Our experimental workflow provides several advantages. Fewer experiments are needed
to collect all the relevant results, and this way the variability among experiments using
two or three different monolayers is eliminated, and powerful paired statistical analysis
can be performed. (148, 149) The issue of reproducibility in life sciences has long been
debated and adopting approaches that yield several experimental results from a single
experimental setup leads to more robust results and a reduction in the associated costs.
Primary cells are usually preferred, but this imposes a pressing need for performing
experiments within the first few passages to prevent bias by cell dedifferentiation. (150,
151) ... [o]ur experimental workflow is widely applicable in practically all cell types that
form monolayers, and paracellular permeability and TJ study is of value, e.g., in
epithelial, mesothelial, and endothelial cells. (152) The fact that PC filters were shown to
be suitable for this workflow suggests that, with small modification, this workflow could

be used in Ussing chamber experiments where Snapwell PC filters are used.” (111)

5.3 Alanyl-Glutamine restores tight junction ZO-1 organization after

disruption by a conventional PD fluid

The validity of these findings in the aforementioned methodical work were demonstrated
by using AlaGln, a dipeptide that has a sealing effect in endothelial cells. (55)

Recently a clinical trial has demonstrated the improvement of peritoneal membrane
semipermeability with the supplementation of AlaGln to peritoneal dialysis fluid, i.e.
protein losses were reduced and small solute transport rates increased. (118)

In this work, first we provided experimental evidence that CPDF with AlaGln addition
increases the abundance of CLDNS, a sealing junction protein and ZO-1, a scaffolding
tight junction protein, regulating barrier function in the endothelial membrane. [Figure 8,

Figure 9]
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“Tight junctions do not form linear structures along the neighboring endothelial cell
membranes as suggested by immunofluorescence microscopy studies but cluster in
modifiable functional units. (153) In our experimental setting addition of AlaGln to CPDF
increased the clustering of ZO-1, the TER and reduced 10 kDa and 70 kDa dextran
transport. [Figure 9B] Thus, AlaGln increases peritoneal endothelial junction expression
and spatial organization and functionally reinforces the barrier function. Of note, SMLM
were obtained from HUVEC grown on Transwell filters to establish endothelial cell
apical and basolateral polarization. In this novel setting, up to now, adequate single

molecule distinction could be achieved for ZO-1, but not for CLDNS. [Figure 10]

Supplementation of 8 mM AlaGln to culture medium reduced scaffolding ZO-1 and
increased sealing protein CLDNS5 abundance, the net effect was an increased TER. In line
with this, 70 kDa dextran transport was reduced as compared to control and SMLM
demonstrated reduced ZO-1 molecule number in the membrane area, but preserved
clustering of ZO-1. [Figure 10] The strong suppression of endothelial cell ZO-1
abundance by CPDF is a novel finding. Reduction of ZO-1 abundance by CPDF has
previously been reported in effluent mesothelial cells. (83) In intestinal epithelial cells
glutamine regulates ZO-1 abundance and TER (154), and supplementation of AlaGIn
mitigates toxin induced loss of membrane ZO-1 and of TER. (155) Proteome analysis of
mesothelial cells exposed to CPDF suggests actin cytoskeleton disruption (156), but
preservation of the cytoskeleton if supplemented with AlaGln. (157) We now provide
first evidence that CPDF induced loss of endothelial cell integrity and barrier function

can prevented by concomitant AlaGln treatment.”(55)

In the same body of work, not discussed in detail in this dissertation, these findings were
also complemented with a murine model. CPDF was administered twice daily in a mouse
model, and 10 kDa and 70 kDa dextran transport was reduced. AlaGln addition reduced
the collagen deposition induced in the submesothelial space by CPDF (158) and increased
peritoneal endothelial CLDNS5 abundance. (55)

“Whether peritoneal TJ abundance has an impact on peritoneal membrane transport
characteristics is not yet proven. In leaky tissues TER reflects mainly the paracellular
barrier, built by TJs and indirect evidence provided by electrophysiology experiments in
sheep and human peritoneum suggest that its permeability is reflected by changes in the

TER. (51, 52, 159)” (55)
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An important “limitation of our study regards the use of human umbilical vein endothelial
cells. They are a well-established model in PD research (57), but might not reflect the
expression and regulation of junctions in human peritoneal capillary endothelial cells. On
the other hand, we were able to reproduce the in vitro findings in parietal peritoneal
endothelial cells in mice, and these findings are in line with the functional findings

reported in the clinical trial (118) ...

Supplementation of AlaGlIn to the PDF in the phase 2 clinical trial significantly increased
circulating AlaGln concentrations and may directly impact on the endothelial barrier.
(118) These findings provide a rationale for in vitro and in vivo studies to investigate
whether sealing of the endothelial barrier by AlaGln has an impact on the incidence and
severity of peritonitis in patients on PD.” (55) By the supplementation of AlaGln to
CPDF, the increased barrier function of the endothelium could be reached by the
modification of the protein abundance and clustering of the components the TJ complex.
“Our studies provide first evidence that targeting of the molecular structures defining
peritoneal membrane barrier and transport function may allow to optimize PD efficacy

and thus to improve PD sustainability and ultimately patient long-term outcome.” (55)

5.4 GDP load induce systemic PD-associated vasculopathy through

endothelial cell junction and cytoskeleton disruption

As the last part of this comprehensive work, addressing membrane function in peritoneal
dialysis and in previous disease states, we wanted to focus on systemic effects of GDP
burden on vascular endothelial function in high- and low-GDP PD patients and in CKD
and to see the consequential effect of the endothelial membrane function changes

important in PD complications.

Reactive metabolites, playing a key role in the aging process, aging-related disorders,
accumulating in CKD, or reactive glucose metabolites - causal players in the long-term
complications of diabetes mellitus still raise uncertainty in the magnitude of their impact
on actual patient outcome. (160-164) In peritoneal dialysis high concentrations of reactive
metabolites are present in conventional PD fluids (e.g. methylglyoxal, 3,4-DGE — highly
reactive dicarbonyl compounds). The debate on whether it is feasible to reach improved

outcomes with low-GDP PD fluids is still undecided and high-GDP PD fluids are still
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widely used. (165, 166) In this experimental study we provided evidence that GDP plays
a fundamental role in arteriolar remodeling.

Systemic effects of PD fluids were studied by choosing the arterioles analyzed in this
study to be surrounded by at least 1 mm of fat tissue in the omentum, as it is known that
the metabolic tissue stress of PD fluids decline with penetration depth (e.g. 90% of
osmotic gradient of PD fluids dissipate in the superficial 400 um of the peritoneal
membrane). (167) As in all the former studies we carefully selected our pediatric patients,
devoid of confounding lifestyle-related factors, and with an emphasis on no underlying
diseases affecting vascular integrity. Only the PD-associated GDP load differed in our
groups.

Not discussed in detail in this dissertation, the cross omics approach in omental arterioles
revealed “the upregulation of genes and proteins involved in cell death and apoptosis and
deactivation of cell viability and survival, cytoskeleton and junction organization, and
immune response biofunctions” (110) in omental arterioles exposed to high GDP
concentrations, compared to both patients before start of dialysis therapy and patients on
low-GDP PD. Differences between pre-PD and low-GDP PD patients in transcriptional

patterns were insignificant.

To be able to validate the changes related to GDP-exposure in omental arterioles, it was
important to reproduce these findings in parietal peritoneal arterioles, exposed to
increased glucose concentrations, as direct effects of PD fluid usage. GDP exposure

increased lumen-narrowing and endothelial cell loss. (110)

Addressing the differences between dialytic glucose- and dialytic GDP loads, the glucose
load was not significantly different between low- and high-GDP PD patients, however
dialytic GDP load was 4- to 12-fold higher in high-GDP PD patients. AGE forming from
GDP is through nonenzymatical binding to proteins and lipids, as GDPs are rapidly
absorbed and not metabolized to a major extent. (29) As potent glycating agents, GDPs
are orders of magnitude more reactive than glucose (e.g. methylglyoxal is 50 000x more
reactive). (168) In our arterioles studied AGE abundance was 2- to 3-fold increased,
coinciding with 20% higher circulating AGE concentrations associated with high-GDP
PD fluid usage. (87, 88)

In vitro GDP load leads to apoptosis of mesothelial cells. (169) In a rat model,

administration of methylglyoxal led to vascular AGE deposition, loss of endothelial cells
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and narrowing of the lumen. (170) AGE effects through leading to extracellular protein
crosslinking, reducing vascular elasticity, RAGE-binding and activation of

proinflammatory NF- kB and apoptosis. (171, 172)

We could demonstrate apoptotic activation in omental and parietal arteriolar endothelial
cells, for details please refer to our paper Bartosova et al, Circulation Research 2021.
(110)

As proven with the invaluable help of our colleagues in the Kirkchoff Institute of Physics
“[A]nother mechanism of vasculopathy disclosed by the omics analyses of arterioles
relates to the disorganization of the cytoskeleton and cell-cell junctions. ZO-1, an
intracellular scaffold protein bridging tight junction claudins to the actin cytoskeleton (77,
173) was not statistically different in abundance in the arterioles with low- and high-GDP
exposure. Since junction function depends on spatial molecule distribution, we for the
first time applied single-molecule localization microscopy in tissue and demonstrate
disruption of the spatial clustering of ZO-1 in the endothelial membrane regions by GDP;
the randomness of ZO-1 distribution in the surrounding areas increased. The GDP-related
endothelial ZO-1 disruption was reconfirmed in endothelial cells in vitro and resulted in
increased paracellular ionic and dextran permeability, that is, disruption of the arterial
endothelial cell barrier integrity. The sealing junction CLDN1 was not affected in
abundance by GDP but was inversely related with the degree of arteriolar lumen
narrowing, again suggesting sealing junction dysfunction as demonstrated for ZO-1.”

(110) [Figure 11]

In addition to the cytoskeleton disorganization and clustering changes in TJ proteins, in
vitro in human umbilical arterial endothelial cells (HUAEC), a proper reference model to
human peritoneal capillary endothelial cells we prove a dose-dependent decrease of TER
and increase of 4kDa fluorescent dextranes with 3,4-DGE treatment, confirming the loss
of endothelial cell integrity and the impaired barrier function of the endothelium. [Figure
12]

With this stepwise approach we have demonstrated the disruptive effect of GDP on
multiple levels on the endothelial barrier integrity, as an early step in the multifactorial

and gradually progressive development of vasculopathy. (95)

For a detailed discussion of the effects of GDP on the parietal peritoneum, please refer to

our article Bartosova et al. Circulation Research, 2021. It has been already reported by
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our group that low-GDP fluids positively influence VEGF-A abundance and induce
angiogenesis and marked inflammatory cell infiltration. (174) High-GDP fluids mitigate
the same processes and peritoneal VEGF-A, IL-6, IL-17 and IL-33 signaling were
reduced. (110)

Patients with advanced CKD have exceptionally high risk for cardiovascular
complications. (85, 99, 175) Our findings of the GDP-driven induction of multiple
vasculopathy-related pathways as demonstrated in omental arterioles, suggest systemic
effect,. The advanced lumen narrowing due to high GDP- and glucose exposure in parietal
arterioles are of great concern. In this dissertation I performed multiple in vitro TER and
fluorescent labeled dextrane flux experiments with Western Blot protein quantifications
and immunofluorescent stainings for SMLM microscopy. Based on this data, major GDP

induced arteriolas remodelling is demonstrated.

As small arteries and precapillary arterioles regulate peripheral resistance and
microcirculation, these findings have a huge clinical relevance and strongly suggest to
tailor treatment strategies to reduce systemic GDP load (e.g. low-GDP PD dialysis fluid
usage in patients on PD). Further directions of research must address targeting the
endothelial dysfunction by either supplementation of dialysis fluids (e.g. AlaGln in
Section 4.3 “Finding an additive - Alanyl-Glutamine to restore tight junction organization
after disruption by a conventional peritoneal dialysis fluid” section above and in our
concerning article (55)) or interventions improving GDP detoxification (55) or by
administering scavengers (e.g. histidine-containing peptides resistant to degradation by
carnosinase-1. (118)

Therefore, we must redirect attention to GDP overload in CKD and PD influencing long
term cardiovascular complications in our patients. Future directions of intervention could
be therapeutic options targeting GDP overload in CKD and PD, improving GDP
clearence and questioning the use of high-GDP PD fluids to improve vascular endothelial

integrity.
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6 Conclusions

In this dissertation I have outlined the novel importance of paracellular transport proteins

as molecular counterparts of peritoneal membrane function.

By proving consistent detectability and describing the changes of distinct sealing, pore-
forming and scaffolding TJ proteins (CLDN1-5, and CLDN15, ZO-1, OCL, TriC) and a
few transcellular transporters and channels (PiT1, SGLT1, ENaC), the probable role of
these molecules in peritoneal membrane changes during PD was pointed out. Description
of mesothelial abundances and changes prepared further functional studies of our group

to emphasize the role of the mesothelium as a barrier in peritoneal solute transport. (28)

Finding associations of target TJ molecules and peritoneal membrane transport functional
data highlights CLDN2, CLDN4, CLDN15 and PiT1 as possible target molecules for

future interventions to enhance PD function.

To standardize and enhance studying barrier integrity, permeability and TJ composition,
localization and clustering in a single monolayer, a new experimental workflow was
established. Thus, maximizing the retrievable coherent information content from a single
monolayer, making it possible for future investigators to provide a triad of functional,
temporal and spatial description of paracellular permeability changes, with particular

regard to effects on the TJs.

Opening up a window to PD fluid additive research AlaGln was tested and proven to seal
the epithelial barrier. Dialysis fluids affect TJ organization by disruption, which can be
counteracted by AlaGIln through increasing transepithelial resistance and decreasing
small and middle molecule transport. Increased CLDNS5 and ZO-1 abundance was present
with AlaGln supplementation to CPDF and AlaGln also improved the clustering of ZO-
1 in the endothelial membrane.

To address further complications of PD treatment and provide a new interface of
interventions to molecular counterparts of the endothelial barrier - a link between GDP
load and systemic vasculopathy was established. GDP induces endothelial cell junction
and cytoskeleton disruption, next to the induction of apoptosis. This finding is crucial for
prevention of long-term cardiovascular complications in PD patients, especially children

on chronic PD.
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7 Summary

Through multiple steps, the potential importance of the investigated para- and
transcellular transporters was proven in peritoneal membrane transport. These molecules
of interest were consistently detectable in health, and in CKD and PD changes of
abundance were described. Peritoneal membrane transport functional data independently
correlated with arteriolar CLDN2 abundance, marking it as a potential target molecule
for further intervention in PD complications.

For further studies an experimental workflow for studying barrier integrity in monolayers
was established. This workflow enables the investigator to uniquely describe the
paracellular permeability changes from a functional, temporal and spatial aspect.

By the administration of AlaGln as an additive it was possible to reverse the PD-fluid
induced disintegration of the endothelial membrane.

Experiments in the scope of this dissertation pointed out the effect of PD fluid GDP
content on endothelial cell junction and cytoskeleton disruption during the process of PD-
induced vasculopathy, opening up further opportunities to prevent long-term PD
complications.

The investigation of paracellular transport proteins as key players of peritoneal membrane
transport function is an important step in understanding peritoneal transport mechanisms
and changes during peritoneal dialysis and is pivotal in finding new therapeutical options
to improve PD efficacy and to prevent peritoneal membrane changes and systemic PD

complications.
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