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INTRODUCTION

1. The burden of chronic kidney disease

Chronic kidney disease (CKD) is defined as abnatreslof kidney structure

or function (mainly a reduced glomerular filtratioate [GFR], increased

urinary albumin excretion, or both), present fotestst 3 months (Table 1)
(KDIGO Group, 2012). CKD is increasingly recognizasl a major public

health issue because of its high prevalence (8-M¥dwide) and related

complications (reviewed in Jha et al, 2013). Theskide increased all-cause
and cardiovascular mortality, acute kidney injuggnitive decline, anemia,
mineral and bone disorders, and kidney-diseaserggsmpn. Prognosis and
classification of CKD is based on the level of GEBRd the degree of urinary
albumin excretion_(Fig. 1).

Table 1. Chronic kidney disease: definition

= Duration >3 months
= Glomerular filtration rate (GFR) <60 mL/min per 3.ih?
= Kidney damage as defined by structural abnormalitee
functional abnormalities other than decreased GFR
Pathological abnormalities
History of kidney transplantation
Albuminuria
Abnormalities in urinary sediment
Imaging abnormalities
Renal tubular syndromes




INTRODUCTION

Albuminuria stages, description, and range (mg/g)

I No CKD
[ Moderate-risk CKD Al A2 A3
High-risk CKD Optimum and high- High Very high and
B Very high-risk CKD normal nephrotic
<10 10-29 30-299 300-1999 >2000
. >105
61 Hng.h and
optimum 90-104
75-89
G2 Mild

60-74

G3a Mild-moderate 45-59

(mL/min/1,73 m?)

G3b | Moderate-severe 30-44

G4 Severe 15-29

GFR stages, description and range

G5 Kidney failure <15

Figure 1. Prognosis and classification of CKD by GR and albuminuria. Colors show
how adjusted relative risk is ranked for five outws, including all-cause mortality,
cardiovascular mortality, kidney failure treateddglysis and transplantation, acute kidney
injury, and progression of kidney disease. Meatk raimbers: 1-8=green, 9-14=pink, 15—
21=orange, and 22-28=red. Adapted from Kidney h##onal and Kidney Disease
Improving Global Outcomes (Levey et al, 2010).

Chronic kidney failure is defined as a GFR persigyebelow 15 mL/min
per 1.73 m2 and represents end-stage renal dige8&D) (reviewed in Ortiz
et al, 2013). Renal replacement therapy (RRT),easdd by hemodialysis,
hemodiafiltration, peritoneal dialysis (PD), or k& transplantation, is life-
saving for patients with ESRD. However, mortaliéyes in patients on RRT
remains high, and in developing countries RRT iaited in less than 25%
of patients with chronic kidney failure. Each yedmout 440,000 patients
worldwide start RRT, but 3,200,000 have no accesRRT and die
prematurely (Ortiz et al, 2013). The Global Burd#rDisease 2010 study
identified chronic kidney failure as one of theethicauses of death with the
greatest increase from 1990 to 2010. Improving sde dialysis and
efficiency of RRT represents major challenges toning years and decades.
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INTRODUCTION

2. Peritoneal dialysis for the treatment of end-stagmal disease

Like other dialysis techniques, the primary godaPB¥is to remove the excess
of water and uremic solutes accumulating in theaoigm of patients with
ESRD. The basic principle of PD relies on iteratinision of a dialysis
solution into the peritoneal cavity, followed byvariable dwell time and
subsequent drainage. During the dwell, solutes fands are exchanged
between the capillary blood and the intraperitorilesd through a biologic
membrane, the peritoneum.

As compared with hemodialysis, PD — the most widelgd home-based
dialysis technique — offers better patient-reportaatcomes, increased
flexibility and autonomy to patients, and is asatail with lower societal
costs (reviewed in Mehrotra et al, 2016). The reiresbment incentives for
PD have therefore recently been enhanced in sewetaltries (including
from Europe and the United States), with a PD pafp that is rapidly
growing in many parts of the world, including dey@hg countries (Jain et
al, 2012; Mehrotra et al, 2016). In the United &afor instance, the
introduction of a bundled payment system in 20Hlteean unprecedented
expansion in the use of PD, with a 22% and 24%e@se in incidence and
prevalence rates, respectively, between 2010 ah? @fansson et al, 2016).
In the same time, the incidence rate of hemodiahydess cost-effective than
PD — decreased by 2% (Hansson et al, 2016).

Significant improvement in the efficiency of PD Hasen achieved over
the last thirty years, thanks to technical innawadi including the
development of indwelling catheters to provide ascé the peritoneal
cavity; standardization of the composition of deg&-based dialysate
solutions; changes in connectology to reduce ths f infections;
introduction of volumetric cyclers; and generatiaf alternatives to
conventional glucose-based PD solutions. As atieRBDlis now used for the
long-term treatment of ESRD, with survival ratestthre equivalent to those
of hemodialysis, both in the short and longer t@ehrotra et al, 2011).

11



INTRODUCTION

3. Peritoneal membrane: structure, function and models

The specificity of PD relies on the use of the foertum as a dialysis
membrane, to draw waste products and the excess Wwam the blood of

ESRD patients. The peritoneum is a thin, transluceambrane covering the
inner surface of the abdominal wall and the majaritthe visceral organs.
The peritoneum can be viewed as a semi-permeattierdporous membrane
containing three major components: a monolayer efathelial cells; an

interstitial tissue consisting of bundles of cotagn a mucopolysaccharide
hydrogel; and a dense network of capillaries (Keged2009) (Fig. 2A). The

endothelium lining peritoneal capillaries and vesubffers the major rate-
limiting hindrance for the transport of water antuses during PD, restricting
solute exchange to <0.1% of its total surface @maewed in Devuyst et al,

2014).

Computer simulations suggested the capillary eredioiim to be
functionally described by a three-pore model (Rippal, 1991) (Fig. 2B).
This model postulates that the major transporid&aof the peritoneum is the
capillary endothelium, which contains three digtitypes of pores. The
‘small pores’ fadius, 40 to 50 A) correspond to the clefts, or gapsated
between endothelial cells. They account f©85% of the hydraulic
conductance (LpS), and represent the vast majofitiie total pore surface
area available for the diffusion of small solutBise ‘large pores’radius,250
A), thought to correspond to the venular interehdtigl gaps, account for
5% of LpS, and are involved in the transport of mawlecules. The water-
specific ‘ultrasmall pores'rédius <3 A) are located in the endothelial cells
and account only for 1-2% of LpS. However, becahsg reject solutes but
facilitate the transport of water, ultrasmall poasg extremely important
during crystalloid osmosis. Indeed, they have hredicted to mediate up to
half of water removal (or ultrafiltration, UF) dag a dwell with hypertonic
glucose (Rippe et al, 1991).

12
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Figure 2. Structure of the peritoneal membrane andhe three-pore model.(A) Cross-
section of the human parietal peritoneum stainedte von Willebrand factor (vWf). m,
mesothelium; bar, 100 pm. (B) The continuous erglatim lining the peritoneal capillaries
can be functionally described by a three-pore mallglangstrom (16° m); r, functional
radius Adapted from Devuyst et al, 2014.

Although the three-pore model is practical for icdah purposes and
accurately estimates solute and water transparbimal clinical settings, it
does not take into account the interstitial tissuerounding capillaries,
lymphatics, and the distributed nature of the ¢apds in the peritoneal tissue
— so that profound capillaries (deeper than p®0to 1 mm to the peritoneal
surface) are only exposed to a fraction of theaatamotic pressure in the
dialysate and are probably contributing less to Ufe ‘distributed model’
has been introduced to circumvene these limitatidoys integrating the
microvasculature with the surrounding cells ancerstitium within the
peritoneal membrane using two-dimensional simutati¢Flessner et al,
1984; Flessner, 1991). Similarly, an extended wersf the three-pore model

13
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- the so-called ‘serial membrane-fibre matrix modelpostulates that the
fibrotic interstitium represents a second barrieitswe the capillaries,
restricting osmotic water transport without affagtismall solute transport
(Rippe et al, 2007).

4. Mechanisms of solute and water transport across tiperitoneal
membrane

Diffusion and convection are the mechanisms inwblire the transport of

solutes during PD (reviewed in Krediet, 2009). Real®f solutes such as
urea, creatinine, phosphate and other metaboligewdlicts from the body
relies on the presence of a concentration gradaewitjs driven by the process
of diffusion. According to Fick’s principles, pesiteal solute transport rate
(PSTR) is primarily determined by the number of fpsed peritoneal

capillaries in contact with the dialysis solutiothg ‘effective peritoneal

surface area’), the diffusive permeability of thembrane to that solute (ratio
between its free diffusion coefficient and the aibn distance) and the
concentration gradient between blood and dialysate:

D« anc
= —X
]S Ax

in which Js is the rate of solute transfdds is the free diffusion coefficient,
Ax is the diffusion distancé is the surface area, an€ is the concentration
gradient.D:A/Ax is called the permeability surface area produghermass
transfer area coefficient.

Convective transport or solute drag occurs in aocjon with the
transport of water, and thus during UF. It is d@ieed by the water fluxi(),
the mean solute concentratid®) (n the membrane, and the solute reflection
coefficient ©):

Js =1,C(1 - 0)

Staverman’s reflection coefficieatis the fraction of the maximal osmotic
pressure a solute can exert across a semi-permeabidrane. It equals 1.0
for an ideal semi-permeable membrane (permeakatier but not to solutes)

14
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and 0 when the membrane offers no resistance ttrahsport of a solute
(Krediet, 2009).

Fluid transport during PD consists of water tramspom the peritoneal
capillaries into the peritoneal cavity by transdapy UF and by fluid loss out
of the peritoneal cavity (reviewed in Krediet, 2D0%Bhe latter consists of
transcapillary back-filtration and fluid uptakeonthe lymphatic system and
the peritoneal interstitium. Water removal from boely at the end of a dwell
period, defined as net UF, is therefore the difieesbetween the cumulative
transcapillary UF and fluid uptake. The transpérvater across the capillary
wall occurs through the small pore system and sl pores. Small pores-
mediated transport is driven by hydrostatic andbablosmotic forces, while
transport through the ultrasmall pores depends upenosmotic gradient
across the capillary wall.

According to Starling’s law, the transcapillary tdte in PD is determined
by the UF coefficient of the peritoneal membrane #me driving forces
between the peritoneal capillaries and the abddmaaty. These forces are
exerted by hydrostatic, crystalloid osmotic, andloosd osmotic pressure
gradients. The dependency of the transcapillaryraté (TCUFR) can be
described by the following equation:

TCUFR = UFC x (AP — All + ¢A0)

in which UFC is the peritoneal UF coefficienR? is the hydrostatic pressure
gradient, AT is the colloid osmotic pressure gradient,the reflection
coefficient andAO the crystalloid osmolality gradient. The UF coe#nt of
the peritoneum is the product of the hydraulic peahility and surface area.
Little is known about determinants of the hydrayermeability, which is
most likely dependent on the combination of intmltary pressure, and the
number and size of the por&8hie state of the interstitial tissue, possibly
containing sites of fibrosis, may also be one efdkterminants.

15
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5. Osmotic agents for PD

The efficiency of PD to restore water homeostasipatients with ESRD
relies on the presence of an osmotic agent whieates an osmotic gradient
driving water flow into the dialysis cavity.

Glucose has served as the prototypical osmotictagdtD for more than
four decades because it is cheap and effectivetr@x is available in 3
different concentrations in conventional PD soln$in1.36%, 2.27% and
3.86%. Unfortunately, the non-physiological composi of conventional
glucose-based solutions (including the high corme¢ions of glucose and
glucose degradation products, low pH, lactate lbufie harmful for the
peritoneal membrane and also has systemic effectdhe patient. The
negative local effects include impairment of mesb#h cell viability,
adverse effects on leukocyte recruitment, accedraingiogenesis and
vascular proliferation, and low-grade inflammatidibyosis and thickening
of the peritoneal membrane (for review, see Gadropez et al, 2012). The
high concentration of glucose and glucose degradatioducts also promote
the formation of advanced glycation end productsctvare deposited within
the peritoneal membrane. In addition, the absanaiidl00-200 g of glucose
per day from the solutions worsens metabolic artdtimnal problems - such
as impaired glucose tolerance, hyperinsulinemigeHipidemia, and, in
some patients, abdominal obesity.

Icodextrin has been developed as an alternativetsm@gent to glucose
(for review, see Garcia-Lopez et al, 2012). Icodaxis an iso-osmolar
mixture of glucose polymers with different moleauwlzeights that are more
slowly absorbed than glucose from the peritoneaitgamainly via the
lymphatics. Ultrafiltration continues for severabra hours with icodextrin
as slow absorption of the oncotic agent prevergslthd reabsorption that
occurs with glucose-based solutions once the gaubas dissipated - making
icodextrin particularly suited for long (8-12 h) dils. Concerns about
increased levels of circulating icodextrin metatadlj in particular maltose,
currently limit the approved use of this solutiorone single daily exchange.
Icodextrin is widely used worldwide mainly becausfeits demonstrated
superiority in terms of fluid and sodium removalridg the long dwells,

16
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particularly in patients with inadequate peritonedF, as well as
improvements in glycemic control and glucose-indulieid abnormalities.
Aminoacids are another available alternative ostragent. They have been
designed to enhance nutrition in malnourished, klpaminemic PD
patients as it acts both as a dialysis solutionaand protein source. The use
of aminoacids-based dialysis solutions is alsaistet! to one daily exchange
to reduce the risk of symptomatic uremia and acsdos

However, despite their usefulness in daily clinjgadctice, and contrarily
to glucose, the fundamental mechanisms of watesp@t during osmosis
induced by large icodextrin molecules or aminoaclds/e not been
investigated to date. A better understanding oeéhmechanisms would
provide an opportunity to rationally prescribe ars# these solutions in PD
patients, and also contribute to the developmemasel, more effective
osmotic agents.

6. Aguaporins and osmotic water transport

Achieving euvolemia is key to successful PD, antseon adherence to
sodium- and water-restricted diet, implementatibrstoategies to preserve
residual kidney function, and generation of an affe osmotic water
transport across the peritoneal membrane.

From a physiological point of view, the phenomemdrosmosis occurs
through a barrier restricting the transport of smlekompared to that of water.
For the peritoneal membrane, the existence of s@permeable, ultrasmall
pores in the capillary endothelium has been pasdldo explain the
effectiveness of glucose as an osmotic agent a@egpismall size (3.7 A).
Computer simulations based on the three-pore npddicted that ultrasmall
pores have a major clinical importance for PD, ®dmating up to half of the
UF during a dwell with hypertonic glucose and ciimtting to the sieving of
the dialysate sodium, i.e. the rapid fall in dials sodium concentration
during a dwell with hypertonic glucose dialysatesulting from free-water
transport (Rippe et al, 1991; Rippe et al, 2004).

17
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In the early 1990’s, aquaporin-1 (AQP1) was idesdifas the archetypal
member of a family of membrane water channels, ewesl in all living
organisms including plants (Preston et al, 1992pMet al, 1993; Agre,
2004). Aquaporins (AQPs) are organized as homaobetrs in plasma
membranes, with each monomer containing six menebsganningo-
helices surrounding a single central pore (Fig.BBAThe selectivity of the
pore for water (against protons) is ensured by rs¢wements, including a
narrow constriction of 2.8 A (Murata et al, 200@),conserved arginine
residue lining the pore and providing a fixed pesitcharge, a transient
reorientation of the water dipole resulting frone tsimultaneous formation
of hydrogen bonding with the side chains of two smmed asparagine
residues (NPA motifs), and two partial positive rgjes at the centre of the
channel resulting from two non-membrane-spannirnglices (Agre, 2004)

(Fig. 3C).

Glycosylation sites  Hg?* binding
in some AQPs site in AQP1

Loopb  Loopd

N terminus C terminus

1192,C191,

r £
Js $ G190, G189
Conservey d| P195 N
NPA motif -
| A196 = 0}“‘ o

residues
H182

Figure 3. Structure of AQP water channelsWater channels present as homo-tetramers in
membranes (A), with a water pore at the centemoheunit. Every monomeric unit consists
of 6 transmembrane alpha-helices, and 5 connedtiogs (B). Conserved NPA motifs
contribute to the typical hour-glass 3D conformatiwith a narrow diameter of 2.8
angstroms, and the presence of aromatic residygston repulsion, thereby ensuring water
specificity (C). Adapted from Verkman, 2014.
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AQP1 was initially discovered in red blood cellsdan renal proximal
tubule cells (Preston et al, 1992; Agre, 2004; $&rlet al, 1993), and is also
constitutively expressed in endothelial cells lmiperitoneal capillaries
(Nielsen et al, 1993; Devuyst et al, 1998; Combetl£1999) (Fig. 4A-B).
The targeted deletion &qgplin mice provided critical insights into the role
of AQP1 in water homeostassgplknockout mice show a severe defect in
their urinary concentrating ability during waterpdegation test (due to a
defect in creating a hypertonic medullary intenstit by countercurrent
multiplication) (Ma et al, 1998), and a reduced osowater transport across
the peritoneal membrane (Yang et al, 1999). Sevarak of evidence
demonstrated that AQP1 also constitutes the maeadunterpart of the
ultrasmall pore in the peritoneal membrane (reviéimeDevuyst et al, 2014).
Functional studies conducted in rats and rabbite l&nown that classical
AQP antagonists such as mercurial agents inhibiémtaansport across the
peritoneum (Carlsson et al, 1996; Zweers et al,120Dhe development of
mouse models of PD and their applicationAgpl mice contributed to
delineate the critical role of AQP1 water chanrasing PD (Yang et al,
1999; Ni et al, 2005; Ni et al, 2006). In these elsdthe deletion aAgpl
resulted in a ~70% decrease in the initial, softge- UF rate, a ~50%
decrease in cumulative UF, and a complete aboliiadime sodium sieving,
as compared with their wild-type littermates (Niatt 2006) (Fig. 4C-D).
Taken together, these studiesfigpl mice validated two major predictions
of the three-pore modeli) (ultrasmall pores mediate 50% of UF during PD
with a hypertonic glucose dialysate; andl free-water transport accounts for
the observed sodium sieving (Rippe et al, 1991 uystvet al, 2014). To date,
AQP1 is the only identified molecular counterpédittis directly involved in
transport processes sustaining PD.
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Figure 4. Distribution and role of AQP1 in the pertoneal membrane.(A) Cross-section
of the human parietal peritoneum stained for AQRQP1 is detected in the endothelium
lining peritoneal capillaries, venules, and smaing. m, mesothelium; bar, 20 um. (B)
Immunogold labeling on mouse visceral peritoneuneased a very strong signal for AQP1
in plasma membranes and plasma membrane infoldihgapillary endothelial cells. rbc,
red blood cells; bar, 500 nm. (C and D) EffectAgjpl deletion on the transport of water
across the peritoneal membrane. The intraperitormame versus time curves (IPVt) (C)
and the initial UF rates (D) are determined\gpl”* mice (red symbolspgp1’- mice (blue
symbols), andAgpI” mice (green symbols) during a 2-hour exchange Withertonic
dialysate. Adapted from Ni et al, 2006 and Devysil, 2014.

The critical role of AQP1 in osmotic water trangpauring PD suggested
water channels could represent potential targetecdi@ase UF and restore
fluid balance in PD patients (Ni et al, 2006). Tgreof-of-principle for that
concept was provided by a study in a rat model{$Htoenoiu et al, 2003).
In this model, high-dose dexamethasone increase®lA@xpression in
peritoneal capillaries - through a glucocorticoieneent response in the
promoter of theAgplgene, and enhanced free-water transport anduétal
Importantly, changes in water transport occurrethouit any modification in
solute transport nor change in the osmotic gradifitte effect of
corticosteroids on AQP1 expression and water tmmspas recently
confirmed in PD patients, by comparing data fromctional testing before
and after living-donor kidney transplantation. Asrgpared with results from
the pre-transplantation period, peritoneal exchatggts performed in 3
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patients treated with high doses of corticosteraiter kidney transplantation
evidenced a 2-fold increase in sodium sieving, lEdea by an increase in
the ultrasmall pore-mediated water transport, winleite transport and small
pore-mediated water transport remained unchangedrtgaga et al, 2011).

In addition to molecules upregulating the exprassiovater channels, the
search for pharmacologic agonists of AQPs emergeahaexciting field of
investigation. Initial observations revealed thiainps counteract fluctuations
in water supply during drought stress or floodihgptigh the gating of their
AQPs (Fig. 5A) (Tournaire-Roux et al, 2003). X-rayystallography
demonstrated that the rapid gating of plant AQRIte$rom conformational
changes of the intra-cytoplasmic loop D, which adsa cap occluding or
opening the internal pore of water channels, ipoase to dephosphorylation
of conserved serine residues (drought stress), motonation of a conserved
histidine (flooding) (Fig. 5B) (Tornroth-Horsefiekt al, 2006).

A B
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Figure 5. Regulation of plant AQPs by gating/dockig process(A) In normal conditions,
plant AQPs are open, to allow exchange of wateh wie environment. On the contrary,
drought stress and flooding induce the closure @ftew channels — either through
dephosphorylation or protonation, to avoid desiocabr intracellular water accumulation,
respectively. (B) X-ray crystallography studies wikd that the gating/docking process of
plant aquaporins is mediated by the intracytodobip D, which acts as a cap to close (green)
or open (blue) the internal pore of water channéksreby modulating aquaporin-mediated
water flow. Adapted from Tournaire-Roux et al, 2GRl Térnroth-Horsefield et al, 2006.

This gating mechanism appeared conserved througtibptant plasma
membrane AQPs, and recent evidence has suggestaidoitoccurs in
mammals. The bumetanide derivative AqB013 (Aq, aqua ligand; B,
bumetanide scaffold) blocks rat AQP1 and the closshted AQP4n vitro,
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by a mechanism thought to involve physical occlosiof the intra-
cytoplasmic water channel pore (Migliati et al, 9RO

No direct pharmacologic agonist of AQPs has preslipbeen described.
An agonist of AQP1 would be expected to enhancemteainsport and UF,
thereby increasing the efficiency of dialysis. Rermore, because PD allows
the specific assessment of AQP1-mediated watespah as opposed to
effects on small solute transport and osmotic @ratdit is an advantageous
model for assessing potential modulators of A@P\ivo.

7. Long-term changes in the peritoneal membrane

Functional alterations of the peritoneal membramestitute an obstacle to
long-term PD, because they are associated withnieah failure and
increased morbidity and mortality (Davies et alD20Devuyst et al, 2010;
Devuyst et al 2009). Prolonged exposure of thetgezal membrane to
dialysis leads to vascular proliferation, vascutbgaand peritoneal fibrosis.
These structural alterations are associated wathsport defects, including
faster solute transport rate (resulting from amegdd vascular surface area),
early dissipation of the osmotic gradient and emgiloss of UF capacity (Fig.
6) (Davies et al, 1998; Davies et al, 2001; Willsast al, 2002; Williams et
al, 2003; Honda et al, 2008; Devuyst et al, 2010).

Causative factors are likely multifactorial and lutde the PD catheter,
dialysate composition (glucose exposure, low pHicgée degradation
products), inflammation, systemic factors, peritisrepisodes and potentially
a genetic predisposition. The molecular mechanadmsritoneal remodeling
remain largely debated, but likely involve an expes release of growth
factors such as vascular endothelial growth faatwr tumor-growth factor-
B1. In turn, these factors lead to vascular prddiien, activation and
accumulation of resident myofibroblasts, and exgesdeposition of extra-
cellular matrix in the peritoneal interstitium.
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Figure 6. Changes in peritoneal structure and fungbn in patients on long-term PD.(A)
Structure at the beginning of therapy. (B) Struaitatterations - loss of mesothelial integrity,
submesothelial fibrosis, vasculopathy, and vasquiaiferation - after 5 years on PD. Brown
staining indicates immunoreactivity for factor \/lihdicating the presence of blood vessels.
m, mesothelium. Bar = 100 pm. (C) Changes in netfiltration (UF, blue bars) and
peritoneal solute transport rate (PSTR, orange) ltheing prolonged exposure to PD.
Adapted from Davies et al, 2004 and Devuyst e2@1,0.

Encapsulating peritoneal sclerosis (EPS) is thet m@gere complication
of PD (for review, see Korte et al, 2011), and ¢sissin an exaggerated
fibrogenic response of the peritoneal membranelidgato encapsulation of
the bowels and intestinal obstruction (Fig. 7).haligh EPS affects a
minority (0.9%-3.5%) of patients on long-term PDhas a mortality rate
reaching 50%, resulting from intestinal occlusiomglnutrition, and sepsis
(Korte et al, 2010). EPS is probably a multifacbudisease, in which PD
duration represents an important risk factor (Bratal, 2009; Johnson et al,
2010; Korte et al, 2011). Other conditions that éndneen inconsistently
associated with EPS include cumulative glucose &xm@ younger age,
peritonitis episodesp-blockers, and kidney transplantation (Brown et al,
2009; Johnson et al, 2010; Korte et al, 2011). Ssingly, symptoms of EPS
occur after PD withdrawal in most cases (BrownlgR@09; Johnson et al,
2010; Korte et al, 2011).
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Figure 7. Encapsulating peritoneal sclerosiqA) Bloody dialysate at early stages of the
disease. (B) Typical features of EPS on computedotgyaphy, with thickening and
calcifications of the peritoneal layers. (C-D) Mastopic appearance of EPS, with a fibrotic
cocoon that encapsulates the bowel and contritotéstestinal obstruction. Courtesy of
Prof. Eric Goffin, Christian Verger, and Titus Aiggime.

There are currently no definitive criteria that lelesthe detection of early
stages of EPS. Arguably, a better understandinthefearly phase of the
disease may help identifying patients at risk amsgetbping prevention
strategies. Preliminary studies suggested thatogressive loss of UF
capacity often precedes EPS development (Lamkag 8010; Sampinon et
al, 2011). However, these studies were limitedrbglsnumbers, the absence
of appropriate matching with long-term PD controéd/or a lack of
evaluation of free-water transport. In additiore thechanisms of impaired
water transport in patients with EPS have not beeestigated and remain
unelucidated.
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8. Peritoneal function testing and determinants of @neal transport

Transport properties of the peritoneal membrane mayassessed and
quantified in clinical practice through peritonegguilibration tests (PET).
The original PET is performed during a standardizdtbur dwell using a
2.27% glucose-based dialysis solution (Twardowsldle1987). Peritoneal
solute transport rate (PSTR) is estimated fromréte of equilibration of
small solutes (creatinine, urea) between the bl the dialysis solution.
Dialysate-over-plasma ratio (D/P) of creatininetla® end of procedure
therefore indicates how fast small solutes are irlted across the
membrane. The substitution of the 2.27% by a 3.8G%0se-based solution
for the PET allowsi} a more accurate evaluation of net UB,the diagnosis
of UF failure (net UF < 400ml at the end of theddirell with 3.86% glucose,
as defined by the International Society for PeetdDialysis [Mujais et al,
2000]), andi(i) the assessment of sodium sieving, a reliablbeitindirect

- indicator of AQP-mediated free-water transpora (Milia et al, 2006;
Clerbaux et al, 2006; Ni et al, 2006).

The theoretical explanation of PSTR postulatesiteanhain determinant
is the density of perfused capillaries in contaithwlialysate, an assumption
that is supported by both clinical observations atutlies (reviewed in
Davies, 2014). For example, peritonitis causespadrancrease in PSTR
because of the effects of severe local inflammati&diated by local nitric
oxide production, as does the addition to dialysdéteasodilators. Both are
associated with reversible changes in capillaryusesn, whereas there is
direct evidence in patients that the long-termease in PSTR associated
with membrane injury occurs in parallel with anrease in vascular density.

Based on PSTR, patients can be categorized as skmwvage or fast
transporters. It is estimated that approximatel§old patients have a fast
transport status at the start of PD. Patientswgh PSTR also rapidly absorb
dialysate glucose, leading to an early dissipatibthe crystalloid osmotic
gradient between the dialysate and the blood, amd WF volumes. In
addition to the potential suboptimal UF volumesha studies have
demonstrated that high PSTR is an independentfaistor of death and
technique survival among patients undergoing caotiis ambulatory PD
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(Churchill et al, 1998; Brown et al, 2003; Brimigieal, 2006; Lin et al, 2010).

These data were summarized in a 2006 meta-anaf<® observational

studies, in which there was an increase in thdivelaisk of death of 1.15

(95% confidence interval, 1.07-1.23) for every (ntrease in the D/P

creatinine at 4 hours (Brimble et al, 2006). As paned with patients with

low PSTR, an increased mortality risk of 22%, 4@#d 77% was noted for
patients with a low-average, high-average and R§fMR, respectively. The
reason for the decreased survival of fast tranepoits unclear, but might
involve poor UF and fluid overload, increased pirotesses, and chronic
inflammation (Brimble et al, 2006). The high freqag of hypertension and
left ventricular hypertrophy among patients witgthbaseline PSTR, and the
reversibility of these findings when the PD preasion is rationalized and

individualized (Tonbul et al, 2003), supported typothesis that increased
risk associated with baseline transport statusléed to fluid overload. This

assumption has been validated in large cohort estudin which the use of
short dwell times (using a cycler, in patients anoamated PD) and the
prescription icodextrin for the long dwells abroghthe risk conferred by
baseline PSTR (Brown et al, 2003; Davies, 2006; pafeid et al, 2006;

Johnson et al, 2010). Altogether, these data stipperecommendation of
evaluating peritoneal function to identify patieatsncreased risk of death or
technical failure, and to individualize PD prestiop to mitigate the risk

conferred by a high PSTR.

Data from large cohorts of patients with peritorfealction testing at the
initiation of PD indicate an important - more thavo-fold - interindividual
variability in the initial PSTR (Churchill et al998; Davies, 1998; Brown et
al, 2003; Brimble et al, 2006; Mehrotra et al, 20¥#ge, gender, body-mass
index and body surface area, serum albumin letrahj@origin, comorbiditiy
index, and diabetes have been identified as inakgempredictors of baseline
PSTR (Chruchill et al, 1998; Davies, 2004, Gillegbal, 2005; Rumpsfeld et
al, 2006; Clerbaux et al, 2006). Concentrationgntdrleukin (IL)-6 in the
dialysate - taken as a surrogate for intraperitbméimammation - have also
been associated with PSTR. Interleukin-6, a cymkmediating the acute-
phase inflammatory reaction able to increase vas@érmeabilityin vitro,
is produced by mesothelial and resident cells & gRkritoneal membrane
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(reviewed in Davies, 2014). The Global Fluid Study,multinational,
multicentre, prospective cohort, including almo80Q PD patients, recently
confirmed this association, by showing that dialgda-6 level is the most
important and independent determinant of PSTR ith bacident and
prevalent PD patients (Lambie et al, 2013).

However, the effect of clinical and biological \atvles on initial PSTR is
fairly modest (approximately 20-30%), suggestingt thenetics may play a
role in variability of PSTR (reviewed in Siddiquiea¢, 2015). Candidate-gene
association studies, including proof-of-conceptdss from our group
(Gillerot et al, 2005), suggested that at least esah the variability in
peritoneal membrane function is heritable. Theadiss indeed identified a
common polymorphism ifL6 gene as an independent predictor of baseline
PSTR (Gillerot et al, 2005; Hwang et al, 2009). br@ogical effect of the -
174G/CIL6 polymorphism was substantiated by significant ¢jegnin 1L-6
expression in the peritoneal membrane, peritonéfleat and plasma,
further supporting the role of peritoneal inflamroatas a major determinant
of PSTR (Gillerot et al, 2005).

Similarly, peritoneal water transport at initiatiof PD is only partially
explained by clinical and biological variables (agender, PSTR, residual
kidney function, sodium sieving) (La Milia et al0@6). However, the
potential role of variants, including IAQP1 gene, on water transport in
patients treated with PD is unknown. Given the ingooce of water balance
for the efficiency of the technique, the identifioa of genetic determinants
of fluid removal during PD may have critical im@ttons for outcome in this
population. In addition, it may help identifying tants at risk and
individualizing PD prescription — opening avenues the development of
precision medicine in PD.
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9. Animal models of PD

Animal models are important for understanding the/sology of the
peritoneal membrane, to test new therapeutic ietégrons and in fine - to
improve the outcome of patients treated with PD.

Mechanistic investigations of peritoneal permeépilin rat and rabbit
models of PD were mostly based on interventionistuglsing pharmacologic
agents, blocking antibodies, or transient expressgstems including
adenoviral vectors. These models are often limitgd lack of specificity,
side effects, as well as a transient efficacy afetg concerns. Until recently,
the body size of @apecieswas considered as the major limiting factor to
performin vivo studies of PD. The availability of microsample lgses and
molecular biology techniques alleviated this reson, allowing the
investigation of permeability parameters and midtipnolecules at the
MRNA and protein levels from minute volumes andue samples. These
new possibilities led our group to propose thategjeally modified mice
could provide an attractive alternative to the abmodels to investigate the
molecular counterparts of PD (Ni et al, 2005).

Since the 1980s, the mouse has emerged as a magl@l wrganism for
investigations of many aspects of human diseasesedl as basic human
biology at the cellular, tissular, and whole orgamilevels. Its striking
similarity to humans in terms of anatomy, physiglognd genetics
(with >95% of the mouse genome being similar toaun) provides a direct
relevance for the study of human physiology andhgagy. As an
experimental model for mammalian biology, the mousters critical
advantages, including low cost, fast turnover, elasseding, accelerated
lifespan (one mouse years equals about 30 humars)yaad multiple
possibilities of genetic manipulations. In our ledtory, knockout mice have
been used to demonstrate the relative role otrottide synthase isoforms in
the permeability modifications and structural chesigssociated with acute
peritonitis (Ni et al, 2003). Based on the molecalad functional similarities
between the mouse and human peritoneal membrarm/eh mouse model
was then developed to specifically investigatetpaaal transport (Ni et al,
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2005). Application of this model to transgermcjpl mice contributed to
validate predictions from the three-pore modeldbynonstrating the critical
role of endothelial AQP water channels during PDhwglucose-based
dialysis solutions (Ni et al, 2006).

The availibility of transgenic mice lacking such tefa channels has
stressed the need for novel strategies to accyrasdess osmotic water
transporin vivo. During last decades, radioiodinated serum alburagbeen
the most widely used tracer for intraperitonealvoé measurement in rodent
models of PD (Rippe et al, 2007; Rippe, 2006). Haawveits use is limited by
the emission of ionizing radiation, imposing steng safety regulations for
storage, use, and waste handling. Fluorescent pitudnee been developed to
overcome the limitations of radioactive agents arelincreasingly used to
assess various procesgesivo, including plasma volume changes in rodents
(Eisner et al, 2012; Gillen et al, 1994). To ddtes use of fluorescently
labeled bovine serum albumin tracers and fluoreszespectroscopy to
monitor intraperitoneal volume and osmotic wateansport across the
peritoneal membrane has not been tested.

In addition, experimental models of PD representsgful tool to
characterize potential regulators of AQP expressiofunction, and effects
of alternative osmotic agents used in daily clihpractice, including glucose
polymer icodextrin. Contrarily to glucose, icodextmduces a progressive
and sustained water flow across the peritoneal mameb in the absence of
any osmotic gradient, suggesting it may act adlaidagent. However, this
assumption has not been confirmed yet, and thevagthfor water transport
during crystalloidversuscolloid osmosis have not been investigated.
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Over the last decades, major technical advancea aetter understanding of
the peritoneal physiology contributed to estabpiehitoneal dialysis (PD) as
an effective form of renal replacement therapygdatients with end-stage
renal disease. However, functional alterationshandialysis capacity of the
peritoneal membrane still represent a major obstiackuccessful long-term
therapy. As a result, poor peritoneal ultrafiltoatiand subsequent fluid
overload - which affects up to 50% of the preval#iatysis population (Van

Biesen et al, 2011) - contribute to an increase#t of cardiovascular

complications, technique failure and death (Chuiréhial, 1998; Brown et

al, 2003; Brimble et al, 2006; Johnson et al, 2010)

Investigating the mechanisms of water and solwasport is therefore
critical to improve our knowledge of the basic pipies of PD, and to
develop novel strategies to enhance ultrafiltratonl improve outcome in
patients treated with PD. In addition, PD represemtunique model to
investigate the mechanisms of osmosis across hoalomembranes, the role
and regulation of aquaporins (AQPs), and — from idewperspective -
vascular biology and fibrosis.

In this work, we combined data from large cohoftpatients on PD (at
clinical, functional, structural, molecular, andngéc levels), computer
simulations and well-established mouse models tlhemd some of the gaps
in the current knowledge in the physiology of pargal transport in normal
and diseased states.

The discovery of AQPs and the generation of tramsganimals have
stressed the need for novel and accurate methodsrtvel molecular
mechanisms of water permeabilityvivo. In the first chapter of the thesis,
we tested and validated fluorescently-labeled bovenserum albumin and
fluorescence spectroscopy as a novel indicator adrootic water transport
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across the mouse peritoneal membraneAfter characterization of the
intrinsic properties of the dilution tracer, its cacacy to monitor
intraperitoneal volume over time during PD was datied against direct
volumetry — the gold-standard method. The technigae then applied to
guantify osmotic water transport across the mousgtgmeal membrane
following changes in dialysate osmolality and ingation of Aqpl

The AQP1 channel facilitates the osmotic transpbnvater across the
peritoneal microvasculature and is therefore @aitfor ultrafiltration during
PD. The possibility to modulate AQP1-mediated wdtew by using a
pharmacologic agent, and the potential relevancePId have not been
investigated. In the second chapter, we used a multi-disciplinary
approach to characterize the effects of AqF026, idified as the first
AQP1 agonist, on peritoneal water and solute transpt. These studies
deciphered the mechanisms of action of AqF026,udiny potential
interference with intracytoplasmic loop D — whicashbeen involved in the
gating of plant and mammal AQPs, and establishecefficacy in mouse
models of PD.

Encapsulating peritoneal sclerosis (EPS) is abatesevere complication
of PD characterized by an extensive fibrosis of pkeeétoneum leading to
bowel encapsulation and obstruction. Changes iiopeal water transport
have been suggested to precede EPS, but the mewisaand potential
predictive value of that transport defect have lbe¢n investigatedn the
third chapter, we used serial testing of peritoneatransport in a large
cohort of incident PD patients and systematic perdneal biopsies to
characterize the transport defects preceding EPS;ot evaluate their
ability to predict the risk of subsequent EPS; andto investigate the
mechanisms of impaired water transport in this rarecomplication of PD.

Osmosis represents the driving force for ultradtion and water balance
in PD patients. While previous studies have demated that endothelial
AQP1 play a significant role in crystalloid osmosisluced by hypertonic
glucose, their contribution in water removal indiid®/ alternative osmotic
agents such as icodextrin has not been establishtgk fourth chapter, we
investigated pathways of water transport during cdbid versus
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crystalloid osmosis, and their fundamental mechanms, using an
experimental model of peritoneal transport combinedto computer
simulations and biophysical studies.

Peritoneal function testing at initiation of PD ®&l® a large inter-
individual variability in AQP-mediated water trammsp but the determinants
of such variability remain ill-definedn the fifth chapter, we analyzed the
genetic, demographic and clinical parameters of a oiticentric European
cohort of incident PD patients to investigate the g@tential impact of
common variants in theAQP1 gene on peritoneal transport parameters
and the risk of death and/or technique failure.
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FLUORESCENT ALBUMIN TO ASSESS WATER TRANSPORN VIVO

SUMMARY

Osmotic water transport across the peritoneal mangbrs applied during
peritoneal dialysis to remove the excess watermatated in patients with
end-stage renal disease. The discovery of aquap@ter channels and the
generation of transgenic animals have stressatk for novel and accurate
methods to unravel molecular mechanisms of wateneabilityin vivo.

Here, we describe the use of fluorescently labaledmin as a reliable
indicator of osmotic water transport across thé@eeal membrane in a well-
established mouse model of peritoneal dialysiserAdietailed evaluation of
intraperitoneal tracer mass kinetics, the technwae validated against direct
volumetry, considered as the gold standard. ThengkErsitive dye Alexa
Fluor 555-albumin was applied to quantify osmotatev transport across the
mouse peritoneal membrane resulting from moduladiatysate osmolality
and genetic silencing of the water channel aquagbri(AQP1).
Quantification of osmotic water transport using XseFluor 555-albumin
closely correlated with direct volumetry and witktimations based on
radioiodinated @) serum albumin (RISA). The low intraperitoneaggsure
probably accounts for the negligible disappearavicthe tracer from the
peritoneal cavity in this model.

Taken together, these data demonstrate the aparepess of pH-
insensitive Alexa Fluor 555-albumin as a practara reliable intraperitoneal
volume tracer to quantify osmotic water transpiontivo.
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FLUORESCENT ALBUMIN TO ASSESS WATER TRANSPORN VIVO

INTRODUCTION

Water transport across biological membranes is cegss of paramount
importance in all living organisms. For more thd® Years, fluid transport
has been studied across artificial porous membranegissues of animal or
vegetal origin. The discovery of the aquaporin (AQ@Bmily of water
channels (Agre, 2004) and the generation of transgaice lacking such
water channels have stressed the need for noa&gies to accurately assess
osmotic water transpoit vivo (Verkman, 2000). The AQPs are strongly
expressed in the kidney, central nervous systema, skin, and exocrine
glands. Studies in knockout mice have demonstiatedritical role of these
channels in processes ranging from epithelial fitadsport to brain swelling,
cell migration, and neuroexcitation (Verkman, 2012)

Peritoneal dialysis (PD) is a life-sustaining thpgrathat applies the
principle of osmosis across the peritoneal memétanremove water and
solutes accumulated in patients with end-stagel disaase. The efficiency
of osmosis during PD is crucial for technique aatigmt survival (Brown et
al, 2003; Devuyst et al, 2010; Nishino et al, 2008)e high expression of
AQP-1 (AQP1) in the endothelial cells lining pengal capillaries led to the
early suggestion of a potential role for water c¢teds in water transport
generated during PD (Devuyst et al, 1998; Yang let1899). The
development of a mouse model of PD (Ni et al, 2G0%) its application to
Agplmice indeed demonstrated that AQP1 accounts fOB6-6f osmotic
water transport when hypertonic glucose is usedsasotic agent (Ni et al,
2006). Mouse models of PD have also contributethéodevelopment and
characterization of the first identified AQP1 aggin(Yool et al, 2013),
opening perspectives for the treatment of condstessociated with defective
water handling.

During the last decades, radioiodinatédfl) serum albumin (RISA) has
been the most widely used tracer for intraperitbnealume (IPV)
measurement in rodent models of PD (Rippe et a)72®Rippe, 2006).
However, the use of RISA is limited by the emissafrionizing radiation,
imposing stringent safety regulations for storagge, and waste handling.
Fluorescent probes have been developed to overcbendimitations of
radioactive agents and are increasingly used tesasgarious processes
vivo, including plasma volume changes in rodents (Eishal, 2012; Gillen
et al, 1994). In the present study, we developed \@alidated a highly
sensitive method using fluorescently labeled BS¥edrs and fluorescence
spectroscopy to monitor IPV and osmotic water fpans across the
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peritoneal membrane. The relevance of this newnigae to measure
osmotic water transport and ultrafiltration (UF)sasubstantiated by using
various osmotic solutions and mice lacking AQP1 &gdcomparing the

accuracy of fluorescent tracers to direct volumairg RISA.

RESULTS

Intraperitoneal kinetics of tracer albumin labeledith 1?3 or fluorescent
dyes

We first investigated the recovery of RISA and Bl&Beled with fluorescent
dyes (FITC, Alexa Fluor 488, Alexa Fluor 555, aniéa Fluor 647) (Fig.

1A) at the end of 2-h dwells with 3.86% glucosedubdialysate (pH 7.4) in
a mouse model of PD (Table 1). The recovery ofntlass of RISA, as well
as all types of fluorescent BSA, was almost conep(et99%), indicating

negligible disappearance of the tracer from théqezal cavity in this model.
This conclusion was supported by the minimal (~1®ppearance of the
instilled mass of RISA in plasma, with only tra¢e8.1%) of RISA retrieved
in the visceral peritoneum of exposed mice (datsshown).

According to the mass-balance principle, sincentlass transfer of tracer
albumin outside the peritoneal cavity is insigrafit, IPV at time t can be
calculated using the following equation:

vz

t

where \§ is the instilled volume of dialysate, andy @nd G, the
concentrations of labeled albumin in the dialysatéme O and t, respectively.
The IPV value derived from the tracer concentratibthe end of the dwell
was concordant with direct volumetric measureménP¥, considered as
the gold standard, for all tracers (Table 1).

Since the conventional dialysate solutions arei@cwle next evaluated
the pH sensitivity of fluorescent albumin tracerwitro. As expected, FITC-
labeled BSA showed the most significant pH sengjtiwhereas the
fluorescence intensity of Alexa Fluor-labeled B&Aass (Alexa Fluor 488
and Alexa Fluor 647) or even not (Alexa Fluor 5&88gcted by acidic pH
changes (ranging from 7.0 to 5.2) (Fig. 1B). Acaogty, the linear
relationship between fluorescence intensity andyside concentration of
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Alexa Fluor 555-BSA remained unaffected by changetialysate pH (Fig.
10).

Table 1. Fluorescent emission properties and intragritoneal kinetics of
albumin tracers

Albumin label Fluorescence properties Intraperitonal kinetics

Exc. Em. Ext. Recovery Volumetric Estimated
(nm) (nm)  Coeff? (%) IPV120Q? IPV120Q?
(ki) (ki)
125 - = = 98.741.0 369051 374139
FITC 491 515 75,000 99.1+1.1 351129 350122

Alexa Fluor 488 491 515 73,000 99.A0.7 361048 372175
Alexa Fluor 555 555 565 155,000 99.1+1.5 350455 3535:46

Alexa Fluor 647 650 668 270,000 99.8+1.0 36674123 3663:67

1, Extinction coefficient of the reactive dye atission maximum in criM™L,

2, IPVia intraperitoneal volume at 120min of the dwell swa&d volumetrically or
estimated from tracer dilution.

Exc., excitation; Em., emission; Ext. Coeff., extion coefficient

All exchanges were performed with 3.86% glucosestiaialysate during 120min in SV129
mice. Results are given in meaSEM. For intraperitoneal kinetics studies, n=6afgcoup
for radio-iodinated®®™ human serum albumin and AlexaFIeRsiabeledbovine serum
albumin, and n=3 for FITC (fluorescein-isothiocyta)a AlexaFluot®® and AlexaFludt’-
labeledbovine serum albumins.

Alexa Fluor 555-BSA to assess osmotic water transpuring peritoneal
dialysis

The pH insensitivity of Alexa Fluor 555-BSA, assaeid with its long

wavelength, preventing potential interference froautofluorescence,
justified the further characterization of Alexa &i#b55-BSA as a tracer to
assess IPV in a mouse model of PD using conventialgsis solutions. The
standard dialysis procedure (2-h dwell with 3.864cgse-based dialysate)
by itself did not affect the fluorescence intensiythe dye, and no free
fractions were detected at the end of the dwe#lsa(dot shown). The addition
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of Alexa Fluor 555-BSA to the dialysate had no efffen transport [net
ultrafiltration: 48.4:1.9 pl/g vs. 47.81.9 ul/g; glucose disappearance rate
(D120/Do): 0.44:0.01 vs. 0.480.02 in mice exposed or not to Alexa Fluor
555-BSA, respectively; n = 6 in each group] antaimimation [nitrite/ nitrate
(NOx): 19.x2.2 vs. 22. 81.3 pM; albumin leakage @ albumin):
0.45t0.03 vs. 0.450.03 pg/ul in mice exposed or not to Alexa Fluob-b5
BSA, respectively; n = 6 in each group] parametkisng the exchange,
further supporting its safe use in mouse modeRf
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Fig. 1. Spectral characteristics and pH sensitivityof fluorescent dyesA: fluorescence
excitation spectrum of BSA labeled with FITC, Alekmor (AF) 488, Alexa Fluor 555, or
Alexa Fluor 647. B: effect of varying pH (from 7@ 5.2) of the dialysis solution in vitro on
the relative fluorescence intensity of BSA labelgth FITC, Alexa Fluor 488, Alexa Fluor
555, or Alexa Fluor 647 (n = 4 measures/group)ir@ar relationship between fluorescence
intensity measured with a LS55 spectrometer (PEtRier) in arbitrary units (A.U.) and
Alexa Fluor 555-BSA concentration in the dialysidusion. The relationship is unaffected
by changes in pH in the studied range (pH 5.2-7.4).
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Fig. 2. Intraperitoneal kinetics of Alexa Fluor 555BSA and comparison of
intraperitoneal volume estimated from the dilution of Alexa Fluor 555-BSA or
measured by volumetry.A: recovery of the injected mass of Alexa FIuoBS5SA in the
drained dialysate after 30-, 60-, 90-, and 120-dvirells with 3.86% glucose and after 120-
min dwells with 1.36 and 7% glucose. The disappeaaf the tracer from the peritoneal
cavity is minimal at each time point, irrespectofethe type of dialysate. B: fluorescence
excitation spectrum of control plasma from SV12@erspiked with various concentrations
of Alexa Fluor 555-BSA(blue lines) and after intraperitoneal (IP) expesuo the
fluorescent tracer during a 120-min dwellPred line). No significant amount of tracer
is detectedising fluorescence spectroscopy on the plasma mfsed mice, with a lower
limit of detection of 1 pg/ml (1% of the injectedater mass). C: HPLC and absorbance
at 555 nm of control plasma from SV129 mice spikétth various concentrations of Alexa
Fluor 555-BSA (blue lines) and after intraperitonegposure to the fluorescent tracer
during a 120-min dwell (B,, red line). The peak of absorbance at 555 nm aftezlution
time of 34.6 min corresponding Alexa Fluor 555-BSA in standards is negligibletie
plasma of exposed mice. D: intraperitoneal volut®&/) estimated with Alexa Fluor 555-
BSA is concordant with direct volumetry at eachdipoint during PD with 3.86% glucose-
based dialysate. E: estimated and volumetricallgsueed IPV are in good agreement at the
end of 2-h dwells performed with 1.36, 3.86, and ghicose-based dialysates. F: IPV
estimated using the dilution of Alexa Fluor 555-B8#sely correlate with the data obtained
by volumetry (Pearson= 0.91,P<0.0001). Values are meahasSE; n = 3 for 30-, 60-, and
90-min dwells with 3.86% glucose, n = 6 for 120-rdiwells with 3.86% glucose, and n =
4 for 120-min dwells with 1.36 and 7% glucose.
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We next confirmed that the instilled intraperitonesss of Alexa Fluor
555-BSA is completely recovered at the end of tlee@dure, independently
of dwell duration and dialysate osmolality (Fig.)2AVe used fluorescence
spectroscopy_(Fig. 2B) and HPLC (Fig. 2C), two meledent and highly
sensitive techniques (lower limit of detection df% of the total injected
mass), to confirm the virtual absence of Alexa FIG65-BSA in extracts
from visceral peritoneum and plasma of exposed .mice

The validity of Alexa Fluor 555-BSA as an IPV traauring PD was
assessed by the direct comparison of the estimatie@s with volumetric
IPV taken as the gold standard. The absolute vadneskinetics of IPV
estimated using Alexa Fluor 555-BSA were concordantolumetric IPV
(Fig. 2D), irrespective of dialysate osmolalitydFRE). A close correlation
between the estimated IPV and the volumetric IP&a(Bon coefficient, =
0.91,P<0.001, n=23) was observed after dwells of differéwmrations and
using various concentrations of glucose (Fig. 2F).

Since transperitoneal macromolecule absorption e on
intraperitoneal pressure (IPP) (Zakaria et al, J9@8 hypothesized that the
very low IPP (<2 mmHg up to 10 ml of instilled diahte) (Suppl Fig. 2A)
accounts for the lack of tracer disappearance frenperitoneal cavity in our
mouse model of PD. We therefore evaluated the tedfemodulating IPP (by
external abdominal compression) on tracer kinetiegeasing IPP from O to
10 mmHg resulted in a significant reduction of Adeixluor 555-BSA mass
recovery in the dialysate at the end of 2-h dwéliem 1.00+0.02 to
0.85+0.02, respectively; P<0.001) (Suppl. Fig. 2Bpd in a significant
increase in the amount of Alexa Fluor 555-BSA dieteéin the plasma using
fluorescence spectroscopy (Suppl. Fig. 2C). Simgilamice exposed to
elevated IPP had a higher Alexa Fluor 555-BSA aunie their visceral
peritoneum at the end of the dwell (data not showimese observations
support the hypothesis that low IPP accounts ngygligible disappearance
of macromolecular tracers in our mouse model of PD.
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Alexa Fluor 555-BSA to assess IPV kinetics: applicms to mouse models
of PD

Having established the validity and accuracy ofxald-luor 555-BSA to
assess IPV kinetics, we next assessed the usefubfethe fluorescent
indicator dilution technique to detect changessmotic water transport over
time. Modulation of water transport across the meop®ritoneum was
achieved in two independent models, first by vagythe transperitoneal
osmotic gradient, and second by genetic deletidhefvater channel AQP1.

Increasing glucose concentration in the dialysatefl.36 to 3.86 and further
to 7% was reflected by a faster movement of wateyss the peritoneum and
increased final IPV_(Fig. 3A, Table 2). Both themmic water transport over
120 min, estimated by the area under the IPV cuifsgs 3B) and the AQP1-

mediated water transport, corresponding to thedté-dauring the first 30 min

of the dwell (Fig. 3C), showed a linear relatiopsivth dialysate osmolality

(Pearson coefficient,= 0.98,P<0.001; and 0.94< 0.001, respectively; n =

14 for both measures).

Mice lacking AQP1 represent a useful model to as#esultrasmall pore
component of water transport during PD. Previousliss based on RISA
have demonstrated that the lack of AQP1 is reftebtea significant decrease
in the initial UF rate and a loss of ~50% of the O&pacity during a
hypertonic dwell (Yang et al, 1999; Ni et al, 2008)e first showed that the
tracer mass of Alexa Fluor 555-BSA was constaninduhe 120-min dwell
in Agplmice (mean tracer recovery 99.0+2.0%, n = 12)r&heas a close
correspondence between the IPV at the end of tiedl éstimated from the
tracer dilution vs. that obtained by volumetry (TeaB). Comparison of the
osmotic water transport parameters assessed by ARra Fluor 555- BSA
vs. those obtained with RISA in the seminal workAgpl mice (Ni et al,
2006) demonstrated that both techniques yield highirelated values of IPV
(Pearson coefficient,= 0.98,P<0.0001) (Fig. 4A-B, Table 2). In agreement
with the role of AQP1 in mediating water transpduring PD, the use of
Alexa Fluor 555-BSA as a tracer yielded the samdeicgon in net UF, area
under the IPV curve, and initial UF rate than RISAthe Agp1” mice
compared with their wild-type littermates (Fig. 4C)
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Fig. 3. Alexa Fluor 555-BSA to assess IPV kineticeffect of the osmotic gradientA:
increasing glucose concentration from 1.36 to 3a8@ 7% in dialysate significantly
enhances osmotic water transport during PD, as showIPV kinetics.B: enhanced
osmotic water transport is reflected by the aredeuthe net UF curves (39+3, 9945, and
163+3 ml/min for 1.36, 3.86, and 7% glucose, retipely). Inset: linear relationship
between osmotic water transport estimated usingatiea under the net UF curve and
dialysate osmolality. C: increasing dialysate ogtiityl drives a faster UF rate during the
first 30 min of the dwell (3.5+0.6, 23.1+1.1 and.®40.5 pl/min for 1.36, 3.86, and 7%
glucose, respectively), when the contribution oliagmprin-1 to transcapillary UF is
maximal. All exchanges were performed using 2.5fml.36 (green), 3.86 (blue), or 7%
(red) glucose-based dialysate. Values are meaiis 1 S 4 for 1.36 and 7%, and n = 6 for

3.86% glucose. **P<0.001 vs. 1.36% glucose, afftf#<0.001 versus 3.86% glucose.
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Fig. 4. Alexa Fluor 555-BSA to assess IPV kineticeffect of deletingAgpl A: use of
Alexa Fluor 555-BSA irAgplmice yields IPV over time curves that are similarthose
obtained using radioiodinated serum albumin (RI®A; 0.19 and 0.30 between curves
using the 2 different techniques, Agp1” andAgp1- mice, respectively). B: mean IPV
at different time points iA\gpl mice using Alexa Fluor 555-BSA closely correlatehwi
those obtained with RISA (Pearsor 0.98,P<0.0001). C: use of RISA and Alexa Fluor
555-BSA provide similar UF rates during the fir@ #in of the dwell in wild-type
(22.7£1.8 and 23.1+1.1 pl/mif = 0.87, using RISA and Alexa Fluor 555-BSA) and
Aqgpl knockout mice (11.8+1.5 and 8.5+1.0 pl/miR, = 0.15). All exchanges were
performed using 2.5 ml of 3.86% glucose-based d#b Values are means + SE; 8 =
AgpI”* (open red circles) and Aqpt” (filled red circles) mice for experiments using
Alexa Fluor 555-BSA, and n = BgpI’ (open blue circles) and Bqgpt” (filled blue
circles) mice using RISA. Results obtained with RIi8 Agplmice are adapted from Ni
et al, 2006. *P<0.001 vs. wild-type mice.
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Table 2. Parameters of osmotic water transport dumg PD in mice
using Alexa Fluor 555-BSA as an indicator dilutiortechnique.

Group n Dialysate Net UF Volumetric Estimated AUC UF rate

glucose (ul/g BW) [PV 120 IPV 120 net UF 0-30min
(%) (1) (1) (ml.min)  (ul/min)
AgpI’™* 6 3.86 38.4#3.2 347353 350536 995 23.1#1.1

4 1.36 11.1+0.9" 289879 276#24™ 39+3™  3.50.67
4 7 60.8t1.1" 4402t129™ 4274:38™ 1633 31.90.5™

AgptY- 6 3.86 18.2t2.8™ 288H142™  291&41™ 46£6™  8.51.07

UF, ultrafiltration; BW, body weight; vollPV120, traperitoneal volume at 120min of the
dwell measured volumetrically or estimated from ttazer dilution technique; AUC, area
under the curve. **P<0.001 versésg|pI”* mice using 3.86% glucose.

DISCUSSION

Fluorescent dyes are increasingly used in biomedesearch to avoid

limitations and safety risks of radiolabeled tracgisner et al, 2012; Gillen
et al, 1994; Lin et al, 2011). In this study, wedsvell-established models of
PD to demonstrate that Alexa Fluor 555-BSA is asyda-use, neutral, and
accurate IPV tracer that allows the study of osowater transpoiit vivo.

Alexa Fluor dyes are a new family of bright, phoatde, and water-
soluble fluorophores obtained by sulfonation of ddmine or coumarin
molecules (Berlier et al, 2003; Panchuk-Voloshihalg1999). Sulfonation
makes Alexa Fluor molecules negatively charged dnairophilic,
contributing to the stability of these dyes, anthir strong pH insensitivity,
allowing their efficient use in a broad range of (i1). Among Alexa Fluor
dyes, Alexa Fluor 555 was shown to be the morensinsitive in the studied
range of pH (5.2-7.4), in agreement with previoosepvations in which red-
orange fluorescent dyes have the lowestyues, as low as 2.7 (Chudakov
et al, 2010). During PD with conventional solutipmapid changes in
intraperitoneal pH occur, as a result of transpeaal buffers and gas
transport (Heimburger et al, 2003). Covalent coafiogm of Alexa Fluor dyes
to specific proteins such as BSA (Berlier et aQ20prevents the appearance
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of free fractions, limiting the risk of free dyesasption. The addition of tracer
concentrations of fluorescent albumin to the PDutsmh had no effect on
parameters of transport and inflammation during PD.

The validity and accuracy of Alexa Fluor 555-BSAasess osmotic water
changesn vivo are demonstrated by the close correlation betwR¥érbased
on the dilution of the fluorescent tracer Alexa dtfllb55-BSA and IPV
measured by volumetry, considered as the gold atdntéchnique (Van
Biesen et al, 2002). The use of Alexa Fluor 555-B&Aan indicator of
osmotic water transport is further validated by s$imailar IPV values over
time obtained with Alexa Fluor 555-BSA and RISAAgpl mice, which
represent a critical tool to assess osmotic waaeisport in rodent models of
PD. The serial assessment of IPV over time in #mesanimal yielded IPV
curves exactly similar to those previously obtainsthg the RISA technique
(Ni et al, 2006). Similar values of osmotic watamnisport and initial UF rates,
two parameters that are directly linked to the reatf the dialysate and the
availability of AQP1 water channels, respectiveigre also obtained using
either Alexa Fluor555-BSA or RISA (Ni et al, 200600l et al, 2013).

Application of a macromolecular IPV tracer to assesmotic water
changes in mouse models of PD warrants a carefliation of the kinetics
of the intraperitoneal mass of the tracer duriregdivell. In the present model,
the intraperitoneal mass of fluorescent albuminseduas IPV tracers is
constant throughout all experiments, independeottlthe fluorescent dye,
dwell time, and dialysate osmolality. Minimal digpgarance of Alexa Fluor
555-BSA from the peritoneal cavity is corroborabgdhe lack of significant
tracer detection in plasma or visceral peritonetdiraxposed mice based on
fluorescence spectroscopy and HPLC, which are Woghly sensitive
(detection limit ~1 pg/ml) whereas HPLC allows tberout any artifact due
to fluorescence. The lack of disappearance of Rt the peritoneal cavity
in this mouse model confirms these results. Tha gegsented here suggest
that the very low IPP in basal conditions accoufds the lack of
disappearance of fluorescent albumin tracers frbm feritoneal cavity.
Conversely, increasing IPP by external abdominatgm@ssion results in a
significant reduction in tracer mass recovery ia tlhalysate, and a parallel
increase in tracer appearance in the plasma athe iperitoneal membrane.
In other rodent models of PD, disappearance ofntheromolecular 1PV
tracer (RISA, dextrans, or autologous hemoglobnfthe peritoneal cavity
(up to 10-30%) can occur as a result of an uptake lymphatic vessels
(mainly subdiaphragmatic) and interstitial tisslieg the peritoneal cavity
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(Flessner, 1983; Zakaria et al, 1996). In those etspdtransperitoneal
transport of macromolecules from dialysate to pémleed depends on the
nature of the tracer (De Paepe et al, 1988; N&@f2)land, more importantly,
on IPP, which directly determines tracer disappesea(Flessner, 1991,
Rippe, 2006; Zakaria et al, 1995; Zhu et al, 1998hen present, tracer
disappearance requires correcting equations talaxarestimation of IPV,
and to accurately assess IPV over time (De Paegle E388; Mactier, 1989;
Rippe et al, 2007). We speculate that differenaesalbdominal wall
compliance among species, in the type of anestlaslaelated effects on
diaphragmatic contraction, and in the use or nainethanical ventilation,
influence IPP and account, at least partly, for thariability in
macromolecular tracer disappearance in rodent madé?D (Lai-Fook et al,
2008; Rippe, 2009; Sarton et al, 2001; Shin e2@D6). Careful evaluation
of tracer mass kinetics is therefore a prerequiitethe application of
indicator dilution techniques assessing IPV in alimodels of PD.

Altogether, these data support the appropriatevieisorescently labeled
macromolecules, and more specifically Alexa FIUss-BSA, as alternative
IPV tracers to RISA to accurately assess IPV in seomodels of PD,
decipher the molecular mechanisms of water tramspamd evaluate
interventions modifying water transport in vivo.riher investigations are
required to investigate the potential use of flsoently labeled
macromolecules to assess IPV over time in PD patien
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METHODS

Animals. Adult male SV129 mice (Charles River, Brussels|gRen), aged 8 -14 wk,
weighing 20 -30 g, were used to assess the kinefifisiorescently labeled BSA arid-
human serum albumin and to evaluate the influefitlsecfluorescent tracer on transport and
inflammation parameters in a mouse model of PDgN\al, 2005). Gender-matchéd|pl
mouse littermates generated as previously desc(iMadet al, 1998), aged 8 -12 wk, were
used to assess the influence of the water charm@EIA All animals had access to a standard
diet and tap watead libitum The experiments were conducted in accordance thith
National Research Council Guide for the Care and bfsLaboratory Animals and the
Animal Ethics Committee of the Université cathokqie Louvain Medical School.

Peritoneal transport studies and tissue samplingOsmotic water transport across the
peritoneum was investigated using a peritoneallibgiuim test, as previously described (Ni
et al, 2005). Briefly, following anesthesia witht&mine (100 mg/kg sc, Merial) and xylazine
(10 mg/kg sc, Bayer), mice were laid in a supingifpan and the fur over the abdominal wall
was shaved after desinfection with 70% alcoholiliéa catheter (Venflon 22 G, 0.9-mm
diameter, Terumo) was inserted percutaneousltimoight lower quadrant of the peritoneal
cavity. This catheter was used for the infusion aathpling of PD solution. Mice were
intraperitoneally injected with 2.5 ml of glucosaded dialysate containing 100 pg of
albumin labeled with either a fluorescent dye (Adtuor 488-, Alexa Fluor 555-, or Alexa
Fluor647-BSA; Molecular Probes, Invitrogen), FIT{amin (Sigma-Aldrich), or RISA
(Seralb-125, IBA, Cis-Biolnternational). The inkd volume of 2.5 ml is between that
obtained when scaling to body weight (~0.7 ml) émdbody surface area (~10 ml), when
considering a standard infusion of 2,000 ml in akgOadult. Previous observations have
shown that using a 2.5-ml instilled volume in mowsedels of PD induced very similar
glucose disappearance rates and net ultrafiltrainoss species, including humans (Ni et al,
2005). The content of freééd in the spent dialysate was ~0.6% as checkedidhjdroacetic
acid (5% vol/vol) precipitation. A neutral pH dialg solution (Physioneal 3.86%, pH ~7.4,
Baxter Healthcare, Nivelles, Belgium) was usedtfacer kinetics studies, while further
experi- ments using Alexa Fluor 555-BSA were conddcwith conventional dialysate
[Dianeal 1.36 (344 mOsm/l) or 3.86% (483 mOsm/M,p 5.2, from Baxter Healthcare] or
glucose 7% (657 mOsm/l). No intermediate sampliag pwerformed during the assessment
of the kinetics of the tracer mass to prevent ikeppearance of the osmotic agent and tracer
by multiple sampling (Van Biesen et al, 2002). Mgampling (10 pl) was used at
intermediate time points in other experiments t&eas fluorescence. Before each sampling,
the abdomen was gently agitated to facilitate fimiding. Instilled and recovered dialysate
volumes were weighed on a precision balance (AG®Htler Toledo; margin of error during
experiments is 0.1 mg). Dialysate recovery wasqueréd at the end of the dwell, using
syringes and pre-weighed safe-lock tubes; the mEnmidialysate in the peritoneal cavity
was collected using gauze tissue and weighed tistngame technique. The fluid taken from
the gauze tissue accounted for 5% of total volufrtbedialysate in both groups. Provided
a 3.86% glucose dialysate density of 1.020+0.0@bwyin experimental conditions, the
volume margin of error can be calculated as 0.¥glues rounded off to 1 pl were used for
both instilled and recovered volumes. These paraimetere used to measure net UF by
volumetry, as previously described (18). Mean &tdriood pressure was recorded using a
pressure transducer (Harvard Apparatus, HollisMA) connected to the right common
carotid artery in anesthetized mice at baselinedanmthg 2-h dwells with 3.86% glucose.
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The significant water removal and the resultingpdiro blood pressure observed during PD
had no effect on peritoneal water or solute trartsipothis mouse model (Suppl. Fig. 1).

Samples from the visceral peritoneum were usedpfotein extraction, as previously

described (Ni et al, 2005).

Intraperitoneal pressure and external abdominal comression. Direct assessment of
intraperitoneal pressure (IPP) was performed irstuedized mice using a catheter that was
inserted in the peritoneal cavity and connected poessure transducer. This transducer was
validated against a water column and showed aalesg correlation with the gold standard
technique (Pearsan= 0.9991P<0.0001); the inter-assay coefficient of variagilising the
transducer was 2.4%. The circuit was filled anterateroing at the level of the heart, left at
atmospheric pressure. IPP vs. IPV curves were mddaivith the instillation of variable
volumes of dialysate in the peritoneal cavity @ieock in the circuit) and assessment of IPP
on the transducer. In a subset of experiments,WB® modulated by external abdominal
compression to assess the effect of IPP on traitspeal tracer kinetics. IPP was raised using
a neonatal sphygmomanometer (Philips, Eindhover Nbtherlands) that was applied
around the abdomen of mice and inflated to produnckexternal abdominal compression, a
method that has previously been applied to ratkgia et al, 1995) and adapted to mice.
IPP was continuously monitored, as previously dbedr raised to 10 mmHg, and
maintained constant for the dwell duration.

Fluorescence and radioactivity assessmerRelative fluorescence intensity in the dialysate,
plasma, and peritoneal membrane extracts was assess LS55 fluorescence spectrometer
(PerkinElmer) using appropriate standards to pregeenching and nonspecific interference
after tracer extraction, as described (Lin et 81.1). Radioactivity in the dialysate, blood,
and visceral peritoneum was assessed usingcaunter (Cobra Il, Canberra-Packard,
Downers Grove, IL) with statistics ensuring <1%43on error (i.e., at least 10,000 counts/
positive sample).

Quantification of Alexa Fluor 555-BSA by HPLC. Proteins were separated by reverse-
phase HPLC on a GRACE Vydac C4 column (214TP54mtx 25 cm) with an acetonitrile
gradient in solvent A [2% (vol/vol) acetonitrile @1% (vol/vol) trifluoroacetic acid]. Elution
was performed with the following gradient progralh=—90% solvent B [98% (vol/vol)
acetonitrile in 0.085 trifluoroacetic acid] over B0n at a flow rate of 500 pl/min generated
by a model 1260 Agilent solvent delivery systemsétibance was monitored simultaneously
at three wavelengths, namely, 214, 280, and 55%antification of protein was performed
by integration of the area under the curve for esazdorbance peak.

Free fractions of the fluorescent dye in the recoved dialysate.Ultramicrofiltration was
performed on the recovered dialysate of mice tdioorthe absence of free fraction of the
fluorescent dye. Amicon columns with a nominal ¢utd 30,000 Da (Millipore, Bedford,
MA) were loaded with 3.86% Dianeal containing Alddaor 555- BSA sampled at the end
of a 2-h dwell in SV129 mice, and centrifuged @00, g for 10 min. Fluorescence was
assessed on both the supernatant and the ulailtr

Nitrite/nitrate and albumin concentrations in the dialysate. The production of nitrite and
nitrate in the dialysate was measured using a icoftric assay (Cayman Chemical, Ann
Arbor, MI). After 3-h incubation with nitrate rediase (670 mU/ml) and NADPH (160 mol/l)
at room temperature, total nitrite concentratiothi@ samples was measured by the Griess
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reaction at 540 nm (Benchmark Plus Microplate RedBie-Rad, Hercules, CA). Albumin
concentration in the dialysate at the end of theltwas assessed using the Bradford assay
(Bio-Rad Protein Assay, Bio-Rad).

Statistical analysis.Data are presented as means + SE. Comparisonsdretive means
from different groups were performed using pairéests or one-way ANOVA, followed by
Bonferroni’'s multiple comparison tests, as apprateri
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AQP1AGONIST IN PERITONEAL DIALYSIS

SUMMARY

Aquaporin-1 (AQP1) facilitates the osmotic tran$pofir water across the
capillary endothelium, among other cell types, Hrateby has a substantial
role in ultrafiltration during peritoneal dialysigt present, pharmacologic
agents that enhance AQP1-mediated water transpdrich would be
expected to increase the efficiency of peritonéallydis, are not available.

Here, we describe AgF026, an aquaporin agonist ithat chemical
derivative of the arylsulfonamide compound furosggniln theXenopus
laevis oocyte system, extracellular AqQF026 potentiatexldhannel activity
of human AQP1 by >20% but had no effect on chaaa&Vity of AQP4. We
found that the intracellular binding site for AQPivolves loop D, a region
associated with channel gating. In a mouse modglenitoneal dialysis,
AQqF026 enhanced the osmotic transport of water sacithe peritoneal
membrane but did not affect the osmotic gradieme, transport of small
solutes, or the localization and expression of AQR1he plasma membrane.
Furthermore, AqF026 did not potentiate water transm AgpZnull mice,
suggesting that indirect mechanisms involving otl@mnels or transporters
were unlikely. Last, in a mouse gastric antrum prapon, AqF026 did not
affect the Na-K-ClI cotransporter NKCC1.

In summary, AgF026 directly and specifically potategs AQP1-mediated
water transport, suggesting that it deserves auhditi investigation for
applications such as peritoneal dialysis or clingtaations associated with
defective water handling.
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INTRODUCTION

Aquaporin-1 (AQP1) is the archetypal member of milla of membrane
water channels that is conserved in mammals, nigesisms, and plants
(Agre, 2004). Mammalian aquaporins (AQPSs) are ithsted in specific cell
types in numerous tissues and organs, where thaltdee the osmotic
transport of water and regulate body fluid homesistaMost AQPs are
constitutively expressed in plasma membranes, wtherg exist as homo-
tetramers. Each monomer has six membrane-spanaimgids and two short
hydrophobic loops containing conserved motifs arsidues that are critical
for the water selectivity of the pore (Fu et al02p) AQP1 is abundantly
expressed in the endothelium-lining non-fenestraggalllaries located in the
kidney, the airways, and the pleural and peritongahbranes (Nielsen et al,
1993; Devuyst et al, 1998h the kidney, AQP1 mediates the water transport
across the vasa recta, which influences the megiulaod flow and urinary
concentrating ability. A significant urinary-conc¢eating defect is observed
in bothAgpZ-null mice and humans deficient in AQP1 (Ma etl&98; King
et al, 2001).

The development of pharmacologic agents able toutatel AQPs has
been a highly anticipated goal, stimulated by insgn aquaporin structure
and functional regulation (Verkman, 2012). As agbraf concept, induction
of AQPL1 transcription in endothelial cells by coosteroids is associated
with an increase in water trans-porvivo (Stoenoiu et al, 2003). Antagonists
for AQP1 and AQP4 have been developed, with a focuarylsulfonamide
compounds, including acetazolamide (Gao et al, ROfiiepileptic agents
(Huber et al, 2009), and derivatives of the loapelic bumetanide (Migliati
et al, 2009). However, the effectiveness of acdéaaimle and anti-epileptics
as AQP blockers has been disputed (Yang et al,)200& bumetanide
derivative AqQB013 (Ag, aquaporin ligand; B, bumedanscaffold) at 20 uM
blocks AQP1 and AQP4 by a mechanism thought to lievghysical
occlusion of the intracellular water channel pdvig(iati et al, 2009)No
direct pharmacologic agonist of AQPs has previobsen described.

The functional relevance of AQP1 is particularlydent when osmotic
water transport during peritoneal dialysis is cdased (Devuyst et al, 2010).
Peritoneal dialysis is based on diffusive and caotive transport of solutes
and water between peritoneal capillaries and gslgbolution present in the
peritoneal cavity. The capacity to remove waterekcess across the
peritoneal membrane (ultrafiltration) is a majoedictor of outcome and
mortality for patients treated by this modality ifBble et al, 2006). Detailed
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studies inAgpXnull mice have demonstrated that AQP1 water channe
correspond to water-specific pores located in peeéal capillaries (Yang et
al, 1999; Ni et al, 2006yyhich represent the major transport barrier of the
membrane (Rippe et al, 1991). An agonist of AQPLildide expected to
enhance water transport and ultrafiltration, thgnelereasing the efficiency
of dialysis (Stoenoiu et al, 2003; Devuyst et 8l1@).Furthermore, because
peritoneal dialysis allows the specific assessmémQP1-mediated water
transport, as opposed to effects on small solesport and osmotic
gradient, it is an advantageous model for assegsitential modulators of
AQP1lin vivo.

RESULTS

In the present study, we tested the capacity ohthel agent AQF026 (Aq,
aquaporin ligand; F, furosemide scaffold) to patdetthe water channel
activity of AQP1in vitro andin viva Rates of net water flux were measured
in control and AQP1-expressin{gnopus laevisocytes pre-incubated with
and without externally applied AgQF026 (Fig. 1).re&ses in relative volume
as a function of time in hypotonic saline (Fig. 1piglded slope values
(relative swelling rates, Fig. 1B) that showed aimel potentiation at 5 uM
for AQP1, and loss of the agonist effect at AQF028es>100 uM. Dose-
response curves (Fig. 1C) indicated an estimatddnhaximal effective
concentration (E€2) value of 3.3 uM for AQP1. AgF026 also potentiatieel
closely related AQP4, but with substantially reducefficacy. AQP4-
mediated water transport in-creased significantlly at >50 uM AgqF026
(Fig. 1B-C). These results suggest a relativelyhhgpecificity for the
potentiating effect, in that AQF026 distinguisheetvieen two aquaporins,
AQP1 and AQP4, with >40% identity and 60% homolagyamino acid
sequence (based on GenBank Clustal analysis).

Using available crystal structure data, theoretaatking supported a
direct interaction of AqQF026 at a site locatedhatintracellular side of AQP1
(Fig. 2A). The chemically distinguishing feature &qF026 compared with
the parent compound furosemide is an aromatidinikgd to the sulfonamide
moiety (Fig. 2B).In silico modeling suggested the binding of AqF026
involved residues in the loop D domain as well tiepintracellular domain
residues in the vicinity (Fig. 2C). Theoreticaldigl docking suggested that
the distinctive sulfhydryl-linked aromatic ring &fqF026 interacted with
arginine 159 in human AQP1 (Arg 161 in bovine AQRQj note (Suppl.
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Table 1), the equivalently positioned residue inP¥Qoop D is serine 180,
the proposed site of water channel regulation msgshorylation (Zelenia et
al, 2002). A second residue implicated in the pugaAqF026-binding site in
human AQPL1 is threonine 157 (bovine Thr 159). Theiwalent cysteine
residue at position 178 in AQP4 loop D confers getity to block by
intracellularly applied mercurial compounds (Yukgaet al, 2008). The
functional roles of AQP4 loop D residues suppoet pinoposal that the loop
D region is an important regulatory do-main, areldbserved differences be-
tween AQP1 and AQP4 at key amino acid positionddcoantribute to the
difference in efficacy of AqF026_(Fig. 1). Site-glited mutagenesis of
intracellular residues in the AQP1 loop D domaik tvere modeled as being
involved in ligand docking_(Fig. 2D-E) showed thhe agonist effect of
AgF026 could be reversed by mutations of threotigor arginine 159 and
160. Conversely, mutation of glycine 165, a loopeBidue not implicated in
the candidate binding site, did not prevent thenaj@ctivity of AQF026. The
magnitude of agonist potentiation with Glyl65Proswaot significantly
different from that seen with AqF026-treated wijpe AQP1. A significant
increase in osmotic water permeability over conliegkls demonstrated the
functional expression of the AQP1 wild type and amitconstructs in the
oocyte plasma membrane, a finding that was contirmbéy
immunocytochemical labeling and confocal imagingwiole oocytes_(Fig.
2E). Taken together, these data demonstrate thBD2g) causes a dose-
dependent potentiation of human AQP1 water chaacility and that the
effect is likely to be mediated by ligand binding an intracellular site
involving specific amino acid residues in the loDpand possibly other
adjacent intracellular domains.
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Figure 1. Potentiating effect of AqF026 on water ciinnel activity of AQP1 and AQP4
expressed inXenopus laevioocytes.(A) Change in volume (V) due to osmotic swelling,
standardized to the initial volume (V0) and ploteeda function of time in 50% hypotonic
saline, for AQP1l-expressing and -nonexpressingrobrftont) oocytes. Oocytes were
preincubated in 10 uM AgF026 or with DMSO alonet{uas a vehicle control. Data are
mean = SEM for all oocytes tested in a single expental day; n values are indicated in
italics. (B) Histogram of compiled data showing nmaal potentiation of AQP1 near 5 pM
AgF026 and no potentiation of AQP4 at doses <50 ().Dose-response relationships for
AgF026-mediated potentiation of AQP1 and AQP4 watkannel activities, with an
estimated E6; value of 3.3 uM and a Hill coefficient of 1.8 ftire stimulatory component
for AQP1 (fit as the sum of two dose-response ayreae stimulatory and one inhibitory,
using GraphPad Prism).
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Figure 2. Ligand docking of AqF026 onAQP1: involverant of loop D domain residues
and specificity of action using an NKCCL1-sensitivebioassay. The identification of
residues associated with the proposed intracelhifading pocket are based on the crystal
structure of bovine AQP1. (A) Surface renditiontbé tetramer with the docked pose of
AgF026 in a ribbon structure of one AQP1 subutid). Chemical structure of AqF026 and
the parent compound furosemide. (C) A detailed \aétihe amino acid side chains relevant
to the docked pose. The highlighted residue (D1&&d)cates an amino acid contribution
from a neighboring subunit. (D) Relative swellirajas were standardized to the untreated
AQP1 wild-type or mutant channel responses withansame batches of oocytes, and data
were compiled from at least three different batdbegach group. Data are mean + SEM; n
values are shown in italics above the x axis. Asiterindicate a significantly different effect
for the comparison of 0 and 10 uM AqF026 for thesaonstruct (P<0.05; *** P<0.001).
There was no significant difference between wilgetand G165P at 10 uM (not indicated).
(E) Confocal images of permeabilized immunolaba&ledytes expressing AQP1 wild-type
or mutants, showing channel protein localizationplasma membranes (arrows). (F)
Intracellular recording from a mouse gastric antpraparation, continuously measured from
a single circular smooth muscle cell. Traces shepwasentative segments from the sequence:
first confirming stable spontaneous slow-wave atgtiinitial); after treatment with a
methylated furosemide compound (AqF022, 10 pM),ciwitaused depolarization and a
concomitant decline in slow-wave amplitude; aftevarsal of the effect by washout
(recovery); and during the subsequent lack of ef¢AqF026 (10 pM) over an extended
period (30 minutes). Similar results were seeinipé replicate cells.
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To determine whether AgqF026 retained any Na-K-Ctratsporter
(NKCC) blocking activity that is a hall-mark featuof the parent compound
furosemide, we took advantage of a mouse gaststiné smooth muscle
preparation as sensitive bioassay for NKCC activiBig. 2F). The
mammalian gastrointestinal tract has pacemakeedrslow-wave electrical
activity, thought to be mediated by Tactivated chloride channels (Zhu et
al, 2009). The maintenance of a negative baseliaminane potential is
critically dependent on the function of NKCC1. Btoaf NKCC1 in mouse
intestine with bumetanide (4 pM) produced a rewdesi 10-mV
depolarization of the baseline membrane potenhat was not seen in
NKCC1 knockout mice (Wouters et al, 2006). Similaieversible
depolarizations were induced by bumetanide or bysemide in the guinea
pig gastric antrum (Tomita et al, 2000). We fouhdttthe classic slow-wave
pattern in mouse gastric antrum similarly was atferithin 10 minutes after
application of a methylated furosemide agent (10 AdfF022). The effect
was reversed by washout, and AqF026 at the saneeldakno discern-able
effect on membrane potential or slow wave signatimgr 30 minutes_(Fig.
2F), indicating that the addition of the sulfonaenatyl group abolished any
appreciable effect on NKCC1 while endowing AQPlragbactivity. These
results are consistent with structural modelingadetdicating that the
introduced aromatic ring appears to be key initnld interaction with loop
D. Furthermore, the lack of effect of AQF026 on @ngperties of slow-wave
signaling further supports the idea that this agennlikely to have indirect
effects on general membrane properties or the baoay of channels and
transporters also present in this preparation.

We used an established mouse model of peritonaigists (Ni et al, 2005;
Ni et al, 2006) to test the relevance of the agausvity of AQF026 on water
transport and ultrafiltratiom vivo (Fig. 3). Treatment of wild-type mice with
AQF026 resulted in an approximately 15% increasi#uid transport across
the peritoneal membrane (Fig. 3A and Table 1),laimid the potentiation of
AQP1 seen at 5-20 p v vitro. The effect of AgF026 was dose dependent,
with a maximal response observed for a concentratid5 puM and an B¢
value of 4.2 uM (Fig. 3A). The effect of AQF026 pat ultrafiltration and
initial ultrafiltration rate was maximal at abou2@ minutes after injection
(Fig. 3B), in agreement witim vitro studies. The ultrafiltration iAqpZnull
mice was 60% lower than in their wild-type littert@s, and this measure was
not affected by AgF026 administration (Fig. 3A).€eTlgonist effect of
AgF026 on osmotic water transport was further destrated by increased
intraperitoneal volume curve over time (Fig. 3Cylam approximately 50%
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increase in the initial ultrafiltration rate acrdks peritoneal membrane (Fig.
3D; 32.2£1.3 pl/min versus 21.9+0.8 pl/min, in A@BOversusvehicle-
treated AqpI”* mice, respectivelyP<0.001). In contrast, treatment with
AqF026 had no effect on the initial ultrafiltratioate in theAqplnull mice

(Fig. 3D).
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Figure 3. AqF026 specifically enhances AQP1-mediateosmotic water transport in
vivo. (A) Wild-type Agp1"’* mice treated with AqF026 have a significant, ddependent
increase in net ultrafiltration (UF) across theijomeal membrane. The maximal response is
observed for a concentration of 15 pM, with anneated EGy value of 4.2 uM (insetpAqpt

" mice, characterized by a 60% reduction in ultnafilon at baseline, show no potentiation
of the ultrafiltration after treatment with 15 uMjB026. Data are mean + SEM; n=6 for each
AgF026 concentration except for 0.75 pM (n=4). Netfiltration rates were standardized
to body weight and compared with rates in vehiokated mice (open bar). (B) Time course
performed in wild-type mice shows that the effecAqF026 (15 uM) on net ultrafiltration
(bars) and initial ultrafiltration rate (triangleisymaximal 120-150 minutes after intravenous
injection. Data are mean + SEM; n=4 for each tirm@fp Open bar corresponds to vehicle-
treated mice. (C) Treatment &fqpI”* mice with 15 uM AqF026 results in increased
intraperitoneal (IP) volume over timB£0.02 between the AgF026 and vehicle curves), with
significant differences at 30, 60, and 90 minutesAiqF026-treated (black triangles)
compared with vehicle-treated (open squares) asinf@k0.01, P<0.05, andP<0.05
respectively; n=10 in each group). (D) Initial afiftration rates, taken as an index of AQP1-
mediated water transport during the first partted twell, are significantly increased in
AgpI™ mice treated with 15 uM AqFO2&rsusvehicle P<0.001, n=10 in each group). In
contrast, AgF026 has no effect on the initial diltration rates inAqp1’” mice (AqF026, n=4
and vehicle-treated, n=5). (E) Treatment of wilgdymice with AqF026 (15 pM) induces a
significant increase in sodium sieving (R/Bodium at 30 min) compared with vehicle-
treated animalsR<0.05; n=10 in each group). (F-H) The dialysat@f@sma ratio of
osmolality at 30 minutes (DéRy (F), the dialysate-to-plasma ratio of urea (R4P(G), and
the progressive removal of glucose from the didag/$®/Dy glucose) (H) were similar in
mice treated with 15 pM AgFO2&rsusvehicle (n=12 pairs ohgpI”’* mice).

Tablel. Effect of AQF026 on water and small solutgansport in vivo.

Group Net UF D/Posmat 30min - MTAC urea (ul/min)
(Hlig BW)

AgpI”™* DMSO 37.2+1.3 1.14+0.03 35.0+2.3

AgpI”* AqF026 42.8+1.2 1.15+0.03 34.2+1.7

Agpl- DMSO 15.7+1.9 1.28+0.02 35.5+3.6

Aqpl"- AgF026 15.6+1.6 1.27+0.03 36.4+7.0

Ultrafiltration and small solutes transport wereasiared in 16 pairs @gfgp1”* mice and 6
pairs of AgpI” mice. Osmolality was assessed in 12 pairdmbl”’* mice and 6 pairs of
AgpI" mice. UF, ultrafiltration; BW, body weight; D¢R, dialysate-over-plasma osmolality;
MTAC, mass transfer area coefficient (calculatedmfr Waniewski equationf=0.33).
3P<0.05 AgF026versusDMSO.P<0.001versusAqpl*.

The decrease in dialysate sodium concentratiomguhie initial phase of
a hypertonic dwell (‘'sodium sieving’) is a reliabtelex of AQP1-mediated
water transport in PD (Ni et al, 2006; Rippe etl&91). Administration of

66



AQP1AGONIST IN PERITONEAL DIALYSIS

AgF026 was also reflected by a significant increiasthat variable (dip in
sodium dialysate within the first 30 minutes of theell: 11.2+0.3 mEq/I
versus8.9+0.9 mEqg/l in AgF026-treatedkrsusvehicle-treated mice, n=10
pairs,P=0.03) (Fig. 3E). Administration of AQF026 had netectable effects
on the osmotic gradient (Fig. 3F and Table 1), brsalute transport as
measured for urea and glucose (Fig. 3G-H, and THblkend rate of albumin
leakage in the dialysate (dialysis to plasma ralifmmin: 0.09+0.00%ersus
0.10+0.003 in AgF026-treatedersusvehicle-treated mice, n =6 pairs). No
differences in urine output, hemolysis (lactate ydiebgenase), or liver
toxicity (aspartate aminotransferase and alanine@mnansferase) variables
were observed in mice exposed to AqFQ28susvehicle during the PD
exchange (data not shown). Treatment with AqFO02b rdit appreciably
change the levels of protein or mMRNA expressioAQP1 in the peritoneum
(Suppl. Fig. 1A-C). Immunogold electron microscoplgowed that the
distribution and abundance of AQP1 were not vistifferent in wild-type
mice treated with vehicle and AgF026 (density of PXgold particles:
5.08£1.06 versus 5.78+0.63 particles/pm, respdgtive=7 pairs) (Suppl.

Fig. 1D).

DISCUSSION

Results here are the first to define a pharmacolbgand that potentiates
AQP1 water channel activity, to show that it iseetfvein vitro andin vivo,
and to identify a candidate molecular site of actibhe data are consistent
with direct binding of the novel arylsulfonamidengpound AqF026 at a site
involving the intracellular regulatory domain lobgn AQP1. The specificity
of the drug on AQPL1 is substantiated by severakliof evidence, obtained
bothin vitro andin vivo. First, AQP1 is much more sensitive to AgF026 than
the closely related AQP4. Second, AqF026 has recefin NKCC1 and no
detectable diuretic effect during the peritonealydiis dwell. Third, AQF026
induces a strong increase in the initial ultradiiton rate, reflecting the
essential contribution of AQP1 to transcapillaryrafiltration at this stage.
The effect is abolished when AqF026 is administaredqgpl-null mice.
Fourth, the administration of AqF026 is reflectgda increase in the sodium
sieving, which typically reflects the movement odd water through AQP1.
Finally, the lack of effect of AQF026 on other caanments can be inferred
by the unchanged transport of small solutes anthtikeof structural changes
in the membrane.
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Modulators of AQP1 with translational potential babeen slow to
emerge. Blockers have only been described thudirfated by toxicity, low
efficacy, and lack of specificity (Yool et al, 2010Arylsulfonamide
compounds, including carbonic anhydrase inhibitapgpeared as potentially
attractive candidates on the basis of efficacysaiiety index (Gao et al, 2006;
Huber et al; 2009)Of particular interest, a 4-aminopyridine carboxaeni
derivative of the loop diuretic bumetanide (AqBO1#s shown to inhibit
AQP1 in vitro (50% inhibitory concentration, approximately 20 uM
extracellularly) by acting at an intracellular sithat occludes the water pore
(Migliati et al, 2009).

In this study, we used another loop diuretic, ferogle, as a scaffold for
the creation of the novel arylsulfonamide derivatikqF026. Furosemide is
relatively membrane impermeable, and it lacks eattizable effect on AQP1
or AQP4 water channel activity when applied extilataly (Migliati et al,
2009). For the agonist AqF026, a furan-containimgsalfonamide, the
carboxylic acid of the furosemide scaffold was nfiedi by conversion of its
carboxylic acid group to a methyl ester and by &oldiof a benzyl group to
the sulfonamide nitrogen. These modifications iase&l the calculated logP
(logarithm of the oil:water partition coefficierR) value to 2.97, a range that
is consistent with drug-like properties (Leesoralet2007). An intracellular
site of action of AgF026 on AQP1 channels was stppaby the >1-hour
latency for the agonist effect in tik@nopussystem. Accumulating evidence
suggests that AQPs are subject to complex mecharasmegulation (Yool,
2007; Maurel et al, 2008). According to resultsirofsilico modeling and
mutagenesis, the added benzyl moiety appears tbleerzan interaction
between the AqQF026 ligand and residues in the prakiegion of the loop D
domain, within a zone that is increasingly investiggl for AQP channel
regulation (Yu et al, 2006; Tornroth-Horsefieldagt 2006; Campbell et al,
2012). In turn, such interaction could open thesporincrease unitary flux
rates, remove a barrier or increase the probalafithe open state.

The molecular mechanism for the biphasic actioAg#026 on AQP1 is
not known. A testable hypothesis is that, at higth@ses, the antagonistic
effect might involve occlusion of the AQP1 water@a@t the intracellular
face at a site similar to that implicated for bldnk AgB013 (Migliati et al,
2009), whereas the agonist effect at lower dosgeap to result from
regulation of channel activity at a separate adliostsite involving loop D.
Alternatively, AgF026 could have different effeatthe same site depending
on concentration.
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Studies orAgplknockout mice have demonstrated that AQP1 fatkta
the osmotic water transport across the peritoneahibnane (Yang et al,
1999). The fact that AQF026 increased water trarisgped ultrafiltrationin
vivo in this model, without detectable changes in smallte transport or
modifications of the expression of AQP1, suggdstsagent has translational
potential for patients treated with peritoneal yb&éd. As expected, the
maximal potentiation of AQP1-mediated free-watansport occurs during
the first part of the dwell, when the osmotic geadiis maximal. In agreement
with previous studies addressing free-water trarispoat and mouse models
(Stoenoiu et al, 2003; Ni et al, 2006) and simalaibased on the three-pore
model (B. Rippe, unpublished data), the effect @fFB26 on free-water
transport was observed in the absence of any déleathange in small solute
transport.

ESRD is a major global concern, and improved methiod delivering
replacement therapy via peritoneal dialysis would of substantial
significance. The use of AQP1 agonists in patiemdergoing peritoneal
dialysis would be of prime interest in patients eleping ultrafiltration
failure, who may show water channel dysfunctiomal@r combined with
enlarged vascular surface area and/or increasedhigtic absorption rate
(Smit et al, 2004). By extension, a pharmacologierast of AQP1 might be
useful in conditions associated with defective lacater handling, including
subretinal edema, neurodegenerative conditions rgmtlocephaly, acute
renal failure, and diabetes insipidus.

Because AQF026 is an agonist of AQP1 channelsateexpressed in
multiple organs, additional work on drug metaboliand potential toxicity
will be important to evaluate potentially harmfifeets. Loop diuretics are
among the most widely used drugs worldwide, withedl-established safety
index during acute or chronic administration (Musat al, 2009).Our
cumulative observations with arylsulfonamide compisi AqB013 and
AQF026 in rodents suggest these derivatives arktalerated and cause no
appreciable overt tissue or organ toxicity undergpecific conditions tested
thus far.

The identification of the first pharmacologic agsirfor AQP1 opens new
avenues for analyses of AQP1l-mediated water trahsmaol has potential
therapeutic value for clinical situations basedasmotic water transport,
including peritoneal dialysis.
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CONCISE METHODS

In Vitro AssaysExpression of human AQP1 and rat AQPXiraevisoocytes was done as
described previously (Campbell et al, 2012). Sitealed mutations in AQP1 were generated
by PCR using the QuikChange kit (Agilent TechnodsgiAustralia). Non-AQP1-expressing
control oocytes without cRNA injection were preghfeom the same batches of oocytes.
Responses were standardized to the mean swelliagofahe wild-type AQP1 untreated
oocytes in the same batch of oocytes and compitednfultiple batches. All animal
procedures were approved by the University of AdelaAnimal Ethics committee and
performed in accord with the Australian Code ofddica for the Care and Use of Animals
for Scientific Purposes.

In Silico Modeling. The coordinates for the tetrameric model basederctystal structure
of bovine AQP1 were obtained from the Protein CBémk (MMDB ID: 18789; PDB ID:
1J4N). The pdb file coordinates were prepared ézkihg by removing water molecules and
adding charges using autodocktools-1.5.4. The dorate files for the ligand molecules
were obtained using Corina accessed via the Nati@aacer Institute’s on-line SMILES
translation tool and prepared for docking usingdatktools. The docking was performed
using Autodock Vina (Trott et al, 2010) with a gsite of (80A x 80 A x 42A) covering the
entire cytoplasmic face of the tetramer. The highesked pose was used in the analysis.

AqF026 Synthesis and ApplicationAqF026 was prepared by following a two-step process
in which furosemide was first converted to its nyktbster derivative (AqF022); then,
alkylation of the sulfonamide ester yielded AqF@36ppl. Fig. 2). Agents were purified by
column chromatography. Far vitro assays of swelling, oocytes were incubated iroisot
Na" bath saline with AqQF026 or DMSO vehicle before kiwg assays. Foin vivo studies,
AgqF026 or DMSO (vehicle control) diluted in sterdl€% NaCl was injected in the tail veins
of mice at 30 minutes before the start of the erpemtal transport measurements.

Mouse Gastric Antrum Electrophysiology. By following published methods (Kim et al,
2002), adult Balb/C mice were anesthetized witHlusane inhalation and euthanized by
cervical dislocation. The stomach antral regiomp(agimately 40 mrf) with the mucosa
removed was pinned into a recording chamber lindd 8ylgard elastomer (Dow Corning),
and maintained in 37°C Krebs solution (in mM: N4@B, KCI 4.75, MgS®1.2, NaHCQ
25, NahPQ, 1, glucose 11 and Caf2.5; pH 7.3) continuously bubbled with 85%) and
CO; (5%). A C&* channel antagonist nifedipine (dissolved at 10 mMthanol and used at
a final concentration of 3 uM in control Krebs) miized muscle contraction events.
Circular smooth muscle cells were impaled with glascro-electrodes filled with 3 M KCl
(70-100 MOhm). The furosemide derivative AqF022 &mel AQP agonist AqF026 were
applied at final concentration (10 uM) with 0.019%BO0O in perfused Krebs; effects were
re-versed by washout with control Krebs. Transmemérpotential was measured using a
high impedance amplifier (Axoclamp-2B; Axon Instremts). Electrical signals were
recorded with Axoscope 9.0 data acquisition sofew@xon Instuments/Molecular Devices,
Union City, CA).

AgplMice. Wild-type (AqpI”*) and knockoutAgp1’) mice (Ma et al, 1998) were obtained
from A.S. Verkman (University of California, Sanafcisco, CA). Studies were performed
on sex-matched littermates aged 8-12 weeks. Athals had access to standard diet and tap
waterad libitum The experiments were conducted in accordancethdtiNational Research
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Council Guide for the Care and Use of Laboratonjindals and approved by the ethics
committee of the Université catholique de Louvain.

Peritoneal Transport Studies and Tissue Samplingl ransport of water and solutes across
the peritoneal membrane was investigated in a estliblished mouse model of peritoneal
dialysis (Ni et al, 2005; Ni et al, 2006). Changesntraperitoneal volume over time and

initial ultrafiltration rates were obtained usin§j@rescent bovine serum albumin conjugate
(Alexafluor555-BSA, Molecular Probe, Eugene, OR)asindicator-dilution technique, as

previously described (Ni et al, 2006; Lin et al12Q At the end of the dwell, mice were

euthanized by exsanguination and samples were ggeddor mRNA and protein studies.

Real-time RT-PCR.Total RNA was extracted from peritoneum, treatethwiNAse | and
reverse-transcribed into cDNA with iScript TM cDNBynthesis Kit (Bio-Rad Laboratories,
Hercules, CA). Changes in target genes mRNA lewel® determined by relative real-time
guantitative PCR with a CFX96TM Real-Time PCR D#&tet System using iQ TM SYBR
Green Supermix (Bio-Rad). Specific primers (Sufjalble 2) were designed using Primer3
software. The normalization factor was based orsthbility of four reference genes using
the program geNorm version 3.4.

Immunoblotting. SDS-PAGE and immunoblotting were performed as dasdr(Ni et al,
2006). The membranes were blocked, incubated ayraiith polyclonal rabbit anti-AQP1
antibodies (Chemicon International, Temecula, C&§shed, incubated with secondary
antibodies (Dako, Glostrup, Denmark), and visualizéth enhanced chemiluminescence
(Amersham, Little Chalfont, UK). Membranes weréxted and reprobed with a monoclonal
antibody against R-actin (Sigma, St. Louis, MO)nEitometry analyses were performed
using NIH-Image V1-57 software.

Tissue Staining and Immunohistochemistry. Tissue samples were fixed in 4%
paraformaldehyde and embedded in paraffin. Staittiegnalun-eosine and Sirius red) and
immunostaining were performed as previously desdriiNi et al, 2006). Oocytes were fixed
on day 2 or 3 after cRNA injection in 4% parafordetlyde, permeabilized for 1 hour with
0.1% Triton X-100, and incubated with rabbit potythl antibody against the carboxyl
terminal domain of hAQP1 (kindly provided by WD Bter, University of Arizona).
Labeling was visualized with FITC-conjugated goatirabbit antibody and imaged with a
Leica TCS-4D laser scanning confocal microscopeséiich, Germany).

Transmission Electron Microscopy.Mouse peritoneum was processed for ultra-structural
studies and immunogold labeling as previously reggb(Ni et al, 2006). Sections were
incubated with rabbit anti-AQP1 antibodies, follaey protein-A gold antirabbit antibody,
and viewed using a Tecnai-12 microscope (FEI, Eoneh). The number of particles per
unit length of capillary was measured using the M&bftware.

Statistical Analyses.Data are given as mean + SEM. Statistical signifieawas evaluated
by one- or two-way ANOVA followed byost hocBonferroni tests, unless otherwise
indicated.
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SUMMARY

Encapsulating peritoneal sclerosis (EPS) is alvatesevere complication of
peritoneal dialysis (PD) characterized by an extendibrosis of the

peritoneum leading to bowel encapsulation and abstm. Changes in
peritoneal water transport have been suggesteddcoege EPS, but the
mechanisms and potential predictive value of tharigport defect have not
been investigated.

Among 234 end-stage renal disease patients whatedt PD at our
institution over a 20-year period, we evaluatechgjes in peritoneal transport
over time on PD in 7 patients who subsequently idpesl EPS and in 28
matched controls, using 3.86% glucose peritoneailibrption tests. As
compared with long-term PD controls, patients \EBS showed an early loss
of UF capacity and sodium sieving before the oaketvert EPS. Multivariate
analysis revealed that loss of sodium sieving Wwasriost powerful predictor
of EPS in this cohort. We next assessed the malecahd structural
mechanisms of impaired water transport in EPS uskpgession, structural
and biochemical analyses of the peritoneal membrAsecompared with
long-term PD controls and uremic patients, the pR&toneum showed a
thicker submesothelial fibrosis, with increasedagggn density and greater
amount of thick collagen fibers. Reduced osmotiadumtance strongly
correlated with the degree of peritoneal fibrobist not with vasculopathy.
Peritoneal fibrosis was paralleled by an excesapegulation of vascular
endothelial growth factor and endothelial nitricidex synthase, while the
expression of endothelial aquaporin-1 water chawvek unaltered.

Our findings suggest that an early and dispropoatie reduction in
osmotic conductance during the course of PD isidapendent predictor of
EPS. This functional change is linked to specifterations of the collagen
matrix in the peritoneal membrane of patients Vidi#S, thereby validating
the serial three pore membrane/fiber matrix andridiged models of
peritoneal transport.
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INTRODUCTION

Peritoneal dialysis (PD) is a technique of renplaeement therapy used by
~200.000 end-stage renal disease patients worlgdwideevalence that is
rapidly growing in many parts of the world (Jaina&t2012; Mehrotra et al,
2011). Functional alterations of the peritoneal rhemne constitute an
obstacle to long-term PD, as they are associatéd technical failure and
increased morbidity and mortality (Davies et alD20Devuyst et al, 2010;
Devuyst et al, 2009). Prolonged exposure of thgégrexal membrane to non-
physiologic dialysis solutions leads to vasculaslipgration, vasculopathy
and peritoneal fibrosis, with ensuing loss of diliration (UF) capacity
resulting from enlarged vascular surface area,efagieritoneal solute
transport rate and early dissipation of the osngraclient (Davies et al, 2001,
Devuyst et al, 2010; Davies et al, 1998; Williamsle 2002; Williams et al,
2003; Honda et al, 2008).

Encapsulating peritoneal sclerosis (EPS) is an gexaged fibrogenic
response of the peritoneal membrane, leading tapsutation of the bowels
and intestinal obstruction. This entity constitutése most severe
complication of PD (for review, Korte et al, 201Rithough EPS affects a
minority (0.9-3.5%) of patients on long-term PD,hids a mortality rate
reaching 50%, resulting from intestinal occlusiomglnutrition, and sepsis
(Korte et al, 2011). EPS is probably a multifacbdisease, in which PD
duration represents an important risk factor (Bratal, 2009; Johnson et al,
2010; Korte et al, 2011). Other conditions that endbeen inconsistently
associated with EPS include cumulative glucose sy younger age,
peritonitis episodes, beta-blockers and kidneysjpéamtation (Brown et al,
2009; Johnson et al, 2010; Korte et al, 2011). @singly, symptoms of EPS
occur after PD withdrawal in most cases (BrownlgR@09; Johnson et al,
2010; Korte et al, 2011). There is currently noidé¥e criteria that enable
the detection of early stages of EPS. Arguablyetéeb understanding of the
early phase of the disease may help identifyinggptd at risk and developing
prevention strategies. Preliminary studies suggesia a progressive loss of
UF capacity often precedes EPS development (Lagetlzik 2010; Sampinon
et al, 2011). However, these studies were limitgdsimall numbers, the
absence of appropriate matching with long-term Bbtrols and/or a lack of
evaluation of free-water transport. In additiorg thechanisms of impaired
water transport in EPS patients have not been figadsd and remain
unelucidated.
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In this study, we took
advantage of a large cohort ¢

incident PD patients whc
underwent a systemati
functional evaluation of the

peritoneal membrane at baselir
and during the course of PD, ar
of a unique collection of
peritoneal biopsies to evaluat
the specific changes in transpo
parameters and  molecule
components of the peritonee
membrane of patients with EP
vS. appropriate controls. For th
first time, we provide evidence
linking the development of &
specific fibrotic reaction with an
early loss of water transport il
the peritoneal membrane of EP
patients.

RESULTS

Early loss in UF and sodium
sieving predicts EPS

We first assessed the evolutic
of peritoneal transport
parameters in PD patients wh
subsequently developed EP:
compared to PD controls withot
EPS, matched in a 1:4 ratio fc
PD duration and gender
Peritoneal function was assess:
yearly, with a modified 3.86%
glucose-based peritones
equilibration test (PET). We
identified 7 cases of EPS amor
the 234 end-stage renal disea
patients who initiated PD at ou
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Demographic and clinical characteristics of patients with EPS

Table 1.

Time
from EPS

Diagnosis
to Death (mo)

Time
from PD

PD
Duration

Age
at PD
Onset

Recurrent

Cause of
Death

Outcome

Surgical
at Diagnosis Diagnosis Diagnosis

CcT

Symptoms

Renal
Disease

Bowel
Occlusion

RRT after PD

after EPS

Withdrawal

to EPS (mo)

(mo)

(yr)

Bowel

82

Death

+ FNVP

M MPGN 102 TP 1.8

52

occlusion
Septic shock

6.6

Death

+ FNVP, bloody + NA

25.0

HD (UFF)

M  Diabetic 60

57

(peripheral

ascites

arteritis)
Septic shock

36.4

Death

2.8 FNVP bloody

HD (UFF)

59

M Renal dysplasia

39

(endocarditis)

ascites

FNVP

NA NA

Alive, functioning

+

2.5

P

55

M Vascular

62

transplant

Death

Bowel

235

NVP

HD (UFF and EPS)

39

F  Undetermined

34

perforation

Undetermined

3.0

Death

+
NA

NVP
NVP

49.6
-2.8

HD (umbilical hernia)

34

GN
M Undetermined

45

NA NA

Alive, functioning

TP (UFF and EPS)

57

42

transplant

M, male; F, female; MPGN, membranoproliferative GN; TP, transplantation; HD, hemodialysis; UFF, ultrafiltration failure; +, positive; F, fever; N, nausea; V, vomiting; P, pain; CT, computed tomography; —, negative; NA,

not applicable.
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institution between January 01, 1994 and DecembeP@13, representing
an overall incidence of 3.0%. Demographic and céihifeatures of EPS

patients are presented_in Table 1; age at PD ovesetd7.5 + 3.6 years, sex
ratio 5M/2F, and PD exposure 57.8 + 7.6 months; BB&rred after PD

withdrawal in 5 out of 7 patients.

The comparison of baseline demographic and clidesd between cases
and controls is shown in Table 2. The matchingHDrduration and gender
was effective. The net UF, sodium sieving and snsalute transport
parameters at baseline were similar in both grotipsere were no significant
differences in terms of PD modality, glucose expesnd peritonitis rates.

The longitudinal evolution of peritoneal transpparameters is shown in
Figure 1. A total of 147 PETs were analysed, aedniean number of PETs
per patient was 4.3 + 0.5 and 4.0 + 0.3 in EPS eodtrol groups,
respectively. Patients who subsequently develop¥s ghowed a progressive
decline in water transport, with significantly lomweet UF values during the
last 2 years on PD, as compared with matched dser{im. 1A). This loss of
UF capacity was associated with an increased sotatesport (Fig. 1B).
Importantly, increased solute transport did notlyfuhccount for the
disproportionate loss of water transport, sugggséin uncoupling between
water and solute transport in the EPS peritoneahionane (Fig. 1C). In
parallel, sodium sieving - a reliable indicator fafe water transport and
osmotic conductance -progressively decreased iBER&group with time on
PD, and this decline was faster in EPS than inrotm{annual loss in sodium
sieving -0.011 + 0.001 versus -0.003 + 0.001 in EB'Sus control patients,
respectively; P=0.0046) (Fig. 1D-E). The reduced osmotic conduzzan
observed in EPS patients during the last 2 yeaB@nvas associated with
higher glucose exposure and a trend toward betésepved residual renal
function in the same period, as compared with Prots (Suppl. Fig. 1).
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Table 2. Clinical, functional, and treatment characteristics of patients with EPS
and long-term PD controls

Patients with

Characteristic EPS (n=7) Controls (n=28) P Value

Men 71 71 1.00
PD duration, mo 57.8+7.6 55.9+4.2 0.84
Age at PD start, yr 47.5*3.6 56.9+3.4 0.09
Underlying nephropathy 0.24

GN 43 32

Vascular nephropathy 14 21

Chronic pyelonephritis 0 21

Genetic disease 14 21

Other or undetermined 29 4
Charlson comorbidity index 4.9+1.0 4.6+0.4 0.85
Diabetes, n 2 4 0.17
Residual diuresis, ml/d 1083+159 1021+130 0.78
Body mass index, kg/m? 22.9441 22.3+0:6 0.67
Medications

ACE inhibitors and/or ARBs 57 63 0.78

Statins 43 29 0.10

B-blockers 29 14 0.58
Baseline adequacy

Peritoneal Kt/V 1.51%0.22 1.46x0.07 0.84

Residual Kt/V 0.97+0.16 0.80+0.09 0.42

Total Kt/V 2.48+0.15 2.23+0.09 0.20
Baseline functional parameters

Net UF, ml 743+124 648+57 0.54

D/P creatinine, 4 h 0.75+0.05 0.74+0.05 0.96

Sodium sieving 0.05%0.01 0.05+0.01 0.44
PD modality, % APD 100 68 0.11
Glucose and icodextrin exposure

Mean annual glucose exposure, kg 12249 1107 0.20

Mean annual icodextrin exposure, kg 51+4 47+3 0.43
Peritonitis

Patients with peritonitis 71 71 1.00

No. of peritonitis per patient 1.4+0.4 1.3%0.2 0.84

Peritonitis rate, patient” ' Xyear ™" 0.36=0.11 0.30+0.05 0.66

Patients with GNR peritonitis 14 43 0.12

Data are presented as the mean+SEM or percentage, unless otherwise indicated. ACE, angiotensin
converting enzyme; ARB, angiotensin 2 receptor antagonist; D/P, dialysate-over-plasma; APD, auto-
mated peritoneal dialysis; GNR, Gram-negative rod.
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Figure 1. Early loss in UF capacity and sodium siéng in patients with EPS.(A) Patients
who will develop EPS (red) have a premature losgkncapacity, approximately 2 years
before PD withdrawal, compared with PD controlau)l matched in a 4:1 ratio for PD
duration and sex. Control patients show a trentbwer UF with time on PD. (B) Small
solute transport, evaluated by MTAC creatininedteto increase in PD controls but is
significantly higher with time on PD in patientstivEPS. (C) The loss of UF capacity is
disproportionate to the increased MTAC creatinimgatients with EPS, suggestive of an
uncoupling between peritoneal fluid and solute gpamt. The blue line corresponds to the
projection of linear regression of net UF in cohtpatients. (D) The sodium sieving
significantly decreases with time on PD in patiesith EPS, supporting the development of
a low osmotic conductance to glucose. (E) The dedti sodium sieving over time on PD is
more severe in patients with EPS compared withrotislope -0.011+0.001 versus -
0.003+0.001 in patients with EPS and controls, @espely; P=0.01). Longitudinal follow-
up of membrane function was performed with annualdiffed 3.86% glucose-based
dialysate. Data are presented as the mean + SER)(8rmean + 95% confidence interval
(E). n=7 patients with EPS versus n=28 PD durati@tehed and sex-matched controls.
*P<0.05; *P<0.01; **P<0.001. MTAC, mass transfer area coefficient.
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We next performed a multivariate analysis to thetpredictive value of
low sodium sieving values during the course of P@ Subsequent
development of EPS_(Table 3). In this cohort, atfimodel (without
considering sodium sieving values) identified yoemgge at dialysis onset,
longer PD duration, lower residual kidney functidreta-blocker use and
peritonitis rate as risk factors associated wittSEFable 3). Among all
potential risk factors integrated in this modelagise exposure was the only
variable that was not independently associated with disease. Adding
sodium sieving to the model showed that impaire@-fivater transport is a
powerful and independent risk factor associatedh WPS, outperforming
other variables (Table 3). Logistic regression wsial showed a gradual
increase in the risk of EPS with declining sodiusvig during the course
of PD. In this cohort of long-term PD patients, tisk of EPS is negligible
for patients with preserved UF capacity and sodsigwing during the whole
course of PD, but increases above 25% for sodiemrg values<0.04, and
to >50% for values0.02. This risk is even greater for patients depielg
UF failure during the course of PD (Fig. 2).

Altogether, these analyses demonstrate that UFcitgpa impaired in
EPS patients before disease onset, resulting froomaoupling with solute
transport. Furthermore, there is a significantidedh sodium sieving in EPS
cases, as compared with matched long-term PD dentMultivariate
analysis demonstrated that impairment in osmotitdaotance to glucose
during the course of PD is the most powerful intticéor the development
of this rare complication and can help identifypagients at risk.

Table 3. Multivariate analysis performed using a logistic regression random-effects model and including potential risk factors
for EPS, alone (model 1) or in association with the mean value of sodium sieving during the 2 last years of PD (model 2)

Model 1 Model 2
Characteristic Coefficient PVl Coefficient PValud
(95% Confidence Interval) (95% Confidence Interval)
Sex 11.5(=13.1t0 36.0) 0.36 24(-1.8t06.7) 0.27
Age at PD start =1.15(=1.7 to —0.6) <0.001 —0.1(-0.2 t0 0.05) 0.21
PD duration 0.6 (0.2 to 1.0) 0.003 7.10"*(~0.07 to 0.08) 0.99
Residual Kt/V 33.6(11.2t0 56.0) 0.003 —0.3(-4.451t03.8) 0.87
B-blocker use 53.1(27.7 to 78.5) <0.001 4.2(-1.1t09.5) 0.12
Peritonitis rate 20.8 (7.7 to 33.9) 0.002 0.4(-2.8t03.6) 0.24
Annual glucose exposure ~9.4x107°(=3.1x10 %10 1.2x10™%) 0.39 1.0%107° (~3.5%10 " t0 5.8X107°) 0.46
Sodium sieving 186.7 (—340.4 to —33.0) 0.02
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Figure 2. Low sodium sieving and net ultrafiltration during PD are predictive of the
risk of EPS. The risk of EPS, estimated by logistic regressioalygsis, progressively
increases with lower values of sodium sieving angadired UF capacity. In this cohort of
long-term PD patients, the combination of UF fal§x400 ml during the 4-hour 3.86%
modified PET) with a sodium sieving <0.03 is asate with a risk of EPS .50%. All values
of sodium sieving and net UF obtained during therse of PD are included in the logistic
regression analysis. n=7 patients with EPS versi28 nong-term PD controls. Pr(EPS),
probability of developing EPS.

Expression of AQP1, eNOS and VEGF in the EPS peniéoim

Since AQP1 water channels mediate free-water tahgpd sodium sieving
during PD (Ni et al, 2006), we evaluated their esggion in the peritoneal
membrane of EPS and long-term PD controls (FigCBjical and functional
characteristics of EPS and PD controls from whontgeeal biopsies were
analysed are provided in Suppl. table 1; the domadf PD exposure (62.4 +
9.3 and 62.8 £ 9.2 months in control and EPS ptsjeaspectivelyP=0.98)
and the number of peritonitis (1.5 + 0.4 and 1@.4in EPS and long-term
PD, respectively;P=0.91) were similar in both groups. Parameters of
peritoneal water and solute transport were compautabthose of the case-
control study cohort.

Confocal immunofluorescence microscopy showed ammgatterns of
expression and density of AQP1 in the endotheliuning peritoneal
capillaries in EPS and controls (mean fluoresceimtensity in AQP1-
positive areas: 79 £ 5 AU versus 82 + 6 AU in ERfl #D controls,
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respectively;P=0.71) (Eig. 3A-C). In contrast, the expressiontlod von
Willebrand Factor (VWF), used as endothelial markeas significantly
upregulated in samples from EPS as compared withtrae (mean
fluorescence intensity in vVWF-positive areas: WAU versus 73+ 3 AU in
EPS and PD controls, respectiveB50.01) (Fig. 3A-C). vVWF-stained area
was also significantly increased in the peritormeambrane of EPS patients
as compared with PD controlB£0.01), together with a parallel increase in
AQP1-positive area (Fig. 3D).
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Figure 3. Expression of AQP1 in the peritoneum of g@tients with EPS. (A and B)
Representative pictures of double immunostainirty emti-AQP1 (green channel) and anti-
VvWI (red channel) antibodies viewed under confdleadrescence microscopy in peritoneal
sections from a patient with EPS (A) and a longat&D control (B). AQP1 is expressed in
endothelial cells lining the capillaries and snvaésels in the peritoneal membrane, both in
the patient with EPS with impaired water transp@met UF=190 ml, and sodium
sieving=0.02, during a 4-hour modified 3.86% gledsise PET) and in the long-term PD
control (net UF 675 ml and sodium sieving 0.04)) MFI in AQP1-positive and vWi-
positive areas in peritoneal sections of PD cost(blue) and patients with EPS (red). In
contrast with the stable fluorescent intensity dPmAL, the endothelial marker vWf is
significantly upregulated in peritoneal vesselsrfrpatients with EPS compared with PD
controls. (D) Increase in both AQP1-positive and fyMsitive areas in the peritoneal
membrane of patients with EPS compared with costsiggesting vascular proliferation.
n=7 long-term PD controls, and n=7 patients with\SEFE) Representative immunoblot
images and quantitative data showing levels of eNEEF-A, and AQP1 in the peritoneum
of three patients with EPS, three PD duration-medgbatients, and one uremic patient. PD
controls and patients with EPS show a significgmegulation of eNOS (3- and 11-fold,
respectively) and VEGF-A (6- and 63-fold, respesljy in their peritoneal membrane,
whereas the expression of AQP1 remains unchangeednty micrograms of proteins are
loaded in each lane. Molecular mass (in kilodalf@mindicated on the right side of the blot.
PD duration (months) is indicated in italics. MFlean fluorescence intensity; A.U., arbitrary
units; gly AQP1 and AQP1, glycosylated and unglytated isoforms of AQP1.P<0.05;
*** P<0.001. Bar, 50 mm in A and B (low magnificatiod) mm in A and B (detail).
Original magnification, x20.

Immunoblotting (Fig. 3E) confirmed a virtually uraniged expression of
AQP1 in the peritoneal membrane of patients witls E¢dntrasting with the
increased expression of the endothelial nitric exgynthase (eNOS), as
compared with PD-duration matched controls and iogratients (relative
AQP1 expression: 0.96 + 0.06, 0.94 = 0.12 and 1té0], respectively;
P=0.99; and relative eNOS expression: 10.8 £ 03.+3).9 and 1.0 [ref], in
the peritoneal membrane of EPS, PD and uremic ratieespectively;
P<0.001) (Fig. 3E). The upregulation of eNOS in gexritoneum of EPS
patients was paralleled by an increased expres$ithe vascular endothelial
growth-factor (VEGF)-A (relative VEGF-A expressi6@.8 + 14.4,5.8 + 4.2
and 1.0 [ref] in EPS, PD and uremic peritoneunpeesvely;P=0.003) (Fig.
3E).

Overall, these data demonstrate that the impaifedépacity and free-
water transport observed in EPS patients was sotaged with an alteration
in the expression of the AQP1 water channels, bith & significant
upregulation of eNOS and VEGF.
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Figure 4. The EPS peritoneum is characterized by aexcessive vascular and fibrotic
response to PD(A-D) Immunostaining for vWf in normal (A), urem{B), control PD (C),
and EPS (D) peritoneum shows a progressive vasputdiferation from A to D. (E-H)
Representative sections of peritoneum with evadnadif the degree of vasculopathy in the
postcapillary venules stained for vWf in normal ,(Ejemic (F), control PD (G), and EPS
(H) peritoneum. Long-term exposure to PD and EP8 associate with a thickening of the
capillary wall in venules with a 25- to 50-um didere (I-L) Representative sections of
parietal peritoneum from normal (1), uremic (J)ntol PD (K), and EPS (L) peritoneum
stained with picrosirius red. Submesothelial thiessy represented by the vertical bar drawn
between the mesothelial surface and the upper biinithe adipose tissue, significantly
increases from | to L. (M-O) Peritoneal vasculaslijeration and fibrosis are more severe in
patients with EPS compared with PD controls matcferdthe same PD duration. (P)
Submesothelial fibrosis correlates with time oniRDoth groups, but correlation is clearly
steeper in patients with EPS compared with PD petieith no EPS. Peritoneal samples are
from five uremic patients, seven long-term PD pdsievithout EPS, and seven patients with
EPS. Circles represent individuals (M, N, and Reegr circles for uremic, blue for PD
controls, and red for patients with EPS). Box arfdskers (minimum to maximum) are
represented in C#P<0.01 versus PD; *<0.01; ***P<0.001 versus uremia. m,
mesothelium. Bar, 100 mm in A-D and I-L. Originahgnification, x20 in A-D and I-L
(top); x40 in A-D and I-L (bottom).

The peritoneal membrane of EPS patients undergoegese angiogenesis
and submesothelial fibrosis

Since both eNOS and VEGF promote angiogenesis aswular permeability
(Papapetropoulos et al, 1997), participating tariitgen leakage and stroma
generation, we next evaluated the degree of angesye and fibrosis in the
peritoneal membrane of uremic, long-term PD and pR&ents (Fig. 4).
Vascular density and submesothelial thickness vesrgluated by light
microscopy, in VWF- or picrosirius red -stained ifmreal sections,
respectively, and quantified in each group. As careg to patients with
uremia (Fig. 4; B, F and J), exposure to PD ledascular proliferation and
peritoneal fibrosis in the submesothelial area .(BigC, G and K), both
processes progressing in parallel in the membraige 4; M, N and O). For
a same PD duration, patients with EPS had increeascllar densities and
submesothelial thickness as compared with congvalscular density: 19.5 +
2.1 versus 10.5 + 1.2 vessels/fieR%0.01; submesothelial thickness: 549 +
56 versus 287 + 34 um in EPS versus PD contratpertively;P<0.001),
with slopes of fibrosis progression that were digantly higher in the former
group (Fig. 4PP=0.001). Signs of vasculopathy also increased tiitke on
PD but to a same extent in EPS and non-EPS patlemgn-to-vessel ratio
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of post-capillary venules decreases from 0.72 B nOuremic patients, to
0.51 £ 0.07 and 0.45 + 0.06 in PD controls and pRt&ents;P=0.57) (Fig.
4E-H, and Suppl. Fig. 2).

These data demonstrate that EPS patients are tdrérad by an excessive
angiogenic and fibrotic response to PD exposutkarperitoneal membrane,
causing severe peritoneal remodelling and scarring.

Specific changes in collagen density and qualitythre peritoneum of EPS
patients

To test whether EPS was also associated with gtiaétchanges in the
peritoneal interstitium, we next assessed perifonebagen density and
structure using picrosirius red polarization micasy. This methodology
allows the detection and structural analysis ofag@n content based on its
anisotropic molecular organization and birefringenmder polarized light
(Whittaker et al, 1989; Ducharme et al, 2000) (F3). These analyses
revealed a 1.8 and 2.7-fold increase in the demdigollagen fibers in the
peritoneum of EPS, as compared with control PD aremic patients,
respectively (collagen volume fraction: 40.9 + 2,9%8.3 + 1.5%, and 14.9 +
0.7% in EPS, PD, and uremic patients, respectivet.001) (Fig. 5A-D).
The increased density was paralleled by a chantfeistructure of collagen
bundles in the submesothelial area, with an accatmwual of thicker, red-
orange, fibers in the EPS peritoneum, while thatieé amount of thinner,
green-yellow fibers remained unchanged (relativi@ease in red-positive
area in the submesothelial area 2.2 £ 0.2; 1.52tafdd 1.0 £ 0.1 [refl],
P=0.002; relative increase in green-positive ar8x0.2, 1.0 + 0.1 and 1.0
+ 0.05 [ref.], P=0.59, in the submesothelial area of EPS, PD aediar
patients, respectively) (Fig. 5E-K). These data olesirate specific
qualitative changes in the fibrotic interstitiumk®S patients, with increased
collagen density and more abundant thick collagizers.
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Figure 5. Changes in collagen density and qualityni the peritoneal interstitium of
patients with EPS.(A-C) Representative sections of the parietal pagtum from uremic
(A), PD (B), and EPS (C) patients stained with @éirius red and visualized under circularly
polarized light. Stained tissue (red mask) indisa@lagen fibers in the submesothelial area.
(D) Collagen volume fraction from picrosirius rekised peritoneum as percentage of
submesothelial area from uremic (green circles),(BlDe), and EPS (red) patients. (E-G)
Representative sections of the peritoneum from ir€E), PD (F), and EPS (G) patients
stained with picrosirius red, visualized under giacly polarized light. Thick collagen fibers
appear red-orange and thinner ones are green-yelldwl) Profile of red and green
intensities along a line perpendicular to the ntesltdl surface, from the mesothelium to the
adipose tissue in peritoneal biopsies from ureri; PD (1), and EPS (J) patients. The x
axis represents the distance from the mesotheliédee, in pixels. (K) Relative increase in
the red- and green-positive areas in the submdaathef uremic (reference), PD, and EPS
patients. The relative proportion of red, thickepllagen fibers increases in the EPS
submesothelial area compared with uremic and PEralsnData are the mean+SEM. n=5,
n=7, and n=7 in uremic, long-term PD, and EPS @eeitim, respectively. P<0.05;

** P<0.01; **P<0.001. Bar, 50 mm. Original magnification, x20.
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Fibrotic changes in the peritoneum of EPS patiergssociate with impaired
water but not solute transport

Finally, we tested whether the morphological changéserved in the
peritoneal membrane of EPS patients are involvéldarearly loss of osmotic
conductance to glucose which characterizes thdgna Indeed, the three-
pore model suggests that an expanded fibrotic gtitieim constitutes an
additional barrier to the transport of water andltso between peritoneal
capillaries and the dialysate (Rippe et al, 200)cordingly, peritoneal
remodelling could impair UF and free-water transplespite the fact that the
capillary oc (reflecting the relative capillary density of AQPI kept
unchanged (Rippe et al, 2007). We therefore ewatudhe correlation
between water transport and structural changedseipéritoneal interstitium
(Fig. 6). Both net UF and sodium sieving were isedy closely correlated
with submesothelial thickness and with collagenuww fraction in the
submesothelial area (Fig. 6A-B and Fig. 6D-E, amdl@& 4). In contrast,
peritoneal fibrosis was not associated with immhifgeritoneal solute
transport, estimated by the dialysate-over-plasreatimine ratio (Fig. 6C,
Table 4) and by the glucose disappearance rata (uztt shown). Taken
together, these data give new insights into theham@em of low osmotic
glucose conductance and impaired UF capacity in. HP8y, support the
hypothesis that a fibrotic interstitium restrictater transport, in line with the
serial three-pore membrane/fiber matrix model (Bk).

Table 4. Relationship between parameters of peritoneal
transport and structural changes in the peritoneum of uremic,
long-term PD, and EPS patients

Pearson
Parameter g P Value
Coefficient (r)

Submesothelial thickness versus

Net UF —0.68 0.003
Sodium sieving -0.71 0.003
D/P creatinine 240 min 0.47 0.06

Collagen volume fraction in
the submesothelial area versus

Net UF —0.56 0.03
Sodium sieving —0.53 0.03
D/P creatinine 240 min 0.41 0.1

D/P, dialysate-over-plasma.
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Figure 6. Fibrotic changes in the EPS peritoneum asciate with impaired water but
not solute transport. (A-C) Correlation between net UF (A), sodium simeyi(B), and
dialysate-over-plasma creatinine (D/P) ratio abdrk (C), and submesothelial thickness in
PD patients. (D and E) Correlation between net D)Fad sodium sieving (E), and collagen
volume fraction in the submesothelial area. (A-ELIEs represent individuals; green circles
for uremic patients, blue for PD patients, and fed EPS patients. The number of
observationsy Pearson coefficients, arfd values are shown in each panel. Peritoneal
transport parameters are obtained using a modifiadur 3.86% glucose-based dialysate
PET. (F) The serial three-pore membrane/fiber matrodel (adapted from Rippe et al,
2007). Interstitial fibrosis acts as a second taste, in series with the capillary wall, and
markedly reduces the UF coefficient of the membyaoatributing to the loss of sodium
sieving and free-water transport, despite the tlaat the capillary ac (i.e., AQP1 density)
remains unchanged.
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DISCUSSION

In this study, we combine clinical, molecular anddeling data to

demonstrate that the reduction in osmotic condweetan glucose in PD
patients is a predictive feature of EPS, and tlealuced osmotic water
transport is directly related to the degree ofrsttgal fibrosis and to changes
in collagen content and structure in the EPS peeibmembrane.

The availability of serial testing of peritonearisport in a large cohort of
incident PD patients allowed us to demonstrateghtients who will develop
EPS show an early loss of UF capacity, due to grpssive impairment in
osmotic conductance of the peritoneal membrane;oaspared with PD
duration- and gender-matched long-term PD patidiis loss of UF capacity
in patients predisposed to EPS is disproportiotatihe increase in small
solute transport, revealing an uncoupling betwesiigneal water and solute
transport. This uncoupling suggests that increas®ll solute transport with
earlier absorption of dialysate glucose — usuabnsas the main cause of UF
failure - is not sufficient to explain impaired Wapacity in EPS patients.
These results are in line with those from an unodietd Dutch cohort
showing that EPS patients had a progressive deitlind= capacity over 4
years and an inverse U-shaped trend in small stlamsport (Sampinon et
al, 2007). The use of time-matched controls in addkort showed a clear
difference in UF capacity between EPS and contbleast 2 years before
PD withdrawal (Lambie et al, 2010). However, th#eastudy, based on
2.27% glucose PET, could not assess free-watesgoah In contrast, we
systematically used 3.86% glucose which providesmare accurate
evaluation of UF capacity as well as sodium sievegurrogate for free-
water transport (La Milia et al, 2006). Although shgatients on long-term
PD have a trend toward decreased sodium sievinggithie course of PD
(La Milia et al, 2006), we show here that the deelis significantly faster in
EPS patients. The importance of this functionas lsssubstantiated by the
multivariate analysis, which identifies for thesfitime the loss of sodium
sieving as a powerful and independent predictdr®.

In addition to free-water transport across AQPIdiwm sieving also
provides information on the maintenance of the dsmgradient and
properties of the membrane that affect osmotic aotaihce. In line with this,
our data demonstrate that the early changes inrtvatesport capacity reflect
significant structural and molecular alterationghe peritoneal membrane of
patients who subsequently developed EPS. Impoytamtl show that the EPS
peritoneum is characterized by an excessive fibmaogeesponse, with
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specific changes in collagen density and structaragreement with previous
observations (Mateijsen et al, 1999; Honda et @032 Braun et al, 2012;
Plum et al, 2001), we show a severe thickenindhefsubmesothelial layer,
as well as vascular proliferation in the EPS peetam. These changes are
clearly excessive in EPS: after an average of 6&2thsoof PD exposure, EPS
patients had a 4.7- and a 1.9-fold increase in ttiiekness of the
submesothelial area as compared with uremic andratoRD patients,
respectively. Using polarized light microscopy, eauld then substantiate
gualitative changes in the fibrotic interstitium BPS patients, with an
increased collagen density (+174% and +84% as cadpaith the uremic
and control long-term PD peritoneum, respectiveand accumulation of
thicker collagen fibers (2.2- and 1.4-fold increasecompared with uremic
and control long-term PD, respectively). To our kifexige, this is the first
time that such qualitative changes are evidencdtidarperitoneum of EPS
patients. Of note, similar changes in collagen eonhand optical properties
have been evidenced as part of the scarring proattes myocardial
infarction (Whittaker et al, 1989; Ducharme et 2000; Whittaker et al,
1994).

The data presented here show that fibrotic chamg#ése peritoneum of
patients on long-term PD closely correlate with @&n@d water transport
across the membrane, thereby confirming the hygaththat structural
changes in the peritoneal interstitium accounttlier excessive reduction in
osmotic conductance (Davies, 2004). The interstifiwhich is mainly
composed of collagen and glycosaminoglycans, dotssi a porous matrix
across which interstitial fluid flows. Accumulatioh collagen fibers leads to
a decreased hydraulic conductance, depending owuadllbene occupied by
collagen fibrils (Levick, 1987). The effect of imstitial collagen
accumulation on water flow has been demonstratedtro both in normal
interstitia from various organs (Levick, 1987) andconditions of fibrosis
(Ng et al, 2005). Reduced osmotic conductance byfrihctional volume
occupied by collagen fibrils results from three heatsms: i) exclusion of
glycosaminoglycans from the intrafibrillar spackereby increasing their
extrafibrillar concentrationji() reduction of the mean hydrauhadiusin the
interstitium, leading to a reduced area for flowg gjii) tortuosity, which
increases the path length for flow (Levick, 198@ur results show that
increased collagen deposition and concentratidiarperitoneal interstitium
restricts water transpoirt vivo, leading to UF failure and loss of free-water
transport in patients with EPS. These observati@tslate the serial three-
pore membrane/fiber matrix model proposed by Rgpecolleagues (Rippe
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et al, 2007). In this model, fibrotic alteratiomsthe peritoneal interstitium
have been suggested to constitute a second batriside the capillaries,
restricting osmotic water transport without affagtismall solute transport.
Such an uncoupling between water and solute transpo be explained by
the dependence of water filtration to the fourtlvpoof the interstitiatadius
pores () according to Poiseuille's law, while solute dsffon is proportional

to the surface of pores?[ (Rippe et al, 2007). As a result, a reduction of
interstitial poreradius by increased collagen density and thicker collagen
fibers will thus predominantly affect water trandpowhile its slight
theoretical restriction on solute transport willdminterbalanced by vascular
proliferation and larger effective vascular surfacea. Simulations from the
serial three-pore membrane/fiber matrix model shibwheat the sodium
sieving is progressively reduced when interstifilatosis and the vascular
surface area both progress in parallel, despitefdle that the relative
capillary density of aquaporins is kept unchangBipge et al, 2007).
Alternatively, one could postulate that the thidkgnof the submesothelial
area limits the penetration of glucose around peeial capillaries, thereby
reducing the osmotic gradient across the capileall. Studies using“C-
EDTA (molecularradius 0.48 nm) have shown an inverse relationship
between peritoneal tissue concentration of smélsisunces (urea, creatinine
and glucose) and the distance from the peritonewggesting a distributed
model for peritoneal transport (Flessner et al,4)9& this model, severe
peritoneal fibrosis is expected to alter of thetd®se concentration profile
(Flessner, 1991), thereby reducing the osmoticigrhiéind AQP1-mediated
water flow across the capillary wall.

We also observed a significant upregulation in VEGIROS and VWF in
the peritoneum of EPS patients and, to a lessanexin long-term PD
patients with no EPS. In the latter group, the ltesmere concordant with
previous data indicating a 3-fold increase in eN@Svell as the induction of
VEGF expression in peritoneal biopsies from longatePD patients as
compared with uremic patients (Combet et al, 2000)ese molecular
changes suggest a tight association between inféimm angiogenesis,
vascular permeability, and fibrosis in the peri@nenembrane of EPS
patients (Combet et al, 2000; Wynn et al, 2012;igsshi et al, 2012;
Murohara et al, 1998; Ni et al, 2003; Carmeliealet1996; Carmeliet et al,
2011; Fukumura et al, 2001; Lenting et al, 2012jivet al, 2013; Visher,
2006). In many organs, it has been establishedphigietuation of tissue
damage contributes to a chronic wound-healing mespavith continued
tissue repair, regeneration and remodeling thamately leads to tissue
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fibrosis (Wynn et al, 2012). In turn, fibrotic tisss - including the peritoneum
(Sekiguchi et al, 2012) - become hypoxic when tk@aeding tissue
remodeling outstrips its vascular supply. Hypoxieent potentiates and
prolongs fibrogenesis and angiogenesis, througligginducible factor @
and VEGF (Sekiguchi et al, 2012). Endothelial N©& downstream effector
of VEGF, and has been shown to promote angiogeiregishemic tissues
(Murohara et al, 1998) and in the peritoneal membi@i et al, 2003). Our
data show that EPS is associated with VEGF and et{f@d&yulation, either
as residua of an early inflammatory phase or seayno tissue hypoxia due
to fibrosis.

The fact that impaired free-water transport is asgociated with altered
expression or location of AQP1 in EPS is surprisangirst sight. AQP1 is
the molecular counterpart of ultrasmall pore, aotimg for half the UF and
for the sodium sieving when hypertonic glucose seduas osmotic agent
(Devuyst et al, 2014; Rippe et al, 1991). The los&QP1l-mediated free-
water transport has been suggested as a potesise ©f UF failure in long-
term PD patients (Goffin et al, 1999; Smit et &02). Admittedly, the
present study does not allow ruling out a dysfunmctor biochemical
modification of AQP1. However, free-water transpedtimated by the
sodium sieving can be affected not only by the labdity of functional
AQP1 water channels but also by any mechanism aofilbn@ne obstruction,
such as severe peritoneal fibrosis (Rippe et &120rhe present study is in
line with predictions of the three-pore membrameffimatrix and distributed
models, by showing that the vascular density ofewathannels is kept
unchanged in EPS patients, and by pointing towaickssive peritoneal
fibrosis as the most important barrier to fluidWlan EPS patients.

In summary, reduced osmotic conductance duringcthese of PD was
identified as a powerful and independent predicfoEPS. This functional
change is linked to specific alterations of thdag@n matrix in the peritoneal
membrane of patients with EPS, rather than chamgethe degree of
vasculopathy or in the expression of water chanr@is multi-level data,
based on transport, structural and expressionesuedre thus clarifying the
cause of the excessive reduction in osmotic coahgetin patients with EPS.
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CONCISE METHODS

EPS patients and peritoneal transport analysisin agreement with EPS diagnosis criteria
(Korte et al, 2011; Kawaguchi et al, 2000; Sumnaral, 2011), EPS cases were defined as
PD patients who presented with recurrent, partiatodal, intestinal occlusion, with a
definitive EPS diagnosis confirmed by CT-scan antHparotomy. Peritoneal function was
assessed yearly, with a modified 3.86% glucoseebpsatoneal equilibration test (PET) (La
Milia et al, 2006; Clerbaux et al, 2006), which hhs advantages over the conventional
2.27% glucose-based PET (Twardowski et al, 198@¥s$ess sodium sieving (La Milia et al,
2006) and allow the diagnosis of UF failure (net&JB0OOmI at the end of the 4h dwell with
3.86% glucose, as defined by the International @gdor Peritoneal Dialysis (Mujais et al,
2000)). All values of sodium sieving were correcfedthe rate of sodium diffusion. The
PET was part of the normal procedure of care fopRiients.

Peritoneal sampling and processingPara-umbilical biopsy samples of human parietal
peritoneum were obtained from uremic patients attiine of catheter insertion, and PD
patients at the time of catheter removal becauseeciodl transplantation or transfer to
hemodialysis as part of a routine protocol in anter, and processed as previously described
(Combet et al, 2000). The time between last PETpardoneal biopsy was similar in EPS
and control patients (9.1 + 2.1 versus 7.5 + 1.6tm® in EPS and control$£=0.61).
Informed consent was obtained from patients. Theaishuman biopsy samples has been
approved by the Ethical Review Board of the Climigwniversitaires Saint-Luc.

Immunoblot, immunohistochemistry and immunofluores@nce. SDS-PAGE and
immunoblotting, immunoperoxidase staining on humaeritoneum sections and
immunofluorescence were performed as previouslgrieesd (Combet et al, 2000; Devuyst
et al, 1998; de Arteaga et al, 2011). We used dHeviing antibodies: mouse monoclonal
anti-human eNOS (Transduction Laboratories, LexingtkY); purified rabbit anti-von
Willebrand factor (DAKO, Glostrup, Denmark), monoichl anti-human VEGF (Santa Cruz
Biotechnology, Santa Cruz, CA, USA); polyclonal ébanti-human AQP1 (Chemicon
International, Temecula, CA).

Image analysis.Information on the criteria used for adequacyaifteperitoneal specimen,

the assessment of peritoneal fibrosis, vasculopatscular proliferation, collagen volume
fraction and collagen structure is available in @amental material. Image analysis was
performed using ImageJ (1.47v).

Statistics. Data are presented as mean + SEM. Comparisons déretite means from
different groups were performed using unpairedstsieFisher's exact test, or one-way
ANOVA, followed by Bonferroni's multiple comparisdests, as appropriated. Trends were
assessed by linear ordinary least square regreddioltivariate analysis was performed
using a logistic regression random-effects moddlianluded potential risk factors for EPS
(age at PD start, PD duration, peritonitis rateab@ocker use, residual renal function,
glucose exposure) in a first model; in a second ehdtie mean value of sodium sieving
during the last 2 years of PD was added to thesablas. Probabilities of EPS in function
of sodium sieving and UF levels were estimated hftimariate logistic regression. All
analyses were performed by GraphPad Prism (6.0t Sjata (12 v) software. Significance
level is indicated in each figured%0.05, **p<0.01, ***p<0.001).
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SUPPLEMENTARY DATA

CHAPTER |

QUANTIFICATION
OF OsmoTIC WATER TRANSPORT IN VIVO
USING FLUORESCENT ALBUMIN

Suppl. Fig. 1. Effect of isotonic saline infusionmmean arterial blood pressure
(MABP) and peritoneal water and solute transport duing peritoneal dialysis (PD) in

mice.
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A: infusion of 0.5 ml/h [~total net ultrafiltratiofUF)] of isotonic saline prevented the drop
in MABP observed in control animals (final and HameMABP 8312 and 84+2 vs. 5014
and 81+3 mmHg, in infusion and no infusion groupsspectively.P<0.0001). B-E:
Compensating or not for net UF with isotonic salin@d no significant effect on the
parameters of peritoneal water (net UF: 43.1+5.94454+2.5 pl/g in infusion and no
infusion groups, respectively = 0.87; dip in dialysate sodium concentration durihg
first 30 min: 12.3+2.6 vs. 11.5+1.9 mEg/l in infasiand no infusion groups, respectively;
P = 0.66) and solute transport [dialysate over plsmea ratio (D/P) and glucose
disappearance rate in the dialysate (@JDValues are means + SE; n4=mice in each

group. BW, body weight.
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Suppl. Fig. 2. Influence of intraperitoneal pressue (IPP) on tracer kinetics in the
mouse model of PD.
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A: IPP vs. IPV curves in SV129 mice. IPP remainsmaghHg for IPV <10 ml, then
increases in an exponential way for larger IPV gajun =5 adult male SV129 mice.
Isotonic saline was progressively instilled inte fheritoneal cavity to increase IPV from
baseline to 15 ml. B: effect of external abdomioaipression and elevated IPP on the
recovery of Alexa Fluor 555-BSA in the drained dsate. Increasing IPP from 0 to 8 and
10 mmHg significantly decreases tracer mass regosmérthe end of the dwell in the
peritoneal cavity of mice exposed to Alexa FluoBESSA (from 100 to 92+2 and 85+2%,
respectively;P<0.001). C: effect of external abdominal compressiad elevated IPP on
tracer appearance in the plasma. Fluorescenceaganitspectrum of plasma from mice
exposed to a 2-h PD with 100 pg of Alexa Fluor BA shows a progressive rise in the
amount of Alexa Fluor 555-BSA detected in the plasanen IPP is increased from O to 8
and 10 mmHg (green, orange, and red lines, resdgti Results are compared with the
fluorescence excitation spectrum of plasma fromtrobnmice spiked with different
concentrations (0 -5 pg/ml, grey dotted lines) déxa Fluor 555-BSA. Dwells were
performed with 3.86% glucose-based dialysate fbr & = 4-5 in each group.
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CHAPTER I

AQF026I1s APHARMACOLOGIC AGONIST
OF THE WATER CHANNEL AQUAPORIN-1

Suppl. Fig. 1. Effect of AQF026 on AQP1 expressidn the peritoneal membrane.
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A. Real-time RT-PCR quantification for mRNA expressaf aquaporin-1 (AQP1) and von
Willebrand factor (Vwf) in the mouse peritoneume@iment with AqF026 did not induce
significant changes in the expression of eithero@melial marker.B. Representative
immunoblots for AQP1 (1:20,000) in peritoneum extsaprepared frorAgpI”* mice (20
pg protein/lane). The blots were stripped and regdowith a monoclonal antibody against
beta-actin (1:10,000) as a loading standard fourany. The core (28 kD) and glycosylated
(35-50 kD) AQP1 isoforms were identified in the ipmreum, with no changes observed in
the agonist- or DMSO vehicle-treated mi€e.Densitometric analysis of AQP1 signal on 4
pairs of peritoneal sampleB. Representative micrographs of immunogold labefimg
AQPL1 in control (left) and treated (right) sampléald particles decorated the endothelial

cells of blood capillaries and exhibited no chaimgtocalization after treatment. Insets: x2
magnification. Bar = 250 nm.
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Suppl. Fig. 2. Chemical synthesis of AqF026.
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Furosemide (1) was converted to its methyl estavative (AqF022) (3) by monitoring the
addition of diazolmethane until only a slight yeléint remained. Prolonged treatment with
excess diazomethane was found to result in vargegyees of sulphonamide methylation.
Alternatively, furosemide was specifically convertdy carbonyl diimidazole to its
imidazolide derivative (2) which cleanly providectthyl ester (3) upon addition of methyl
alcohol. Alkylation of sulphonamide ester (3) witenzyl bromide and potassium carbonate
in acetonitrile afforded AqF026 after purificatibg column chromatography.
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CHAPTER I

INTERSTITIAL FIBROSIS
RESTRICTS OsMOTIC WATER TRANSPORT
IN ENCAPSULATING PERITONEAL SCLEROSIS

Supplemental figure 1. Mean glucose exposure durintpe last two years on PD in EPS
and PD controls.

Bl EPS
Hl PD controls

Mean glucose exposure
last 2 years on PD (glyear)

Glucose exposure was significantly higher durirglést 2 years on PD in the EPS group
as compared with PD controls (133,606+1332 verd&s6bD7+1586 g/year in EPS and PD
controls, respectively?=0.01).
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Supplemental figure 2. Impaired water transport doe not correlate with peritoneal
vasculopathy.
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(A) The degree of vasculopathy (lumen-to-vessé ratV) is inversely correlated with time
on PD (Pearson=-0.78,P<0.0001). (B-C) EPS patients tend to have a higlegrree of
peritoneal vasculopathy (L/V ratio), and have ahbigvasculopathy grade as compared with
PD controls. (D-E) There is no correlation betwaetultrafiltration or sodium sieving and
the degree of vasculopathy in this cohort (Pearsdhl5, P=0.57 and Pearson=0.18,
P=0.53, respectively). Peritoneal samples are fromnenic, 7 long-term PD without EPS,
and 7 EPS patients. Circles represent individugidsen circles for uremic, blue for PD
controls, and red for EPS patients.
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Supplemental table 1 Clinical and functional characteristics of PD pat&in which
peritoneal biopsies were analyzed.

Uremic Long-termPD EPS

n=5 n=7 n=7

PD duration (months) - 62.4+9.3 62.8+9.2
Charlson comorbidity index 48+1.0 4.0+0.8 #.9.0
Diabetes, % 20% 29% 29%
Residual diuresis at PD start, ml/day 1252 + 224 8383 1083 +£159
Total number of peritonitis - 15+04 1404
Functional parameters at the time of biopsy

Net UF (ml) 681 +12¢ 629+55 326+ 79*

D/P creatinine 4h 0.75+0.07 0.75+0.02 0.84%0.04

Sodium sieving 0.06 £ 0.01 0.05+0.01 0.02 +0.01*

Time between last PET and biopsy (months) - 75+£1.6 9.1+21

EPS, encapsulating peritoneal sclerosis; PD, pe#bdialysis; UF, ultrafiltration
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