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Chapter 9

General Discussion
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Peritoneal Dialysis (PD) is currently used by 200,000 end stage renal diseases 
pati ents worldwide and accounts for approximately 11% of the dialysis populati on 
1, 2. PD has several advantages over hemodialysis (HD) in terms of early survival rate 
as well as costs and quality of life 3-5. However, long term PD treatment is associated 
with a higher risk of infecti ons (treatment-related peritoniti s), functi onal and 
structural alterati ons of the peritoneal membrane (PM) 5 driving the development 
of ultrafi ltrati on failure, leading to clinical fl uid retenti on and ulti mately to the 
failure of the technique itself.
The PD fi eld sti ll needs valid biomarkers for the early recogniti on of pati ents with 
high risk to develop complicati ons related to long term PD fl uid (PDF) exposure. The 
identi fi cati on of these biomarkers would allow the development of personalized 
interventi ons and improve pati ent’s clinical outcomes. Several molecules and 
pathways have been studied in the last decades, some of those have been pointed 
as candidate biomarkers but none of them is really used in the clinic yet. In additi on, 
interventi ons that prevent or delay the complicati ons of PD are urgently needed. 
The research described in this thesis aimed to develop a novel mouse model 
for peritoneal dialysis to perform long term exposure studies in order to test 
biocompati bility of new PD soluti ons and the additi on of new compounds to the 
currently used conventi onal PDFs. Moreover, our fi ndings in the mouse model 
have been translated into the clinical practi ce resulti ng in a 2 year multi -center 
randomized clinical trial in CAPD (Conti nuous Ambulatory Peritoneal Dialysis) 
pati ents performed at the VU University Medical Centre in Amsterdam and in a 
comprehensive study of glycomics aiming to identi fy relevant predicti ve biomarkers 
for PD-related complicati ons.

Peritoneal damage in PD: not only PD fl uid exposure
In the last decades several independent groups have developed animal PD models 
in order to study PD-related functi onal and morphological changes of the peritoneal 
membrane. Many of these models have also been used to compare the eff ects of 
diff erent PDFs available on the market. However, only in few of them the eff ects that 
uraemia itself can have, both at the systemic and peritoneal level, has been taken 
into considerati on 6-10. Uraemia is the key manifestati on of kidney failure and it is 
the main indicati on for initi ati ng PD treatment in pati ents. Although the eff ect of 
uraemia on human peritoneum is sti ll debated 11, 12, uraemia-related consequences 
such as hyperosmolarity and blood pressure at systemic level, but also thickening 
of the extracellular matrix and mild vasculopathy at the peritoneal level 8, 13, should 
ideally be taken into account in animal models of kidney failure. 
In order to mimic those important features observed in kidney pati ents we developed 
a mouse model that allowed us to study PD complicati ons as a consequence of the 
simultaneous occurrence of uraemia and exposure to PDF. Uraemia has previously 
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been introduced successfully only in few rat models showing that it by itself can 
cause ultrafi ltrati on failure, neo-angiogenesis and an increment in omental mast 
cells number 14. Our group also has developed a uremic rat PD exposure model 
consisti ng of total removal of the left  kidney and double artery ligati on of the right 
one (5/6 nephrectomy). Although this rat model allowed us to show important 
results regarding the protecti ve role of some PDFs additi ves, the high percentage 
of drop out related to nephrectomy, combined with the technical failure due to 
omental wrapping of the catheter upon PD treatment, prevented a widespread 
applicati on of this model. 
In the last decade, the mouse PD model has been considered as a gold standard 
procedure 15 for several EMT studies. In chapter 2 we showed that, besides the 
exposure to PD fl uid, uraemia alone has an eff ect on peritoneal thickening in the 
mouse model as well 10. In additi on, a parti al contributi on of uraemia to fi bro-
proliferati ve responses occurring in the peritoneal membrane during PD was 
indicated 16. We therefore used this model in chapters 3, 4, 5 and 6 to study the role 
of Th17 pathway in driving peritoneal fi brosis upon PD treatment 16, 17.
Based on the fi ndings described in these chapters, I think that our uremic mouse 
PD model, at the state of art, is the model that bett er mimics the clinical conditi ons 
of a PD pati ent. Moreover, it fulfi ls the need to reduce the percentage of dropouts 
seen in the rat model. In additi on, a mouse model gives the advantage to apply 
this technique for gene knock out studies aiming to identi fy components possibly 
involved in the pathogenesis of peritoneal damage. This approach has been used in 
chapter 5 were the role of CD69 in fi bro-proliferati ve responses was investi gated in 
CD69-/- mice daily exposed to PD fl uid either under normal and uremic status. 

PD-related peritoneal functi on deteriorati on: who is the ‘mole’? 
Recent emerging studies suggested an important role of IL-17 in peritoneal damage 
and infl ammati on induced by PD treatment 17, 18. IL-17 is mainly secreted by T helper 
17 (Th17) cells, a subset of T helper cells related to many autoimmune diseases 19, 
but also to renal infl ammati on 20. Moreover, pharmacological treatments such as 
paricalcitol preserve membrane functi on and protect against fi brosis by modulati ng 
IL-17 expression and/or enhancing regulatory T cell (Treg) response 21, 22. A balance 
between Th17 and Treg exists that depends on the cytokine environment which is 
essenti al for the predominance of infl ammatory or immune suppressive responses. 
The diff erenti ati on of T-cells towards the Th17 subset is mainly regulated by the 
synergic acti ons of TGF-β and IL-6 23-25. On the other hand, the absence of IL-6 will 
force T cells to diff erenti ate into the immune suppressive Treg 26. This balance is 
also important for the maintenance of the anatomical and functi onal integrity 
of the peritoneal membrane. Many studies have highlighted the role of Th17 in 
mediati ng infl ammati on and fi brosis by producing a cocktail of cytokines such as 
IL-6, IL-22 and especially IL-17 which has been described as the major cytokine driving 
peritoneal fi brosis during PD 17, 18. On the other hand, the importance of Tregs for the 
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maintenance of peripheral tolerance has also been shown 27, 28. For these reasons 
regulati on of Th17 responses by blocking or modulati on of IL-17 or acti vati on of 
Tregs appear to be logical and novel therapeuti c strategies for the preventi on of 
PD-related peritoneal fi brosis and infl ammati on 18, 21, 22. 
In the last decade, our and other independent in vitro and in vivo studies, focused 
on the administrati on of PPARγ agonists 21, 29, 30, vitamin D receptor acti vators 22, 31, 32, 
Cox-2 inhibitors 33, 34 and other PDF additi ves which use Th17/Treg-axis as a target 
35. These studies demonstrated for example that paricalcitol could have a benefi cial 
eff ect on peritoneal thickening during PD by acti vati ng Tregs and reducing IL-17 
peritoneal levels 22, 36, 37.
In chapter 5 we showed that the Th17 pathway is involved in PD-related 
peritoneal infl ammatory responses, this ti me via the modulati on of CD69 lecti n. 
Previous studies using CD69-defi cient mouse models have shown that CD69 
contributes to the suppression of infl ammati on by regulati ng the balance between 
Th17 and Tregs 38, 39. The pathophysiological role of CD69 in peritoneal fi brosis 
has not been studied before. Thus, by using our peritoneal fi brosis model in 
CD69-defi cient mice (cd69–/–), we demonstrated in chapter 5 that also peritoneal 
fi brosis, at least in part, is controlled through regulati on of the Th17/Treg balance 
and that this happens via CD69. Specifi cally, CD69-defi ciency relates with an 
enhanced pro-infl ammatory milieu upon PD fl uid exposure as indicated by an 
increased expression of TGF-β, IL-6, IL-1β, MCP-1 and interesti ngly, a strong increase 
of IL-17. Moreover, the infl ammatory response in PDF-exposed cd69–/– mice 
decreased upon IL-17 blockage while neutralizati on of CD69 in wild type mice sti ll 
demonstrated higher PDF-induced peritoneal fi brosis. Taken together, these results 
showed that CD69 negati vely regulates peritoneal fi brosis via the modulati on of 
Th17-mediated infl ammatory responses. IL-17 has a role in driving peritoneal 
fi brosis and infl ammati on and this evidence might be explained with the strong 
local polarizati on toward Th17 diff erenti ati on in response to PDF exposure. 
Based on this fi ndings, a new strategy to prevent deleterious PD-related complicati on 
via the modulati on of the IL-17 pathway has been introduced in chapter 3. In this 
chapter, we wanted to assess whether the additi on of a novel anti -infl ammatory 
compound to a currently used PDF (Dianeal®, Baxter) could protect against 
peritoneal damage, the results of which are described in the following secti on.

Therapeuti c interventi ons in PD: protecti on or preventi on?
In the last decade several new generati on compounds have been used to supplement 
PDFs. Although some of them have shown anti -infl ammatory properti es in vitro and 
in vivo studies, for none of them a clinically relevant benefi cial eff ect on PD pati ents 
has been proven yet 40. 
Previous studies from our group have shown for example in rat a protecti ve role of 
BMP-7 against EMT and fi brosis41 and the ability of suniti nib 42 to inhibit new vessel 
formati on. Moreover, we recently showed that paricalcitol play a protecti ve role in 
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peritoneal remodelling during PD by acti vati on of the Vitamin D3 receptor 22, 31, 32, 43. 
None of the fi rst two has been used in humans while paricalcitol has been introduced 
in some preliminary clinical trials showing changes in membrane permeability 44.
Kratochvill at all showed that in vitro Alanyl Glutamine (Ala-Gln) is able to restore 
the stress proteome of mesothelial cells when exposed to PDF45, thus the dipepti de 
appeared to be a candidate compound to be used against PD-related peritoneal 
damage. Moreover, its immunomodulatory properti es are known. As an example it 
has been shown that in lung injury, the dipepti de is able to reduce infl ammati on by 
modulati ng the Th17 / Treg balance 46. On top of that, Ala-Gln is already commonly 
used in severely ill pati ents as additi ve in parenteral nutriti on. 
In chapter 3 we demonstrated that in our uremic rat and mouse models 
supplementati on of PDF with pharmacological doses of Ala-Gln refl ected 
reduced peritoneal thickness, αSMA expression and angiogenesis, all PD-related 
consequences impairing peritoneal membrane functi on and leading to ultrafi ltrati on 
failure. Additi on of Ala-Gln also substanti ally reduced IL-17, TGF-β and IL-6. Moreover, 
peritoneal ROR(γ)t espression, increased during PD, was restored upon Ala-Gln 
administrati on. These results, together with the positi ve correlati on found in the rat 
model between peritoneal thickening and IL-17 expression, indicated involvement 
of Th17 pathway in the functi onal and morphological peritoneal changes due to 
daily exposure to PDFs. Finally, the direct evidence that Ala-Gln plays its protecti ve 
role by modulati ng IL-17 levels was provided in our uremic mouse model. In fact, 
PD-dependent peritoneal thickening aft er IL-17 blockade resulted similar to the 
decrease of the submesothelial zone thickness obtained aft er exposure to PDF 
enriched with Ala-Gln17. Thus, these results evidenced and strengthened the role 
of Ala-Gln in preventi ng peritoneal thickness and preserving normal peritoneal 
vasculature, indicati ng the use of the dipepti de as a good therapeuti c interventi on 
in PD pati ents. Further studies to prove the potenti al clinical signifi cance of Ala-Gln 
protecti on are needed. Therefore, recently a second phase clinical trial started at 
the academic hospital of Vienna. Although the mechanism by which Ala-Gn protects 
against peritoneal thickening and fi brosis has been explained at least in part by the 
att enuati on of IL-17 pathway 17, the reason why this dipepti de has an eff ect also on 
peritoneal neovascularizati on remains sti ll unclear. 
What is already known is an eff ect of Ala-Gln in preventi ng increased vascular 
permeability when added to the parenteral nutriti on in rats 47. Moreover, the 
dipepti de reduced mesenteric plasma extravasati on and leukocyte adhesion during 
experimental endotoxemia in rats 48. For these reasons we wanted to investi gate 
if supplementati on of PDF with Ala-Gln may have an eff ect in the mesenteric 
microcirculati on in our uremic mouse model. Although previous studies in rats from 
our group have already shown an increase in leukocyte-endothelium interacti ons 
under PDF exposure 14, 49, the potenti al impact of uraemia itself on peritoneal 
microcirculati on has been never considered. In chapter 4 intra-vital microscopic 
analysis showed that only exposure to PDF but not uraemia caused an increase in 
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the total number of leukocytes as well as a slight rise in the leukocytes adhesion to 
the vasculature. Moreover, the additi on of Ala-Gln not only did not att enuate these 
eff ects but it even exacerbated the latest. The limitati on of this study is represented 
by the small number of animals per group and therefore we cannot defi nitely rule 
out an eff ect of the interventi on. Since our results suggested an eff ect of Ala-Gln on 
leukocytes adhesion, future studies should focus on the impact the dipepti de has 
on expression of adhesion molecules in vivo under PDF exposure.
Taken together our present data indicated that the protecti ve role played by 
the dipepti de against peritoneal angiogenesis and fi brosis does not regard the 
leukocytes transmigrati on cascade while the involvement of the IL-17 pathway is 
clear. Whether the IL-17 pathway is the only mechanism regulated by Ala-Gln and 
involved in protecti on against PD-related peritoneal deteriorati on remains to be 
explored. 
A diff erent strategy to reduce PD complicati ons is to prevent them. Identi fy and 
reduce/replace components of PDF, such as high GDPs (glucose degradati on 
products) content and low pH, responsible for peritoneal damage could represent 
the most reasonable approach. 
New bicarbonate/lactate PD soluti ons with neutral pH and parti cularly low GDPs 
content have been introduced to the market or have been tested in the last decades 
as candidates for a bett er preservati on of peritoneal membrane functi on. So far, 
results on this regards are contradicti ng as they do not always show a less harmful 
eff ect of these fl uids when compared with standard high GDPs content soluti ons. On 
the other hand, the compositi on of standard PDFs have been defi nitely improved 
over the last decade resulti ng in a reduced harmful eff ect detectable at least in 
our animal PD models. We have observed indeed that these animals had reduced 
peritoneal thickening when compared to the eff ect obtained in the past aft er 
exposure to standard PDFs upon comparable experimental conditi ons. This could 
in part explain the absence of a striking improvement in terms of peritoneal fi brosis 
aft er exposure to the bicarbonate/lactate PD soluti ons.
Our group was the fi rst one using a mouse PD model to compare lactate and 
bicarbonate/lactate-buff ered soluti ons in a uremic setti  ng which more closely 
mimics the clinical scenario of a PD pati ent (chapter 6). The comparison between 
these two diff erent PD soluti ons has also been tested in a multi -centre open-label 
randomized clinical trial (RCT), in which pati ents were randomly assigned to neutral 
pH, low GDP PD fl uid (Physioneal®, Baxter) or standard lactate buff ered PDF (Dianeal®, 
Baxter) during a 2 years follow up (chapter 7). Moreover, results from this clinical 
trial have been analyzed in chapter 8 with a glycomics approach, a completely new 
methodology to identi fy markers in PD fi eld. 
In our 2 years follow up no signifi cant diff erences were observed between the two 
groups in the primary outcomes of peritoneal adequacy or transport characteristi cs 
nor effl  uent markers of local infl ammati on (CA125, HA, VEGF, MCP-1, HA and 
TGFβ-1). However, ultrafi ltrati on (UF) decline was att enuated in the Physioneal 
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group. Moreover pati ents belonging to this group also showed a lower peritoniti s 
incidence rate when compared to the Dianeal group. Although this result is 
promising it did not represent the primary outcome of the study and may have 
been a matt er of chance. 
The comparison between the conventi onal and biocompati ble PD treatment 
in our uremic mouse PD model also did not show diff erences in UF nor in PD-
dependent peritoneal thickening. On the other hand in the mouse model, exposure 
to Physioneal did cause less peritoneal angiogenesis and fi brosis than Dianeal in 
accordance with previous studies using low GDPs soluti ons 50, 51. Moreover, 8 weeks 
of the biocompati ble treatment restored Th17 cell number, that was highly increased 
in the Dianeal group, suggesti ng preventi on of at least Th17-related infl ammati on 
upon Physioneal exposure. 
In contrast with the clinical study, we furthermore revealed in the mouse model 
an unexpected signifi cant rise of TGF-β1 levels in the Physioneal group. Although 
TGF-β1 is known to be a pro-infl ammatory and fi broti c cytokine, its role is sti ll 
controversial and its eff ect is context dependent 52

. Alternati vely, this eff ect as 
well as the increase of other pro-infl ammatory cytokines (IL1β, TNFα and INFγ) 
might indicate an infl ammatory process led by an increased infl ux of infl ammatory 
macrophages which were also more abundantly present in both the peritoneal 
cavity and peritoneal membrane biopsies upon Physioneal treatment.
Taken together results from the clinical study and the animal model do not allow 
to assert if the benefi cial eff ect of using Physioneal as biocompati ble soluti on 
in PD pati ent can overcome the unwanted side consequences associated to its 
use. However, we again observed a change in the presence of Th17 cells in the 
peritoneum demonstrati ng the importance of this cell type in PD complicati ons.

On the way to biomarker identi fi cati on: novel approaches 
During PDF-induced ti ssue injury, a wide range of cytokines and factors are 
upregulated, making it diffi  cult to assign prioriti es or a hierarchy based on their 
eff ects on the onset and progression of peritoneal damage. For this reason, novel 
tools to identi fy candidate biomarkers in PD are needed.
Although protein losses have been considered a major limitati on in PD, proteomic 
studies are scarce and have mainly been conducted in small cohorts. Moreover, 
even less is known about PD-related protein glycosylati on 53. Among the 
several post-translati onal modifi cati on governing protein functi on, especially 
N-glycosylati on is known to be related to infl ammatory 54 and fi broti c 55 processes. 
In chapter 8 the glycosylati on profi le of serum and PD effl  uent of pati ents from the 
Physioneal/Dianeal clinical trial (chapter 7) was assessed. We demonstrated that 
especially changes in the glycosylati on of effl  uent proteins are associated with PD-
related complicati ons such as peritoniti s, infl ammati on and mesothelial cell loss. 
Specifi cally, alpha-2,6-sialylati on of triantennary N-glycans in PD effl  uent, seems 
to refl ect adverse events upon long-term PD. Furthermore, a relati ve increase in 
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IgG-related glycans and a lower galactosylati on of diantennary glycans appeared 
to be related to peritoniti s and the loss of mesothelial cell mass. Unfortunately, we 
could not fi nd a correlati on in glycosylati on changes between the groups and/or 
diff erent treatments the pati ents have been exposed to during the 2-years follow 
up. Thus, glycosylati on of dialysis effl  uent proteins in PD pati ents might bear some 
potenti al as future biomarkers of peritoneal functi onality. However, future research 
should include studies of the respecti ve protein carriers, presumably acute-phase 
proteins originati ng from the liver, or specifi c glycoproteins locally produced in the 
peritoneum, e.g. CA125 itself.

C��������� ��� ������ �����������

In this thesis a bench-to-bed side approach is described with focus on peritoneal 
remodelling upon peritoneal dialysis. The aim of the thesis is to identi fy novel 
candidate pathways and biomarkers for PD-related peritoneal infl ammati on and 
fi brosis in order to reduce PD induced complicati ons. With this focus of interest 
two diff erent approaches are presented: additi on of a new component to the 
conventi onal PDFs in order to protect against peritoneal angiogenesis and fi brosis 
and testi ng of a more biocompati ble PDF to prevent, or at least reduce, infl ammatory 
mechanisms and decline in ultrafi ltrati on capacity occurring during PD. 
We  demonstrated the importance of introducing uraemia, and thus both its 
peritoneal and systemic eff ects, in an experimental animal model for PD in order 
to obtain a system which closely mimics the clinical situati on of a PD pati ent. Our 
fi ndings indicated Th17 as a pathway playing an important role in the regulati on of 
peritoneal infl ammati on, angiogenesis and fi brosis. Therefore, modulati on of IL-17 
levels or possibly CD69 acti vati on might represent a good strategy to protect from 
the pathological changes occurring in PD pati ents.
The benefi ts of using biocompati ble PDFs has been discussed. We found contradictory 
arguments on this regard. Our results showed an att enuated decline in ultrafi ltrati on 
capacity and peritoniti s incidence in PD pati ents as well as less angiogenesis and 
fi brosis in the animal model upon Physioneal treatment when compared to the 
conventi onal PDF. On the other hand, the assumed biocompati ble treatment 
caused an increase in the peritoneal infl ux of pro-infl ammatory macrophages and 
in the expression of pro-infl ammatory cytokines and did not show any signifi cant 
diff erence concerning peritoneal thickening. An explanati on for this controversial 
fi ndings might be the fact that a more biocompati ble PD soluti on consists of diff erent 
components such as GDPs content, low pH and use of diff erent kind of buff ers and 
each of these element has his own infl uence on peritoneal deteriorati on. Therefore, 
these factors should be examined separately. Moreover, the word ‘biocompati bility’ 
should be used with great cauti on when it concerns the introducti on of an external 
and invasive soluti on into the peritoneal cavity of a pati ent.
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In my opinion a bett er strategy would be the enrichment of conventi onal PDFs, of 
which eff ects are currently well known, with novel compounds exerti ng a protecti ve 
eff ect against peritoneal damage. Based on our fi ndings showing a positi ve eff ect of 
Ala-Gln in the maintenance of the original peritoneal thickness and vasculature, this 
dipepti de might represent a putati ve candidate as an additi on to the PDFs currently 
available on the market. Certainly, further studies to confi rm Ala-Gln eff ect as well 
as to reveal the mechanisms by which it plays its protecti ve role are sti ll needed. 
Moreover, large, multi centre clinical trial will be demanded. 
Combining this dipepti de with a product also able to maintain Th17/Tregs balance 
could even represent even a bett er strategy to prevent technical failure. This 
will result in a prolonged complicati on free treatment for chronic kidney disease 
pati ents solving the problem of underuti lizati on in Europe in comparison with other 
countries.
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