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Chapter 1 Introduction

RENAL REPLACEMENT THERAPY

Chronic kidney disease (CKD), the progressive loss of renal function, is a public 
LIEPXL�TVSFPIQ�[SVPH[MHI�[MXL�E�WMKRMƼGERX�IGSRSQMG� MQTEGX��%X� XLMW�XMQI��
more than 10% of the population is diagnosed with CKD in the Netherlands. 
As major risk factors include hypertension, arteriosclerosis and diabetes and 
the prevalence of these diseases increases with age, the number of patients 
with CKD is also expected to rise. Deterioration of renal function on its turn 
has a negative impact on other conditions such as osteoporosis, anaemia and 
cardiovascular disease. At the end of 2018, a total of 17.657 patients in the 
Netherlands were in need of renal replacement therapy [1]. The two forms of renal 
replacement therapy; dialysis with an annual cost between 80.000 and 120.000 
euros, or a kidney transplant with an estimated cost of 80.000 euros on average, 
are among the most costly treatments covered by the Dutch health insurance 
[2]. Most of the patients are subjected to dialysis but the preferred treatment for 
end stage renal failure is a kidney transplant as it increases survival, improves 
quality of life, decreases the risk of cardiovascular events and is cost-saving 
after one year compared to dialysis. Furthermore, transplantation is associated 
[MXL�WMKRMƼGERXP]�PS[IV�QSVXEPMX]�ERH�XLMW�FIRIƼX�WIIQW�XS�MRGVIEWI�SZIV�XMQI�
[3,4]. Unfortunately, the availability of kidney transplantations is limited and the 
gap between organ demand and organ supply leads to a median waiting time of 
QSVI�XLER���]IEVW�JSV�E�OMHRI]�XVERWTPERX�?�A��7XYHMIW�LEZI�WLS[R�XLEX�XLI�FIRIƼX�
of transplantation is greatest when the waiting time is shortest. A waiting time 
SJ�SRI�]IEV��JSPPS[IH�F]�E�OMHRI]�XVERWTPERX��VIWYPXW�MR�WYVZMZEP�FIRIƼX�SJ�WIZIR�
]IEVW��[LIVIEW�E�[EMXMRK�XMQI�SJ�XLVII�]IEVW�LEW�E�WYVZMZEP�FIRIƼX�SJ�E�PMXXPI�SZIV�
ƼZI�ERH�E�LEPJ�]IEVW�GSQTEVIH�XS�GSRXMRYEXMSR�SJ�HMEP]WMW�?�A�

In the Netherlands, almost half of the kidneys that are transplanted are 
retrieved from living related or unrelated donors. These kidneys are superior 
compared to those obtained from deceased donors. The other half of 
transplanted kidneys are procured from the two types of deceased donors; 
donors after brain death (DBD) and donors after circulatory death (DCD). DCD 
donors were patients who died as a result of a cardio-circulatory arrest, most 
often after withdrawal of treatment at an intensive care unit. In contrast to 
donation after brain death (DBD), circulation does not remain intact during organ 
retrieval. This period of hypoxia in combination with the detrimental effect of 

warm ischaemia is considered a risk factor for impaired graft function [7,8]. 
In addition to the increased use of organs from DCD donors, many countries have 
also started using donor organs of suboptimal quality from expanded criteria 
HSRSVW��)'(��)'(�MW�HIƼRIH�EW�E�HSRSV�SZIV����]IEVW�SJ�EKI��SV�FIX[IIR�XLI�
age of 50 and 59 with at least two of the following comorbidities: a history of 
hypertension, cerebrovascular cause of death or impaired renal function (serum 
creatinine above 133 µmol/l) [9].

ISCHAEMIC INJURY AND ORGAN PRESERVATION

Recent studies show that tissue ischaemia, resulting from the discontinuation 
of blood flow, leads to various cellular injury and repair responses [7]. 
The decrease in oxygen delivered to the tissues leads to a switch from aerobic to 
anaerobic metabolism [10]. The anaerobic metabolism fails to meet the demand 
of aerobic tissues leading to a drop in ATP levels, dysfunction of membrane ion 
transporters, intracellular acidosis, mitochondrial damage and the generation 
of reactive oxygen species [11,12]. During reperfusion, normalisation of oxygen 
levels and pH is hazardous for cells that have previously been exposed to 
ischaemic conditions. The damaged tissue awakens the innate immune system 
[MXLMR�QMRYXIW�ERH�MRGMXIW�QEGVSTLEKIW�XS�TVSHYGI�MRƽEQQEXSV]�G]XSOMRIW� 
The adaptive immune response occurs after a longer period of time, which may 
result in dendritic cells presenting the antigens to T cells in the affected tissues. 
Due to the interaction between B and T cells this could lead to an alloimmune 
response [11]. Ischaemia-reperfusion injury might also amplify the immune 
response to newly presented antigens and thus could lead to an antibody 
mediated rejection [13]. Therefore, minimising ischaemic time and preserving the 
function of kidney grafts is of vital importance for a successful transplantation.

An increasing amount of research is being done to determine the best 
preservation method to bridge the period between organ retrieval and the 
actual transplantation in order to decrease ischaemia-reperfusion injury [14]. 
Several studies have demonstrated that hypothermic machine perfusion 
(HMP) of kidney grafts in comparison with static cold storage leads to a 
reduced risk and duration of delayed graft function as well as improved 
graft survival one year posttransplant [15,16]. A period of machine perfusion 
under (sub)physiological conditions could enable even better pre-transplant 
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organ assessment and organ conditioning [17]. Furthermore, it provides 
a platform for active therapeutic interventions to an isolated organ prior 
to transplantation [18]. There is evidence that kidneys that are subjected to 
RSVQSXLIVQMG�QEGLMRI� TIVJYWMSR� �214� LEZI� WMKRMƼGERXP]� PS[IV� VEXIW� SJ�
delayed graft function compared to those preserved by static cold storage [19]. 
8LI�TVIGMWI�YRHIVP]MRK�QIGLERMWQ�SJ�XLI�FIRIƼGMEP�IJJIGXW�SJ�RSVQSXLIVQMG�
machine perfusion has not yet been elucidated. The best conditions for NMP, 
regarding systolic arterial pressure, oxygenation of the perfusion solution with 
S\]KIR�SV�GEVFSKIR�ERH�ƽS[�SV�TVIWWYVI�GSRXVSPPIH�TIVJYWMSR�SJ�XLI�OMHRI]�MR�
a pulsatile or continuous fashion have partly been established [20,21]. The use 
of leucocyte depleted blood in the perfusion solution leads to superior post-
ischaemic renal function in comparison with non-leukocyte depleted blood but 
to date the optimal composition of the perfusion solution remains unknown 
[22]. Possible alternatives to red blood cells as an oxygen carrier have also only 
scarcely been investigated.

MESENCHYMAL STROMAL CELLS

Several cell types, such as mesenchymal stromal cells (MSCs) and induced 
pluripotent stem cells, are increasingly being investigated as potential 
therapeutic options in chronic kidney disease and kidney transplantation. 
This thesis focusses on the use of MSCs during NMP prior to transplantation. 
17'W�EVI�QYPXMTSXIRX�ƼFVSFPEWX�PMOI�WXVSQEP�GIPPW�XLEX�EVI�GLEVEGXIVMWIH�F]�XLI�
following standard criteria: the expression of surface markers CD105, CD90 and 
CD73; lack of expression of hematopoietic markers CD45, CD34; the potential to 
differentiate into osteoblasts, adipocytes and chondrocytes and adherence to 
plastic [23]. They can be isolated from different sources including adipose tissue 
(A-MSCs) and bone marrow (BM-MSCs) and can be expanded in vitro whilst 
retaining a stable phenotype [24,25]. Their ability to target areas of injury or 
MRƽEQQEXMSR�EW�[IPP�EW�XLIMV�GETEGMX]�XS�QSHYPEXI�MRREXI�ERH�EHETXMZI�MQQYRI�
responses are some of the attractive features of MSCs. MSCs are reported 
to facilitate repair and regeneration of injured tissue via angiogenic, anti-
MRƽEQQEXSV]�ERH�ERXM�ETSTXSXMG�WXMQYPM�?�����A��17'W�EPWS�LEZI�XLI�TSXIRXMEP�
to trigger tubular cell proliferation and supress oxidative stress. Furthermore, 
there is evidence that the administration of MSCs leads to less tubular necrosis 
and lower expression of cytokines and chemokines [26,27]. On the contrary, one 

study has also shown that when MSCs were administered after transplantation 
XLMW�VIWYPXIH�MR�E�TVS�MRƽEQQEXSV]�VIWTSRWI�ERH�RIKEXMZIP]�MQTEGXIH�OMHRI]�
graft function. However, this effect was not observed when the MSCs were 
administered prior to transplantation [28].

Current analyses suggest that MSCs can improve the outcome of solid 
organ transplantation [29]. The desired regenerative and immunomodulatory 
effects could be achieved with either allogeneic or autologous MSCs [23]. 
So far, research has focused on intravenous infusion of MSCs to kidney graft 
recipients after transplantation. These cells will most likely never reach the 
kidney as studies have shown that systemically infused MSCs do not migrate 
beyond the lungs in large numbers [30]. In order for the MSCs to be physically 
present in the transplanted kidney, intra-arterial infusion during ex-vivo NMP of 
an isolated kidney prior to transplantation could be the solution. This approach 
has several advantages as no host immune response is present and, because 
XLI�GIPP�XLIVET]�MW�RSX�EHQMRMWXIVIH�XS�XLI�[LSPI�FSH]��PS[IV�HSWIW�GSYPH�WYƾGI��
However, this has not been investigated before, and hence little is known about 
the safety and feasibility of the administration of MSCs during the preservation 
period.

OUTLINE OF THIS THESIS

This thesis aims to expand knowledge on the ideal composition of the perfusion 
solution used during NMP and look into the effect of MSCs administered during 
214�SR�ER�MWGLEIQMGEPP]�MRNYVIH�OMHRI]��8LI�ƼVWX�TEVX�SJ�XLMW�XLIWMW�JSGYWIW�
on the therapeutic intervention with MSCs during NMP (Chapters 2 – 5). Since 
during our MSC experiments we came to realise that the composition of the 
perfusion solution has an important effect on many aspects of pre-transplant 
ex vivo organ therapy, the second part of this thesis (Chapter 6 – 8) expands 
our knowledge on the composition of the perfusion solution and necessity of 
an oxygen carrier during NMP.

As a starting point for this thesis an overview is given of literature on the 
WYFNIGX�SJ�VITEVEXMZI�ERH�VIKIRIVEXMZI�IJJIGXW�SJ�17'W�MR�HMJJIVIRX�ƼIPHW�ERH�XLIMV�
TSXIRXMEP�FIRIƼGMEP�IJJIGXW�JSV�OMHRI]�XVERWTPERXEXMSR�MR�Chapter 2. In Chapter 3 
the survival rate and localisation of MSCs administrated to an isolated kidney 
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during NMP is described. In Chapter 4 the effect of tissue derived MSCs or bone 
marrow derived MSCs on renal function and secretion of damage and cytokines 
during NMP is studied. Chapter 5 consists of a porcine autotransplantation 
study conducted in Aarhus, Denmark. The aim of this study is to determine 
the safety of intra-arterial infusion of MSCs during NMP and investigate the 
TSXIRXMEP�FIRIƼGMEP�IJJIGXW�SR�OMHRI]�JYRGXMSR�HYVMRK�JSYVXIIR�HE]W�SJ�JSPPS[�
up after transplantation.

In Chapter 6 four different perfusion solutions during seven hours of NMP 
are examined. Two of these solutions were also used in other chapters. The third 
solution is based on a British clinical NMP solution and the fourth was designed by 
ourselves. In this chapter the effect of the different compositions of the solutions 
have on kidney function and damage markers was explored. In Chapter 7 
it was investigated if normothermic perfusion with allogeneic or human red 
blood cells as an oxygen carrier is also feasible when autologous red blood cells 
are not available. This is particularly relevant for porcine autotransplantation 
studies. In Chapter 8�ER�EVXMƼGMEP�S\]KIR�GEVVMIV��,IQSTYVIo��,&3'�����[EW�
tested as oxygen carrier during NMP. Finally, I have summarised and discussed 
the observations described in this thesis in Chapter 9 and described future 
perspectives.
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