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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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ABSTRACT

Mesenchymal stromal cells (MSCs) possess reparative, regenerative and 
immunomodulatory properties. The current literature suggests that MSCs could 
improve kidney transplant outcome via immunomodulation. In many clinical 
domains, research has also focussed on the regenerative and reparative effects 
SJ�XLIVETMIW�[MXL�17'W��,S[IZIV�� MR�XLI�ƼIPH�SJ�XVERWTPERXEXMSR��HEXE�SR�XLMW�
subject remain scarce. This review provides an overview of what is known 
EFSYX�XLI�VIKIRIVEXMZI�ERH�VITEVEXMZI�IJJIGXW�SJ�17'W�MR�ZEVMSYW�ƼIPHW�VERKMRK�
from wound care to fracture healing and also examines the potential of these 
promising MSC properties to improve the outcome of kidney transplantations.

INTRODUCTION

Extensive research has been conducted on the unique immunomodulatory and 
regenerative properties of mesenchymal stromal cells (MSCs) [1]. The promising 
combination of tissue regeneration and immune modulation represents a great 
TSXIRXMEP�JSV�XLI�ƼIPH�SJ�SVKER�XVERWTPERXEXMSR��6IREP�XVERWTPERXEXMSR�MW�PMQMXIH�
by the shortage of donor kidneys [2]. In an attempt to decrease waiting time by 
enlargement of the deceased organ donor pool, an increasing number of organs 
from donation after circulatory death (DCD) and from extended criteria donors 
(ECD) are being used [3]. A drawback of such donor kidneys is that they are of 
inferior quality and are more prone to ischaemia–reperfusion injury. MSCs could 
play an important role in pre-transplant ex-vivo reconditioning, post-transplant 
in vivo damage repair and immunomodulation, allowing to increase the long-
term survival of these DCD and ECD grafts. So far, most research effort has 
been focussed on immunomodulatory effects of MSCs after transplantation. 
Data on the regenerative properties of MSCs, which may help to repair damaged 
donor organs, are still scarce. The aim of this review is to give an overview of 
what is known about the reparative and regenerative effects of MSCs in order 
XS�IZEPYEXI�LS[�XLIWI�TVSTIVXMIW�GSYPH�FI�EHZERXEKISYW�MR�XLI�ƼIPH�SJ�OMHRI]�
transplantation.

Characteristics of mesenchymal stromal cells (MSCs)
MSCs are multipotent cells that can be isolated from different sources [4]. 
Their distinctiveness relies on the following criteria: adherence to plastic; 
the potential to differentiate into adipocytes, chondrocytes and osteoblasts; 
the expression of markers such as CD73, CD90 and CD105 and the lack of 
expression of markers CD31, CD34 and CD45 [5]. MSCs can be expanded in 
vitro whilst retaining a relatively stable phenotype, thus creating the opportunity 
to culture large numbers of cells for clinical use [6]. MSCs have the ability to 
LSQI�XS�EVIEW�SJ�MRNYV]�SV�MRƽEQQEXMSR�ERH�QSHYPEXI�MRREXI�EW�[IPP�EW�EHETXMZI�
immune responses [5,7]. Furthermore, MSCs are reported to play an important 
role in tissue repair and regeneration. Most likely, they achieve this via paracrine 
ERH�IRHSGVMRI�WMKREPW� XLEX�I\IVX�ERXM�MRƽEQQEXSV]��ERXM�ETSTXSXMG�ERH�TVS�
angiogenic actions [5].
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Sources of MSCs
Major sources of MSCs are the bone marrow (BM-MSC), the adipose tissue 
(A-MSC) and peripheral blood. MSCs can also be isolated from umbilical cord 
(UC-MSC), umbilical cord blood (CB-MSC), urine, amnion and placenta [8,9]. 
The number of MSCs that can be acquired per isolation varies depending on the 
WSYVGI�?��A��&1�17'W�[IVI�XLI�ƼVWX�XS�FI�HMWGSZIVIH�ERH�XLIVIJSVI�EVI�XLI�QSWX�
studied type of MSCs. They often serve as the gold standard and were initially 
used in most clinical trials [11]. Nowadays, an increasing number of clinical trials 
use A-MSCs or UC-MSCs. Genetic differences and variations in cell surface 
marker expression between MSCs from different sources, especially between 
A-MSCs and BM-MSCs, have been thoroughly studied as have the differences 
between cytokine and chemokine production of these cells [11–14].

As pigs have genetic traits similar to those of humans, the use of porcine 
MSCs (pMSCs) for treatment in post-mortem kidney donation might be 
an interesting clinical option in the future. The fact that MSCs are poorly 
recognisable by the immune system potentially renders them safe and suitable 
for xenotransplantation purposes. The therapeutic potential of pMSCs has been 
studied in various animal models and it has been shown that these cells function 
across the xenogeneic barrier without adverse reactions occurring [15,16].

As most research has been conducted using only one source of MSCs, very 
JI[�EREP]WIW�EVI�EZEMPEFPI�[LMGL�HMVIGXP]�GSQTEVI�XLI�IƾGEG]�SJ�HMJJIVIRX�X]TIW�
of MSCs. The scarce studies that have been performed comparing A-MSCs 
and BM-MSCs showed that A-MSCs might have a stronger immunosuppressive 
potential than BM-MSCs [17,18]. Although this might be the case in vitro, further 
research is necessary to see if these cells behave in the same manner in vivo. 
*YVXLIVQSVI�� XLIWI� WXYHMIW� HMH� RSX� WTIGMƼGEPP]� VITSVX� SR� XLI� VIKIRIVEXMZI�
properties of different types of MSCs. An advantage of A-MSCs is that the 
LEVZIWXMRK�ETTVSEGL�MW�GSRWMHIVIH�XS�FI�WEJI��ERH�E�WMKRMƼGERXP]�LMKLIV�RYQFIV�
of cells can be obtained from the same amount of tissue, compared to BM-MSCs 
[19]. These advantages also apply to UC-MSCs, as they are harvested from tissue 
which is otherwise discarded at birth [20].

Environmental effects on MSCs
17'W�GER�FI�EGXMZEXIH�MRXS�X[S�HMJJIVIRX�TLIRSX]TIW��E�TVS�MRƽEQQEXSV]�SV�ER�
immunosuppressive phenotype [21]. The environment in which MSCs interact 
[MXL�8�GIPPW�HIXIVQMRIW�XLI�IJJIGX�17'W�LEZI�SR�8�GIPPW��-R�E�TVS�MRƽEQQEXSV]�
IRZMVSRQIRX��[MXL� LMKL� GSRGIRXVEXMSRW�SJ� MRXIVJIVSR�½� �-*2�½�� MRXIVPIYOMR���
SV�XYQSYV�RIGVSWMW�JEGXSV�»��82*�»�� MRLMFMXMSR�SJ�8�GIPP�TVSPMJIVEXMSR�SGGYVW��
[LIVIEW�MR�ERXM�MRƽEQQEXSV]�IRZMVSRQIRXW�XLMW�HSIW�RSX�LETTIR�?��A�;LIR�8�
cells are cultured together with MSCs, T regulatory cells (Tregs) increase [23].
8LIVI� MW�EPWS�IZMHIRGI� XLEX� MRƽEQQEXSV]�WXMQY-M�GER� MRHYGI� XLI� VIPIEWI�SJ�
exosomes by MSCs. These exosomes are believed to lead to similar reparative 
ERH� VIKIRIVEXMZI�IJJIGXW�SR� XMWWYIW�EW� XLSWI�SJ�17'W� ?��A��8LIWI�ƼRHMRKW�
are in line with unpublished results from our group in which we found an 
YTVIKYPEXMSR� SJ� TVS�MRƽEQQEXSV]� G]XSOMRIW� [LIR� MWGLEIQMGEPP]� HEQEKIH�
porcine kidneys were treated with MSCs. Therefore, it cannot be concluded that 
the immunosuppressive phenotype of MSC is the property that plays a central 
role in tissue repair and regeneration.

Allogeneic versus autologous MSCs
17'W�GSYPH�LEZI�E�KVIEX�XLIVETIYXMG�TSXIRXMEP�MR�XLI�ƼIPH�SJ�SVKER�XVERWTPERXEXMSR��
In the case of an organ transplantation, allogeneicity is inevitable. The question 
arises whether administration of allogeneic MSCs is preferable to that of 
autologous MSCs. Treatment with allogeneic MSCs offers the advantage of 
a more standard consistency of the product, but there are always concerns 
regarding the body’s response to allogeneic products [25]. Logistically, the usage 
of autologous MSCs seems challenging, but in the case of living kidney donation, 
these cells could be harvested from each donor, cultured and stored in liquid 
nitrogen until they are needed. As the median age of patients on the waiting 
list for a kidney transplant is rising and the average number of tissue-resident 
A-MSCs, in contrast to that of BM-MSCs, does not decline with rising age, the 
use of A-MSCs might be preferable when considering treatment with autologous 
MSCs in a transplant setting [2,10,26,27].

In post-mortem kidney donation, the acute setting does not allow for these 
procedures, thus allogeneic MSCs would have to be used. Because of their 
immunosuppressive properties and low immunogenicity in comparison with 
other cell types, allogeneic-MSCs are often used for cell therapies. Despite two 
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studies reporting immune responses leading to, respectively, faster skin allograft 
and kidney rejection in rats treated with allogeneic MSCs in comparison with the 
control group that did not receive MSCs, treatment with allogeneic MSCs still 
VIQEMRW�E�TVSQMWMRK�STXMSR��EW�QSWX�WXYHMIW�VITSVX�E�FIRIƼGMEP�IJJIGX�?��Ɓ��A��
A few studies have directly compared the effects of autologous and allogeneic 
MSCs. One study, in which acute kidney injury was treated with MSCs, showed 
that identical doses of allogeneic MSCs were less effective than autologous 
17'W�?��A��3R�XLI�GSRXVEV]��MR�SXLIV�ƼIPHW��WYGL�EW�XLEX�SJ�XLI�XVIEXQIRX�SJ�RSR�
ischaemic dilated cardiomyopathy as well as acute myocardial infarction, there 
is evidence that allogeneic BM-MSCs are even more effective than autologous 
BM-MSCs [32]. However, an important side note is that most patients suffering 
from these conditions are of older age. As we know that the number and function 
of the BM-MSCs decline with age, this could also explain the difference seen 
FIX[IIR�EYXSPSKSYW�ERH�EPPSKIRIMG�&1�17'W�?��A��-R�SVXLSTEIHMGW��WTIGMƼGEPP]�
MR� TVSTL]PEGXMG� ERH� GYVEXMZI� XVIEXQIRX� SJ� EVXLVMXMW�� XLI� FIRIƼGMEP� IJJIGX� SJ�
allogeneic and xenogeneic MSCs has also been proven [34]. Further research 
is necessary to conclude whether autologous or allogeneic MSCs are most 
suitable for a transplant setting.

17'�XLIVET]�MR�RSR�XVERWTPERX�VIPEXIH�ƼIPHW
Wound healing and angiogenesis
Wound healing is a complex process involving many steps such as wound 
GPSWYVI�� MRƽEQQEXMSR�� VI�ITMXLIPMEPMWEXMSR�ERH�ERKMSKIRIWMW��8LI�FIRIƼGMEP�
effect that MSCs have on this process seem to be mediated via paracrine 
interactions [35]. Several studies have demonstrated that MSCs accelerate 
[SYRH�GPSWYVI�F]�MRGVIEWMRK�XLI�QMKVEXMSR�SJ�ƼFVSFPEWXW�?�����A��%RKMSKIRIWMW��
vasculogenesis and arteriogenesis are three mechanisms which lead to blood 
vessel regeneration. By releasing proteases and angiogenic factors, MSCs have 
been reported to stimulate these mechanisms [38].

Liu et al. showed in a rat model that the treatment of burn wounds with UC-
MSCs decreased the wound healing time and was associated with higher levels 
of vascular endothelial growth factor (VEGF), a higher number of microvessels 
and an elevated cutaneous wound microcirculation [39]. In a mouse model, 
Luo et al. found that the administration of umbilical cord blood MSCs to mice 
with a full skin defect led to a thicker newly formed epidermis layer, increased 

dermal ridges, increased the number of cells in the regenerated skin tissue and 
TVSQSXIH�E�QSVI�VIKYPEV�EPMKRQIRX�SJ�ƼFVIW�MR�XLI�WOMR�XMWWYI�MR�GSQTEVMWSR�
[MXL�XLI�GSRXVSP�KVSYT�?��A��1EXVM\�QIXEPPSTVSXIEWI����114���ERH�ƼFVSRIGXMR�
affect collagen components in the dermis. Jeon et al. showed that in rats with 
skin defects, the injection of conditioned media derived from culturing human 
CB-MSCs was associated with lower protein expression and lower total levels 
SJ�114����EW�[IPP�EW�LMKLIV�I\TVIWWMSR�SJ�ƼFVSRIGXMR�MR�GSQTEVMWSR�[MXL�XLI�
GSRXVSPW��%W�114���MW�ORS[R�XS�TPE]�E�TVSQMRIRX�VSPI�MR�XLI�QSHMƼGEXMSR�ERH�
HIKVEHEXMSR�SJ�XLI�I\XVEGIPPYPEV�QEXVM\��XLMW�ƼRHMRK�WXVSRKP]�WYKKIWXW�XLEX�17'�
preserve the collagenous matrix [37]. In mice with a skin defect to the fascial 
level, intravenous infusion of human BM-MSCs in combination with a locally 
administered polymer containing BM-MSCs, led to healing of the skin without 
retraction and scar formation. In comparison with the control group, less scar 
formation was also seen in mice only receiving intravenous infusion of BM-MSCs 
[41]. There is evidence that BM-MSCs also enhance wound healing in diabetic 
mice [42]. Administration of such MSCs is considered as a novel approach 
towards assisted healing of chronic wounds, since current treatment options 
are largely ineffective.

Fracture healing and orthopaedics
%TEVX�JVSQ�XLI�FIRIƼGMEP�IJJIGX�XLEX�17'W�GER�I\IVX�ZME�TEVEGVMRI�MRXIVEGXMSRW��
they are also known to be able to differentiate into multiple cell lineages. 
However, they do not possess the plasticity that is typical of embryonic stem 
cells. The exact differentiation process of MSCs is not completely clear [43]. 
Multiple factors play a role in stimulating MSCs to form bone and cartilage 
precursors. Apart from the mechanical environment, bone morphogenetic 
protein 4 and bone morphogenetic protein 2 have been shown to be strong 
stimulators of this differentiation [44,45].

Fracture healing is unique, as complete regeneration often occurs, and the 
newly formed bone is indistinguishable from the uninjured bone [43]. However, 
in some cases, complications arise such as a hypertrophic or atrophic non-
unions. Hernigou et al. injected bone marrow into atrophic non-unions of the 
XMFME��ERH�FSRI�YRMSR�[EW�VIEGLIH�MR�QSWX�TEXMIRXW��,S[IZIV��XLI�IƾGEG]�SJ�XLI�
percutaneous bone marrow grafting was dependent on the number of progenitor 
cells in the graft and in the harvested bone marrow aspirate [46]. Granero-Moltó 
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and colleagues used a tibia fracture mouse model to show that MSCs enhanced 
fracture healing. Transplanted MSCs migrated to the fracture site and improved 
the biomechanical properties of the callus. Size, cartilaginous and bone content 
of the fracture callus were increased [47].

The application of MSCs for osteonecrosis of the femoral head (OFNH) has 
also been investigated. OFNH is a condition in which the death of osteocytes 
leads to structural changes, subsequently leading to the collapse of the femoral 
LIEH��7SQI�GSRXVEHMGXSV]�ƼRHMRKW�LEZI�FIIR�TYFPMWLIH�EFSYX�XLI�IJJIGX�SJ�
BM-MSC treatment on different stages of ONFH. Multiple studies showed that 
BM-MSC decreased the volume of necrotic lesions in patients with early-stage 
32*,�ERH�PIH�XS�E�WMKRMƼGERX�MQTVSZIQIRX�SJ�XLI�W]QTXSQW��,S[IZIV��XLIVI�MW�
evidence that treatment in later stages with BM-MSCs leads to failing clinical 
results. Therefore, the general conclusion is that BM-MSC treatment seems to 
LEZI�E�FIRIƼGMEP�IJJIGX�QEMRP]�MR�IEVP]�WXEKIW�SJ�32*,��VIKEVHMRK�W]QTXSQEXMG�
relief and prevention of the progression of femoral head collapse [48].

Neuronal differentiation
The earliest studies obtained insight in the ability of MSCs to differentiate 
into adipocytes and bone tissue. Further studies have shed light on their 
HMJJIVIRXMEXMSR�MRXS�Q]SG]XIW��XIRSG]XIW�ERH�RIYVSRW��YRHIV�WTIGMƼG�MR�ZMXVS�
GSRHMXMSRW�?��A��8LI�ƼVWX�TVSXSGSPW�SR�RIYVSREP�HMJJIVIRXMEXMSR�YWIH�XS\MG�HVYKW�
XS�WXMQYPEXI�17'W�XS�EGUYMVI�E�RIYVSREP�PMOI�QSVTLSPSK]�ERH�IPMGMX�WTIGMƼG�
neuronal cell surface marker expression. However, subsequent studies 
showed that these changes were most likely due to stress rather than actual 
differentiation [50].

Takeda and Xu treated MSCs with exosomes derived from a neuronal cell 
line. These MSCs acquired a neuronal-like morphology, and protein and gene 
expression of several neuronal markers was upregulated [51]. Using another 
protocol, Woodbury et al. also showed that stromal cells expressed neuron-
WTIGMƼG�QEVOIVW�EJXIV�I\SWSQI�XVIEXQIRX�?��A��,S[IZIV��MR�SVHIV�XS�FI�MHIRXMƼIH�
and function as a neuron, an MSC-derived cell must show synaptic transmission, 
have a resting membrane potential and be able to generate action potentials 
[50]. Kohyama et al. succeeded in generating functional mature neurons 
that responded to depolarising stimuli [53]. On the contrary, Hofstetter and 

colleagues demonstrated that although their neuron-like cells exhibited certain 
neuronal morphologies, they lacked voltage-gated ion channels, thus being 
unable to generate action potentials. In addition, this group discovered that the 
implantation of MSCs into an injured spinal cord improved recovery by forming 
bundling bridges across the lesion [54].

Atherosclerotic renal vascular disease
6IREP�FPSSH�ƽS[�MW�VIHYGIH�MR�EXLIVSWGPIVSXMG�VIRSZEWGYPEV�HMWIEWI��)ZIRXYEPP]��
XLMW� MQTEMVQIRX� MR� FPSSH� ƽS[�[MPP� VIWYPX� MR� ZEWGYPEV� VEVIJEGXMSR�� S\MHEXMZI�
WXVIWW�ERH�MRƽEQQEXMSR�?��A��4VIGPMRMGEP�VIWIEVGL�LEW�WLS[R�XLEX�MR�TMKW�[MXL�
atherosclerotic renal artery stenosis, the combination of renal revascularisation 
and infusion of MSCs resulted in restored renal function, increased microvascular 
HIRWMX]�ERH�HIGVIEWIH�MRƽEQQEXMSR�ERH�ƼFVSWMW�?�����A��7EEH�IX�EP��MRZIWXMKEXIH�
XLI�IƾGEG]�ERH�WEJIX]�SJ�MRXVE�EVXIVMEP�MRJYWMSR�SJ�%�17'W�MR�LYQERW�WYJJIVMRK�
from renal vascular disease. They concluded that the infusion did not produce 
any adverse effects and led to increased cortical perfusion of the kidney, 
probably as a result of proangiogenic factors released by the MSCs [55].

Acute kidney injury
Unlike many other organs, kidneys are capable of cell proliferation and repair 
after ischaemic or toxic injury. Normally, cell turnover in the kidney is extremely 
low, but when tubules are injured, a sudden increase in cell proliferation of the 
surviving tubular epithelial cells can be seen, which in turn leads to the restoration 
of tubular integrity by replacing the injured cells [58]. Acute kidney injury (AKI) is 
E�HMWIEWI�[MXL�E�QM\IH�EIXMSPSK]��[LMGL�MW�HIƼRIH�F]�ER�EGYXI�HIGVIEWI�MR�OMHRI]�
function as a result of structural injury [59]. The interest in MSCs as a cell therapy 
treatment in AKI started to grow once their cellular plasticity became evident. 
Although an initial study reported that BM-MSCs transdifferentiated into renal 
ITMXLIPMYQ��XLIWI�ƼRHMRKW�GSYPH�RSX�FI�VITIEXIH�MR�JSPPS[�YT�WXYHMIW�?��A��6IGIRX�
studies have shown that instead of transdifferentiation and directly replacement 
of dead tubular cells, there is a certain degree of cell fusion between MSCs 
and the tubular epithelium. Furthermore, in most studies the protective and 
reparative effect of MSCs was observed in 1 to 2 days, which seems too rapid 
to be explained by MSCs differentiating into renal tubular epithelium [61]. In 
a mouse model, intravenous infusion of human BM-MSCs reduced epithelial 
cell injury of the proximal tubules and cell apoptosis, increased renal cell 
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proliferation and prolonged cell survival in cisplatin-induced AKI [62]. There is 
EPWS�IZMHIRGI�XLEX�XLI�FIRIƼGMEP�IJJIGX�SJ�17'W�MR�%/-�VIPMIW�SR�MRƽEQQEXSV]�
response modulation. Semedo et al. showed that in their model of AKI in rats, 
animals treated with MSCs had lowest levels of serum creatinine and faster 
tissue regeneration in comparison with untreated rats. The immunomodulatory 
effects exerted by MSCs were measured after 24 h, revealing a higher expression 
of Th2 cytokines (interleukin-10 (IL-10) and interleukin-4) as well as a lower 
I\TVIWWMSR�SJ�8L��G]XSOMRIW��82*�»��MRXIVPIYOMR����-0���ERH�MRXIVPIYOMR���FIXE��
After 48 h, this balance had already shifted, therefore it can be concluded that 
IEVP]�QSHYPEXMSR�SJ�XLI�MRƽEQQEXSV]�VIWTSRWI�LEW�E�WMKRMƼGERX�FIRIƼGMEP�IJJIGX�
on the injured kidney [63].

Oxidative metabolism by mitochondria is a process on which the kidney 
relies to provide the necessary adenosine triphosphate for tubular reabsorption. 
Therefore, mitochondrial dysfunction seen in AKI plays a central role in the 
pathophysiological changes, either as a contributor or as an initiator. There 
is evidence that, via endocrine and paracrine mechanisms, MSCs are able to 
protect renal cells from mitochondrion-related apoptosis and stimulate the 
recovery of function, mass and density of the mitochondria and could therefore 
play an important role in acute kidney injury management [64,65].

MSCs in kidney transplantation
To date, only a few preclinical studies have been performed using MSCs in 
combination with renal transplantation. Yu et al. performed kidney transplants 
in rats and injected these rats postoperatively with BM-MSCs. The renal grafts of 
XLIWI�VEXW�WLS[IH�PIWW�MRXIVWXMXMEP�ƼFVSWMW�ERH�MRƽEQQEXMSR��EW�[IPP�EW�VIHYGXMSR�
of glomerulosclerosis in comparison with rats in the control group [66]. A study 
by Gregorini et al., in which MSCs/MSC-derived extracellular vesicles were added 
during ex-vivo hypothermic machine perfusion of isolated rat kidneys, showed 
that overall these kidneys had less ischaemic damage. The levels of pyruvate 
were higher, and those of lactate dehydrogenase (LDH), malondialdehyde (MDA) 
and lactate were lower in the kidneys that received this therapy. In addition, 
several genes associated with the improvement of cellular energy metabolism 
were upregulated, as well as several genes encoding for proteins which play 
a role in the membrane transport of ions [67]. In another study, Gregorini et 
al. demonstrated that the injection of MSCs into the renal artery directly after 

reperfusion of the transplanted kidney, led to a rise in the levels of IL-10 and a 
HIGVIEWI�MR�XLI�WIVYQ�PIZIPW�SJ�-0���ERH�-*2�½�MR�GSQTEVMWSR�[MXL�VEXW�[LMGL�
did not receive an MSC injection in the renal artery [68]. In a porcine model, the 
MRNIGXMSR�SJ�EYXSPSKSYW�EQRMSXMG�ƽYMH�HIVMZIH�17'W�MR�XLI�VIREP�EVXIV]���HE]W�
after transplantation led to improved function of glomeruli and tubules, as well 
EW�WMKRMƼGERXP]�PIWW�ƼFVSWMW�EJXIV���QSRXLW�?��A��8LIWI�VIWYPXW�EVI�MR�PMRI�[MXL�
those of a study in which rats underwent a kidney transplantation and were 
injected with MSCs 11 weeks postoperatively. These renal grafts also showed 
PIWW�ƼFVSWMW�ERH�PIWW�EXVSTL]�SJ�XLI�XYFYPIW�?��A�

Over the past years, research into the therapeutic applications of MSCs has 
expanded drastically leading to the registration of hundreds of clinical trials. 
However, only 15 of these studies focus on kidney transplantation. The status 
SJ�ƼZI�SJ�XLIWI�WXYHMIW�LEW�RSX�FIIR�YTHEXIH�SZIV�XLI�TEWX���]IEVW��[MXL�XLIMV�
latest status being ‘not yet recruiting’. The 10 remaining clinical trials can be 
found in Table 1. These studies focus on the safety of treatment with MSCs as 
well as on the reduction of immunosuppressive medication but do not look into 
regenerative or reparative effects.
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8EFPI����The 10 registered clinical trials on the subject of mesenchymal stem/stromal cell therapy 
in kidney transplantation (clinicaltrials.gov–accessed 12th September 2019). MSCs: mesenchymal 
stromal cells, BM-MSC: bone marrow MSC, UC-MSC: umbilical cord MSC, DGF: delayed graft failure, 
RATG: rabbit-antithymocyte-globulin, SVF: stromal vascular fraction.

Status Title Location Source Outcome

terminated

Mesenchymal Stem Cells under 
Basiliximab/Low-Dose RATG 
to Induce Renal Transplant 

Tolerance

Bergamo, 
Italy

Autologous
BM-MSC

Safety of treatment;
Percentage of 

inhibition of memory 
T cell response

completed
Allogeneic Mesenchymal 

Stromal Cell Therapy in Renal 
Transplant Recipients

Leiden, 
Netherlands

Allogeneic
BM-MSC

Safety of treatment

completed
Induction Therapy with 

Autologous Mesenchymal Stem 
Cells for Kidney Allografts

Fuzhou, 
China

Autologous
BM-MSC

Evaluate MSCs as 
an alternative for 

antibody induction 
therapy

unknown
Induction With SVF-Derived 

MSC in Living-Related Kidney 
Transplantation

Fuzhou, 
China

Autologous 
stromal 
vascular 
fraction

Effective reduction 
of post-transplant 

immunosuppressive 
drugs

unknown

A Perspective Multicentre 
Controlled Study on the 

Application Of Mesenchymal 
Stem Cell To Prevent Rejection 
After Renal Transplantation By 
Donation After Cardiac Death

Guangzhou, 
China

Allogeneic
UC-MSC

Reduction of 
rejection and 

DGF after renal 
transplantation

recruiting
Mesenchymal Stromal Cell 
Therapy in Renal Recipients

Leiden, 
Netherlands

Autologous
BM-MSC

6IHYGXMSR�SJ�ƼFVSWMW�
as well as facilitation 

of tacrolimus 
withdrawal

recruiting
Tolerance by Engaging Antigen 

During Cellular Homeostasis

North 
Carolina, 

United 
States

Autologous 
BM-MSC

Safety of treatment;
Reduction of 

immunosuppressive 
drugs

recruiting
Mesenchymal Stromal Cells in 
Kidney Transplant Recipients

Bergamo, 
Italy

Autologous 
BM-MSC

Induce tolerance 
in living donor 

recipients

recruiting
MSC and Kidney Transplant 

Tolerance (Phase A)
Bergamo, 

Italy
Allogeneic 
BM-MSC

Induce tolerance 
in recipients of 

deceased donor 
kidneys

recruiting
Mesenchymal Stromal 

Cells in Living-Donor Kidney 
Transplantation

Houston, 
United 
States

Autologous 
source not 
WTIGMƼIH

Safety of treatment;
Reduction of 

immunosuppressive 
drugs

One of the few published studies in humans performed by Erpicum et 
al. in which patients received a single infusion of MSCs post-transplant led 
XS�MQTVSZIH�IWXMQEXIH�KPSQIVYPEV�ƼPXVEXMSR�VEXI��I+*6�MR�XLI�ƼVWX�]IEV�EJXIV�
transplantation as well as to an increased number of Tregs [71]. Another study 
F]�6IMRHIVW�IX�EP��JSGYWWIH�SR�XLI�MRƽYIRGI�SJ�MRXVEZIRSYWP]�MRJYWIH�17'W�SR�
allograft rejection. It showed that two infusions, 6 months after transplantation, 
of 1–2 million BM-MSCs per kilogram of body weight led to signs of systemic 
immunosuppression in kidney transplant recipients but it did not report on 
the potential regenerative effects of systemic MSC administration [72]. No 
studies have focussed on administering MSCs to the kidney ex-vivo, prior to 
transplantation. However, a study performed by Pacienza et al. in which MSCs 
were administered to donor lungs during warm ischaemia prior to normothermic 
lung perfusion, showed that MSCs protected the lungs from oxidative stress 
during ischaemia [73].

A lethal complication of solid-organ transplantation is graft-versus-host 
disease (GVHD). GVHD is the result of an immunologic reaction of donor T 
cells against host cells. It is known to be a major complication of allogeneic 
hematopoietic stem cell transplantation and has also been described in liver 
and small bowel transplant recipients. Even though it is a relatively uncommon 
complication after kidney transplantation, a few case reports can be found [74]. 
-R�������0I�&PERG�IX�EP��[IVI�XLI�ƼVWX�XS�HIWGVMFI�XLI�WYGGIWWJYP�XVIEXQIRX�[MXL�
MSCs in a child with steroid-resistant GVHD of liver and gut after allogeneic 
stem cell transplantation. The MSC treatment had an immunosuppressive 
effect and also a rapid reparative effect on the damaged gut epithelium [75]. In 
another study performed by this group, patients with tissue toxicity as a result 
of allogeneic hematopoietic stem cell transplantation received MSC treatment. 
This led to dramatic resolution of pneumomediastinum and haemorrhagic 
cystitis as well as of peritonitis caused by colonic perforation [76]. Resolution of 
intestinal perforation in patients with acute GVHD after treatment with MSCs has 
also been seen in other studies [77]. There is also evidence that MSC treatment 
could protect from GVHD development [78]. Organ transplant recipients who 
are in need of immune modulation or tissue repair or suffer from GVHD could 
FIRIƼX�JVSQ�XLI�IJJIGXW�
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*VSQ�XLI�WXYHMIW�QIRXMSRIH�EFSZI��XLI�TSXIRXMEP�FIRIƼGMEP�IJJIGXW�SJ�17'W�
for kidney transplantation are listed in Table 2.

8EFPI����)MKLX�TSXIRXMEP�FIRIƼGMEP�IJJIGXW�SJ�17'W�MR�OMHRI]�XVERWTPERXEXMSR�

)MKLX�4SXIRXMEP�&IRIƼGMEP�)JJIGXW�SJ�17'W�MR�/MHRI]�8VERWTPERXEXMSR
I. Angiogenesis/arteriogenesis [25,38] V. Increase in T regulatory cells [16]

II. (IGVIEWIH�ƼFVSWMW�?��������A VI.
Inhibition of cytotoxic T cell 

proliferation [15]

III. (IGVIEWIH�MRƽEQQEXMSR�?��������A VII.
Less tissue damage 

(lower LDA and MDA) [50]

IV.
Improved function of glomeruli

and tubuli [52]
VIII.

Upregulation of genes encoding 
proteins involved in improved 

membrane transport of ions [50]

Administration, survival, preconditioning and safety of MSCs
Liu et al. found that the timing of administration of MSCs is of vital importance 
for their potency. In vitro, when MSCs were administered within one hour after 
MWGLEIQMEƁVITIVJYWMSR� MRNYV]�� XLI�LMKLIWX�TVSXIGXMZI�ERH�ERXM�MRƽEQQEXSV]�
IJJIGXW�[IVI�SFWIVZIH��8LMW�ƼRHMRK�WYKKIWXW�XLEX�17'W�WLSYPH�FI�EHQMRMWXIVIH�
TVMSV�XS�XLI�TIEO�SJ�MRƽEQQEXMSR�?��A��8LIWI�VIWYPXW�EVI�MR�PMRI�[MXL�XLSWI�SJ�E�
study by Erpicum et al. in which rats were injected with MSCs 7 days prior to 
ischaemia/reperfusion or 1 day after ischaemia–reperfusion. In comparison 
with the control group and the group which received MSC treatment 1 day after 
ischaemia–reperfusion, the group which received MSCs prior to injury showed 
PS[IV�PIZIPW�SJ�TVS�MRƽEQQEXSV]�G]XSOMRIW��PIWW�GIPP�ETSTXSWMW�ERH�PIWW�WMKRW�
of tubular damage [80].

MSCs can be administered via different routes and, depending on this 
route, will localise to different, perhaps non-target, organs. In the case of an 
MRXVEZIRSYW�MRJYWMSR��17'W�[MPP�GMVGYPEXI�W]WXIQMGEPP]��FYX�XLI�ƼVWX�GETMPPEVMIW�
encountered will be those of the pulmonary vascular bed. This is in contrast 
with administering them directly via the renal artery, which allows to reach 
directly the microcirculation of a certain target organ. The number of eventually 
surviving cells as well as their localisation are important factors for their 
protective and regenerative effects [81]. In order to increase the number of 
WYVZMZMRK� GIPPW� ERH� XLIMV� IƾGEG]�� HMJJIVIRX� TVI�GSRHMXMSRMRK� WXVEXIKMIW� EVI�
being investigated. A study by Putra et al. showed that in an AKI model in 

rats, hypoxia-preconditioned MSCs were more effective in improving the renal 
function than MSCs that were cultured under normal oxygen conditions [82]. In 
vitro studies in which hypoxia improved the proliferative abilities and survival 
of MSCs support these results [83]. Some research has also focussed on 
increasing the migratory ability of MSCs. Chemokine (C-X-C motif) receptor 
4 (CXCR4) is known to play an important role in homing of stem cells and is 
expressed abundantly on hematopoietic stem cells but not on BM-MSCs. When 
MSCs are cultured together with certain chemical compounds, they express 
higher levels of CXCR4 [84]. A study by Xinaris et al. showed that this method 
increased the survival of MSCs and enhanced their migration to the site of injury, 
which resulted in structural repair in this AKI mouse model [85]. There is also 
evidence that MSCs preconditioned to the innate immune system by culturing 
XLIQ�[MXL�G]XSOMRIW�TVIWIRX�MRGVIEWIH�QMKVEXMSR�XS�XLI�WMXI�SJ�MRƽEQQEXMSR�
and are protected from natural killer (NK)-mediated cytotoxicity [86]. Another 
study in which MSCs were pre-treated with melatonin before administration 
to an AKI model in rats, also showed increased survival of MSCs, increased 
cell proliferation and angiogenesis, as well as quicker recovery of the renal 
function [87]. A neoadjuvant approach to stimulate homing of MSCs to areas 
SJ�MRƽEQQEXMSR�MR�%/-�MW�XLI�YWI�SJ�TYPWIH�JSGYWIH�YPXVEWSYRH��T*97��%�WXYH]�
by Burks et al. found that targeting the kidney with pFUS led to increased homing 
of MSCs and this in turn decreased cell death and improved the renal function 
compared to the treatment with MSCs alone [88]. These studies have shown 
that preconditioning of MSCs should be considered when using this therapy in 
OMHRI]�XVERWTPERXEXMSR��EW�MX�LEW�E�WMKRMƼGERX�FIRIƼGMEP�IJJIGX�SR�XLI�WYVZMZEP�
and reparative and regenerative properties of these cells.

Initially, there were safety concerns regarding therapies with MSCs. 
As MSCs suppress the immune system and secrete many growth factors, they 
theoretically have the potential to enhance tumour formation and progression and 
increase susceptibility to infection. However, on the basis of current clinical trials 
with long-term follow-up, there is no association between treatment with MSCs 
and the occurrence of infections, the development of malignancies, organ system 
GSQTPMGEXMSRW�SV�HIEXL��,S[IZIV��E�WMKRMƼGERX�EWWSGMEXMSR�[EW�WIIR�FIX[IIR�
administration of MSCs and transient fever, but the exact mechanism of this 
phenomenon has not been elucidated. As fever was not associated with adverse 
outcomes in these patients, therapy with MSCs in considered to be safe [89,90].
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CONCLUSION

2YQIVSYW�WXYHMIW�SR�XLI�FIRIƼGMEP�ERH�VIKIRIVEXMZI�IJJIGXW�SJ�17'�XVIEXQIRX�
LEZI�FIIR�TIVJSVQIH�MR�ZEVMSYW�GPMRMGEP�ƼIPHW��,S[IZIV��MR�OMHRI]�XVERWTPERXEXMSR��
a procedure which goes hand in hand with immunosuppression, most research 
has focussed solely on the immunomodulatory potential of MSCs. As we 
are accepting more and more donor kidneys of inferior quality, the focus of 
research in kidney transplantation is slowly shifting towards enhancing organ 
preservation, facilitating tissue repair and inducing graft regeneration. From 
WXYHMIW� MR�SXLIV�ƼIPHW��[I�GER�GSRGPYHI� XLEX�17'W�GSYPH�TPE]�E�WMKRMƼGERX�
role in the outcome of marginal-quality kidney transplantations by releasing 
JEGXSVW�HIGVIEWMRK�ƼFVSWMW��VIHYGMRK�MRƽEQQEXMSR��MQTVSZMRK�XLI�JYRGXMSR�SJ�
tubuli and glomeruli and increasing angiogenesis. As more transplant centres 
are experimenting with conditioning isolated donor kidneys ex-vivo, this pre-
transplant time window could be the ideal moment to administer MSCs, as it 
TVIGIHIW�XLI�TIEO�SJ�MRƽEQQEXMSR��-R�GSRXVEWX�XS�EHQMRMWXIVMRK�XLI�17'W�XS�
a recipient systemically, no host immune response is present during ex-vivo 
perfusion. Furthermore, since ex-vivo cell therapy is not administered to a whole 
FSH]��PS[IV�HSWIW�SJ�17'W�GSYPH�WYƾGI��&EWIH�SR�GYVVIRX�PMXIVEXYVI��MX�WIIQW�
preferable to use preconditioned MSCs in order to increase the number of 
WYVZMZMRK�GIPPW��XLIMV�QMKVEXSV]�GETEGMX]�ERH�XLIMV�IƾGEG]��(EXE�SR�XLI�HMJJIVIRGI�
in effect of allogeneic and autologous MSCs are scarce, and the studies that 
are available show contradictory results. Therefore, pre-clinical studies are 
necessary to determine if allogeneic MSCs are preferable to autologous MSCs in 
a transplant setting and whether these cells should be bone-marrow-or adipose 
tissue-derived.
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ABSTRACT

Normothermic machine perfusion (NMP) of kidneys offers the opportunity to 
perform active interventions, such as the addition of mesenchymal stromal 
cells (MSCs), to an isolated organ prior to transplantation. The purpose of this 
study was to determine whether administering MSCs to kidneys during NMP 
is feasible, what the effect of NMP is on MSCs and whether intact MSCs are 
retained in the kidney and to which structures they home. Viable porcine kidneys 
were obtained from a slaughterhouse. Kidneys were machine perfused during 
7 h at 37 °C. After 1 h of perfusion at either 0, 105, 106 or 107 human adipose 
tissue derived MSCs were added. Additional ex vivo perfusions were conducted 
[MXL�ƽYSVIWGIRX�TVI�PEFIPPIH�FSRI�QEVVS[�HIVMZIH�17'W�XS�EWWIWW�PSGEPMWEXMSR�
and survival of MSCs during NMP. After NMP, intact MSCs were detected by 
immunohistochemistry in the lumen of glomerular capillaries, but only in the 
����17'�KVSYT��8LI�I\TIVMQIRXW�[MXL�ƽYSVIWGIRX�TVI�PEFIPPIH�17'W�WLS[IH�
that only a minority of glomeruli were positive for infused MSCs and most of 
these glomeruli contained multiple MSCs. Flow cytometry showed that the 
number of infused MSCs in the perfusion circuit steeply declined during NMP 
to approximately 10%. In conclusion, the number of circulating MSCs in the 
perfusate decreases rapidly in time and after NMP only a small portion of the 
MSCs are intact and these appear to be clustered in a minority of glomeruli.

INTRODUCTION

In an attempt to decrease waiting time for a donor kidney, donation after 
circulatory death (DCD) is starting to play a more prominent role in many 
transplant centres [1]. DCD is associated with an elevated risk of inferior early 
transplant outcome, as a result of the inevitable detrimental effect of warm 
ischaemia [2,3].

Preserving the function of ischaemically damaged kidney grafts is of vital 
importance for an effective transplantation. Pre-transplant machine perfusion 
could enable active organ conditioning and provides a platform for interventions 
prior to transplantation [4]. This is preferably done under near-physiological 
conditions, through (sub)normothermic machine perfusion at or just below 37 °C 
[5]. Normothermic machine perfusion (NMP) restores organ metabolism outside 
the body in absence of an allogeneic immune response prior to transplantation 
and this may reverse some effects of ischaemia. In addition, NMP may also 
allow for a better pre-transplant assessment of organ viability, compared to 
cold organ preservation techniques [6]. Finally, NMP could provide a platform 
for active interventions to an isolated organ prior to transplantation, such as 
administering cellular therapy.

Mesenchymal stromal cells (MSCs) could potentially improve the clinical 
outcome of kidney transplantations. MSCs are multipotent stromal cells that can 
be isolated from different tissue sources, including bone marrow and adipose 
XMWWYI�?�A��17'W�EVI�HIƼRIH�F]�XLI�JSPPS[MRK�WXERHEVH�GVMXIVME��XLI�TSXIRXMEP�
to differentiate into osteoblasts, adipocytes and chondrocytes, adherence to 
plastic, the expression of surface markers CD105, CD90 and CD73, lack of 
expression of hematopoietic markers CD45, CD34 and endothelial marker CD31 
[8,9]. MSCs have several attractive features, such as the modulation of innate 
immunity as well as adaptive immune responses [9,10]. In addition, MSCs are 
reported to facilitate repair of damaged tissue [10]. Current analyses suggest 
that treatment with MSCs will improve the outcome of cell and solid organ 
transplantation [11–13]. The desired immune modulating and regenerative 
effects can be achieved with either autologous or allogeneic MSCs [10]. So far, 
research has mainly focused on intravenous (IV) infusion of MSCs to kidney 
graft recipients after transplantation. These cells will most likely never reach the 
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transplanted kidney, as studies show that IV infused MSCs do not migrate beyond 
the lungs [14]. In order for MSCs to be physically present in the injured target 
organ, direct infusion into the graft renal artery may be the solution. In addition, 
administering cellular therapy in a high concentration to only the isolated organ 
prior to transplantation could be advantageous, since the transplant recipient 
will not be systemically exposed to most of these cells and, in the absence of a 
host immune response, the effect of therapy may commence earlier. NMP could 
be an ideal platform for such an intervention [15]. The purpose of this study was 
to determine whether administering MSCs during NMP is technically feasible, 
what the effect of NMP is on the survival of MSCs, whether intact MSCs can be 
detected in the kidney after NMP and to which renal structures these cells localise.

MATERIALS AND METHODS

����3VKER�ERH�&PSSH�6IXVMIZEP
In this pre-clinical study, we utilised porcine kidneys, as they closely resemble 
human kidneys in anatomical and physiological characteristics. Kidneys 
and autologous, heparinised whole blood were obtained from two local 
slaughterhouses. Kidneys underwent 30 minutes of warm ischemia before cold 
ƽYWL�[MXL�9;�'7��&IP^IV�9;�GSPH�WXSVEKI�WSPYXMSR��&VMHKI�XS�0MJI�0XH��'SPYQFME��
SC, USA) and storage on melting ice (0–4ºC). Washed, leukocyte depleted 
EYXSPSKSYW�VIH�FPSSH�GIPP�GSRGIRXVEXI�[EW�SFXEMRIH�F]�ƼPXIVMRK��GIRXVMJYKMRK�
and washing porcine blood.

����4IVJYWMSR�7IXYT
The perfusion circuit contained a pump unit (Medos Deltastream Pumpdrive 
DP2) with a centrifugal pump (both Medos Medizintechnik AG, Stolberg, 
Germany), an oxygenator/heat exchanger (Dideco Kids D100 neonatal 
oxygenator, Sorin LivaNova Nederland NV, Amsterdam, Netherlands, or Hilite 
����08��1IHSW�1IHM^MRXIGLRMO�%+��7XSPFIVK��+IVQER]�ERH�E�QSHMƼIH�0MJI4SVXo�
organ chamber with SealRing cannula (Organ Recovery Systems, Itasca, IL, 
USA). Perfusate temperature was kept at 37ºC. The perfusate was oxygenated 
with carbogen (95% O2/ 5% CO2). Flow was monitored using an ultrasonic 
GPEQT�SR�ƽS[�TVSFI��8VERWSRMG�7]WXIQW�-RG���-XLEGE��2=��97%��4VIWWYVI�[EW�
measured directly at the SealRing cannula using a clinical-grade pressure sensor 
(TruWave disposable pressure transducer, Edwards Lifesciences, Irvine, CA, 

USA). The setup was primed with 500 mL Williams’ Medium E (Gibco William’s 
Medium E + GlutaMAXTM, Life Technologies Limited, Bleiswijk, Netherlands) 
supplemented with amoxicillin-clavulanate 1000 mg/200 mg (Sandoz B.V., 
Almere, Netherlands) and 40 g of albumin (bovine serum albumin fraction V, 
GE Healthcare Bio-Sciences, Pasching, Austria) to obtain a physiological colloid 
concentration. After priming, 350 mL of pure red blood cells (RBCs) were added. 
The kidney was perfused in a pressure controlled, pulsatile sinusoid fashion 
at an arterial pressure of 120/80 mmHg during 7 hours. Cold ischaemia time 
ranged from 3.5 to 5.0 hours.

����-WSPEXMSR��'YPXYVI�ERH�-RJYWMSR�SJ�17'W
Adipose tissue-derived MSCs were isolated from human perirenal fat, a 
clinical waste product of regular living donor nephrectomies in the University 
Medical Center Groningen. Informed consent was obtained from patients prior 
to organ donation. The choice to use human instead of porcine MSCs during 
this experiment was based on the idea that human MSCs would be easier 
to detect in the context of an abundance of porcine renal tissue. In addition, 
using human instead of porcine MSCs, means that we are testing the eventual 
clinical product. Due to the absence of circulating immune cells and antibodies, 
relevant xeno-effects are less likely to occur in an ex-vivo perfusion setup. The 
adipose tissue was mechanically disrupted and minced using a disposable 
WGEPTIP�ORMJI��2I\X�� XLI�XMWWYI�[EW�IR^]QEXMGEPP]�HMKIWXIH�YWMRK�ƼPXIVIH�����
mg/mL collagenase type IV (Life Technologies), dissolved in RPMI medium 
(RPMI Medium 1640 + GlutaMAXTM, Life Technologies) supplemented with 1% 
p/s (100 U/mL penicillin and 100 mg/mL streptomycin) during 30 min at 37ºC. 
After centrifugation at 700G for 7 min, the adipose tissue and medium were 
removed. The cell pellet was resuspended in minimal essential medium eagle-
EPTLE��1)1�»�WYTTPIQIRXIH�[MXL���	�JSIXEP�FSZMRI�WIVYQ��*&7���	�T�W�ERH�
2 mM L-glutamine (Life Technologies). The cells were then transferred to a cell 
GYPXYVI�ƽEWO�ERH�I\TERHIH�EX���{'��8LI�GYPXYVI�QIHMYQ�[EW�VIJVIWLIH�X[MGI�
IEGL�[IIO��8LI�17'W�[IVI�XV]TWMRMWIH�[LIR�XLI]�[IVI���	�XS���	�GSRƽYIRX��
For each experiment, an MSC suspension from freshly trypsinised MSCs was 
prepared 1 h before infusion. Reportedly, in humans, the most appropriate dose 
of MSCs is 0.4–10 x 106 MSCs per kilogram body weight, as this does not lead to 
ER]�WMKRMƼGERX�EHZIVWI�IJJIGXW�?��A��,S[IZIV��XLIVI�MW�IZMHIRGI�XLEX�LMKLIV�HSWIW�
of MSCs are also safe [17]. As the weight of porcine kidneys we obtained was in 
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the order of 250 g, we chose two doses that were within the earlier mentioned 
range and one that was well above. The correct number of cells (0, 105, 106 or 
107��Rɸ!ɸ��TIV�KVSYT�[IVI�HMWWSPZIH�MR���Q0�SJ�;MPPMEQWƅ�1IHMYQ�)�MR�E�W]VMRKI��
After 1 h of machine perfusion of the kidney, MSCs were added in a time span 
of 10 s via the arterial sample port, which was located very close to the renal 
artery. MSCs from passages 1 to 4 were used for these experiments.

����4VI�PEFIPPMRK�SJ�17'W
As we found that MSC visualisation by means of immunohistochemistry in the 
ƼVWX�JSYV�I\TIVMQIRXEP�KVSYTW�]MIPHIH�WYF�STXMQEP�HMWGVMQMREXMSR��[I�HIGMHIH�XS�
MQTVSZI�XLI�HIXIGXMSR�SJ�17'W�F]�TVI�PEFIPPMRK�GIPPW�[MXL�X[S�WXVSRKP]�ƽYSVIWGIRX�
H]IW��;I�HIGMHIH�XS�W[MXGL�XS�&1�17'W�JSV�XLIWI�I\TIVMQIRXW�XS�GSRƼVQ�XLEX�
these cells behave in the same manner. Also, these cells proved easier to culture 
than A-MSCs. For this purpose, 10 additional experiments were performed 
using 107 bone-marrow derived pre-labelled MSCs. These BM-MSCs were 
provided by the Leiden University Medical Center (LUMC) and culture expanded 
by the Erasmus Medical Center Rotterdam. MSCs were double-labelled with 
PKH26 (Fluorescent Cell Linker kits, Sigma-Aldrich Chemie B.V., Zwijndrecht, 
Netherlands) and Qtracker 655o��'IPP�0EFIPPMRK�OMXW��8LIVQS�*MWLIV�7GMIRXMƼG��
Landsmeer, Netherlands) prior to infusion, following the protocol provided by the 
QERYJEGXYVIVW��-R�ƼZI�I\TIVMQIRXW��XLIWI�TVI�PEFIPPIH�&1�17'W�[IVI�MRJYWIH�
during 7 h NMP of a porcine kidney, following the same protocol as mentioned 
EFSZI��-R�XLI�SXLIV�ƼZI�I\TIVMQIRXW��TVI�PEFIPPIH�&1�17'W�[IVI�MRJYWIH�MRXS�E�
circulating NMP circuit, without a kidney present, to assess the isolated effect 
SJ�214�SR�XLI�WYVZMZEP�SJ�17'W��-R�XLIWI�TIVJYWMSRW��ER�EVXMƼGMEP�VIWMWXERGI�[EW�
GSRRIGXIH�XS�XLI�EVXIVMEP�SYXƽS[�XYFMRK�XS�SFXEMR�WMQMPEV�LEIQSH]REQMGW�HYVMRK�
NMP as observed in experiments with a kidney present.

����*PYSVIWGIRGI�%GXMZEXIH�'IPP�7SVXMRK��*%'7
%W�17'W�[IVI�MQQYRSTLIRSX]TMGEPP]�GLEVEGXIVMWIH�F]�ƽS[�G]XSQIXV]�SR�E�&(�
FACS Canto II (BD Biosciences). As the negative control we used 106 unstained 
MSCs. Test samples contained 106 MSCs with PE Mouse Anti-Human CD73, 
APC Mouse Anti-Human CD105, PerCP-Cy5.5 Mouse Anti-Human CD90, FITC 
Mouse Anti-Human CD31 and PerCP-Cy7 Mouse Anti-Human CD45 (all BD 
Biosciences). In addition, FACS analysis was used to determine the effect of 
NMP on the survival of MSCs during perfusion without a kidney with pre-labelled 

MSCs. For this purpose, hourly perfusate samples were taken. The MSCs could 
FI�MHIRXMƼIH�F]�XLIMV�ƽYSVIWGIRGI�IQMWWMSR�EX�X[S�HMJJIVIRX�[EZIPIRKXLW�EW�E�
result of the PKH26 and Q-tracker 655 pre-labelling. Flow cytometry was also 
performed on perfusate samples and enzymatically disrupted kidney biopsies 
from the experiments with pre-labelled MSCs with a kidney in the perfusion 
circuit. Of each sample, 1 million counts were obtained and analysed through 
ƽS[�G]XSQIXV]�

����,MWXSPSK]�ERH�*PYSVIWGIRGI�QMGVSWGST]
%�JSVQEPMR�Ƽ\IH��TEVEƾR�IQFIHHIH��**4)�FMSTW]�SJ�XLI�YTTIV��PEXIVEP�ERH�PS[IV�
VIREP�GSVXI\��8ɸ!ɸ���8ɸ!ɸ����ERH�8ɸ!ɸ����QMR�SJ�214�[EW�XEOIR�HYVMRK�XLI�ƼVWX�
12 experiments. Visualisation of infused MSCs in the porcine renal tissue was 
performed at all three time points using a monoclonal mouse anti-human HLA 
Class I heavy chain (HC-10), rat anti-mouse polyclonal (RAMPO) and goat anti-
rat polyclonal (GARPO) (all Sigma-Aldrich).
'V]STVIWIVZIH�GSVXMGEP�XMWWYI�FMSTWMIW��8ɸ!ɸ����SJ�XLI�EHHMXMSREP�I\TIVMQIRXW�
with pre-labelled MSCs were imaged with confocal microscopes: entire 
haematoxylin and eosin (HE)-stained slides were scanned in visual light to 
assess morphology (Leica SP8, Leica Microsystems, Wetzlar, Germany) and 
slides stained with mounting medium with 4,6-diamidino-2-phenylindole 
dihydrochloride (DAPI) (Vectashield mounting medium with DAPI, H-1200) (each 
only 4 µm apart from the corresponding HE-stained slide) were imaged at the 
IQMWWMSR�[EZIPIRKXL�GSVVIWTSRHMRK�XS�IEGL�SJ�XLI�ƽYSVIWGIRX�H]IW��HYVMRK�
excitation with the appropriate wavelength laser (LSM Zeiss 780 NLO, Carl Zeiss 
1MGVSWGST]��.IRE��+IVQER]��,)�ERH�ƽYSVIWGIRGI�MQEKIW�[IVI�QIVKIH�YWMRK�
Photoshop CC software (Adobe Systems Incorporated, San José, CA, USA).

����(IXIGXMSR�SJ�-VSR�0EFIPPIH�17'W�HYVMRK�214�MR�ER�16-
To visualise the distribution of MSCs in the kidney during NMP, 1 million BM-
MSCs were labelled with FeraTrack Direct MRI contrast agent (Miltenyi Biotec, 
Leiden, the Netherlands). FeraTrack labels the MSCs with superparamagnetic 
iron oxide nanoparticles. During NMP in an MRI these labelled MSCs were 
infused whilst scanning in one porcine kidney.
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RESULTS

����2SVQSXLIVQMG�QEGLMRI�TIVJYWMSR
Three successful pilots were performed prior to the start of this study. After 
these pilots, no experiments were excluded or repeated. In total, 12 experiments 
were performed with A-MSCs, 10 with pre-labelled BM-MSCs and one experiment 
was performed with FeraTrack labelled MSCs in an MRI scanner. During 
normothermic machine perfusion all kidneys were functional, as they consumed 
oxygen and glucose and produced urine. The addition of MSCs did not lead to 
any macroscopic changes of the kidney nor to changes in haemodynamics.

����'LEVEGXIVMWEXMSR�SJ�17'W�9WMRK�*PYSVIWGIRGI�EGXMZEXIH�'IPP�7SVXMRK��*%'7
FACS analysis showed that the analysed batch of passage 4 A-MSCs indeed 
expressed MSC markers CD105, CD73 and CD90 and lacked expression of 
lymphocyte marker CD45 and endothelial cell marker CD31. The clinical grade 
BM-MSCs were provided by Leiden University Medical Center and were cultured 
and characterised at this GMP facility.

����6IREP�-QQYRSLMWXSGLIQMWXV]
2S�17'W�[IVI�WIIR�EX�Xɸ!ɸ��YWMRK�MQQYRSLMWXSGLIQMWXV]��EX�XLI�GSRXVSP�WPMHIW��
ERH�RIMXLIV�MR�XLI���������SV���QMPPMSR�17'�KVSYTW�EX�EPP�XMQI�TSMRXW��Rɸ!ɸ��TIV�
KVSYT�� -R�XLI����QMPPMSR�KVSYT�� MR�Xɸ!ɸ����QMR�FMSTWMIW�QYPXMTPI�17'W�GSYPH�
FI�MHIRXMƼIH��*MKYVI����8LIWI�17'W�[IVI�PSGEXIH�MR�XLI�PYQIR�SJ�KPSQIVYPEV�
capillaries. None were seen in the tubules. The presence of undamaged MSC 
nuclei in histological biopsies suggests that MSCs were still intact after tissue 
engraftment.

*MKYVI����Red/brown immunohistochemical staining of MSCs in one glomerulus in a biopsy of the 
upper cortex of a kidney after NMP with 107 MSCs added.

����*PYSVIWGIRGI�1MGVSWGST]�MR�XLI�)\TIVMQIRXW�[MXL�4VI�PEFIPPIH�17'W
For a more reliable detection, we decided to perform additional experiments 
in which MSCs were pre-labelled with Q-tracker 655 and PKH and infused in a 
perfusion system with and without a kidney (Rɸ!ɸ5 per group). Selective detection 
SJ�XLIWI�ƽYSVIWGIRX�TVI�PEFIPPIH�17'W�TVSZIH�QSVI�WXVEMKLXJSV[EVH�GSQTEVIH�
to immunohistochemistry. Only a minority of glomeruli showed positive staining, 
LS[IZIV�E�WXVMOMRK�ƼRHMRK�[EW�XLEX�ƽYSVIWGIRX�TSWMXMZI�KPSQIVYPM�SJXIR�GSRXEMRIH�
multiple MSCs, while most neighbouring glomeruli did not contain any MSCs at 
EPP��;MXL�GSRJSGEP�QMGVSWGST]��XLI�ƽYSVIWGIRX�IQMWWMSR�[EZIPIRKXL�SJ�4/,���
�KVIIR�ERH�5XVEGOIV������VIH�GSYPH�FI�MQEKIH�WITEVEXIP]��1SWX�ƽYSVIWGIRX�
hotspots were positive for both dyes. As PKH26 stains cell membranes and 
5XVEGOIV�����WXEMRW�XLI�G]XSTPEWQ��XLMW�ƼRHMRK�MRHMGEXIW�XLEX�XLIWI�GIPPW�EVI�
likely to still be intact after NMP (Figure 2).

*MKYVI����+PSQIVYPEV�4/,�ERH�5XVEGOIV�����ƽYSVIWGIRGI�MR�GSVXMGEP�XMWWYI�EJXIV�214�[MXL���7 
17'W�EHHIH��&SXL�ƽYSVIWGIRX�GLERRIPW�GSQFMRIH��VIH�MR�SZIVZMI[��WLS[MRK�XLEX�QSWX�KPSQ-
eruli were negative and only a minority of glomeruli were positive for infused pre-labelled MSCs. 
-R�EHHMXMSR��WSQI�TSWMXMZI�KPSQIVYPM�GSRXEMRIH�QSVI�XLER�SRI�17'��-RWIX�WLS[W�E��\�QEKRMƼIH�
GSRJSGEP�ƽYSVIWGIRGI�QMGVSWGST]�MQEKI�[MXL�IQMWWMSR�[EZIPIRKXLW�SJ�FSXL�H]IW�WITEVEXIH��
4/,ɸ!ɸKVIIR��5XVEGOIV����ɸ!ɸSVERKI�
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;I�EPWS�GSRWMWXIRXP]�SFWIVZIH�ƽYSVIWGIRX�LSX�WTSXW�MR�XLI�KPSQIVYPM��[LMGL�
solely had positive PKH staining and no Q-tracker signal. As the intracellular 
Q-tracker label washes away, the outer membrane-bound PKH remains attached 
to membrane fragments when a cell breaks up. These hot spots most likely 
indicate disintegrated MSCs (Figure 3).

          
� ���� ���E� � � � � �F

*MKYVI�����E�+PSQIVYPEV�4/,��KVIIR�ERH�5XVEGOIV������VIH��(%4-��FPYI�ƽYSVIWGIRGI�MR�GSVXMGEP�
tissue after NMP with 107 MSCs added indicating intact MSCs; �F�ƽYSVIWGIRX�LSX�WTSX�MR�XLI�
KPSQIVYPM��[LMGL�WSPIP]�LEW�TSWMXMZI�4/,�WXEMRMRK�ERH�RS�5�XVEGOIV�WMKREP��7YGL�ƼRHMRKW�GSYPH�
indicate disintegrated MSCs.

����(IXIGXMSR�SJ�17'W�9WMRK�*PS[�']XSQIXV]�MR�XLI�)\TIVMQIRXW�[MXL�4VI�PE-
FIPPIH�17'W
Perfusate samples from the venous reservoir, as well as perfusate samples from 
XLI�EVXIVMEP�PMRI�[IVI�EREP]WIH�YWMRK�ƽS[�G]XSQIXV]�XS�HIXIVQMRI�XLI�MWSPEXIH�
effect of machine perfusion on MSCs, while NMP was performed without a 
kidney in the circuit (Rɸ!ɸ5). Figure 4 shows the number of circulating MSCs 
at each given time point. Results are shown as mean ±SD. The MSCs were 
EHHIH�EX�XMQI�TSMRX�Xɸ!ɸ����8LI�RYQFIV�SJ�GMVGYPEXMRK�17'W�MR�XLI�VIWIVZSMV�
initially dropped and then slightly increased again after a few hours of perfusion. 
%JXIV�Xɸ!ɸ�����XLI�RYQFIV�SJ�GMVGYPEXMRK�17'W�MR�XLI�ZIRSYW�VIWIVZSMV�HIGVIEWIH�
further. The yellow line, representing the number of circulating MSCs in the 
arterial line, shows similar results. Overall, during the perfusion the number of 
circulating MSCs seemed to be higher in the reservoir than in the arterial line. 

However, the number of cells circulating in the arterial line and in the venous 
reservoir were comparable at the end of each perfusion, and only approximately 
10% of the number of cells that were initially infused were left.

*MKYVI����Graph of the MSCs circulating during NMP in the venous reservoir and the arterial line 
EJXIV�XLI�EHHMXMSR�SJ����QMPPMSR�17'W�EX�Xɸ!ɸ���

In the perfusions with a kidney in the circuit (Rɸ!ɸ5), kidney biopsies were 
dissociated into single-cell suspensions to be able to detect MSCs that are 
retained in the kidney. Perfusate samples from the arterial line, as well as from 
the reservoir and urine samples. were also analysed to detect the presence 
SJ�17'W��6IWYPXW�SFXEMRIH�F]�ƽS[�G]XSQIXV]�WLS[IH�E�ZIV]�WQEPP�RYQFIV�
of double labelled counts in the enzymatically disrupted biopsies. Reservoir 
samples taken immediately after arterial MSC infusion showed a relatively 
high number of double labelled counts, which indicates that MSCs can travel 
through the kidney and are not fully retained at single pass. Reservoir samples 
taken at a later moment in time during the perfusion showed a lower level of 
circulating MSCs, indicating that the cells stop circulating over time. The arterial 
line perfusate samples showed very similar results.

����(IXIGXMSR�SJ�-VSR�0EFIPPIH�17'W�HYVMRK�214�MR�ER�16-
The T2 weighted scans generated during and shortly after the infusion of the 
PEFIPPIH�17'W�HYVMRK�214�GSRƼVQIH�XLEX�XLI�17'W�GER�MRHIIH�FI�XVEGIH�XS�
XLI�VIREP�GSVXI\��8LI�QSWX�WXVMOMRK�ƼRHMRK�[EW�XLEX�MR�E�[IPP�TIVJYWIH�OMHRI]�
the distribution of the MSCs was very inhomogeneous (Figure 5).

3



56 57

Chapter 3 Infusing mesenchymal stromal cells during renal machine perfusion

      
� � ����������������E� � � ������������F

*MKYVI��� Anatomical, T2 weighted MRI sequence of a whole porcine kidney during normothermic 
ex vivo perfusion, in which water is typically displayed as white and iron (particles) will display as 
black. Examples of coronal reconstructions (a) baseline; (F) shortly after the infusion of 1 million 
FeraTrack labelled MSCs. The dark areas in the renal cortex represent the MSCs.

DISCUSSION

To our knowledge, this is the first study in which human MSCs were 
administered during NMP of porcine kidneys. We added MSCs intra-arterially 
after 60 min of NMP and this did not lead to any changes in haemodynamics. 
On immunohistochemistry, it became apparent that after NMP most MSCs 
that were retained in the kidney were located inside the lumen of glomerular 
GETMPPEVMIW��8LIWI�ƼRHMRKW�[IVI�GSRƼVQIH�[MXL�ƽYSVIWGIRGI�QMGVSWGST]�SJ�TVI�
PEFIPPIH�17'W��%W�XLI�GETMPPEV]�TSVIW�SJ�KPSQIVYPM�EVI�WMKRMƼGERXP]�WQEPPIV�XLER�
cultured MSCs it is quite plausible that the majority of cells remain inside the 
capillary lumen and do not migrate to other structures during perfusion [18–20]. 
Moreover, the relatively short NMP duration will most likely not allow for enough 
XMQI�XS�QMKVEXI�XS�SXLIV�WXVYGXYVIW��8LI�ƼRHMRK�XLEX�WSQI�KPSQIVYPM�GSRXEMRIH�
QYPXMTPI�ƽYSVIWGIRX�TSWMXMZI�KPSQIVYPM��[LMPI�QSWX�RIMKLFSYVMRK�KPSQIVYPM�HMH�

not contain any at all, might be explained by anatomical heterogeneity in the 
microvasculature leading to MSCs following the path of least resistance during NMP.

Although we were able to determine the number of circulating MSCs in a 
perfusion set-up without a kidney, we have not fully succeeded in determining 
the exact number of intact MSCs, which are located in the kidney after several 
LSYVW�SJ�214��YWMRK�ƽS[�G]XSQIXV]��6IPMEFP]�GSYRXMRK�IZIR�WIZIVEP�QMPPMSRW�
of infused MSCs among the billions of native renal cells proved to be quite 
challenging. Although microscopy clearly showed intact MSCs in renal tissue 
after NMP, we could not convincingly count large numbers of MSCs localised in 
XLI�OMHRI]�[MXL�ƽS[�G]XSQIXV]��8LMW�GSYPH�FI�HYI�XS�XLI�JEGX�XLEX�XLIVI�[IVI�XSS�
many kidney cells in the enzymatically digested samples and too few total counts 
could be made to detect a substantial number of MSCs. The small number of 
positive counts could also be explained by the negative effect of the inevitable 
IR^]QEXMG�HMKIWXMSR�SJ�OMHRI]�XMWWYI�MRXS�E�WMRKPI�GIPP�WYWTIRWMSR��XS�EPPS[�ƽS[�
cytometry), which is performed using collagenase. Recent research has shown 
XLEX�GSPPEKIREWI�LEW�E�WMKRMƼGERX�MQTEGX�SR�UYEPMX]�EW�[IPP�EW�UYERXMX]�SJ�MRXEGX�
MSCs [21].

We found that, in the perfusate, the number of MSCs decreased during NMP. 
As this was seen in the experiments with and without a kidney, it is probably the 
VIWYPX�SJ�GIPPW�FIMRK�I\TSWIH�XS�TVIWWYVI�ERH�ƽS[�HYVMRK�XLI�TIVJYWMSR�MXWIPJ��8LI�
fact that MSCs are tissue-adherent by nature, but are forced in a continuous non-
physiological suspension during perfusion, might also play a role in the cell death 
[22]. After all, MSCs are tissue-residing stromal cells that may not be particularly 
adapted to the conditions inside blood vessels or perfusion tubing. As the cells 
HIGVIEWI�QSWX�VETMHP]�HYVMRK�XLI�ƼREP�LSYVW��WLSVXIRMRK�XLI�TIVJYWMSR�XMQI�
might result in better survival. Also, pre-conditioning, e.g. cytokine-activating, 
17'W�TVMSV�XS�I\�ZMZS�EHQMRMWXVEXMSR�GSYPH�FI�ER�MRXIVIWXMRK�JYXYVI�VIƼRIQIRX��
,S[IZIV��XLIVI�MW�IZMHIRGI�XLEX�XLI�FIRIƼGMEP�IJJIGXW�SJ�17'W�HS�RSX�WSPIP]�VIP]�
on their viability [23,24].

A possible limitation of our study could be that we used human MSCs in a 
porcine kidney. This might have led to a xeno-effect. However, this is relatively 
unlikely as our plasma and leukocyte-free NMP system did not incorporate an 
actual immune system and only a small number of tissue resident leukocytes 
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may have been present during NMP. Moreover, research has shown that 
mesenchymal stem cells are well tolerated in an allogeneic or xeno-setting. 
Hence, when the kidney is transplanted and the pre-transplant infused MSCs 
come into contact with the host immune system, this should not lead to any 
negative effects [25–29].

This study did not focus on the effect of MSCs on renal function during 
NMP. This was a deliberate decision, as we feel it is of the utmost important to 
ƼVWX�MRGVIEWI�SYV�JYRHEQIRXEP�ORS[PIHKI�EFSYX�XLI�PSGEPMWEXMSR�ERH�WXVYGXYVEP�
integrity of MSCs during NMP of a kidney. In addition, renal function is usually 
only very minimal during ex vivo organ perfusion and thus not a reliable marker 
for organ viability [30]. The best setting to test such functional outcome is in 
experiments that also incorporate actual transplantation. Before transplantation 
experiments are conducted, we feel that the next step should be to investigate 
cytokine secretion and post-NMP viability of infused MSCs. Hence, when we 
start to transplant MSC-treated kidneys we will have a better understanding of 
what effects can be expected. As it is our hypothesis that ischaemia-reperfusion 
injury could be mitigated, and because post-transplant renal function is superior 
as a result of MSC infusion during NMP, we are planning future porcine studies 
in which kidneys are actually transplanted to allow a much longer follow-up and 
functional assessment in vivo.

In conclusion, this study showed that it is possible to add cultured MSCs 
during NMP to an isolated porcine kidney in such a way that MSCs reach and 
reside in the kidney, with at least a small proportion of the administered cells 
remaining structurally intact and detectable. We were able to visualise MSCs 
in glomerular capillaries after their administration to the NMP circuit, but only 
when infused numbers were as high as 107. Transplant studies are needed to 
determine whether targeting ischaemically damaged donor kidneys with MSCs is 
MRHIIH�FIRIƼGMEP�JSV�KVEJX�JYRGXMSR�ERH�WYVZMZEP��8LI�TVIWIRX�WXYH]�LEW�TVSZMHIH�
XLI�ƼVWX� MQTSVXERX� MRWMKLXW� MR�WYVZMZEP�ERH� PSGEPMWEXMSR�SJ�GYPXYVI�I\TERHIH�
17'W�HYVMRK�214��ERH�GER�FI�GSRWMHIVIH�E�ƼVWX�WXIT�MR�IWXEFPMWLMRK�QEGLMRI�
perfusion as a platform to administer cellular therapy to damaged donor kidneys. 
Thus, an exciting new window of opportunity might emerge to actively pre-
condition isolated organs in a fully controlled setting and in the absence of an 
immune response, before they are transplanted.
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ABSTRACT

Pre-transplant normothermic machine perfusion (NMP) of donor kidneys offers 
the unique opportunity to perform active interventions to an isolated renal graft 
prior to transplantation. There is increasing evidence that mesenchymal stromal 
cells (MSCs) could have a para-/endocrine regenerative effect on ischaemia-
reperfusion injury. The purpose of this study was to determine which cytokines 
are secreted by MSCs during NMP of a porcine kidney. Viable porcine kidneys 
and autologous whole blood were obtained from a slaughterhouse. Warm 
ischaemia time was standardised at 20 min and subsequent hypothermic 
machine perfusion (HMP) was performed during 2-3 hours. Thereafter, kidneys 
were machine perfused at 37°C during 7 hours. After 1 hour of NMP either 0, 
107 cultured human adipose tissue derived MSCs or 107 cultured bone-marrow 
HIVMZIH�17'W�[IVI�EHHIH��R!��TIV�KVSYT��-R�E�JSYVXL�I\TIVMQIRXEP�KVSYT����LSYV�
NMP was performed with 107 adipose tissue derived MSCs, without a kidney in 
the circuit. Kidneys perfused with MSCs showed lower lactate dehydrogenase 
and neutrophil gelatinase-associated lipocalin levels in comparison with the 
control group. Also, elevated levels of human HGF, IL-6 and IL-8 were found in the 
perfusate of the groups perfused with MSCs compared to the control groups. 
This study shows that MSCs, in contact with an injured kidney during NMP, lead 
to lower levels of injury markers and induce the release of immunomodulatory 
and regenerative cytokines.

INTRODUCTION

To date, kidney transplantation is regarded as the best treatment for patients with 
end stage renal failure. In an attempt to reduce the waiting time by increasing 
the deceased donor organ pool, the use of donor organs from donation after 
circulatory death donors and extended criteria donors plays an important role 
[1]. However, many of these organs are older and of suboptimal quality, rendering 
kidneys more susceptible to ischaemia-reperfusion injury (IRI) when compared 
to the organs derived from living donors [2].

Preserving the function of ischaemically damaged allografts is of crucial 
importance for successful transplantation. The basic principle of organ 
preservation is to prevent ischaemic damage by replacing the circulating blood 
by a preservation solution, followed by retrieving and cooling the organ. Static 
cold storage is the most widely used organ preservation method for deceased 
donor kidney grafts. However, prolonged cold ischaemia time is associated with 
a higher risk of delayed graft function and poorer allograft survival [3]. Ex vivo 
cold (1-8°C) machine perfusion is now considered to be the method of choice 
for preserving higher risk kidney allografts obtained from deceased donors [4].

Pre-transplant normothermic (37°C) machine perfusion allows for metabolic 
activity of renal cells. Therefore, it may enable better quality assessment of donor 
kidneys during preservation, by providing information on renal haemodynamics 
and allowing for sample collection of perfusate, urine and tissue to quantify 
graft injury and function. Additionally, it provides a platform to safely expand the 
preservation time and potentially improve the condition of kidney grafts e.g. by 
administering ex vivo pharmacological agents or cellular therapy.

Due to the unique combination of immunomodulatory properties and abilities 
of self-renewal, mesenchymal stromal cells (MSCs) have attracted substantial 
interest as promising cellular therapeutic agents in order to improve clinical 
outcome of kidney transplantation [5]. MSCs are a population of multipotent 
stromal cells that can be isolated from different sources, including adipose 
tissue and bone marrow. MSCs have been shown to exert a wide range of anti-
MRƽEQQEXSV]�ERH�MQQYRSQSHYPEXSV]�IJJIGXW�SR�GIPPW�SJ�XLI�MRREXI�ERH�EHETXMZI�
immune system both by cell-to-cell contact and by secreting biologically active 
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substances, such as chemokines, cytokines, and growth factors that have anti-
ETSTXSXMG��ERXM�ƼFVSXMG��ERXM�MRƽEQQEXSV]�ERH�QMXSKIRMG�JIEXYVIW��17'W�EVI�
EWWYQIH�XS�FI�FIRIƼGMEP�XS�VIHYGI�XVERWTPERXEXMSR�VIPEXIH�-6-�?�A��17'W�JVSQ�
different sources present differences in the expression of surface markers 
and also in cytokine, chemokine and growth factor production [7–9]. Although 
morphologically identical, proliferation rate and differentiation capacity are not 
completely similar [10,11]. There is also evidence that the therapeutic potential 
of bone marrow derived mesenchymal stromal cells (BM-MSCs) and adipose 
tissue derived mesenchymal stromal cells (A-MSCs) could be different and to 
date it remains unclear which source of MSCs is most suitable to target IRI.

The administration of MSCs at the time of implantation or shortly after 
in vivo reperfusion of a donor kidney may reduce the severity of injury and 
might accelerate regenerative and reparative processes. As there is little 
evidence that MSCs can home to damaged tissue, anatomically targeting a 
WTIGMƼG��XVERWTPERXIH�SVKER�F]�QIERW�SJ�W]WXIQMG�MRXVEZIRSYW�GIPP�XLIVET]�
EHQMRMWXVEXMSR�XS�XLI�XVERWTPERX�VIGMTMIRX�MW�HMƾGYPX�XS�EGGSQTPMWL��17'W�GER�
be delivered directly to the donor kidney relatively easily through ex vivo NMP 
by infusing the cells into the afferent tubing towards the renal vasculature. 
In previous work, we showed that MSCs that are infused during NMP are 
predominantly retained in glomerular capillaries and a proportion of those 
cells will remain viable and detectable after 7 hours of ex vivo perfusion [12]. 
The purpose of the present study was to determine if ex vivo infused A-MSCs 
and BM-MSCs are viable and functional during NMP and which cytokines are 
secreted into the perfusate as a result of the addition of MSCs during renal NMP.

MATERIALS & METHODS

����/MHRI]�ERH�FPSSH�VIXVMIZEP
Viable porcine kidneys (sow; type: Topigs 20) and autologous blood were 
obtained from a slaughterhouse in Groningen (Kroon Vlees, Groningen, the 
Netherlands). After circulatory arrest, kidneys were subjected to 20 minutes 
SJ�[EVQ�MWGLEIQME�TVMSV�XS�ƽYWL�[MXL�����QP�SJ�GSPH�WEPMRI��2E'P����	��&E\XIV��
Utrecht, the Netherlands). Approximately 2.5 litres of blood was collected in 
E�FIEOIV�GSRXEMRMRK�������� -9�LITEVMR� �0)3o�TLEVQE��&EPPIVYT��(IRQEVO��
Excess fatty tissue was removed from the kidney. Subsequently, the kidney was 

connected to a Kidney Assist Transport device (Organ Assist, Groningen, the 
Netherlands) for oxygenated hypothermic machine perfusion (HMP) at 4ºC with 
University of Wisconsin solution for machine perfusion (Belzer UW-MP solution, 
Bridge to Life Ltd, Columbia) at a mean pressure of 25 mmHg for 2-3 hours. The 
[LSPI�EYXSPSKSYW�FPSSH�[EW�PIYOSG]XI�HITPIXIH�YWMRK�E�&MS6�PIYOSG]XI�ƼPXIV�
(BioR 02 plus BS PF, Fresenius Kabi, Zeist, the Netherlands) and centrifuged 
for 20 minutes at 3000 G. Next, the supernatant plasma was removed and the 
erythrocytes were washed with phosphate buffered saline (PBS), after which a 
pure RBC concentrate was obtained.

����)\TIVMQIRXEP�KVSYTW
*SYV�I\TIVMQIRXEP�KVSYTW�[IVI�HIƼRIH� �R!��TIV�KVSYT��)\TIVMQIRXW�[IVI�
planned in such a way that those belonging to the same group were not 
subsequently clustered in time. In three groups the kidneys were perfused at 
37°C for 7 hours. After 1 hour of normothermic machine perfusion either 0, or 107 
A-MSCs or 107 BM-MSCs were added to the perfusion circuit. To determine the 
isolated effect of machine perfusion on MSCs and the production of cytokines, 
an additional experimental group was created in which 7-hour perfusions at 
��q'�[IVI�TIVJSVQIH�[MXLSYX�E�OMHRI]��EPWS�R!���-R�XLMW�KVSYT���7 A-MSCs were 
added to the perfusion circuit after 1 hour of NMP and left to circulate during 
the remaining 6 hours. For the group without a kidney we chose to test A-MSCs 
as it was easier to generate a high number of A-MSCs because large amounts 
of adipose tissue were available.

����214�WIXYT
After 2-3 hours of HMP, kidneys were disconnected from the cold perfusion 
device. An 8 Fr cannula (Vygon, Valkenswaard, the Netherlands) was introduced 
into the ureter and a SealRing cannula (Organ Recovery Systems, Itasca, IL, 
USA) was placed around the aortic patch of the kidney. Next, kidneys were 
connected to a perfusion set-up consisting of a LifePorto organ chamber with 
cradle (also Organ Recovery Systems), a centrifugal pump with magnetic pump 
head (Deltastream DP2, Medos Medizintechnik AG, Stolberg, Germany) and 
an oxygenator with an integrated heat exchanger (HILITE 1000 Infant Hollow 
Fibre Oxygenator, Medos Medizintechnik AG, Stolberg, Germany). This system 
had been primed with the perfusion solution which was oxygenated with 95% 
oxygen / 5% carbon dioxide (carbogen) at 0.5 L/min. The temperature of the 
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perfusion solution could be adjusted using a temperature-controlled water bath. 
All kidneys were perfused in a pressure-controlled, sinusoid pulsatile fashion at a 
Ƽ\IH�TVIWWYVI�SJ��������QQ,K�HYVMRK�EPP�I\TIVMQIRXW��/MHRI]W�[IVI�GSRRIGXIH�
to the NMP setup when the circulating perfusate had reached a temperature of 
��q'��/MHRI]W�[IVI�XLIR�KVEHYEPP]�VI[EVQIH�XS���q'�MR�XLI�ƼVWX����QMRYXIW�SJ�
NMP. After these 60 min either 0, or 107 A-MSCs or 107 BM-MSCs were added 
XS�XLI�GMVGYMX��-R�XLI�%�17'�KVSYT�[MXLSYX�E�OMHRI]��ER�EVXMƼGMEP�VIWMWXERGI�[EW�
connected to the arterial tubing to imitate the average vascular resistance of 
a kidney.

����4IVJYWMSR�WSPYXMSR
The perfusion solution consisted of 288 ml of pure erythrocytes (final 
haematocrit between 0.37 and 0.40 l/l), 100 ml of 20 g/l human albumin 
(Albuman 20g/l, Sanquin Plasma Products BV, Amsterdam, the Netherlands), 300 
ml sodiumchloride 0.9% (Fresenius Kabi Nederland BV, Zeist, the Netherlands), 8 
ml sodiumbicarbonate 8.4% (B. Braun Melsungen AG, Melsungen, Germany), 4.8 
ml calciumgluconate 10% (also B. Braun), 9.6 ml glucose 5% (Baxter BV, Utrecht, 
the Netherlands), 8 IU insulin (Novo Nordisk A/S, Bagsværd, Denmark), 0.016 g 
QERRMXSP��7MKQE�%PHVMGL��>[MNRHVIGLX��XLI�2IXLIVPERHW�������ΥQSP�P�GVIEXMRMRI�
(also Sigma Aldrich) and 8 ml of amoxicillin/clavulanate 1200mg/20 ml sterile 
water (Sandoz BV, Almere, the Netherlands).

Prior to the start of NMP a bolus of 1 ml of 2.5mg/ml verapamil (also Sandoz 
BV) was added to the perfusate via the arterial line. During perfusion, 1.6 ml of 
1200mg/20 ml Augmentin was added every hour. Also, hourly Sterofundin (also 
B. Braun) was added to the perfusate to account for lost volume as a result of 
sampling. During perfusion, glucose 5% solution was added if perfusate glucose 
levels became lower than 4.5 mmol/L and calcium was adjusted if the perfusate 
ionic concentration was lower than 1.1 mmol/L.

����-WSPEXMSR�ERH�GYPXYVMRK�SJ�17'W
The choice to use human MSCs during this experiment was based on the idea 
that we would test the actual future clinical product. Due to the absence of 
an intact immune system, xeno-effects are unlikely to occur in our ex vivo 
perfusion setup, with a perfusate that does not contain any leukocytes or 
plasma. To obtain A-MSCs, these cells were isolated from human perirenal fat, 

a clinical waste product derived from weekly living donor nephrectomies in the 
University Medical Center Groningen. First, 2 ml of Hank’s Balanced Salt Solution 
supplemented with 1% p/s (100 U/ml penicillin and 100 mg/ml streptomycin) 
was added to the adipose tissue. Next, the tissue was cut into small pieces 
and enzymatically digested using 0.5mg/ml collagenase type IV (Life 
Technologies) dissolved in RPMI medium (RPMI 1640 Medium + GlutaMAXTM, 
Life Technologies) supplemented with 1% p/s during 30 minutes at 37°C. After 
centrifugation the cell pellet was resuspended in minimal essential medium 
eagle-alpha supplemented with 10% foetal bovine serum, 1% L-glutamine and 1% 
T�W��0MJI�8IGLRSPSKMIW�ERH�XVERWJIVVIH�XS�E�GIPP�GYPXYVI�ƽEWO��;LIR�XLI�17'W�
[IVI������	�GSRƽYIRX�XLI]�[IVI�XV]TWMRMWIH��17'W�[IVI�I\TERHIH�
Clinical grade BM-MSCs were obtained from a human volunteer donor. Informed 
consent was obtained according to local ethical review board approved 
procedures. Using aseptic techniques according to hospital protocols bone 
QEVVS[�[EW�EWTMVEXIH�YRHIV�JYPP�EREIWXLIWME��%JXIV�ƼPXVEXMSR��XLI�FSRI�QEVVS[�
aspirate was diluted in a 2% albumin/NaCl solution (Sanquin, Amsterdam, The 
Netherlands). Next, bone marrow mononuclear cells (BM-MNC) were obtained 
YWMRK� ƼGSPP� HIRWMX]� WITEVEXMSR�� &1�12'� [IVI� TPEXIH� MR� 8���� ƽEWOW� ERH�
expanded in DMEM supplemented with 10% foetal bovine serum of a selected 
FEXGL��+)�,IEPXLGEVI�ERH�ERXMFMSXMGW��%X�GSRƽYIRG]��XLI�GIPPW�[IVI�LEVZIWXIH�
using TripleSelect (Invitrogen) and expanded. For each experiment, an MSC 
suspension from freshly trypsinised MSCs (passage 2 – 4) was prepared 
approximately 30 minutes before infusion. The cells were dissolved in 10 ml 
Sterofundin in a syringe. After 60 minutes of normothermic machine perfusion, 
MSCs were added in a time span of 10 seconds via the arterial sample port, 
which was located a few centimetres from the renal artery.

����'LEVEGXIVMWEXMSR�SJ�17'W
8S� GSRƼVQ� XLEX� XLI� GIPPW� GYPXYVIH�[IVI� MRHIIH�17'W�� [I� TIVJSVQIH� ƽS[�
cytometric analysis on the cells that were used during the experiments on a BD 
FACS Canto II (BD Biosciences Nederland B.V., Vianen, the Netherlands). MSCs 
were stained with FITC Mouse Anti-Human CD31, PE Mouse Anti-Human CD73, 
PerCP-Cy5.5 Mouse Anti-Human CD90, and APC Mouse Anti-Human CD105 (all 
BD). As negative control unstained MSCs were used.
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����4IVJYWEXI�ERH�YVMRI�EREP]WMW
Hourly, arterial perfusate and urine samples were taken and arterial blood gas 
samples were analysed. Perfusion parameters such as temperature, renal blood 
ƽS[��VIREP�VIWMWXERGI�ERH�YVMRI�TVSHYGXMSR�[IVI�HSGYQIRXIH�IZIV]����QMRYXIW��
Standard clinical assays were used to measure the concentration of sodium, 
potassium, creatinine, urea, calcium, magnesium, phosphate, chloride, lactate, 
albumin, glucose, lactate dehydrogenase (LDH) and aspartate aminotransferase 
(ASAT). These values were used to calculate fractional sodium excretion (FENa+) 
and creatinine clearance. Thiobarbituric acid reactive substances (TBARS) 
levels in the perfusate were determined by measurement of the concentration 
of malondialdehyde (MDA) using a quantative assay (Sigma). The concentration 
SJ�2�EGIX]P�¼�(�KPYGSWEQMRMHEWI��2%+�[EW�QIEWYVIH�MR�YVMRI�ERH�TIVJYWEXI�
samples (also Sigma).

����1YPXMTPI\�EREP]WMW
Concentrations of interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10 (IL-10), 
interleukin-17 (IL-17), vascular endothelial growth factor A (VEGF-A), vascular 
endothelial growth factor c (VEGF-C), platelet-derived growth factor AA (PDGF-
AA), monocyte chemoattractant protein 1 (MCP-1),chemokine (C-C motif) ligand 
2 (CCL2), chemokine (C-C motif) ligand 4 (CCL4), chemokine (C-X-C motif) 
PMKERH���� �'<'0���� ERKMSTSMIXMR���� IRHSXLIPMR���� MRXIVJIVSR�KEQQE� �-*2�½��
XYQSYV�RIGVSWMW�JEGXSV�»��82*»��ƼFVSFPEWX�KVS[XL�JEGXSV��*+*��LITEXSG]XI�
growth factor (HGF), kidney injury molecule-1 (KIM-1) and neutrophil gelatinase-
associated lipocalin (NGAL) were measured using a human cytokine/chemokine 
magnetic bead panel multiplex assay according to manufacturer’s protocol 
(Merck Millipore, Billerica, MA, USA and R&D systems, Minneapolis, MN, USA). 
&VMIƽ]��E�QM\XYVI�GSRXEMRMRK�EPP�ERXMFSH]�GSEXIH�QEKRIXMG�FIEHW�[EW�TVITEVIH�
and incubated overnight at 4° C. Next, a biotinylated detector antibody and a 
WXVITXEZMHMR�GSRNYKEXIH�ƽYSVIWGIRX�TVSXIMR�[IVI�EHHIH��*PYSVIWGIRGI�[EW�
measured on a Luminexâ 100/200 cytometer (Luminex, Austin, TX, USA) using 
Xponent software.

����,MWXSPSK]
%X�X!��ERH�X!����QMRYXIW�SJ�214�RIIHPI�FMSTWMIW�[IVI�XEOIR�[MXL�E�&MS4MRGIƦ�
device (Argon Medical Devices Netherlands B.V., Maastricht, the Netherlands) 
ERH�Ƽ\IH�MR�JSVQEPMR�ERH�62%PEXIV��7MKQE��%X�X!����QYPXMTPI�WYVKMGEP�XMWWYI�

samples were taken from the upper, lateral and lower cortex. These biopsies 
[IVI�EPWS�Ƽ\IH�MR�JSVQEPMR��62%PEXIV��EPWS�7MKQE�SV�PMUYMH�RMXVSKIR��8LI�JSVQEPMR�
Ƽ\IH��TEVEƾR�IQFIHHIH�FMSTWMIW�[IVI�WXEMRIH�[MXL�4IVMSHMG�%GMH�7GLMJJ��4%7��
These biopsies were examined and a damage scoring system was developed, 
based on previously published scoring systems [13]. As differences in histology 
between upper, lateral and lower pole were very minimal, per experiment three 
GSVXMGEP�FMSTWMIW�TIV�OMHRI]�SJ�SRP]�XLI�YTTIV�TSPI�EX�Xɸ!ɸ���Xɸ!����ERH�Xɸ!ɸ����
were scored on a scale of 0-3 on glomerular dilatation, tubular dilatation and 
XYFYPEV�RIGVSWMW���ɸ!ɸRSRI���ɸ!ɸQMPH���ɸ!ɸQSHIVEXI���ɸ!ɸWIZIVI�F]�X[S�MRHITIRHIRX�
ERH�FPMRHIH�SFWIVZIVW��-R�GEWI�SJ�HMWEKVIIQIRX�EFSYX�XLI�WGSVI��ƼRHMRKW�[IVI�
discussed until a consensus was reached.

�����7XEXMWXMGW
For all cytokines and other continuous longitudinally measured variables, the 
area-under-the-curve (AUC) of their release in time was calculated. A one-
way ANOVA was used to compare AUC values between groups if the data had 
homogeneity of variances and were normally distributed, tested by means of a 
Bartlett and d’Agostino-Pearson test. If data were not normally distributed and/
or did not have homogeneity of variances the Kruskal-Wallis test was used. For 
post hoc comparisons, in case of an ANOVA an unpaired t-test was utilised. A 
Mann-Whitney test was used for post hoc comparisons if a Kruskal-Wallis test 
had been used. Two-sided p-values of 0.05 or lower were assumed to indicate 
WXEXMWXMGEP�WMKRMƼGERGI�

RESULTS

����'LEVEGXIVMWEXMSR�SJ�17'W
MSCs were plastic adherent and showed a typical spindle shaped morphology. 
%�17'W�ERH�&1�17'W�[IVI�EREP]WIH�YWMRK�ƽS[�G]XSQIXVMG�EREP]WMW�ERH�WLS[IH�
expression of markers CD105, CD73, CD90 and no expression of marker CD31.

����4IVJYWMSR�TEVEQIXIVW
%VXIVMEP�ƽS[�TEXXIVR�[EW�WMQMPEV�MR�EPP�KVSYTW�[MXL�E�OMHRI]�MR�XLI�GMVGYMX��8LI�
group without a kidney was corrected by calculating the average weight of all 
OMHRI]W�JVSQ�XLI�SXLIV�KVSYTW��*MKYVI���WLS[W�XLI�EZIVEKI�TIVJYWEXI�ƽS[�VEXI�
of every group in ml/min/100 gr. The groups with a kidney in the perfusion 
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GMVGYMX�WLS[IH�E�WQEPP�ƽS[�TIEO�EX�Xɸ!ɸ����[MXL�E�QIER�ZEPYI�SJ�����r�����QP�
min in the control group, 175 ± 52 ml/min in the BM-MSC group and 182 ± 42 ml/
min in the A-MSC group at this time point. During the remaining NMP time the 
ƽS[�HIGVIEWIH�WPS[P]��%�SRI�[E]�%23:%�HMH�RSX�WLS[�E�WMKRMƼGERX�HMJJIVIRGI�
between the groups.

*MKYVI����%VXIVMEP�ƽS[��QP�QMR����KV�SJ�XLI�JSYV�I\TIVMQIRXEP�KVSYTW�HYVMRK�214��QIER�r�7(�

����9VMRI�ERH�TIVJYWEXI�EREP]WMW

3.3.1 Functional markers
All kidneys produced urine during the 7 hours of NMP and there were no 
WMKRMƼGERX�HMJJIVIRGIW�MR�GYQYPEXMZI�HMYVIWMW�FIX[IIR�XLI�I\TIVMQIRXEP�KVSYTW��
1IER�GYQYPEXMZI�HMYVIWMW�EX�Xɸ!ɸ����[EW�����r�����QP�MR�XLI�GSRXVSP�KVSYT������
± 92 ml in the BM-MSC group and 169 ± 117 ml in the A-MSC group. Figure 2A 
shows the creatinine clearance in ml/min in every group. Although the A-MSC 
group showed higher levels of creatinine clearance with mean levels of 6.33 ± 
�����QP�QMR�XLMW�HMH�RSX�VIEGL�WXEXMWXMGEP�WMKRMƼGERGI�MR�GSQTEVMWSR�[MXL�XLI�
control group (2.68 ± 0.37 ml/min) and BM-MSC group (2.48 ± 1.01 ml/min). 
'SQTEVMWSRW�MR�%9'�HMH�RSX�WLS[�ER]�WMKRMƼGERX�HMJJIVIRGIW�IMXLIV��ƼKYVI��&�

FENa+�PIZIPW�SJ�IEGL�KVSYT�EVI�TVIWIRXIH�MR�ƼKYVI��'��)ZIV]�KVSYT��[MXL�XLI�
WXIITIWX�HIGPMRI�MR�XLI�17'�KVSYTW��WLS[IH�E�HIGVIEWI�MR�XLI�ƼVWX�����XS�����
min after which the FENa+ increased again. Mean values during perfusion were 
27.5 ± 5.5% in the control group, 16.3 ± 7.8% in the BM-MSC group and 14.8 ± 

8.6% in the A-MSC group. A one-way ANOVA comparing AUCs per group did 
RSX�WLS[�WMKRMƼGERX�HMJJIVIRGIW�FIX[IIR�XLI�I\TIVMQIRXEP�KVSYTW��ƼKYVI��(�

*MKYVI��� Functional markers of the three experimental with a kidney in the perfusion circuit during 
NMP. (A) Creatinine clearance (ml/min) and (B) AUC (mean ± SD). (C) Fractional excretion of sodium 
(FENa+) (%) and (D) AUC (mean ± SD).

3.3.2 Damage markers
8&%67��UYERXMƼIH�F]� XLI�GSRGIRXVEXMSR�SJ�1(%��[IVI�QIEWYVIH� MR�EPP� JSYV�
groups as a marker for lipid peroxidation. In all groups, levels at the start of 
perfusion were approximately 2 µM and increased to values between 8 and 12 
v1�EJXIV�����QMRYXIW�SJ�214��ƼKYVI��%��8LIVI�[IVI�RS�WMKRMƼGERX�HMJJIVIRGIW�
MR�%9'�FIX[IIR�XLI�KVSYTW��ƼKYVI��&�

To quantify tubular damage, the concentration of NAG in the perfusate and 
urine was measured. Figure 3C shows the concentration of NAG in the perfusate 
MR�9�P��8LI�GSRXVSP�KVSYT��[MXLSYX�17'W�LEH�E�WMKRMƼGERXP]�LMKLIV�TIVJYWEXI�
2%+�GSRGIRXVEXMSR�MR�GSQTEVMWSR�[MXL�XLI�%�17'�KVSYT��4ɸ!ɸ�������ƼKYVI��(��
8LIVI�[IVI�RS�SXLIV�WMKRMƼGERX�HMJJIVIRGIW�FIX[IIR�XLI�KVSYTW��8LI�KVSYTW�LEH�
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similar urinary secretion of NAG, which increased after 300 min in the control 
and A-MSC group while it remained stable in the BM-MSC group. A one-way 
%23:%�SR�XLI�%9'�WLS[IH�RS�WMKRMƼGERX�HMJJIVIRGI�FIX[IIR�XLI�KVSYTW�

The concentration of ASAT in the control group increased more than in the 
other groups and in comparison with the A-MSC group this almost reached 
WXEXMWXMGEP�WMKRMƼGERGI��4ɸ!ɸ�������8LI�QIER�ZEPYIW�SJ�%7%8�HYVMRK�214�[EW�
311 ± 229 U/l in the control group, 182 ± 85 U/l in the BM-MSC group and 153 ± 
80 U/l in the A-MSC group. The LDH values showed a similar pattern as the ASAT 
ZEPYIW��ƼKYVI��)��,S[IZIV��XLI�0(,�ZEPYIW�MR�&1�17'�KVSYT�[IVI�WMKRMƼGERXP]�
PS[IV�XLER�XLSWI�MR�XLI�GSRXVSP�KVSYT��4ɸ!ɸ������ERH�XLI�HMJJIVIRGI�FIX[IIR�
the control group and the A-MSC group was at the threshold of statistical 
WMKRMƼGERGI��4ɸ!ɸ�������ƼKYVI��*�

*MKYVI��� Damage markers measured in the perfusate of the four experimental groups during NMP. 
(A) MDA concentration (µM) and (B) AUC (mean ± SD). (C) NAG levels (U/l) and (D) AUC (mean ± 
7(���)�0(,�PIZIPW��9�P�ERH��*�%9'��QIER�r�7(���MRHMGEXIW�WXEXMWXMGEP�WMKRMƼGERGI�SJ�4� ������
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����1YPXMTPI\�EREP]WMW

3.4.1 Renal injury markers
Using a magnetic bead panel multiplex assay the concentrations of different 
proteins in the perfusate were measured. Renal injury markers KIM-1, 
endothelin-1 and NGAL were only measured in the groups with a kidney in the 
perfusion circuit. KIM-1 levels remained under the detection threshold. NGAL 
GSRGIRXVEXMSR�[EW�WMKRMƼGERXP]�LMKLIV�MR�XLI�GSRXVSP�KVSYT�MR�GSQTEVMWSR�[MXL�
XLI�&1�17'�KVSYT��4ɸ!ɸ������ERH�XLI�%�17'�KVSYT��4ɸ!ɸ�������ƼKYVI��%�ERH�
&��)RHSXLIPMR���PIZIPW�MR�XLI�&1�17'�KVSYT�[IVI�WMKRMƼGERXP]�LMKLIV�XLER�MR�XLI�
%�17'�KVSYT��4ɸ!ɸ�������8LIVI�[IVI�RS�SXLIV�WXEXMWXMGEPP]�WMKRMƼGERX�HMJJIVIRGIW�
FIX[IIR�KVSYTW��ƼKYVI��'�ERH��(�

*MKYVI��� Luminex damage markers in the perfusate of the three experimental groups with a kidney 
in the circuit during NMP. (A) NGAL levels (pg/ml) and (B) AUC (mean ± SD). (C) Endothelin-1levels 
�TK�QP�ERH��(�%9'��QIER�r�7(���MRHMGEXIW�WXEXMWXMGEP�WMKRMƼGERGI�SJ�4� ������

3.4.2 Growth factors
8LIVI�[IVI�RS�WMKRMƼGERX�HMJJIVIRGIW�MR�ERKMSTSMIXMR����:)+*�%�ERH�:)+*�'�
PIZIPW�FIX[IIR�KVSYTW��*+*�ERH�4(+*�WLS[IH�RS�WMKRMƼGERX�HMJJIVIRGI�FIX[IIR�
the groups, except for the comparison of the groups with and without a kidney 
in the perfusion circuit.

Figure 5A shows the average HGF concentrations in the different groups. The 
concentration in the control group was lower when compared to the BM-MSC 
KVSYT��4ɸ!ɸ�������XLI�%�17'�KVSYT��4ɸ!ɸ������ERH�XLI�%�17'�[MXLSYX�E�OMHRI]�
�4ɸ!ɸ�������ƼKYVI��&�

*MKYVI��� (A) HGF levels (pg/ml) and (B) AUC in the perfusate of the four experimental groups 
HYVMRK�214��QIER�r�7(���MRHMGEXIW�WXEXMWXMGEP�WMKRMƼGERGI�SJ�4� ����������MRHMGEXIW�WXEXMWXMGEP�
WMKRMƼGERGI�SJ�4� �������

3.4.3 Cytokines and chemokines
'<'0����-0����ERH�-*2�½�PIZIPW�[IVI�YRHIXIGXEFPI��8LIVI�[IVI�EPWS�RS�WMKRMƼGERX�
HMJJIVIRGIW�FIX[IIR�KVSYTW�GSRGIVRMRK�PIZIPW�SJ�''0���''0���-0����ERH�82*�»��
IL-6 levels increased during NMP and were elevated in the kidneys treated with 
17'W��ƼKYVI��%��0S[IWX�PIZIPW�SJ�-0���[IVI�QIEWYVIH�MR�XLI�KVSYT�[MXL�%�17'W�
without a kidney. Of the three experimental groups with a kidney in the perfusion 
GMVGYMX��XLI�GSRGIRXVEXMSR�MR�XLI�GSRXVSP�KVSYT�[EW�WMKRMƼGERXP]�PS[IV�XLER�XLI�
&1�17'�KVSYT��4ɸ!ɸ������EW�[IPP�EW�XLI�%�17'�KVSYT��4ɸ!ɸ�������%REP]WMW�SJ�
the AUC also revealed that IL-6 levels were lower in the A-MSC group without 
a kidney in comparison with the BM-MSC group and the A-MSC group (both P 
 �������ERH�XLI�GSRXVSP�KVSYT��4ɸ!ɸ�������ƼKYVI��&�
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The average concentrations of IL-8 in the perfusate of the different groups 
GER�FI�JSYRH�MR�ƼKYVI��'��-0���GSRGIRXVEXMSR�[EW�ZIV]�PS[�MR�XLI�%�17'�KVSYT�
without a kidney. The highest levels of IL-8 were found in the A-MSC group with 
a kidney, although there was a large degree of variation. The concentration of 
-0���[EW�WMKRMƼGERXP]�PS[IV�MR�XLI�GSRXVSP�KVSYT�MR�GSQTEVMWSR�[MXL�XLI�&1�17'�
KVSYT��4ɸ!ɸ������ERH�XLI�%�17'�KVSYT��4ɸ!ɸ�������8LI�-0���PIZIPW�[IVI�EPWS�
WMKRMƼGERXP]�PS[IV�MR�XLI�%�17'�KVSYT�[MXLSYX�E�OMHRI]�MR�GSQTEVMWSR�[MXL�XLI�
GSRXVSP�ERH�&1�17'�KVSYT��FSXL�4ɸ!ɸ������ERH�XLI�%�17'�KVSYT��4ɸ!ɸ�����

*MKYVI��� Cytokines in the perfusate of the four experimental groups during NMP. (A) IL-6levels (pg/
ml) and (B) AUC (mean ± SD). (C) IL-8levels (pg/ml) and (D) AUC (mean ± SD). *indicates statistical 
WMKRMƼGERGI�SJ�4� ���������MRHMGEXIW�WXEXMWXMGEP�WMKRMƼGERGI�SJ�4� ����������MRHMGEXIW�WXEXMWXMGEP�
WMKRMƼGERGI�SJ�4� �������

����,MWXSPSK]
Of each experiment cortical biopsies of the upper pole were scored on a scale 
of 0-3 for glomerular dilatation, tubular dilatation and tubular necrosis. There 

[IVI�RS�WMKRMƼGERX�HMJJIVIRGIW�MR�WGSVIW�FIX[IIR�KVSYTW�EJXIV��������ERH�����
minutes of NMP.

DISCUSSION

The aim of this study was to determine whether infused MSCs have an effect on 
renal function and to analyse which cytokines are secreted into the perfusate as 
a result of the addition of MSCs during renal NMP. Based on previous work by 
other groups we hypothesised that MSCs remain viable and functional during 
NMP and that they may lay a base for regenerative processes by inducing release 
of growth factors and cytokines.

-R�XLMW�WXYH]�[I�HMH�RSX�ƼRH�ER]�WMKRMƼGERX�HMJJIVIRGIW�FIX[IIR�KVSYTW�MR�
functional markers, such as creatinine clearance and FENa+ during NMP, nor 
in the histological evaluation of kidneys. When evaluating kidney function over 
time, the A-MSC group seemed to perform better than the other groups but 
XLMW�[EW�RSX�WXEXMWXMGEPP]�WMKRMƼGERX��0IZIPW�SJ�HEQEKI�QEVOIVW�WYGL�EW�1(%�
were expected to be lower in the MSC groups as MSCs are known to be able 
to suppress oxidative stress [14]. This was, however, not the case in our data. 
2IZIVXLIPIWW��2%+��E�QEVOIV�SJ�XYFYPEV�HEQEKI��[EW�WMKRMƼGERXP]�PS[IV�MR�XLI�
A-MSC group in comparison with the control group. LDH and NGAL levels were 
WMKRMƼGERXP]� PS[IV�MR�XLI�17'�KVSYTW�MR�GSQTEVMWSR�[MXL�XLI�GSRXVSP�KVSYT��
These results all suggest that kidneys in the MSC groups appeared to have 
suffered less injury.

%W�VIKEVHW�SYV�EREP]WMW�SJ�KVS[XL�JEGXSVW��SRP]�,+*�PIZIPW�[IVI�WMKRMƼGERXP]�
different between groups. In the kidneys of the A-MSC and BM-MSC group, levels 
[IVI�WMKRMƼGERXP]�LMKLIV�XLER�MR�XLI�GSRXVSP�KVSYT��%W�XLI�%�17'�KVSYT�[MXLSYX�
E�OMHRI]�EPWS�WLS[IH�E�WMKRMƼGERXP]�LMKLIV�GSRGIRXVEXMSR�MX�MW�QSWX�PMOIP]�XLEX�
secretion of this growth factor was a result of the presence of MSCs during 
NMP, and not necessarily the interaction between MSCs and injured renal tissue. 
Previous research has shown that HGF can have mitogenic or trophic effects 
on many cell types [15]. Furthermore, there is evidence that high HGF levels are 
associated with better late graft function [16].
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(YVMRK�XLI���LSYVW�SJ�214��G]XSOMRI�PIZIPW�SJ�-0���ERH�-0���[IVI�WMKRMƼGERXP]�
LMKLIV�MR�XLI�OMHRI]W�XVIEXIH�[MXL�17'W��-0���MW�ER�MRƽEQQEXSV]�G]XSOMRI�[MXL�
pro-angiogenic properties which can in turn also induce VEGF production 
[17]. Thus, it could facilitate revascularisation of injured tissues. IL-6 is mostly 
VIKEVHIH�EW�E�QSVI�KIRIVEP�TVS�MRƽEQQEXSV]�G]XSOMRI�FYX�EPWS�TSWWIWWIW�ERXM�
MRƽEQQEXSV]�TVSTIVXMIW��-X�LEW�FIIR�JSYRH�XLEX�-0���WYTTVIWWIW�XLI�WIGVIXMSR�
SJ�TVS�MRƽEQQEXSV]�G]XSOMRIW�WYGL�EW�-0���ERH�+1�'7*��ERH�XLEX�MX�MRHYGIW�XLI�
synthesis of glucocorticoids [18]. IL-6 may play an important regenerative role: 
In mice, IL-6 stimulates regenerative proliferation in the epithelium of the gut 
ERH�[LIR�-0���MW�EFWIRX��ER�EKKVEZEXMSR�SJ�MRƽEQQEXMSR�SGGYVW�?��A��-X�MW�YRGPIEV�
whether IL-6 can stimulate the regeneration of kidney tissue. An important 
observation is that in the A-MSC group without a kidney there was no secretion 
of IL-6 and IL-8. Hence, our data suggest that the secretion of these interleukins 
will only take place in the presence of an injured kidney. It remains unclear if 
the MSCs induce the production of these cytokines by the kidney or that the 
injured kidney induces their secretion by MSCs. As both porcine and human 
gene primers gave signals in the human control samples, qPCR could not be 
used to discriminate between the source of cytokines. Potentially, the only way to 
discriminate between the source of cytokines in future experiments is the use of 
heavy labelling during cell culture and subsequent mass spectrometry analysis.

-R�XLMW�WXYH]�[I�HMH�RSX�ƼRH�ER�EWWSGMEXMSR�FIX[IIR�XLI�EHHMXMSR�SJ�17'W�
and very early renal function during NMP. As previous research, in which MSCs 
were added to rat kidneys, has shown that those kidneys exhibited an improved 
function on the long-term post-transplant [20,21], a study should be performed 
in which these MSC treated porcine kidneys are actually transplanted to allow 
for a much longer follow-up in vivo.

In our study we found no convincing differences in effect of A-MSC and 
BM-MSCs during NMP. Until now, most research has been performed using 
only one source of MSCs. Very few analyses have been published that directly 
compare MSCs from different sources. The scarce data that has been published 
comparing BM-MSCs and A-MSCs show that the immunosuppressive potential 
of BM-MSCs may be inferior to that of A-MSCs [22,23]. As such effects have 
previously only been studied in vitro, further research is necessary to evaluate if 
HMJJIVIRGIW�MR�17'�QSHIW�SJ�EGXMSR�GER�EPWS�FI�GSRƼVQIH�MR�ZMZS��%HHMXMSREPP]��

future mechanistic studies could focus on the regenerative properties of 
different types of MSCs, rather than merely on immunomodulatory properties.

Our study had several limitations. First, we did not focus on homing and 
survival of MSCs and can therefore not be sure that the rather subtle short-term 
effect of MSC treatment that we observed is due to death of these cells as a 
result of being in continuous suspension during NMP. However, from previously 
performed similar research we can conclude that when MSCs are administered 
to an isolated kidney during NMP at least a small proportion remains viable and 
that their effects do not solely rely on their viability [24,25]. Another limitation 
could be that we used human MSCs in a porcine kidney. Therefore, we cannot 
fully rule out the possibility of a xeno-effect. However, as our NMP system is 
free of circulating leukocytes and plasma, this is probably relatively unlikely.

Summarising, this study was able to demonstrate that the addition of human 
MSCs to an ischaemically damaged porcine kidney during NMP will lead to a 
reduced expression of injury markers and an increased secretion of HGF, IL-6 
and IL-8. Transplant studies are now needed to further determine whether these 
ƼRHMRKW�EVI�EPWS�EWWSGMEXIH�[MXL�E�FIRIƼGMEP�IJJIGX�SR�WLSVX�ERH�PSRKIV�XIVQ�
graft function as well as affect graft survival.
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ABSTRACT

Normothermic machine perfusion of injured kidneys offers the unique opportunity 
for active cellular interventions to an isolated, metabolically active organ prior 
to transplantation. Mesenchymal stromal cells have been demonstrated to 
I\IVX� VIKIRIVEXMZI�ERH�ERXM�MRƽEQQEXSV]�IJJIGXW� MR� VIWTSRWI�XS� MWGLEIQME�
reperfusion injury. The primary aim of this randomised study was to evaluate the 
safety and feasibility of mesenchymal stromal cell treatment of kidneys during 
normothermic machine perfusion up to 14 days after transplantation in a porcine 
model. Secondary aims were to examine the potential posttransplant functional 
improvements and tracking of the administrated cells. After 75 minutes of warm 
MWGLEIQME��JSYV�I\TIVMQIRXEP�KVSYTW��R!��TIV�KVSYT�YRHIV[IRX����LSYVW�SJ�
oxygenated hypothermic machine perfusion. In three groups this was followed 
by 240 minutes of normothermic machine perfusion with an intra-arterial 
infusion of vehicle, ten million porcine or ten million human mesenchymal 
stromal cells. All kidneys were autotransplanted and the pigs observed for 14 
days. MSC treatment did not negatively affect perfusion haemodynamics during 
NMP or cause adverse effects at reperfusion, with complete survival and no 
adverse effects registered. Kidney biopsies demonstrated cortical homing of 
mesenchymal stromal cells after NMP and after transplantation. At study end, 
RSVQSXLIVQMG�QEGLMRI�TVIWIVZIH�OMHRI]W�KEMRIH�MQTVSZIH�KPSQIVYPEV�ƼPXVEXMSR�
rate compared to oxygenated hypothermic machine perfusion. Administration 
SJ�17'W�LEH�RS�IJJIGX�SR�KPSQIVYPEV�ƼPXVEXMSR�VEXI��8LIVI�[IVI�RS�WMKRMƼGERX�
differences in plasma creatinine or neutrophil gelatinase-associated lipocalin 
between groups during follow up. Infusing MSCs during normothermic ex vivo 
perfusion of porcine kidneys proved to be feasible and safe. MSCs administered 
during NMP remained traceable for up to 14 days posttransplant, thereby giving 
valuable insights on targeted cell therapy of an isolated organ.

INTRODUCTION

Due to a persistent shortage of donor organs many transplant centres are 
nowadays using higher risk donor kidneys such as those recovered from 
donation after circulatory death (DCD) and from extended criteria donors (ECD) 
in an attempt to increase the donor pool [1-3]. These types of donor kidneys are 
more prone to ischaemia reperfusion injury, affecting early kidney graft function 
and survival [4-6]. Organs from DCD donors inevitably sustain warm ischaemic 
HEQEKI�FIX[IIR�GMVGYPEXSV]�EVVIWX�ERH�MRMXMEXMSR�SJ�ƽYWL�SYX�[LIR�GSSPMRK�XLI�
organs [7]. To date, most European transplant centres still use conventional static 
cold storage for the preservation of donor organs, but with increased numbers of 
DCD and ECD kidneys a growing need for improved preservation techniques has 
emerged. Large clinical trials have shown that hypothermic machine perfusion 
(HMP) is superior to static cold storage, reducing delayed graft function and 
WMKRMƼGERXP]�MQTVSZMRK�PSRK�XIVQ�KVEJX�WYVZMZEP��[LMGL�LEW�TVSQTXIH�GIRXVIW�
in some countries to adopt HMP as their new standard. However, while better 
able to maintain viability than simple cold storage there is only limited evidence 
that HMP can improve the quality of older and higher risk donor kidneys [8-10]. 
Normothermic machine perfusion (NMP) of donor organs has been recognised 
as an opportunity to actually evaluate kidney function, while assessing organ 
viability and allowing therapeutic interventions prior to transplantation in order 
to optimise the quality of donor kidneys [11-15].

One therapeutic intervention during NMP of primary interest may be 
the administration of human mesenchymal stromal cells (MSC). MSCs are 
multipotent cells that have the ability to modulate innate as well as adaptive 
immune responses at the site of tissue or cellular injury [16-19]. In addition, 
17'W�LEZI�FIIR�WLS[R�XS�TSWWIWW�TSXIRX�ERXM�MRƽEQQEXSV]�ERH�VIKIRIVEXMZI�
TVSTIVXMIW� ERH� E� RYQFIV� SJ� WXYHMIW� LEZI� VITSVXIH� E� FIRIƼGMEP� IJJIGX� SR�
ischaemia reperfusion injury with the feasibility of an acute repair in the kidney 
[20-23]. MSCs most likely achieve this via paracrine and endocrine signalling; 
PIEHMRK�XS�ERXM�MRƽEQQEXSV]�ERH�ERXM�ƼFVSXMG��ERXM�ETSTXSXMG�ERH�ERKMSKIRMG�
MRƽYIRGIW��3J�MRXIVIWX�MW�EPWS�XLEX�17'W�LEZI�XLI�TSXIRXMEP�XS�WYTTVIWW�S\MHEXMZI�
stress and trigger tubular cell proliferation [24-27].
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To date, research has mainly focused on MSC therapy after kidney 
transplantation, but not prior to transplantation [19,28,29]. Intravenous infusion 
of MSCs to transplant recipients has been the route of administration for most 
clinical studies and appears to be safe [16,30-33]. With this mode of systemic 
administration, however, the cells will most likely never reach the kidney as 
IV infused MSCs are largely trapped in the lungs and have a poor delivery to 
any other targeted organs [34-36]. In contrast, the administration of MSCs to 
donor kidneys in an ex vivo isolated organ perfusion system will deliver the 
cellular therapy directly to the injured organ of choice. Also, target delivery in the 
kidney enhances the possibility of achieving therapeutic effects with relatively 
low numbers of MSCs compared to systemic administration that has been used 
so far in clinical pilot studies. Only a few attempts have tried MSC treatment 
in combination with ex-vivo NMP, mainly focussing on traceability and dose-
response, however, none of these studies incorporated actual transplantation 
after cell therapy, leaving questions on possible posttransplant effects 
YRERW[IVIH�?�����A��8LI�TYVTSWI�SJ�XLMW�WXYH]�[EW�XS�ƼVWX�HIXIVQMRI�XLI�WEJIX]�
of the intra-arterial administration of MSCs during NMP and to investigate a 
TSXIRXMEP�FIRIƼGMEP�IJJIGX�SJ�17'W�SR�OMHRI]�JYRGXMSR�EJXIV�XVERWTPERXEXMSR�YT�
to 14 days follow-up using a pig autotransplant model mimicking the condition 
of DCD.

MATERIALS AND METHODS

����7XYH]�HIWMKR
*SYV� I\TIVMQIRXEP� KVSYTW�[IVI� HIƼRIH� �R!�� TIV� KVSYT� ERH� OMHRI]W�[IVI�
VERHSQP]�EWWMKRIH�XS�IEGL�KVSYT��%JXIV�E�WMKRMƼGERX�TIVMSH�SJ����QMRYXIW�SJ�
warm ischaemia the kidneys were subjected to different preservation strategies. 
Control group kidneys underwent oxygenated HMP for 14 hours (oxHMP). In 
the other three groups, oxHMP was followed by 240 minutes of NMP with an 
intra-arterial infusion after 62 minutes of either vehicle (NMP+vehicle), ten 
million porcine adipose tissue derived MSCs (NMP+pMSC) or ten million human 
TIVMVIREP�EHMTSWI�XMWWYI�HIVMZIH�17'W��214�L17'��ƼKYVI����%PP�TIVWSRRIP�
were blinded to the NMP regimen, except the two people in charge of the MSCs, 
who had no other direct involvement in the execution of the experiments or 
posttransplant animal care. Due to technical problems, one kidney suffered 

anoxia during NMP and had to be excluded from further analysis. This experiment 
has been repeated to complete the numbers.

*MKYVI��� Preservation strategies of the four experimental groups.

����)XLMGW�ERH�ERMQEPW
In this series of experiments, female laboratory pigs (Danish Landrace and 
Yorkshire crossbreed) weighing approximately 50 kg were used. All animal care 
and animal procedures followed guidelines by the European Union (directive 
2010/63/EU) and local regulations. The study was approved by The Animal 
experimentation Council (reference-number 2016-15-0201-01145). All personnel 
involved in the animal experiments had Federation of European Laboratory 
Animal Science Associations licenses. The operation rooms were at the same 
site as the husbandry and no transportation of the animals was needed. Nor 
was restrain or sedation of the pigs used when blood and urine was collected 
TSWXSTIVEXMZIP]��3XLIV�ERMQEP�I\TIVMQIRX�VIƼRIQIRXW�GER�FI�VIEH�MR�SYV�VITSVX�
of a previous study [39].

����7YVKMGEP�TVSGIHYVI
Operative procedures were performed as previously described by our group 
?��A��&VMIƽ]��EJXIV�XLI�MRHYGXMSR��EREIWXLIWME�[EW�QEMRXEMRIH�F]�WIZSƽYVERI�ERH�
intravenous remifentanil (0.03-0.06mg/kg/hour for analgesics). On postoperative 
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days zero to four, intramuscular buphrenorphine was administrated three times 
a day (0.02mg/kg until day three and 0.01mg/kg on day three and four).
In a sterile setting, a permanent semi-central venous catheter (5 Fr, 20 cm, 
'EVIƽS[��&(��2.��97%�[EW�TPEGIH�XLVSYKL�ER�IEV�ZIMR�MRXS�XLI�NYKYPEV�ZIMR��%JXIV�
midline incision, left retroperitoneal nephrectomy (day -1) was performed and 
the kidney was exposed to 75 minutes of warm ischaemia. The midline incision 
was closed in two layers and local anaesthetic was administered (ropivacain 20 
Q0�����QK�Q0��%JXIV�[EVQ�MWGLEIQME��XLI�KVEJX�[EW�ƽYWLIH�[MXL�����Q0�GSPH�
&IP^IV�9;o�'SPH�7XSVEKI�7SPYXMSR��9;�'7��&VMHKI�XS�0MJI��0SRHSR��9/�ERH�[EW�
subjected to ex vivo machine perfusion (described in paragraph 2.5).

%JXIV�I\�ZMZS�TIVJYWMSR��[LMPI�XLI�OMHRI]�[EW�OITX�SR�MGI��MX�[EW�ƽYWLIH�[MXL�
500 mL cold Belzer UW-CSS. Following right nephrectomy, the left kidney graft, 
wrapped in a gauze containing ice, was autotransplanted end-to-end to the right 
renal artery and vein (day 0). Ureter anastomose was performed end-to-end to 
recipient ureter as well with insertion of a JJ-catheter (Urosoft 7/16, Angiomed 
GmbH, Karlsruhe, Germany) to overcome postoperative oedema. A cortical 
punch biopsy was taken one hour after reperfusion. The midline incision was 
closed and the pig was returned to the stables for fourteen days of observation 
with recurrent blood- and urine sampling.

On day 14, pigs were anaesthetised again following the aforementioned 
procedures. After removal of the JJ-catheter, a feeding tube was placed in the 
ureter for continuous urine collection. For a total of three hours, glomerular 
ƼPXVEXMSR� VEXI� �+*6�[EW�QIEWYVIH� F]� XLI� YVMREV]� GPIEVERGI� SJ� 99Tc-DTPA. 
Lastly, graftectomy was performed and the pigs were euthanised under general 
anaesthesia.

����&PSSH�HSREXMSR
All experimental animals and blood donor pigs were blood grouped prior to 
the start of this series of experiments (Ortho BioVueTM Card, Ortho Clinical 
Diagnostics, Raritan, USA), and only blood type A pigs were used. Under sterile 
GSRHMXMSRW��E����*V�GIRXVEP�WLIIX��6EHMJSGYWo�-RXVSHYGIV� --��8IVYQS�)YVSTI��
Leuven, Belgium) was inserted into the external jugular vein of porcine blood 
donors weighting between 60 to 80 kg. Blood was collected in quadruple-blood 
bags (Macopharma, Mouvaux, France), containing 63 mL of anticoagulant 

citrate-phosphate-dextrose solution. Subsequently, the blood was fractionated 
(Baxter Optipress II Blood Component Separator, Baxter, Chicago, USA). Next, 
XLI�IV]XLVSG]XIW�[IVI�PIYGSG]XI�ƼPXIVIH��XVERWJIVVIH�MRXS�FEKW�GSRXEMRMRK�XLI�
storage solution saline-adenine-glucose-mannitol and stored for a maximum 
of fourteen days at 4°C. Erythrocytes were washed twice in phosphate-buffered 
saline one hour prior to the start of NMP.

����1EGLMRI�TIVJYWMSR

2.5.1 Machine perfusion setup
Kidneys preserved during both oxHMP and NMP were perfused with a pressure-
controlled perfusion system. This setup was controlled by a custom-made 
electronic interface and software (LabVIEW Software, National Instruments 
Netherlands BV, Woerden, the Netherlands). The sterile perfusion circuit 
consisted of an oxygenator (Terumo Denmark, Herlev, Denmark), a centrifugal 
pump unit (Medos Deltastream Pumpdrive DP2, Medos Medizintechnik 
AG, Stolberg, Germany) with a centrifugal pump (Deltastream DP2, Medos 
1IHM^MRXIGLRMO�ERH�E�0MJI4SVXo�SVKER�GLEQFIV��3VKER�6IGSZIV]�7]WXIQW��
-PPMRSMW�� 97%� [MXL� E� �QQ� 0MJI4SVXo� HMWTSWEFPI� WXVEMKLX� GERRYPE� �3VKER�
6IGSZIV]�7]WXIQW��*PS[�[EW�QSRMXSVIH�YWMRK�ER�YPXVEWSRMG�GPEQT�SR�ƽS[�
probe (Transonic Systems Europe BV, Elsloo, the Netherlands). Pressure was 
measured directly at the straight cannula using a pressure transducer (TruWave 
disposable pressure transducer, Edwards Lifesciences, Irvine, California, USA).

2.5.2 Hypothermic machine perfusion
8LI�,14�GMVGYMX�[EW�TVMQIH�[MXL�����Q0�SJ�GSPH�&IP^IV�147o�9;�1EGLMRI�
Perfusion Solution (UW-MPS, Bridge to Life Ltd., Colombia, South Carolina, USA) 
and temperature was kept between 4 and 7°C. The perfusate was oxygenated 
with 0.1 L/min 100% oxygen. The kidneys were perfused in a pressure controlled, 
sinusoid pulsatile fashion at a mean arterial pressure (MAP) of 25 mmHg.

2.5.3 Normothermic machine perfusion
The NMP circuit was primed with a perfusion solution consisting of 250 mL 5% 
human serum albumin (Alburex 50 g/L, CSL Behring, Lyngby, Denmark) and 170 
mL allogeneic erythrocytes to acquire a haematocrit of 25 - 30%. Additionally, 
5 mL sodium bicarbonate 8.4% (B. Braun, Melsungen, Germany), 6 mL glucose 
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5% (B. Braun), 5 IU insulin (Novo Nordisk A/S, Bagsværd, Denmark), 3 mL 
calciumgluconate (B. Braun), 10 mg mannitol (Sigma Aldrich, Soeborg, Denmark) 
ERH� ����� ΥQSP�0� GVIEXMRMRI� �7MKQE� %PHVMGL� [IVI� EHHIH� XS� XLI� TIVJYWMSR�
solution. The perfusate was supplemented with a bolus of 300 mg amoxicillin-
clavulanate (Bowmed, Wrexham, United Kingdom) at baseline with additional 
doses of 60 mg amoxicillin-clavulanate every hour during NMP. Furthermore, a 
bolus dose of 1.25 mg verapamil (Orion Pharma, Copenhagen, Denmark) was 
given at baseline and 0.25 mg/h verapamil was infused continuously during 
NMP. Perfusate temperature was kept at 37°C and oxygenated with 0.5 L/
min carbogen (95% O2 / 5% CO2��%JXIV�S\,14��XLI�OMHRI]�[EW�ƽYWLIH�[MXL����
mL cold Ringer’s acetate (Fresenius Kabi, Bad Homburg, Germany) to remove 
UW-MPS solution, connected to the circuit and perfused for four hours in a 
sinusoid pulsatile fashion at a MAP of 70 mmHg. Arterial and venous blood 
gas analysis was carried out every 30 minutes on the ABL90 FLEX blood gas 
analyser (Radiometer, Bronshoej, Denmark). Blood and urine samples were taken 
hourly, centrifuged and stored at -80°C for further analysis. After 5ml of urine 
collection, the remaining volume was re-circulated back in to the NMP circuit. 
Ringer’s acetate was used to replace sample volume.

����8MWWYI�GSPPIGXMSR
Before euthanisation of the pigs on day fourteen, nephrectomy was performed 
and the kidney was sliced coronally. For histology, tissue samples were taken from 
the upper and lower poles and contained both medulla and cortex. The samples 
were placed in 4% formalin immediately and processed as mentioned below.
For DNA analysis, a cortical biopsy (Miltex Biopsy Standard Punches 3mm, 
ThermoFischer, Hvidovre, Denmark) from the upper pole was collected directly 
after oxHMP, NMP, one hour after reperfusion and at day fourteen. A quarter of 
the biopsy was stored at -20°C in RNAlater (ThermoFisher, Hvidovre, Denmark) 
prior to DNA isolation.

����&PSSH��ERH�YVMRI�GSPPIGXMSR

2.7.1 Pre and postoperative
Blood and urine were collected as previously described [39]. In short, blood 
and urine at baseline and day fourteen were collected perioperatively. During 
observation, blood and urine were collected while the pig was in the stable. Blood 
[EW�EWTMVEXIH�JVSQ�XLI�':'�JSPPS[IH�F]�E�ƽYWL�[MXL���Q0�SJ�WEPMRI�GSRXEMRMRK�
500 IU heparin to prevent clotting. An ostomy bag was attached around the 
pig’s external genitals to collect urine non-invasively and the bag was removed 
after urination.

2.7.2 NMP
4IVJYWMSR� GLEVEGXIVMWXMGW� MRGPYHMRK� VIREP� FPSSH� ƽS[�� VIREP� VIWMWXERGI� ERH�
urine production were monitored regularly. Perfusion characteristics at one 
hour were registered before the infusion of MSCs. Creatinine, sodium, lactate 
dehydrogenase (LDH) and aspartate aminotransferase (ASAT) levels were 
measured in the samples with routine automated test methodology carried out 
by the clinical biochemistry laboratory at Aarhus University Hospital in Denmark 
and John Radcliffe Hospital in Oxford, UK. Creatinine clearance and fractional 
sodium excretion (FENa+) were calculated to determine renal function. Levels of 
neutrophil gelatinase-associated lipocalin (NGAL), one of the earliest induced 
proteins that indicate acute kidney injury [40], were determined in urine using 
an enzyme linked immunosorbent assay (pig NGAL ELISA kit 044, BioPorto, 
Hellerup, Denmark) according to the manufacturer’s protocol. We calculated 
the absolute amount of NGAL in the urine every hour.

Oxygen consumption (mL O2/min per 100 g) was calculated as follows:

Hb being the haemoglobin concentration in mmol/L, SO2 is oxygen saturation 
in %, pO2 is the partial oxygen pressure in mmHg, K is the solubility constant of 
oxygen in water at 37ͼC and equals 0.0225 (mL O2 per kPa), Q is the renal blood 
ƽS[�MR�0�QMR�ERH g is the weight of the kidney in grams prior to the start of NMP.
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����17'�I\TERWMSR��GLEVEGXIVMWEXMSR�ERH�TVITEVEXMSR

2.8.1 Porcine MSCs
Male porcine adipose-derived mesenchymal stromal cells from three donors 
(approximately six months old) were isolated, expanded and characterised as 
HIWGVMFIH�TVIZMSYWP]�?��A��&VMIƽ]��WYFGYXERISYW�EHMTSWI�XMWWYI�[EW�XVIEXIH�[MXL�
collagenase type IV and the adherent cell fraction was expanded in minimum 
IWWIRXMEP� QIHMYQ� �1)1�»�� 7MKQE�%PHVMGL� WYTTPIQIRXIH� [MXL� ��	� JSIXEP�
bovine serum (FBS, Sigma-Aldrich), 50 U/mL penicillin + 50 µg/mL streptomycin 
(ThermoFisher), and 2 mM L-glutamin (ThermoFisher). Cells were expanded 
until passage three followed by cryopreservation. MSC batches were >95% 
positive for CD29, CD44, CD90 and negative for CD31 and CD45. Prior to MSC 
infusion ten million cryopreserved MSCs were thawed and resuspended in 20 
Q0�GYPXYVIH�QIHMYQ�JSPPS[IH�F]�GIRXVMJYKEXMSR������K��ƼZI�QMRYXIW��'IPP�TIPPIX�
[EW�VIWYWTIRHIH�MR�XIR�Q0�TIVJYWEXI��ƼPXIVIH�XLVSYKL�E���QQ�GIPP�WXVEMRIV�ERH�
transferred to a ten mL syringe. A small aliquot of cells was used for a control 
GSYRXMRK�ERH�MRWTIGXMSR�YRHIV�XLI�QMGVSWGSTI�XS�GSRƼVQ�E�WMRKPI�GIPP�WSPYXMSR�

2.8.2 Human MSCs
Human MSCs were isolated from male and female perirenal fat, a clinical 
waste product of living donor nephrectomies in the University Medical Center 
Groningen, the Netherlands. Adipose tissue was processed only when donors 
had not objected against anonymous usage of medical waste products. The 
resulting cell products were stored in such a fashion that these could not be 
traced back to their individual human donors. Isolation and culture expansion 
were performed as described previously [37]. In brief, the adipose tissue was 
mechanically disrupted and enzymatically digested using collagenase type IV 
�0MJI�8IGLRSPSKMIW��8LI�GIPP�JVEGXMSR�[EW�I\TERHIH�MR�1)1�»�WYTTPIQIRXIH�
with 20% FBS, 1% p/s (100 U/mL penicillin and 100 mg/mL streptomycin) and 
2 mM L-glutamine (Life Technologies). Cryopreservation and characterisation 
were identical to the porcine MSCs.

����8VEGOMRK�SJ�TSVGMRI�17'W
DNA was isolated from approximately 1-2 mg cortical tissue using a NucleoSpin 
Tissue DNA isolation kit (Macherey-nagel) according to the manufacturer’s 
protocol. DNA was eluted in 100 µL elution buffer and Y-chromosome was 

HIXIGXIH�F]�U4'6�YWMRK�TVMQIVW�HMVIGXIH�XS�XLI�QEPI�WTIGMƼG�VITIEX��176�
located on the porcine Y-chromosome as done previously by Gruessner et al 
[39]. As a control for pig DNA, primers were used directed to the porcine S100C 
gene. qPCR mix consisted of 0.5 µL DNA, 10 pmol of each primer and 1x KiCStart 
7]FV+VIIR�U4'6�6IEH]1M\��7MKQE�%PHVMGL�0MJI�7GMIRGI�MR�E�ƼREP�ZSPYQI�SJ����
mL. Samples were run in duplicate on Applied Biosystems 7300 Real-Time PCR 
machine (ThermoFisher). The thermocycling program included an initial step 
of 2 minutes at 50°C, subsequently 10 minutes at 95 °C, followed by a 40-time 
repeat two-step cycle at 95°C for 15 seconds and 60°C for 1 minute.

�����-QQYRSLMWXSGLIQMGEP�WXEMRMRK�ERH�LMWXSQSVTLSPSKMGEP�EWWIWWQIRX
8MWWYI�WEQTPIW� JVSQ� XLI�YTTIV� ERH� PS[IV�TSPIW�[IVI�Ƽ\IH� MR��	� JSVQEPMR�
immediately after collection. Next, tissue was stored in formalin for 24 hours 
followed by storage in phosphate buffered saline (PBS) until dehydrated and 
IQFIHHIH�MR�TEVEƾR��**4)��8[S�ΥQ�WIGXMSRW�SJ�**4)�LEVZIWXIH�XMWWYI�[IVI�
stained with haematoxylin and eosin, masson-trichrome as well as periodic 
acid–Schiff and slides were analysed by an experienced renal pathologist, 
blinded to the intervention and cases. Several parameters were assessed: 
MRƽEQQEXMSR��XYFYPEV�EXVSTL]��ƼFVSWMW��XYFYPEV�ERH�KPSQIVYPEV�HEQEKI��SIHIQE�
and proteinaceous casts. For each section, each parameter was scored semi-
quantitatively on a scale of zero to four based on the degree of injury: zero 
MJ� �	�[EW�EJJIGXIH��SRI���	Ɓ�	��X[S���	Ɓ��	��XLVII����	Ɓ��	�ERH�JSYV�
(51%–100%).

�����7XEXMWXMGEP�EREP]WIW
Statistical analyses were performed using GraphPad Prism Version 8 (GraphPad 
Software Inc., San Diego, California, US). For all continuous longitudinally 
measured variables, the area under the curve (AUC) was calculated and a one-way 
ANOVA with multiple comparisons was used to compare AUC values between 
groups if the data were normally distributed (Shapiro Wilk test). If data failed 
these assumptions the Kruskal-Wallis test with Dunn’s multiple comparisons 
test was used. One pig was terminated on day 6, and its data is included in all 
analyses until its death. Data are presented as mean ± standard deviation (SD). 
Two-sided p-ZEPYIW�SJ�Ƶ������[IVI�GSRWMHIVIH�XS�MRHMGEXI�WXEXMWXMGEP�WMKRMƼGERGI�
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RESULTS

����%RMQEP�GLEVEGXIVMWXMGW��FEWMG�MRJSVQEXMSR�ERH�TIVMSTIVEXMZI�HEXE
The duration of oxygenated HMP, NMP and total cold ischaemic time were 
similar between groups. Kidney weight at baseline was lower in the oxHMP 
KVSYT�GSQTEVIH�XS�214�T17'��T!������KVSYT�FYX�RSX�MR�GSQTEVMWSR�[MXL�
the other two groups. Perioperatively, all groups had similar duration of warm 
and cold ischaemia, surgical duration as well as anastomosis time (Table 1). 
Despite termination of one pig (NMP+vehicle group) on day six due to uraemia, 
postoperative graft survival across groups was similar.

8EFPI��� Animal characteristics, selected perioperative data and plasma parameters.

S\,14
(n=7)

NMP
(n=7)

NMP + pMSC 
(n=7)

NMP + hMSC 
(n=7) P-value

Body weight,
FEWIPMRI��OK 51.6 ± 3.4 51.7 ± 2.9 52.4 ± 2.0 54.4 ± 1.7 0.167

Body weight gain,
TIEO�FEWIPMRI��OK 3.9 ± 2.2 6.0 ± 2.1 7.0 ± 3.1 6.3 ± 3.9 0.256

/MHRI]�[IMKLX��K 155 ± 20 174 ± 20 188 ± 21 175 ± 19 0.035

WIT (min) 75.0 ± 0.0 75.1 ± 0.4 75.0 ± 0.0 75 ± 0.0 0.926

Total CIT (hh:mm) 16:00 ± 00:11 16:02 ± 0:08 16:06 ± 0:11 16:00 ± 0:02 0.812

Time on HMP (hh:mm) 14:04 ± 0:12 13:59 ± 0:01 14:00 ± 0:01 13:59 ± 0:01 0.126

Time on NMP (hh:mm) N/A 04:00 ± 00:00 04:00 ± 00:00 04:01 ± 00:01 0.838

Total storage time 
(hh:mm) 16:00 ± 00:11 20:02 ± 0:08 20:06 ± 0:11 20:00 ± 0:02 0.001

Anastomosis duration, 
day 0 (min) 53 ± 9 61 ± 18 59 ± 10 53 ± 10 0.484

Anastomosis duration, 
day 0 (hh:min) 0.53 ± 0.09 1.01 ± 0.18 0.59 ± 0.10 0.53 ± 0.10 0.484

4IVSTIVEXMZI�ƽYMH��MZ��
total (L) 5.4 ± 0.4 5.3 ± 0.7 5.7 ± 0.8 5.8 ± 1.2 0.745

Plasma creatinine, 
FEWIPMRI���ΥQSP�0 132 ± 21 116 ± 8 115 ± 12 127 ± 23 0.244

Plasma creatinine,
TIEO��ΥQSP�0 1041 ± 358 1261 ± 334 1234 ± 246 1076 ± 194 0.403

����,14�ERH�214�TIVJYWMSR�GLEVEGXIVMWXMGW
(YVMRK�S\,14�EPP�OMHRI]W�WLS[IH�WMQMPEV�ƽS[�TEXXIVRW�[MXL�WXEVXMRK�ZEPYIW�
ranging from 11 to 27 mL/min/100g and an increase over time to a maximum 
of 39 mL/min/100gr at the end of oxHMP. Temperatures stabilised quickly after 
XLI�WXEVX�SJ�S\,14�ERH�VERKIH�JVSQ��q'�XS��q'��(YVMRK�XLI�ƼVWX�LSYV�SJ�214��
VIREP�FPSSH�ƽS[�MRGVIEWIH�MR�EPP�KVSYTW�ERH�VIQEMRIH�WXEFPI�YRXMP�XLI�IRH�SJ�
TIVJYWMSR��8LIVI�[IVI�RS�WMKRMƼGERX�HMJJIVIRGIW�MR�ƽS[�TVSKVIWWMSR�SZIV�XMQI�
FIX[IIR�KVSYTW��T!�������ƼKYVI��%��,S[IZIV��TSWX�LSG�GSQTEVMWSR�VIZIEPIH�
XLEX�OMHRI]W�TIVJYWIH�MR�XLI�214�T17'�KVSYT�LEH�EPVIEH]�WMKRMƼGERX�PS[IV�
VIREP�FPSSH�ƽS[�ZEPYIW�ERH�LMKLIV�VIREP�VIWMWXERGI�EX�XLI�WXEVX�SJ�214�FIJSVI�
17'W�[IVI�EHQMRMWXVEXIH�GSQTEVIH�XS�214�ZILMGPI��(YVMRK�XLI�ƼVWX�LSYV�SJ�
NMP, renal intravascular resistance decreased and remained stable until the 
IRH�SJ�TIVJYWMSR�ERH�XLIVI�[IVI�RS�WMKRMƼGERX�HMJJIVIRGIW�SZIV�XMQI�FIX[IIR�
KVSYTW��T!�������ƼKYVI��&�

*MKYVI�����%�Flow (mL/min/100g) and (B) renal resistance during NMP of the four experimental 
groups during NMP (mean ± SD). MSCs, mesenchymal stromal cells; RR, renal resistance.
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17'�EHQMRMWXVEXMSR�HMH�RSX�LEZI�E�WMKRMƼGERX�IJJIGX�SR�VIREP�FPSSH�ƽS[�
(Table 2). During NMP, concentrations of electrolytes and acid-base balance 
remained stable and within physiological range.

8EFPI����Flow from 60 to 120 minutes during NMP.

*PS[��Q0�QMR����K

Time
(minutes)

NMP+vehicle
 (n=7)

NMP+pMSC
 (n=7)

NMP+hMSC
(n=7)

60  136 ± 19  105 ± 24 130 ± 10

65  132 ± 14  104 ± 25 130 ± 16

70  136 ± 19  102 ± 25 125 ± 11

75  137 ± 20  102 ± 26 126 ± 10

80  138 ± 21  104 ± 25 126 ± 11

85  136 ± 23  104 ± 25 127 ± 11

90  136 ± 23  105 ± 24 130 ± 11

95  135 ± 25  105 ± 22 128 ± 12

100  135 ± 25  104 ± 22 129 ± 12

105  135 ± 25  105 ± 21 130 ± 11

110  135 ± 25  105 ± 21 130 ± 12

115  136 ± 25  105 ± 21 130 ± 12

120  138 ± 24  105 ± 20 132 ± 12

����1IXEFSPMG�EGXMZMX]��ZMEFMPMX]�ERH�MRNYV]�QEVOIVW�HYVMRK�214
Metabolic activity and function of the kidney during NMP were assessed by 
calculating oxygen consumption, urine production, creatinine clearance and 
fractional sodium excretion. Kidneys in all groups produced urine during NMP 
ERH�XLIVI�[IVI�RS�WMKRMƼGERX�HMJJIVIRGIW�MR�GYQYPEXMZI�YVMRI�SYXTYX�FIX[IIR�
XLI�KVSYTW��T!�������ƼKYVI��%��;MXL�VIKEVH�XS�GVIEXMRMRI�GPIEVERGI�HYVMRK�214��
kidneys in all groups showed very low rates, with end values of 0.97 ± 0.83 mL/
min for (NMP+vehicle), 0.65 ± 0.60 mL/min (NMP+pMSC) and 0.95 ± 0.96 mL/
QMR��214�L17'��2S�WMKRMƼGERX�HMJJIVIRGIW�[IVI�JSYRH�FIX[IIR�KVSYTW�SZIV�
XMQI��T!�������ƼKYVI��&��*VEGXMSREP�I\GVIXMSR�SJ�WSHMYQ�MQTVSZIH�MR�EPP�KVSYTW�
during NMP, with end values of 36 ± 21% (NMP+vehicle), 28 ± 13% (NMP+pMSC) 
ERH����r���	��214�L17'��FYX�RS�WMKRMƼGERX�HMJJIVIRGIW�[IVI�JSYRH�FIX[IIR�

KVSYTW�SZIV�XMQI��T!�������ƼKYVI��'��/MHRI]W�MR�EPP�KVSYTW�GSRWYQIH�S\]KIR�MR�
a similar manner with values ranging from 0.26 to 2.33 mL 02/min per 100g and 
RS�WMKRMƼGERX�HMJJIVIRGIW�[IVI�JSYRH�FIX[IIR�XLI�KVSYTW��T!�������ƼKYVI��(�

*MKYVI�����%�Cumulative urine output (mL) and (B) oxygen consumption (mL O2/min/100g) (C) 
creatinine clearance (mL/min) and (D) fractional excretion of sodium (%) of the four experimental 
groups during NMP (all mean ± SD). FENa, fractional excretion of sodium; NMP, normothermic 
machine perfusion.

4IVJYWEXI�PEGXEXI�MRGVIEWIH�JVSQ�FEWIPMRI�HYVMRK�XLI�ƼVWX�X[S�LSYVW�SJ�214�
in all groups and stabilised in the remaining hours of NMP. After four hours of 
NMP, mean values were 2.46 ± 0.63 mmol/L (NMP+vehicle), 2.57 ± 0.60 mmol/L 
�214�T17'�ERH������r������QQSP�0��214�L17'��8LIVI�[IVI�RS�WMKRMƼGERX�
HMJJIVIRGIW�SZIV�XMQI�FIX[IIR�KVSYTW��T!�������ƼKYVI��%��/MHRI]�MRNYV]�QEVOIV�
urinary NGAL were relatively low throughout normothermic machine perfusion 
(0 – 5.58 µg in all groups) and levels were similar between the groups over time 
�T!�������ƼKYVI��&��
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Perfusate NGAL increased significantly in all groups before MSC 
administration, and from t60 to the end of NMP the levels of perfusate NGAL 
[IVI�WMQMPEV�FIX[IIR�KVSYTW��T!�������ƼKYVI��'�

*MKYVI�����%�Lactate (mmol/L) and (B) EFWSPYXI�YVMREV]�2+%0��ΥK�HYVMRK�214�ERH�(C) perfusate 
NGAL (µg/L) (mean ± SD). NGAL, neutrophil gelatinase associated lipocalin; NMP, normothermic 
machine perfusion.

����6IREP�17'�VIXIRXMSR�EJXIV�214�ERH�TSWXXVERWTPERX
&MSTWMIW�GSRƼVQIH�WYGGIWWJYP�HIPMZIV]�SJ�17'W�HYVMRK�214�XS�XLI�WIZIR�17'�
(porcine) treated grafts, while the majority of the detected Y-chromosomes 
remained present one hour after reperfusion. On day 14, Y-chromosomes 
were still detectable in the renal cortex, but in much lower levels that were on 
EZIVEKI�SRP]���r��	�SJ�XLI�=�GLVSQSWSQIW�HIXIGXIH�HMVIGXP]�EJXIV�214��ƼKYVI�
���2S�GSVVIPEXMSR�[EW�JSYRH�FIX[IIR�XLI�17'Wƅ�QEPI�WTIGMƼG�VITIEX�PIZIPW�MR�
renal tissue of the NMP+pMSC group and the measured GFR at day fourteen 
�T!������

*MKYVI��� Relative Y-chromosome compared with total pig DNA in kidney tissue after oxHMP, after 
NMP, one hour reperfusion and fourteen days after transplantation (individual, mean ± SD). MSR, 
QEPI�WTIGMƼG�VITIEX��214��RSVQSXLIVQMG�QEGLMRI�TIVJYWMSR�

����6IREP�JYRGXMSR�ERH�MRNYV]�TSWXXVERWTPERX
As expected in this porcine DCD autotransplantation model, the pigs developed 
acute kidney injury posttransplant and injury markers increased during the 72 
hours. Pigs did not produce urine until 24-48 hours after transplantation. Except 
for the pig that was terminated, the animals’ welfare scores were acceptable, 
LS[IZIV�� XLI]� VIXEMRIH� GSRWMHIVEFPI� EQSYRXW� SJ� ƽYMH� X[S� XS� XLVII� HE]W�
posttransplant, as displayed by the weight gain in table 1. Their body weight 
started to decrease when urine production was restored. GFR was measured as 
urinary clearance of 998G�(84%�SR�HE]�JSYVXIIR�ERH�[EW�WMKRMƼGERXP]�LMKLIV�MR�
XLI�214�ZILMGPI�KVSYT�GSQTEVIH�XS�S\,14��T!�������1IER�ZEPYIW�[IVI����r����
mL/min (oxHMP), 55 ± 3 mL/min (NMP+vehicle), 52 ± 8 mL/min (NMP+pMSC) 
ERH����r���Q0�QMR��214�L17'��ƼKYVI���
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*MKYVI����Q+*6��Q0�QMR����HE]W�TSWXXVERWTPERX��QIER�r�7(��Q+*6��QIEWYVIH�KPSQIVYPEV�ƼP-
tration rate.

Postoperative plasma creatinine (p-creatinine) increased in all animals during 
XLI�ƼVWX�HE]W�ERH�TIEOIH�SR�IMXLIV�HE]�XLVII�SV�HE]�JSYV�[MXL�QIER�TIEO�PIZIPW�
of 991 ± 417 µmol/L (oxHMP), 1166 ± 238 µmol/L (NMP+vehicle), 1202 ± 290 
vQSP�0��214�T17'�ERH������r�����vQSP�0��214�L17'��ƼKYVI����8LIVI�
[IVI�RS�WMKRMƼGERX�HMJJIVIRGIW�FIX[IIR�KVSYTW�SZIV�XMQI�RSV�MR�TIEO�TPEWQE�
creatinine levels.

*MKYVI����4SWXSTIVEXMZI�TPEWQE�GVIEXMRMRI��ΥQSP�0��QIER�r�7(�

Plasma NGAL (p-NGAL) increased in all animals and during the fourteen days 
SJ�JSPPS[�YT�XLI�PIZIPW�SJ�T�2+%0�[IVI�WMQMPEV�FIX[IIR�KVSYTW��T!�������ƼKYVI�
8). P-NGAL peaked on day two in all groups with mean values of 1858 ± 1259 
µg/L for the oxHMP group, 1939 ± 522 µg/L for the NMP+vehicle group, 2033 ± 
370 µg/L for the NMP+pMSC group and 2264 ± 509 µg/L for the NMP+hMSC group.

*MKYVI����Plasma NGAL (µg/L) (mean ± SD).

����,MWXSPSK]
Biopsies were scored on a scale of zero to four and values are reported with 
MRHMZMHYEP�WGSVIW�SJ� XLI�YTTIV�TSPI� �ƼKYVI����8LI�LMWXSPSKMGEP�EWWIWWQIRX�
VIZIEPIH�TVIWIRGI�SJ�MRƽEQQEXMSR��XYFYPEV�EXVSTL]�ERH�ƼFVSWMW�[MXL�E�XIRHIRG]�
SJ�LMKLIV�WGSVIW�MR�XLI�17'�XVIEXIH�OMHRI]W�[MXLSYX�VIEGLMRK�WMKRMƼGERGI��2S�
oedema or proteinaceous casts were seen in any of the biopsies.

*MKYVI��� Histological scoring of biopsies collected after 14 days. Individual scores of the four 
experimental groups.

5



106 107

Chapter 5 Renal autotransplantation of grafts treated with MSCs during NMP

DISCUSSION

In this study we aimed to subject ischaemically injured kidneys to MSCs 
and continuous ex vivo normothermic machine perfusion followed by 
transplantation, using a porcine kidney autotransplantation model. The study 
aimed to demonstrate feasibility and safety of cell therapy during NMP while 
evaluating any functional effect of MSC administration during NMP and after 
XVERWTPERXEXMSR��8S�SYV�ORS[PIHKI��XLMW�MW�XLI�ƼVWX�WXYH]�XS�YRHIVXEOI�E�W]WXIQEXMG�
approach assessing a number of aspects of ex vivo MSC administration in the 
context of kidney transplantation.

8LI�ƼVWX�WXYH]�XS�VITSVX�VIREP�MRJYWMSR�SJ�17'W�HYVMRK�WYF�RSVQSXLIVQMG�
machine perfusion, but without transplantation, was performed by Brasile et 
al. In their study, MSC therapy was administered to human discarded kidneys, 
[LMGL�[IVI�TIVJYWIH�JSV�E�XSXEP�SJ����LSYVW��17'�XLIVET]�PIH�XS�E�WMKRMƼGERXP]�
increased ATP concentration in comparison with the control group without 
MSC therapy [38]. In our study, we took the crucial step to transplant the MSC-
treated grafts to evaluate retention of MSCs and possible functional effects 
prior to and after transplantation. All pigs transplanted with MSC treated kidneys 
survived, demonstrating the safety of administration of at least ten million MSCs 
to an isolated donor kidney. In addition, we measured GFR at day 14 as this is 
GSRWMHIVIH�XLI�KSPH�WXERHEVH�JSV�UYERXMƼGEXMSR�SJ�VIREP�JYRGXMSR��;I�JSYRH�
E�WMKRMƼGERXP]�LMKLIV�+*6�MR�XLI�214�ZILMGPI�KVSYT�MR�GSQTEVMWSR�[MXL�XLI�
oxHMP group. However, additional MSC treatment during NMP did not have a 
WYTIVMQTSWIH�FIRIƼGMEP�IJJIGX�SR�+*6�[LIR�GSQTEVIH�[MXL�214�EPSRI��;MXLMR�
XLI����HE]W�SJ�JSPPS[�YT��FSXL�T�GVIEXMRMRI�ERH�T�2+%0�MRGVIEWIH�WMKRMƼGERXP]�MR�
all groups. Neither NMP, nor the addition of MSCs during NMP improved renal 
injury or function in the initial posttransplant phase compared to oxHMP. These 
outcomes are in line with results presented by Darius et al, who demonstrated 
that the use of NMP after a period of HMP did not improve early graft recovery. 
In their study, NMP even led to higher serum creatinine levels in comparison with 
oxHMP alone, but important to note is that NMP was only preceded by either 
SCS or non-oxygenated HMP and GFR was not reported [43]. The superiority of 
cold preservation methods was not supported in a study by Urbanellis et al, who 
performed 16 hours of NMP and compared outcomes to both a group of SCS 
ERH�RSR�S\]KIREXIH�,14�?��A��7MKRMƼGERXP]�PS[IV�PIZIPW�SJ�WIVYQ�GVIEXMRMRI�

were measured in the NMP group, but only until day three (vs. HMP) and day 
four (vs. SCS).

The NMP duration of 240 minutes in our study, although longer than in the 
WXYH]�F]�(EVMYW�IX�EP���QE]�LEZI�FIIR�XSS�WLSVX�XS�HIQSRWXVEXI�E�WMKRMƼGERX�IJJIGX�
on kidney function in comparison with cold storage preservation [45]. However, 
our objective was not to perform prolonged NMP, but only to utilise NMP as 
a platform to deliver potentially regenerative therapy to injured kidney grafts. 
Before these series of autotransplantations, we investigated the feasibility of 
NMP as a delivery method in a study with seven hours of NMP. Here we showed, 
that MSCs were retained in the renal cortex, mainly localising to glomeruli [37]. 
8LIWI�VIWYPXW�GSRƼVQIH�SYV�IEVPMIV�MR�ZMZS�WXYH]�?��A��)ZIR�QSVI�MQTSVXERXP]��SYV�
previous seven-hour NMP study demonstrated that the number of alive MSCs in 
XLI�TIVJYWEXI�HIGPMRIH�VETMHP]�MR�XLI�ƼREP�LSYVW�SJ�214�ERH�[I�XLIVIJSVI�GLSWI�
to perform four hours of NMP for better MSC survival.

In the present study, we were able to detect MSCs in the kidney after NMP 
with cells mainly present in the cortex as expected. More interestingly, we were 
able to demonstrate, that an hour after reperfusion, the majority of detected 
17'W�[IVI�WXMPP�TVIWIRX��8LMW�GSRƼVQW� XLEX�214� MW�E�YRMUYI�ERH�IJJIGXMZI�
method to deliver cellular therapy to the kidney ex vivo, which will still be present 
in the kidney after reperfusion in-vivo. MSCs are short-lived [34] and this explains 
XLI�WQEPPIV�JVEGXMSR�SJ�ZMEFPI�GIPPW�HIXIGXIH�SR�HE]�����,S[IZIV��XLI�FIRIƼGMEP�
effects exerted by MSCs do not solely depend on their viability [46,47].

In this study, kidneys were treated with ten million MSCs. This dose was 
based on unpublished data from our group as well as on results from a human 
study on intra-arterial MSC administration [48], in which this number of MSCs, 
in contrast to a higher dose of 100 million, did not lead to any side effects. In 
the present study, the addition of MSCs during NMP proved to be safe and no 
QEGVSWGSTMG�GLERKIW�SV�WMKRMƼGERX�EPXIVEXMSRW�MR�I\�ZMZS�TIVJYWMSR�H]REQMGW�
SGGYVVIH��(MJJIVIRGIW�MR�ƽS[�FIX[IIR�KVSYTW�[IVI�RSX�XLI�VIWYPX�SJ�17'�XLIVET]�
as these were already present prior to MSC infusion. From previous research 
when MSCs were added to an ischaemically damaged kidney, it was concluded 
XLEX�[LIR�EHHMRK�PS[IV�HSWIW��XVEGMRK�SJ�17'W�FIGEQI�HMƾGYPX��MJ�RSX�MQTSWWMFPI�
[37]. We chose to treat the porcine kidneys with either porcine MSCs or human 

5



108 109

Chapter 5 Renal autotransplantation of grafts treated with MSCs during NMP

MSCs. This choice was based on the idea that porcine MSC treatment is more 
likely to be safe as there is no cross-species barrier but that with human MSCs 
we could actually test a potential clinical product-to-be. Furthermore, there 
is evidence that human and porcine MSCs respond differently to suspension 
GSRHMXMSRW�ERH�XLI�TIVJYWMSR�ƽYMH�?��A��2S�QEGVSWGSTMG�GLERKIW�SV�EHZIVWI�
effects were seen in the kidneys treated with human MSCs. Therefore, we can 
conclude that this porcine model is also suitable for testing human cells.

Our study has several limitations. Firstly, the porcine and human MSCs 
that we utilised were not completely comparable as the human donors were 
of various ages and the human MSCs were isolated from perirenal adipose 
tissue, while the porcine MSCs were harvested from subcutaneous adipose 
tissue. This may have had an impact on cell surface marker expression and 
phenotype [37]. Secondly, we chose to use adipose tissue derived MSCs only 
and did not compare their effect to, for example, bone marrow derived MSCs. 
The choice to use adipose tissue derived MSCs was based on the fact that the 
harvesting approach is safe, less invasive and associated with a lower number 
SJ�GSQTPMGEXMSRW��%PWS��E�WMKRMƼGERXP]�LMKLIV�RYQFIV�SJ�GIPPW�GER�FI�SFXEMRIH�
from the same amount of tissue in comparison with MSCs harvested from other 
sources [50], while in vitro research has shown that the immunosuppressive 
potential of bone marrow MSCs may be inferior to that of adipose tissue-derived 
MSCs [51,52]. Our different total preservation durations, 14 hours in the oxHMP 
group and 18 hours in the NMP groups, may also be considered a limitation. 
We decided on this design from a clinical perspective based on offering the 
regenerative MSC therapy upon graft arrival at the transplantation centre after 
a set period of HMP. Our setup was similar to that used in another study in 
which SCS was followed by various periods of NMP leading to a difference in 
preservation time of up to 16 hours [53].

Summarising, this study has shown that delivery of a substantial amount 
of MSCs during normothermic ex vivo perfusion of porcine kidneys is feasible 
and safe without negatively affecting perfusion physiological characteristics or 
transplantation. In addition, our methods allowed us to follow MSCs and track the 
cells in the kidneys up to 14 days posttransplant. The current dose of cell therapy 
administered during NMP did not improve early renal function in ischaemically 
damaged kidneys when compared to NMP alone or oxygenated HMP prior to 

transplantation. The present study has provided a proof of concept and we 
LEZI�KEMRIH�E�RYQFIV�SJ�ZEPYEFPI�ƼVWX�MRWMKLXW�SR�XEVKIXIH�MRXIVZIRXMSR�YWMRK�
cell therapy in donor kidneys that were subsequently successfully transplanted.
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ABSTRACT

Normothermic machine perfusion (NMP) of donor kidneys provides the 
opportunity for pre-transplant ex-vivo organ assessment. This study evaluated 
four different perfusion solutions to determine which solution is most 
suitable for prolonged NMP. Porcine kidneys and blood were obtained from a 
slaughterhouse. Kidneys underwent NMP at 37°C during 7 hours, with 4 different 
TIVJYWMSR�WSPYXMSRW��Rɸ!ɸ��TIV�KVSYT��+VSYT���GSRWMWXIH�SJ�6&'W�ERH�E�TIVJYWMSR�
solution based on Williams’ Medium E. Group 2 consisted of RBCs, albumin and 
a balanced electrolyte solution. Group 3 contained RBCs and a medium based 
on a British clinical NMP solution. Group 4 contained RBCs and a medium used 
in 24-hour perfusion experiments. During perfusion all kidneys were functional. 
Flow rates for solutions 1 and 2 were similar, solutions 3 and 4 showed lower 
FYX�QSVI� WXEFPI� ƽS[� VEXIW�� 8LMSFEVFMXYVMG� EGMH� VIEGXMZI� WYFWXERGIW� [IVI�
WMKRMƼGERXP]�LMKLIV�MR�WSPYXMSR���ERH���GSQTEVIH�XS�XLI�SXLIV�KVSYTW��0IZIPW�SJ�
MRNYV]�QEVOIV�2�EGIX]P�¼�(�KPYGSWEQMRMHEWI�[IVI�WMKRMƼGERXP]�PS[IV�MR�WSPYXMSR�
2 in comparison with solution 3 and 4. Perfusion solution 2 showed lowest 
levels of injury markers, indicating that this perfusate is probably most suitable 
for prolonged NMP.

INTRODUCTION

Worldwide, the standard donor kidney preservation method is static cold storage 
(CS). However, in the Netherlands hypothermic machine perfusion (HMP) is 
clinically used to preserve all deceased donor kidneys. HMP showed a decrease 
in delayed graft function and an increase of 1- and 3-year renal graft survival in 
comparison with CS preservation. [1,2].

Due to the increased use of donor kidneys of inferior quality, it is of the utmost 
importance to establish an even further optimised method for preservation. The 
use of normothermic machine perfusion (NMP) for such marginal donor kidneys 
is increasingly being considered. Pre-clinical studies have shown that NMP may 
lead to a better transplant outcome compared to CS alone [3]. As donation 
after cardiac death and extended criteria donor kidneys are less tolerant to 
hypothermic storage compared to organs derived from standard criteria donor 
TVSGIHYVIW��QEVKMREP�UYEPMX]�HSRSV�SVKERW�GSYPH�FIRIƼX�JVSQ�214�TVIWIVZEXMSR�
[4,5]. This method provides the opportunity for pre-transplant organ diagnostics 
and ex-vivo interventions prior to transplantation to improve post-transplant 
renal function. Nowadays, many transplantation centres have started to invest 
in this promising normothermic ex-vivo perfusion strategy. However, at this time 
the question remains what the exact formulation of an NMP solution should be. 
Most likely, a normothermic perfusion solution has to contain an oxygen carrier, 
a colloid and a balanced electrolyte composition [6]. Clinical renal NMP has so 
far mostly been conducted for very short periods of around 1h [7]. However, 
for adequate organ assessment and resuscitation, longer NMP times are likely 
necessary [8]. This study evaluated four different normothermic perfusion 
solutions, three existing solutions to which we did not make any alterations 
and one newly designed solution, in a porcine kidney donation model. The aim 
was to determine which NMP medium will be most suitable for prolonged NMP 
of ischaemically injured donor kidneys.
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MATERIALS AND METHODS

����/MHRI]�ERH�FPSSH�VIXVMIZEP
Viable porcine kidneys from domestic landrace pigs (sow; type Topigs 20) and 
blood were obtained from a local slaughterhouse (Kroon Vlees, Groningen, 
the Netherlands). Pigs were stunned with a bi-temporal electric shock and 
subsequently exsanguinated according to normal slaughterhouse procedures. 
Autologous blood was collected and heparin (5000 international units per ml (IU), 
0)3o�TLEVQE��&EPPIVYT��(IRQEVO�[EW�EHHIH�XS�TVIZIRX�FPSSH�JVSQ�GPSXXMRK��
Kidneys were retrieved rapidly after circulatory death of the pig, resulting in 
approximately 20 minutes of warm ischaemia (WI) before cold preservation. 
%JXIV�XLI�;-�TIVMSH��OMHRI]W�[IVI�ƽYWLIH�ERH�GSSPIH�[MXL�����QP�WSHMYQ�GLPSVMHI�
(NaCl) (0.9%) (Baxter, Utrecht, the Netherlands) at 4°C, which marked the start 
of cold ischaemia (CI). Kidneys were dissected free of excess fatty tissue and 
blood vessels were exposed. Next, kidneys were connected to a Kidney Assist 
Transport HMP device (Organ Assist, Groningen, the Netherlands). This HMP 
machine preserved kidneys with cold (0-4°C) UW machine perfusion solution 
(Belzer UW-MP solution, Bridge to Life Ltd, Columbia, SC) for 2-4 hours using 
oxygenated pulsatile HMP at a mean arterial pressure of 25 mmHg. Heparinised 
EYXSPSKSYW�FPSSH�[EW�PIYOSG]XI�HITPIXIH�YWMRK�E�PIYOSG]XI�ƼPXIV��&MS6����TPYW�
BS PF, Fresenius Kabi, Zeist, the Netherlands), centrifuged and subsequently 
supernatant plasma was removed.

����4IVJYWMSR�WSPYXMSRW
*SYV�I\TIVMQIRXEP�KVSYTW�[IVI�HIƼRIH��Rɸ!ɸ��TIV�KVSYT��[MXL�E�HMJJIVIRX�214�
solution in each group. Prior to kidney retrieval, the perfusion solution which 
would be used during the experiment was determined. All four perfusion 
solutions contained autologous porcine RBCs, but the composition of each NMP 
medium was different (table 1).
In our laboratory, ample experience has been gained with perfusion of porcine 
kidneys and rodent livers using Williams’ Medium E [9–11]. This perfusate does 
not contain a vasodilator and we decided not to make alterations to the initial 
solution. The perfusion solution of group 2 was developed by our group as the 
TSXIRXMEPP]�ƈMHIEP�GPMRMGEP�214�QIHMYQƉ��XS�GSRXEMR�IPIGXVSP]XIW�MR�TL]WMSPSKMGEP�
concentrations and exert a physiological colloid osmotic pressure on the 
glomerular membrane. The group 3 perfusate was a colloid-free clinically used 

British NMP solution, which is currently utilised in a randomised controlled trial 
comparing 1h NMP with CS of human deceased donor kidneys in the United 
Kingdom [7]. As for group 4, this solution was successfully used in a porcine 
autotransplantation study in Aarhus, Denmark (unpublished data). It is based 
on the perfusate designed by Weissenbacher et al., who perfused discarded 
human kidneys during 24 hours [8].

8EFPI��� Composition of the four perfusion solutions.

Group 1 Group 2 Group 3 Group 4
350 ml autologous 
RBCs

350 ml autologous 
RBCs

170 ml autologous 
RBCs

290 ml autologous 
RBCs

���K�FSZMRI�WIVYQ�
EPFYQMR
(Bovine Serum Albumin 
fraction V, Roche, 
Mannheim, Germany)

����QP�%PFYQER�����
K�P
(Sanquin Plasma 
Products B. V., 
Amsterdam, 
Netherlands)

120 ml saline, adenine, 
glucose, mannitol
(SAG-M)
(also Sanquin)

����QP�%PFYQER�
����K�P
(Sanquin Plasma 
Products B. V., 
Amsterdam, 
Netherlands)

500ml Williams’ 
Medium E
(Gibcoâ William’s 
Medium E + 
GlutaMAXTM, Life 
Technologies Ltd, 
Bleiswijk, Netherlands)

250 ml NaCl 0,9%
(Fresenius Kabi 
Nederland B.V., Zeist, 
Netherlands)

290 ml Ringerslactate
(Baxter BV, Utrecht, 
Netherlands)

����QP�2E'P����	
(also Fresenius Kabi 
Nederland B.V)

10 ml Augmentin
(1200mg/10 ml)
(Sandoz B.V., Almere, 
Netherlands)

2 ml Augmentin
(1200 mg/10ml)
(also Sandoz BV)

2 ml Augmentin
(1200 mg/10ml)
(also Sandoz BV)

8 ml Augmentin
(1200 mg/10ml)
(also Sandoz BV)

�����ΥQSP�P�GVIEXMRMRI
(Sigma-Aldrich, 
Zwijndrecht, 
Netherlands)

�����ΥQSP�P�GVIEXMRMRI
(also Sigma-Aldrich)

�����ΥQSP�P�GVIEXMRMRI
(also Sigma-Aldrich)

�����ΥQSP�P�
creatinine
(also Sigma-Aldrich)

21 ml NaHCO3 8,4%
(also B. Braun)

27 ml NaHCO3 8,4%
(also B. Braun)

8 ml NaHCO3 8,4%
(also B. Braun)

����QP�1K73������QK�
ml
(0,4 mmol/ml)
(Teva Nederland B.V., 
Haarlem, Netherlands)

10 ml mannitol 15%
(also Baxter BV)

10 mg mannitol
(also Baxter BV)
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8EFPI��� Continued.

Group 1 Group 2 Group 3 Group 4
6,5 ml 
calciumgluconate
(0,225 mmol/ml)
(B. Braun Melsungen 
AG, Melsungen, 
Germany)

3 ml heparin
�EPWS�0)3o�TLEVQE

4,8 ml 
calciumgluconate
(0,225 mmol/ml)
(also B. Braun)

11 ml glucose 5%
(also Baxter BV)

3,75 mg 
(I\EQIXLEWSRI
(also Centrafarm)

9,6 ml glucose 5%
(also Baxter BV)

����QP�/'P������QK�QP
(1 mmol/ml)
(Centrafarm BV, Etten-
Leur, Netherlands)

8 IU insulin
(Novo Nordisk A/S, 
Bagsværd, Denmark)

0,2 mL Na3PO4
(3 mmol/ml)
(Apotheek A15, 
Gorinchem, 
Netherlands)
90 ml sterile water
(also Fresenius Kabi)

In addition to the above-mentioned constituents, in group 2 a syringe 
infusion pump infused total parenteral nutrition (SmofKabiven) (Fresenius Kabi 
Nederland B.V., Zeist, Netherlands) at a rate of 0.5 ml/h and insulin (1000 IU, also 
Novo Nordisk A/S) at a rate of 0.005 ml/h. After every hour, urine production was 
recirculated in group 2 to maintain a stable electrolyte balance.

In the third group, 170 ml pure RBCs were mixed with 120 ml saline, adenine, 
glucose and mannitol (SAG-M), leading to a haematocrit of 0.5-0.65 l/l, to mimic 
the composition of a typical clinically used unit of RBCs (which is utilised in the 
British clinical NMP perfusate). During these experiments, three syringe infusion 
pumps were used to infuse Flolan (GlaxoSmithKline B.V., Zeist, Netherlands) at a 
rate of 5 ml/h, glucose 5% (Baxter B.V., Utrecht, Netherlands) at a rate of 4 ml/h 
and a mixture of 150 ml of Synthamin-17 10% (Baxter Healthcare Ltd., Norfolk, 
United Kingdom), 6 ml NaHCO3 8.4% (B. Braun Melsungen AG, Melsungen, 
Germany), 30 IU insulin (1000 IU, Novo Nordisk A/S, Bagsværd, Denmark) and 
Cernevit (Baxter B.V., Utrecht, Netherlands) at a rate of 20 ml/h, according to 
the protocol of the current UK clinical study. During NMP of the fourth group, a 

syringe infusion pump infused verapamil (2.5 mg/ml, also Sandoz B.V.) dissolved 
in saline at a rate of 0.3 ml/h. Urine production was also recirculated in this group 
after every hour to maintain a stable electrolyte balance.

����214�WIXYT
The perfusion setup was identical to the one described previously by our group 
[12]. The kidneys were perfused in a sinusoid pulsatile fashion at a set pressure 
of 110/70 mmHg and oxygenated with carbogen during all experiments. 
Perfusion was controlled by a custom-made electronic interface and control 
software (LabView Software, National Instruments Netherlands B.V., Woerden, 
XLI�2IXLIVPERHW��%�WGLIQEXMG�ƼKYVI�SJ�XLI�RSVQSXLIVQMG�TIVJYWMSR�GMVGYMX�MW�
WLS[R�MR�ƼKYVI���

*MKYVI����7GLIQEXMG�ƼKYVI�SJ�XLI�RSVQSXLIVQMG�TIVJYWMSR�GMVGYMX�

����9VMRI�ERH�TIVJYWEXI�EREP]WMW
Hourly, arterial perfusate and urine samples were taken. In groups 2 and 4, 
in which urine was recirculated, perfusate samples were taken prior to urine 
recirculation. Arterial blood gas samples of the perfusate were analysed after 
0, 240 and 420 minutes of NMP. Perfusion parameters were documented 
every half hour. Concentrations of lactate dehydrogenase (LDH) and aspartate 
aminotransferase (ASAT), sodium, glucose and creatinine were measured with 
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standard clinical assays in the perfusate. Creatinine clearance and fractional 
sodium excretion (FENa+) were calculated to determine renal function. Both 
2�EGIX]P�¼�(� KPYGSWEQMRMHEWI� �2%+� �EPWS� 7MKQE�%PHVMGL�� EW� E�QEVOIV� SJ�
renal tubular dysfunction/injury, and thiobarbituric acid reactive substances 
(TBARS) (Lipid Peroxidation (MDA) Assay Kit, Sigma-Aldrich B.V., Zwijndrecht, 
Netherlands), to quantify oxidative stress, were measured in the perfusate.

����,MWXSPSK]
A needle biopsy of the upper renal cortex was taken prior to the start of NMP. 
At the end of each experiment surgical tissue samples from the upper cortex 
[IVI�GSPPIGXIH��8LIWI�FMSTWMIW�[IVI�JSVQEPMR�Ƽ\IH��TEVEƾR�IQFIHHIH��GYX�ERH�
stained with haematoxylin and eosin (HE) to assess changes in renal morphology 
as a result of NMP. A scoring method, based on existing histological scoring 
W]WXIQW�[EW�HIZIPSTIH�?��A�ERH�ZIVMƼIH�F]�ER�I\TIVMIRGIH�VIREP�TEXLSPSKMWX��
Biopsies were evaluated using light microscopy by two independent examiners, 
in random order. All biopsies were scored on a scale of 0-3 on glomerular 
dilatation, tubular dilatation and tubular necrosis. A score of 0 indicated no signs 
of dilatation or cell necrosis and a score of 3 indicated severe dilatation/damage.

����7XEXMWXMGEP�EREP]WMW
For all continuous longitudinally measured variables, such as ASAT and LDH, 
the area under the curve (AUC) was calculated. A one-way ANOVA was used 
to compare AUC values between groups if the data were normally distributed 
(D’Agostino-Pearson test) and had homogeneity of variances (tested by means 
of a Bartlett test). If data failed these assumptions the Kruskal-Wallis test 
was used. For post hoc comparisons, an unpaired t-test was used when an 
ANOVA had been performed and a Mann-Whitney test was utilised for post hoc 
comparisons in case of a Kruskal-Wallis test. Two-sided p-values of 0.05 or less 
[IVI�GSRWMHIVIH�XS�MRHMGEXI�WXEXMWXMGEP�WMKRMƼGERGI�

RESULTS

����4IVJYWMSR�TEVEQIXIVW
In table 2 data (mean, minimum and maximum) on warm and cold ischaemia, 
HMP duration and weight prior to the start and after NMP as well as delta weight 
�HMJJIVIRGI�MR�[IMKLX�EX�Xɸ!ɸ����ZIVWYW�Xɸ!ɸ��EVI�TVIWIRXIH��(IPXE�[IMKLX�[EW�
WMKRMƼGERXP]�LMKLIV�MR�KVSYT���MR�GSQTEVMWSR�[MXL�KVSYT����Tɸ!ɸ�������8LIVI�[IVI�
RS�SXLIV�WMKRMƼGERX�HMJJIVIRGIW�FIX[IIR�XLI�ZEPYIW�SJ�EPP�I\TIVMQIRXEP�KVSYTW�
(YVMRK� 214� VIREP� EVXIVMEP� ƽS[� MRGVIEWIH� HYVMRK� XLI� ƼVWX� ��� QMRYXIW� SJ�
VITIVJYWMSR�MR�KVSYT���ERH����%JXIV����QMRYXIW�ƽS[�VEXIW�X]TMGEPP]�WXEVXIH�XS�
HIGVIEWI��4IVJYWMSRW�MR�KVSYT���ERH���WXEVXIH�[MXL�PS[IV�ƽS[�ZEPYIW��FYX�WLS[IH�
E�QSVI�GSRWXERX�ƽS[�XLVSYKLSYX�XLI�214��)RH�ZEPYIW�EJXIV���LSYVW�SJ�214�[IVI�
ETTVS\MQEXIP]����QP�QMR����K�MR�EPP�KVSYTW��ƼKYVI���

*MKYVI����6IREP�EVXIVMEP�ƽS[��QP�QMR����KV�SJ�XLI�JSYV�I\TIVMQIRXEP�KVSYTW�HYVMRK�214��QIER�
+ SD). Group 1: Williams’ Medium E based perfusate with physiological colloid concentration; 
Group 2: Newly developed perfusate with balanced elektrolytes, physiological colloid concentration 
and urine recirculation; Group 3: Colloid-free British clinical NMP perfusate; Group 4: Preclinical 
perfusate developed for porcine autotransplantation studies, with several added elektrolytes, 
sub-physiological colloid concentration and urine recirculation.
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����9VMRI�ERH�TIVJYWEXI�EREP]WMW

3.2.1 Renal function
+VSYT���WLS[IH�XLI�LMKLIWX�PIZIPW�SJ�YVMRI�SYXTYX��ƼKYVI����'YQYPEXMZI�HMYVIWMW�
MR�KVSYT���[EW�WMKRMƼGERXP]�LMKLIV�MR�GSQTEVMWSR�[MXL�KVSYT����Tɸ!ɸ�������KVSYT�
���Tɸ!ɸ������ERH�KVSYT����Tɸ!ɸ�������+VSYT���LEH�E�WMKRMƼGERXP]�LMKLIV�YVMRI�
TVSHYGXMSR�XLER�KVSYT����Tɸ!ɸ�������(MYVIWMW�MR�KVSYT���[EW�WMKRMƼGERXP]�PS[IV�
XLER�MR�KVSYT����Tɸ!ɸ�������7SQI�SJ�XLI�OMHRI]W�MR�KVSYT���HMH�RSX�TVSHYGI�
YVMRI�EX�Xɸ!ɸ����ERH�Xɸ!ɸ�����PIEHMRK�XS�PS[IV�EZIVEKI�PIZIPW�SJ�GYQYPEXMZI�YVMRI�
TVSHYGXMSR�EX�Xɸ!ɸ����ERH�Xɸ!ɸ����

*MKYVI��� Cumulative diuresis (ml) (A) and AUC (B) of the four experimental groups during NMP 
�QIER���7(����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ����������MRHMGEXIW�E�T�ZEPYI�SJ�Ƶ�������+VSYT�
1: Williams’ Medium E based perfusate with physiological colloid concentration; Group 2: Newly 
developed perfusate with balanced elektrolytes, physiological colloid concentration and urine 
recirculation; Group 3: Colloid-free British clinical NMP perfusate; Group 4: Preclinical perfusate 
developed for porcine autotransplantation studies, with several added elektrolytes, sub-physio-
logical colloid concentration and urine recirculation.

During perfusion, pH in group 3 declined without stabilisation whereas the 
other groups reached a more balanced level of approximately 7.4 after 7 hours 
SJ�214��ƼKYVI���

*MKYVI��� pH of the four experimental groups during NMP (mean + SD). Group 1: Williams’ Medium 
E based perfusate with physiological colloid concentration; Group 2: Newly developed perfusate 
with balanced elektrolytes, physiological colloid concentration and urine recirculation; Group 3: 
Colloid-free British clinical NMP perfusate; Group 4: Preclinical perfusate developed for porcine 
autotransplantation studies, with several added elektrolytes, sub-physiological colloid concen-
tration and urine recirculation.

'VIEXMRMRI�GPIEVERGI�[EW�PS[�MR�EPP�KVSYTW��ƼKYVI����2IZIVXLIPIWW��MR�KVSYT�
��ERH���MX�[EW�WMKRMƼGERXP]�LMKLIV�XLER�MR�KVSYT����FSXL�T� �������ERH�KVSYT���
�VIWTIGXMZIP]�T� �������ERH�Tɸ!ɸ������

*MKYVI��� Mean creatinine clearance (ml/min) (A) and AUC (B) of the four experimental groups 
HYVMRK�214����7(�����MRHMGEXIW�E�T�ZEPYI�SJ�Ƶ�����������MRHMGEXIW�E�T�ZEPYI�SJ�T�Ƶ��������+VSYT����
Williams’ Medium E based perfusate with physiological colloid concentration; Group 2: Newly 
developed perfusate with balanced elektrolytes, physiological colloid concentration and urine 
recirculation; Group 3: Colloid-free British clinical NMP perfusate; Group 4: Preclinical perfusate 
developed for porcine autotransplantation studies, with several added elektrolytes, sub-physio-
logical colloid concentration and urine recirculation.
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FENa+ was high in all groups, indicating that tubular function was severely 
MQTEMVIH��ƼKYVI���MR�XLIWI�MWGLEIQMGEPP]�HEQEKIH�OMHRI]W��*)2E+ in group 3 
[EW�WMKRMƼGERXP]�LMKLIV�GSQTEVIH�XS�KVSYT����Tɸ!ɸ�������KVSYT����Tɸ!ɸ������
ERH�KVSYT����T� ��������%PP�SXLIV�KVSYTW�HMH�RSX�HMJJIV�WMKRMƼGERXP]�

*MKYVI����Mean fractional excretion of sodium (FENa+) (A) and AUC (B) of the four experimental 
KVSYTW�HYVMRK�214����7(����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ�����������MRHMGEXIW�E�T�ZEPYI�SJ�
T�Ƶ��������+VSYT����;MPPMEQWƅ�1IHMYQ�)�FEWIH�TIVJYWEXI�[MXL�TL]WMSPSKMGEP�GSPPSMH�GSRGIRXVEXMSR��
Group 2: Newly developed perfusate with balanced elektrolytes, physiological colloid concentration 
and urine recirculation; Group 3: Colloid-free British clinical NMP perfusate; Group 4: Preclinical 
perfusate developed for porcine autotransplantation studies, with several added elektrolytes, 
sub-physiological colloid concentration and urine recirculation.

3.2.2 Renal injury
%7%8�PIZIPW�HYVMRK�214�[IVI�EREP]WIH��ƼKYVI���EW�E�QEVOIV�JSV�KIRIVEP�GIPP�
MRNYV]��8LI�QIER�%9'�[EW�HIXIVQMRIH�JSV�IEGL�KVSYT��+VSYT���LEH�WMKRMƼGERXP]�
LMKLIV�PIZIPW�SJ�%7%8�GSQTEVIH�XS�KVSYT����Tɸ!ɸ������ERH�KVSYT����Tɸ!ɸ�������
FYX� RSX� GSQTEVIH� XS� KVSYT� ��� 0IZIPW� MR� KVSYT� �� [IVI� WMKRMƼGERXP]� LMKLIV�
GSQTEVIH�XS�KVSYT����Tɸ!ɸ������ERH�KVSYT����Tɸ!ɸ������

*MKYVI��� ASAT levels (U/l) (A) and AUC (B) of the four experimental groups during NMP (mean + 
7(����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ����������MRHMGEXIW�E�T�ZEPYI�SJ�Ƶ�������+VSYT����;MPPMEQWƅ�
Medium E based perfusate with physiological colloid concentration; Group 2: Newly developed 
perfusate with balanced elektrolytes, physiological colloid concentration and urine recirculation; 
Group 3: Colloid-free British clinical NMP perfusate; Group 4: Preclinical perfusate developed for 
porcine autotransplantation studies, with several added elektrolytes, sub-physiological colloid 
concentration and urine recirculation.

LDH levels were also measured in the perfusate as a general injury marker 
�ƼKYVI����%R�%9'�[EW�GEPGYPEXIH�[LMGL�WLS[IH�PS[IWX�PIZIPW�SJ�0(,�MR�KVSYTW�
��ERH����+VSYT���[EW�WMKRMƼGERXP]�PS[IV�GSQTEVIH�XS�KVSYT����Tɸ!ɸ������ERH�
KVSYT����Tɸ!ɸ�������+VSYT���WLS[IH�WMKRMƼGERXP]� PS[IV� PIZIPW�GSQTEVIH�XS�
KVSYT����Tɸ!ɸ������

*MKYVI��� LDH levels (U/l) (A) and AUC (B) of the four experimental groups during NMP (mean + 
7(����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ����������MRHMGEXIW�E�T�ZEPYI�SJ�Ƶ�������+VSYT����;MPPMEQWƅ�
Medium E based perfusate with physiological colloid concentration; Group 2: Newly developed 
perfusate with balanced elektrolytes, physiological colloid concentration and urine recirculation; 
Group 3: Colloid-free British clinical NMP perfusate; Group 4: Preclinical perfusate developed for 
porcine autotransplantation studies, with several added elektrolytes, sub-physiological colloid 
concentration and urine recirculation.
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2%+�GSRGIRXVEXMSR��QIEWYVIH�EX�XLI�IRH�SJ�214��[EW�WMKRMƼGERXP]�PS[IV�MR�
KVSYT���MR�GSQTEVMWSR�[MXL�KVSYT����Tɸ!ɸ�����ERH�KVSYT����Tɸ!ɸ�������ƼKYVI���

*MKYVI����1IER�2%+�GSRGIRXVEXMSR��9�0�SJ�XLI�JSYV�I\TIVMQIRXEP�EJXIV���LSYVW�SJ�214��X!�������
7(����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ�������+VSYT����;MPPMEQWƅ�1IHMYQ�)�FEWIH�TIVJYWEXI�[MXL�
physiological colloid concentration; Group 2: Newly developed perfusate with balanced elektro-
lytes, physiological colloid concentration and urine recirculation; Group 3: Colloid-free British clinical 
NMP perfusate; Group 4: Preclinical perfusate developed for porcine autotransplantation studies, 
with several added elektrolytes, sub-physiological colloid concentration and urine recirculation.

TBARS, concentration of malondialdehyde (MDA), were measured in all 
JSYV�KVSYTW�EW�E�QEVOIV�JSV�PMTMH�TIVS\MHEXMSR��ƼKYVI�����8&%67�PIZIPW�[IVI�
WMKRMƼGERXP]�LMKLIV�MR�KVSYT���[LIR�GSQTEVIH�XS�KVSYT����T� �������ERH�KVSYT���
�T� ��������+VSYT���WLS[IH�WMKRMƼGERXP]�PS[IV�8&%67�PIZIPW�GSQTEVIH�XS�KVSYT�
���Tɸ!ɸ�������+VSYT���WLS[IH�WMKRMƼGERXP]�PS[IV�PIZIPW�GSQTEVIH�XS�KVSYT���
�Tɸ!ɸ������ERH�KVSYT����Tɸ!ɸ������

*MKYVI���� TBARS levels (MDA (uM)) (A) and AUC (B) of the four experimental groups during NMP 
�QIER���7(����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ����������MRHMGEXIW�E�T�ZEPYI�SJ�Ƶ�����������MRHM-
GEXIW�E�T�ZEPYI�SJ�T�Ƶ��������+VSYT����;MPPMEQWƅ�1IHMYQ�)�FEWIH�TIVJYWEXI�[MXL�TL]WMSPSKMGEP�GSP-
loid concentration; Group 2: Newly developed perfusate with balanced elektrolytes, physiological 
colloid concentration and urine recirculation; Group 3: Colloid-free British clinical NMP perfusate; 
Group 4: Preclinical perfusate developed for porcine autotransplantation studies, with several 
added elektrolytes, sub-physiological colloid concentration and urine recirculation.

����,MWXSPSK]
8LI� HSX� TPSXW� MR� ƼKYVI� ��� WLS[� XYFYPEV� RIGVSWMW�� XYFYPEV� HMPEXEXMSR� ERH�
KPSQIVYPEV�HMPEXEXMSR�WGSVIW�FIJSVI�XLI�WXEVX�SJ�214��Xɸ!ɸ��ERH�EJXIV���LSYVW�
SJ�214��Xɸ!ɸ�����-RMXMEP�ZEPYIW�SJ�LMWXSPSKMGEP�%82�ERH�XYFYPEV�HMPEXEXMSR�[IVI�
GSQTEVEFPI�FIX[IIR�KVSYTW��+PSQIVYPEV�HMPEXEXMSR�EX�Xɸ!ɸ����[EW�VIQEVOEFP]�
lower in group 2 in comparison with the other 3 groups.

*MKYVI�����7GSVIW�SR�XYFYPEV�RIGVSWMW�ERH�XYFYPEV�ERH�KPSQIVYPEV�HMPEXEXMSR�EX�Xɸ!ɸ��ERH�Xɸ!ɸ����
(mean + SD). Group 1: Williams’ Medium E based perfusate with physiological colloid concentration; 
Group 2: Newly developed perfusate with balanced elektrolytes, physiological colloid concentration 
and urine recirculation; Group 3: Colloid-free British clinical NMP perfusate; Group 4: Preclinical 
perfusate developed for porcine autotransplantation studies, with several added elektrolytes, 
sub-physiological colloid concentration and urine recirculation.
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DISCUSSION

Interest in renal ex vivo machine perfusion techniques is rising and several 
clinical NMP trials are being conducted without an established standardised 
perfusion solution. As the question which perfusion solution is most suitable for 
214�VIQEMRIH��XLMW�WXYH]�IZEPYEXIH�XLI�MRƽYIRGI�SJ�JSYV�HMJJIVIRX�RSVQSXLIVQMG�
ex-vivo perfusion solutions on renal function and kidney injury during prolonged 
NMP using a porcine kidney donation after circulatory death model.

7IZIVEP� TIVJYWMSR� TEVEQIXIVW� [IVI� QIEWYVIH�� FYX� VIREP� ƽS[� WLS[IH�
most striking differences. Flow in groups 3 and 4 maintained the most stable 
levels throughout the 7-hour NMP period. The solutions in these groups 
[IVI�WYTTPIQIRXIH�[MXL�E�ZEWSHMPEXSV�[LMPI�WSPYXMSRW�MR�XLI�ƼVWX�X[S�KVSYTW�
were not. Endogenous vasodilators can promote vascular smooth muscle 
VIPE\EXMSR�ERH�XLIVIF]�VIKYPEXI�FPSSH�VIKMSREP�ƽS[�?��A��%W�KVSYTW���ERH���
were not supplemented with a vasodilator, vasospasms could have resulted in 
VIHYGIH�VIREP�EVXIVMEP�ƽS[��4VIPMQMREV]�YRTYFPMWLIH�HEXE�JVSQ�SYV�KVSYT�JVSQ�
I\TIVMQIRXW�MR�[LMGL�[I�IZEPYEXIH�TSVGMRI�OMHRI]W�[MXL�ƽS[�WIRWMXMZI�QEKRIXMG�
VIWSRERGI�MQEKMRK�WIUYIRGIW�HYVMRK�214��WYKKIWX�XLEX�VIREP�ƽS[�HYVMRK�XLI�
ƼVWX�LSYV�SJ�214�MW�QEMRP]�QIHYPPEV��[LMGL�WLMJXW�XS�GSVXMGEP�ƽS[�EJXIV�QSVI�XLER�
ER�LSYV�SJ�TIVJYWMSR��7YGL�VIKMSREP�VIHMWXVMFYXMSR�SJ�ƽS[�QMKLX�I\TPEMR�XLI�TIEO�
seen in perfusions of groups 1 and 2, possibly due to medullary shunting during 
XLI�ƼVWX�LSYV��8LI�EHHMXMSR�SJ�E�ZEWSHMPEXSV�EX�XLI�WXEVX�SJ�214�GSYPH�PIEH�XS�E�
predominantly cortical microperfusion from the very beginning of NMP, resulting 
MR�E�QSVI�WXEFPI�ƽS[�JVSQ�XLI�WXEVX�SJ�TIVJYWMSR�EW�SFWIVZIH�MR�KVSYT���ERH����
,IRGI��MJ�E�WXEFPI�ƽS[�TEXXIVR�ERH�E�TSWWMFP]�QSVI�TL]WMSPSKMGEP�TVIHSQMRERXP]�
cortical perfusion is desired during NMP, it may be advisable to add a vasodilator 
to the perfusion solution.

Cumulative diuresis was highest in group 3, leading to a more than complete 
urinary excretion of the circulating volume of the perfusate in this group during 
the 7 hours of NMP. This resulted in considerable alterations of the electrolyte 
composition and pH as urine was not recirculated and loss of circulating 
TIVJYWMSR�ƽYMH�ZSPYQI�[EW�VITPEGIH�F]�MRXIVQMXXIRX�EHHMXMSR�SJ�WMQMPEV�ZSPYQIW�
of Ringer’s lactate, conforming to the clinical protocol for this perfusion solution. 
9VMRI�TVSHYGXMSR�[EW�WMKRMƼGERXP]�LMKLIV�MR�KVSYT���GSQTEVIH�XS�KVSYTW������

and 4. This difference can most likely be attributed to the absence of a colloid in 
only this perfusion solution. All three other groups’ perfusion solutions contained 
a considerable amount of albumin. In the intravascular space, albumin is the 
main component which maintains a normal colloid osmotic pressure [15]. The 
balance between hydrostatic pressure and colloid osmotic pressure results in 
E�TL]WMSPSKMGEP�YPXVEƼPXVEXMSR�VEXI�SZIV�XLI�KPSQIVYPEV�QIQFVERI�?��A�

Kidney function during NMP was markedly impaired in all porcine kidneys, 
possibly due to the initial warm ischaemic damage and the lack of physiological 
humoral regulatory mechanisms, such as those driven by anti-diuretic hormone 
and aldosterone. Creatinine clearance was low and high values of FENa+ were 
observed in all groups. The sudden increase in FENa+ after 3 hours of NMP 
in group 2 could have been the result of the absence of urine production in 
WIZIVEP�OMHRI]W�EX�Xɸ!ɸ����ERH�Xɸ!ɸ�����[LMPI�EX� PEXIV�XMQI�TSMRXW�EPP�OMHRI]W�
produced urine again. Elevated values of FENa+ could be the result of tubular 
necrosis as has also been reported in previous studies [17,18]. In addition, in-vivo 
creatinine clearance and FENa+�PIZIPW�EVI�MRƽYIRGIH�XS�E�KVIEX�I\XIRX�F]�LYQSVEP�
regulation. As there was no humoral regulation during the NMP experiments, 
physiological creatinine clearance and FENa+ levels are not to be expected in 
our NMP setup.

To quantify injury to renal cells, ASAT and LDH levels were measured. Highest 
levels were observed in groups 3 and 4, suggesting that most injury occurred in 
these two group. Levels of NAG, a marker for altered tubular integrity and tubular 
damage [19,20], were highest in group 3 indicating that most tubular injury 
occurred in this group. TBARS levels were measured to quantify oxidative stress 
during perfusion. Highest levels were observed in group 1 and 4, suggesting that 
kidneys in these group experienced the highest oxidative stress, which could 
have resulted in impaired cell function [21].

The main responsible organ for regulation of electrolytes is the kidney but 
XLIVI�MW�IZMHIRGI�XLEX�XLI�OMHRI]�MXWIPJ�EPWS�FIRIƼXW�JVSQ�E�FEPERGI�MR�IPIGXVSP]XIW��
such as was the case in perfusion solution 2. It has been established that an 
MQFEPERGI�MR�TSXEWWMYQ�ERH�WTIGMƼGEPP]�L]TSOEPEIQME��GER�PIEH�XS�E�ZEVMIX]�
of changes in renal function including impaired tubular transport, impaired 
urinary concentrating ability, altered sodium reabsorption and intracellular 
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acidosis [22–24]. Furthermore, perfusion solution 2 was the only solution which 
contained magnesium. Animal experiments have shown that a magnesium 
HIƼGMIRG]��[LMGL�[EW�MRIZMXEFP]�TVIWIRX�MR�XLI�SXLIV�WSPYXMSRW��PIEHW�XS�XMWWYI�
MRNYV]�EW�MX�MRHYGIW�E�TVS�MRƽEQQEXSV]�ERH�TVS�S\MHEXMZI�WXEXI��-R�LYQERW�[MXL�
hypomagnesemia, as a result of reduced calcium antagonism of magnesium, 
increased levels of catecholamines lead to restriction of renal vessels [25,26].

Our NMP setup was used in conjunction with a porcine model of DCD kidney 
donation in which slaughterhouse kidneys were utilised. A limitation of this 
study is that a slaughterhouse procedure is based on exsanguination followed 
by cardiac arrest, which makes it slightly different from an actual DCD model in 
which circulatory arrest results from cardiac ischaemia and/or failure. However, 
we observed that kidneys in our study showed ischaemic injury similar to that 
incurred after DCD [27,28]. Hence, we feel that the present slaughterhouse DCD 
model will help reduce the use of laboratory animals, while maintaining essential 
reliability and reproducibility. Although our experimental groups were relatively 
small, our group sizes are comparable to those in other porcine kidney machine 
perfusion studies [29–32].

The NMP perfusion parameters that we recorded in group 3, which was 
based on the British clinical perfusion solution used by Hosgood et al., cannot 
be fully compared to results previously reported by the Leicester/Cambridge 
group [7,33]. In our study, kidneys underwent a much longer period of NMP 
and were perfused with a higher mean arterial pressure. Furthermore, kidneys 
perfused by Hosgood et al. were transplanted after machine perfusion. For a 
fully reliable comparison between the four perfusion solutions a future study 
should include transplantation of kidneys after NMP as this will allow for actual 
follow-up and functional assessment in vivo.

In conclusion, perfusion of porcine kidneys proved feasible with all four 
solutions tested. However, the group 2 perfusion solution showed low levels 
of injury markers, low weight gain during perfusion and the lowest histological 
damage scores, indicating that this perfusate is probably most suitable 
for prolonged normothermic machine perfusion of a porcine kidney. An 
improvement for this group 2 perfusate could be the addition of a vasodilator 
XS�EGLMIZI�E�QSVI�WXEFPI�ƽS[��)ZIR�XLSYKL�SYV�WXYH]�WYKKIWXW�XLEX�XLI�KVSYT�

2 perfusate is most optimal for prolonged normothermic perfusion of porcine 
kidneys, there were substantial differences between various NMP parameters 
and perfusate markers in the four groups. This indicates that the composition 
of an NMP perfusate has a major impact on many important aspects of ex vivo 
perfusion. The slightest change in composition of the perfusion solution or the 
perfusion protocol can lead to considerable differences in perfusion dynamics, 
kidney function and tissue injury. Therefore, we feel that in both experimental 
and clinical NMP it is essential to carefully pre-specify the exact purpose and 
desired duration of NMP, as each could call for necessary adjustments in the 
perfusate and perfusion protocol.
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ABSTRACT

In porcine kidney auto-transplant models, red blood cells (RBCs) are required for 
ex-vivo normothermic machine perfusion (NMP). As large quantities of RBCs are 
needed for NMP, utilising autologous RBCs would imply lethal exsanguination of 
the pig that is donor and recipient-to-be in the same experiment. The purpose of 
this study was to determine if an isolated porcine kidney can also be perfused 
with allogeneic porcine or human RBCs instead. Porcine kidneys, autologous 
and allogeneic blood were obtained from a local slaughterhouse. Human 
RBCs (O-pos), were provided by our transfusion laboratory. Warm ischaemia 
time was standardised at 20 minutes and subsequent hypothermic machine 
perfusion lasted 1.5-2.5 hours. Next, kidneys underwent NMP at 37ºC during 7 
hours with Williams’ Medium E and washed, leukocyte depleted RBCs of either 
EYXSPSKSYW��EPPSKIRIMG��SV�LYQER�SVMKMR��Rɸ!ɸ��TIV�KVSYT��(YVMRK�TIVJYWMSR�EPP�
kidneys were functional and produced urine. No macroscopic adverse reactions 
[IVI�SFWIVZIH��'VIEXMRMRI�GPIEVERGI�HYVMRK�214�[EW�WMKRMƼGERXP]�LMKLIV�MR�XLI�
LYQER�6&'�KVSYT�MR�GSQTEVMWSR�[MXL�XLI�EPPSKIRIMG�KVSYT��Tɸ!ɸ������FYX�RSX�
compared to the autologous group. The concentration of albumin in the urine 
[EW�WMKRMƼGERXP]�LMKLIV�MR�XLI�LYQER�6&'�KVSYT��4� ������GSQTEVIH�XS�XLI�
autologous and allogeneic RBC group. Injury marker aspartate aminotransferase 
[EW� WMKRMƼGERXP]� LMKLIV� MR� XLI� LYQER� 6&'� KVSYT� MR� GSQTEVMWSR� [MXL� XLI�
EPPSKIRIMG�KVSYT��4ɸ!ɸ������FYX�RSX�MR�GSQTEVMWSR�[MXL�XLI�EYXSPSKSYW�KVSYT��
Renal histology revealed glomerular and tubular damage in all groups. Signs 
SJ�TEXLSPSKMGEP�L]TIVƼPXVEXMSR�ERH�QMGVSZEWGYPEV�MRNYV]�[IVI�SRP]�SFWIVZIH�MR�
the human RBC group. In conclusion, perfusion of porcine kidneys with RBCs 
of different origin proved technically feasible. However, laboratory analysis and 
histology revealed more damage in the human RBC group compared to the other 
two groups. These results indicate that the use of allogeneic RBCs is preferable 
to human RBCs in a situation where autologous RBCs cannot be used for NMP.

INTRODUCTION

In pre-clinical renal transplantation research, porcine kidneys are often used 
as the anatomy and physiology of the urinary system, as well as most tissue 
characteristics of pigs show many similarities with those of humans [1–3]. In 
addition, organ development and the pattern of disease progression make pigs 
an ideal model to study consequences of ischaemia-reperfusion injury (IRI) for 
translation to the human setting. Large animal models also allow for a realistic 
estimate regarding the quality and cost-effectiveness of new therapies [4].

A porcine autotransplantation model permits research of novel approaches 
related to kidney regeneration and repair without the interference of an 
allogeneic immune response [5,6]. A typical model should incorporate clinical 
donor conditions mimicking human surgery, kidney preservation using 
machine perfusion and functional recovery after transplantation. The need 
for oxygenation during pre-transplant (sub)normothermic (20-37 °C) ex vivo 
machine perfusion (NMP) has been validated making an oxygen carrier essential 
in the NMP perfusate [7]. A leukocyte depleted red blood cell (RBC)-based 
solution is suitable for the perfusion of an isolated kidney under normothermic 
temperatures [8]. However, a large amount of porcine whole blood needs to 
be obtained to compose an RBC-based ex vivo perfusion solution with a near-
physiological haematocrit. As the laboratory pig needs to survive both kidney 
donation and autotransplantation, this amount of blood cannot be retrieved 
from the same animal, especially since pigs are slightly anaemic by nature [9]. 
Therefore, an alternative is required in the form of RBCs from an allogeneic 
porcine or human source. An advantage of the use of human RBCs is that they 
are readily available in a hospital setting.

In contrast to the rather straightforward human blood group systems, pigs 
have no less than sixteen recognised blood group systems. Of these sixteen 
systems, the A-O system is the most important [10–12]. Data on the perfusion of 
pig kidneys with other-than-autologous sources of blood are scarce as the only 
setting in which this is possibly required is an autotransplant or xenotransplant 
model [4,10]. In the few studies that have been conducted, haemolytic transfusion 
reactions do not seem to occur in pigs that had not undergone transfusion 
previously [10]. However, it has been reported that the use of A-O incompatible 
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whole-blood transfusions in pigs undergoing liver transplantation resulted in 
pulmonary hypertension and alterations in their coagulation response, eventually 
leading to death [13,14].

Most often, pre-clinical ex vivo perfusion experiments are carried out 
with whole blood. However, in the human clinical setting an NMP perfusate 
would never be composed of whole blood, as human whole blood is not 
typically available. Moreover, the plasma and buffy coat components of whole 
blood, which contain antibodies, clotting factors, activated leukocytes and 
thrombocytes, could be detrimental for ex vivo perfused organs. A more clinically 
relevant pre-clinical NMP protocol would therefore utilise a plasma free and 
leukocyte/thrombocyte depleted RBC-based perfusate. Perfusions of isolated 
porcine kidneys with such a solution, containing either allogeneic or human 
erythrocytes in the absence or diminished presence of an immune response 
have not been reported earlier. Aim of the present study was to determine 
whether an isolated porcine kidney can also be perfused ex vivo with a perfusion 
solution that is supplemented with allogeneic porcine or human RBCs instead 
of autologous RBCs as oxygen carriers.

MATERIALS AND METHODS

����/MHRI]�ERH�FPSSH�VIXVMIZEP
8LVII�I\TIVMQIRXEP�KVSYTW��R!��IEGL�[IVI�HIƼRIH�ERH�OMHRI]W�[IVI�VERHSQP]�
distributed in this porcine model of renal donation after circulatory death (DCD). 
Viable porcine kidneys (sow; type: Topigs 20) as well as 2.5 litres of either 
autologous or allogeneic whole blood to which heparin (5000 international units 
TIV�QP��-9��0)3o�TLEVQE��&EPPIVYT��(IRQEVO�[EW�EHHIH�XS�TVIZIRX�FPSSH�JVSQ�
clotting, were obtained from a local slaughterhouse (Kroon Vlees, Groningen, 
the Netherlands). Human packed red blood cells (PRBC), type O positive, were 
provided by our hospital’s transfusion laboratory. Kidneys were exposed to 
20 minutes of warm ischaemia between circulatory arrest and ex vivo cold 
ƽYWL�[MXL�����Q0�SJ�WSHMYQ�GLPSVMHI�����	��&E\XIV��9XVIGLX��XLI�2IXLIVPERHW��
Subsequently, kidneys were connected to a Kidney Assist Transport device 
(Organ Assist, Groningen, the Netherlands) for pulsatile oxygenated hypothermic 
machine perfusion (HMP) with University of Wisconsin Machine Perfusion 
Solution (Belzer UW-MPS, Bridge to Life Ltd, Columbia, SC) for 1.5-2.5 hours 

EX� ���q'��%� PIYOSG]XI� ƼPXIV� �&MS6� ��� TPYW�&7�4*�� *VIWIRMYW�/EFM�� >IMWX�� XLI�
Netherlands) was utilised for leukocyte depletion in autologous and allogeneic 
porcine blood. This leucocyte depleted blood was centrifuged to obtain pure 
RBCs, without supernatant plasma and buffy coat. Next, porcine and human 
RBCs were washed with phosphate-buffered saline (PBS) and subsequently 
centrifuged once more to remove remaining plasma and PBS.

����2SVQSXLIVQMG�QEGLMRI�TIVJYWMSR�WIXYT
The perfusion circuit consisted of a LifePorto organ chamber with SealRing 
cannula (Organ Recovery Systems, Itasca, IL, USA), a magnetic pump head 
connected to a centrifugal pump unit (Deltastream DP2, Medos Medizintechnik 
AG, Stolberg, Germany) and an oxygenator with integrated heat exchanger 
(Hilite 800 LT, Medos Medizintechnik AG, Stolberg, Germany). The perfusate 
was oxygenated with 0.5 l/min carbogen (95% O2 / 5% CO2) and perfusate 
temperature was kept between 36 and 37°C. Pressure was measured directly 
after the SealRing cannula using a clinical-grade pressure transducer (TruWave 
disposable pressure transducer, Edwards Lifesciences, Irvine, CA, USA). This 
pressure sensor was zero-calibrated to the perfusion solution. Flow was 
QSRMXSVIH�YWMRK�ER�YPXVEWSRMG�GPEQT�SR�ƽS[�TVSFI��8VERWSRMG�7]WXIQW�-RG���
Ithaca, NY, USA). All components of the NMP setup were controlled by a custom-
made electronic interface and custom software (LabView Software, National 
Instruments Netherlands B.V., Woerden, the Netherlands).

8LI�TIVJYWMSR�QIHMYQ��[MXL�E�ƼREP�LEIQEXSGVMX�FIX[IIR������ERH�������
consisted of 500 ml Williams’ Medium E (Gibcoâ William’s Medium E + 
GlutaMAXTM, Life Technologies Limited, Bleiswijk, Netherlands) supplemented 
with amoxicillin-clavulanate 1000mg/200mg (Sandoz B.V., Almere, Netherlands), 
40 g of albumin (Bovine Serum Albumin fraction V, Roche, Mannheim, Germany), 
1000µmol/L creatinine (Sigma-Aldrich, Zwijndrecht, the Netherlands) and 350 ml 
pure red blood cells (RBCs). The kidney was perfused in a pressure controlled, 
pulsatile (60 beats per minute) sinusoid fashion at an arterial pressure of 110/70 
mmHg during 7 hours.

����9VMRI�ERH�TIVJYWEXI�EREP]WMW
Hourly, arterial perfusate and urine samples were taken. Arterial blood gas 
samples of the perfusate were analysed after 0, 240 and 420 minutes of NMP. 

7



148 149

Chapter 7 Renal machine perfusion with RBCs from different sources

4IVJYWMSR�TEVEQIXIVW�WYGL�EW�EVXIVMEP�ƽS[� VEXI�ERH�YVMRI�TVSHYGXMSR�[IVI�
documented every 30 minutes. Concentrations of lactate dehydrogenase (LDH), 
aspartate aminotransferase (ASAT), urea, haemolysis index (H-index, a semi-
quantitative measurement of the concentration of free haemoglobin in mg/
dl), sodium, potassium, creatinine and albumin were measured with standard 
clinical assays. Creatinine clearance and fractional sodium excretion (FENa+) 
were calculated to determine renal function during NMP. Neutrophil gelatinase-
associated lipocalin (NGAL) (NGAL pig ELISA kit, Enzo Life Sciences, Zandhoven, 
Belgium) levels were measured in the urine samples. Thiobarbituric acid reactive 
substances (TBARS) (Lipid Peroxidation (MDA) Assay Kit, Sigma-Aldrich B.V., 
Zwijndrecht, Netherlands), were measured in perfusate samples to quantify 
oxidative stress.

����,MWXSPSK]
Hollow needle biopsies were taken before the start of NMP and after 4 hours of 
NMP. At the end of each perfusion, larger surgical tissue samples from the renal 
GSVXI\�ERH�QIHYPPE�[IVI�GSPPIGXIH��*SVQEPMR�Ƽ\IH�TEVEƾR�IQFIHHIH�FMSTWMIW�
SJ�XLI�YTTIV�� PEXIVEP�ERH�PS[IV�VIREP�GSVXI\�ERH�QIHYPPE��Xɸ!ɸ�����Xɸ!ɸ����ERH�
Xɸ!ɸ����[IVI�WXEMRIH�[MXL�LEIQEXS\]PMR�ERH�ISWMR��,)�XS�EWWIWW�GLERKIW�
in tissue morphology. The biopsies were examined and a damage scoring 
system was developed, based on previously reported scoring systems [15], 
and validated by an experienced renal pathologist. As differences in histology 
between upper, lateral and lower pole were very minimal, per experiment three 
GSVXMGEP�FMSTWMIW�SJ�SRP]�XLI�YTTIV�TSPI�EX�Xɸ!ɸ�����Xɸ!����ERH�Xɸ!ɸ����[IVI�WGSVIH��
by two independent blinded examiners. The sections were scored on a scale of 
����SR�KPSQIVYPEV�HMPEXEXMSR��XYFYPEV�HMPEXEXMSR�ERH�XYFYPEV�RIGVSWMW���ɸ!ɸRSRI��
�ɸ!ɸQMPH���ɸ!ɸQSHIVEXI���ɸ!ɸWIZIVI��-R�GEWI�SJ�MRXIVSFWIVZIV�HMWEKVIIQIRX�SR�
the score, the two independent observers discussed their observations and 
reached a consensus.

����7XEXMWXMGEP�EREP]WMW
For all continuous longitudinally measured variables the area under the curve 
(AUC) was calculated. Unpaired one-sample t-tests were used to compare 
differences between two groups if the data were normally distributed and had 
homogeneity of variances. The Kruskal-Wallis test was utilised if data failed these 
assumptions. P-values of 0.05 or less were considered to indicate statistical 

WMKRMƼGERGI��8S�MRHMGEXI�XLI�PIZIP�SJ�WMKRMƼGERGI�MR�XLI�KVETLW��EWXIVMWOW�[IVI�
TPSXXIH�MR�XLI�KVETLW��3RI�EWXIVMWO����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ�
������8[S�EWXIVMWOW�����MRHMGEXI�E�T�ZEPYI�SJ�Ƶ������ERH�XLVII�EWXIVMWOW������E�
T�ZEPYI�SJ�T�Ƶ�������

RESULTS

����/MHRI]�VIXVMIZEP
Warm ischaemia time was between 20 and 22 minutes in all kidneys. Cold 
MWGLEIQME�XMQIW�[IVI�RSX�WMKRMƼGERXP]�HMJJIVIRX�FIX[IIR�KVSYTW�������r������
minutes in the autologous RBC group, 26.8 ± 10.26 minutes in the allogeneic 
RBC group and 32.0 ± 1.58 minutes in the human RBC group. There were no 
differences in HMP dynamics between groups and total HMP time did not differ 
WMKRMƼGERXP]�FIX[IIR�KVSYTW�IMXLIV��������r�������QMRYXIW�MR�XLI�EYXSPSKSYW�
group; 124.2 ± 12.28 minutes in the allogeneic RBC group and 121.8 ± 28.07 
minutes in the human RBC group).

����4IVJYWMSR�H]REQMGW
2SVQSXLIVQMG�TIVJYWMSR�ƽS[�ZEPYIW�WLS[IH�E�WMQMPEV�GSYVWI� MR�EPP�KVSYTW��
8LI�ƽS[�VEXI�MRGVIEWIH�HYVMRK�XLI�ƼVWX�LSYV�ERH�HIGVIEWIH�XS���������QP�QMR�
EJXIV���LSYVW�SJ�214��ƼKYVI����*PS[�VEXIW�X]TMGEPP]�TIEOIH�EX���LSYV�EJXIV�XLI�
start of NMP, with values that were highest in kidneys perfused with autologous 
6&'W�ERH�PS[IWX�MR�SVKERW�TIVJYWIH�[MXL�LYQER�6&'W��8LI�TIEO�ƽS[�ZEPYI�TIV�
����K�EJXIV����QMRYXIW�SJ�TIVJYWMSR�[EW�WMKRMƼGERXP]�LMKLIV�MR�XLI�EYXSPSKSYW�
6&'�KVSYT�MR�GSQTEVMWSR�[MXL�XLI�LYQER�6&'�KVSYT��4ɸ!ɸ�������FYX�RSX�MR�
GSQTEVMWSR�[MXL�XLI�EPPSKIRIMG�6&'�KVSYT��8LIVI�[EW�RS�WMKRMƼGERX�HMJJIVIRGI�
MR�TIEO�ƽS[�VEXI�FIX[IIR�XLI�EPPSKIRIMG�ERH�LYQER�6&'�KVSYT��8LI�T,�ZEPYIW�
were between 7.12 and 7.38 in all experiments. The average weight gain during 
NMP was 58 ± 26% in the autologous group, 45 ± 37% in the allogeneic RBC 
KVSYT�ERH����r���	�MR�XLI�LYQER�6&'�KVSYT�ERH�XLIVI�[IVI�RS�WMKRMƼGERX�
differences between groups. Macroscopic appearance of the kidneys did not 
differ between groups.

����9VMRI�ERH�TIVJYWEXI�EREP]WMW
Individual data on kidney function and damage markers of each kidney can be 
found in Table 1.
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*MKYVI��� 1IER�ƽS[�TIV�����K�SJ�XLI�XLVII�I\TIVMQIRXEP�KVSYTW�HYVMRK�214��r�7(� * indicates 
WXEXMWXMGEP�WMKRMƼGERGI�SJ�Ƶ������

8EFPI����-RHMZMHYEP�HEXE�TIV�OMHRI]�TIV�KVSYT�EX�Xɸ!ɸ����Xɸ!ɸ�����Xɸ!ɸ����ERH�Xɸ!ɸ����

RBC type Time Serum 
creatinine 
�YQSP�P

Creatinine 
clearance 
�QP�QMR

FENa
(%)

%PFYQMRYVME
�QK�P

NGAL 
(ng)

LDH
�QQSP�P

ASAT
�QQSP�P

BUN

Autologous 1 60 390 0.66 24  � + 247 42 1.8
180 377 1.25 3  � + 469 98 2.2
300 350 1.10 41  � + 615 165 2.5
420 375 0.40 96  � + 631 211 3.0

Autologous 2 60 395 3.23 17  � 11.52 246 57 2.1
180 245 2.81 10  � 2.26 420 79 2.2
300 215 1.51 36  � 1.60 535 99 2.7
420 181 2.91 40  � 5.69 510 128 3.1

Autologous 3 60 474 1.05 92  � 9.66 223 51 2.3
180 416 1.38 45  � 3.14 348 134 2.7
300 382 0.58 91  � 3.56 437 236 3.0
420 353 0.37 90  � 2.22 501 380 3.3

Autologous 4 60 402 1.57 25  � 4.43 567 43 1.6
180 227 4.30 2  � 2.69 642 61 1.8
300 175 1.71 28  � 1.74 666 71 2.0
420 172 2.03 42  � 3.31 618 73 2.3

Autologous 5 60 372 1.41 52  � 7.88 265 69 2.2
180 333 0.72 25  � 1.95 459 111 2.5
300 250 1.95 61  � 2.19 531 129 2.9
420 248 2.12 81  � 6.64 595 166 3.2

Allogeneic 1 60 498 1.18 22  � 1.54 268 47 2.3
180 446 1.01 90  � 4.21 363 78 2.5
300 410 0.59 104  � 1.66 379 125 2.7

8EFPI����Continued.

RBC type Time Serum 
creatinine 
�YQSP�P

Creatinine 
clearance 
�QP�QMR

FENa
(%)

%PFYQMRYVME
�QK�P

NGAL 
(ng)

LDH
�QQSP�P

ASAT
�QQSP�P

BUN

420 372 0.70 93  � 2.07 385 185 3.1
Allogeneic 2 60 476 0.63 76  � 2.97 250 52 2.2

180 448 0.20 42  � 1.76 381 90 2.5
300 431 0.24 39  � 2.11 488 135 2.8
420 419 0.14 60  � 1.38 543 183 3.0

Allogeneic 3 60 465 0.16 50  � 0.48 164 29 1.8
180 463 0.22 35  � 0.76 272 46 2.4
300 440 - - - - 334 66 2.6
420 442 0.13 88  � 0.99 382 85 3.0

Allogeneic 4 60 505 1.19 27  � 2.48 229 52 2.5
180 438 0.91 25  � 5.49 380 73 2.7
300 364 1.74 33  � 5.05 472 115 2.7
420 314 1.59 49  � 4.20 482 151 3.0

Allogeneic 5 60 494 1.40 53  � 7.18 172 34 1.9
180 422 1.21 6  � 3.78 295 67 2.2
300 341 1.39 13  � 3.92 367 96 2.4
420 376 0.22 51  � 2.54 362 119 2.9

Human 1 60 446 1.65 63 38 1.39 289 46 1.6
180 395 1.39 25 13 1.54 311 89 2.0
300 272 3.31 49 15 3.02 569 203 2.3
420 196 2.50 60 23 5.10 698 400 2.2

Human 2 60 431 1.82 67 63 0.94 378 46 1.7
180 377 0.63 18 11 1.11 362 65 2.6
300 331 0.88 29 11 2.45 436 191 2.8
420 296 0.73 44 14 2.26 548 391 3.4

Human 3 60 289 6.92 20 20 4.10 254 45 1.6
180 162 9.36 27 18 5.69 548 131 1.7
300 112 3.42 49 30 3.80 843 545 2.0
420 88 33.24 3 37 3.63 955 1157 2.0

Human 4 60 267 23.77 5 18 + 254 40 1.2
180 112 5.71 3 17 1.66 326 55 1.4
300 59 9.18 8 30 3.19 424 78 1.6
420 45 2.30 43 40 3.47 412 93 1.8

Human 5 60 564 1.29 114 61 3.05 342 90 2.3
180 459 0.65 90 44 2.20 523 178 2.2
300 380 0.96 90 37 3.69 621 371 1.8
420 350 0.45 116 33 2.24 786 648 1.5

+no urine sample left for additional NGAL analysis 
- kidney did not produce urine at this time point
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Highest levels of cumulative diuresis were seen in the human RBC group (Fig 
���9VMRI�SYXTYX�MR�XLI�LYQER�6&'�KVSYT�[EW�WMKRMƼGERXP]�LMKLIV�XLER�MR�XLI�
EPPSKIRIMG�6&'�KVSYT��4ɸ!ɸ�������8LI�LYQER�6&'�KVSYT�ERH�XLI�EYXSPSKSYW�
RBC group as well as the allogeneic RBC group and the autologous RBC group 
HMH�RSX�HMJJIV�WMKRMƼGERXP]�

*MKYVI��� 1IER�GYQYPEXMZI�HMYVIWMW��QP�SJ�XLI�XLVII�I\TIVMQIRXEP�KVSYTW�HYVMRK�214��r�7(� * 
MRHMGEXIW�WXEXMWXMGEP�WMKRMƼGERGI�SJ�Ƶ������

FENa+ levels were very high in each group, indicating that tubular function was 
severely impaired during NMP. FENa+ in the autologous group (69.48 ± 26.81% 
EX�Xɸ!ɸ����QMR�[EW�RSX�WMKRMƼGERXP]�HMJJIVIRX�JVSQ�XLI�EPPSKIRIMG�6&'�KVSYT�
�������r������	�EX�Xɸ!ɸ����QMR�SV�JVSQ�XLI�LYQER�6&'�KVSYT��������r������	�
EX�Xɸ!ɸ����QMR��8LI�EPPSKIRIMG�6&'�KVSYT�HMH�RSX�WLS[�WXEXMWXMGEPP]�WMKRMƼGERX�
different values compared to the human RBC group. Creatinine clearance in the 
LYQER�6&'�KVSYT��������r��������QP�QMR�EX�Xɸ!ɸ����QMR�WLS[IH�LMKLIV�ZEPYIW�
GSQTEVIH�XS�XLI�EYXSPSKSYW�6&'�KVSYT��������r�������QP�QMR�EX�Xɸ!ɸ����QMR��
EPXLSYKL�XLMW�HMJJIVIRGI�HMH�RSX�VIEGL�WXEXMWXMGEP�WMKRMƼGERGI��,S[IZIV��IRH�
TIVJYWMSR�ZEPYIW�EX�Xɸ!ɸ����QMR�MR�XLI�LYQER�6&'�KVSYT�[IVI�WMKRMƼGERXP]�LMKLIV�
[LIR�GSQTEVIH�XS�XLI�EPPSKIRIMG�6&'�KVSYT���������r�������QP�QMR��4ɸ!ɸ�������
The kidneys in the human RBC group leaked large amounts of albumin into the 
urine, leading to decreased levels of albumin in the perfusate (Fig 3A). However, 
the concentration of albumin in the perfusate dropped discrepantly fast in all 
groups in comparison with the amount secreted in the urine. The levels of urinary 

EPFYQMR��*MKW��&�ERH�'�MR�XLI�LYQER�6&'�KVSYT�[IVI�WMKRMƼGERXP]�LMKLIV�XLER�MR�
XLI�EPPSKIRIMG�6&'�KVSYT��4� �������ERH�XLI�EYXSPSKSYW�6&'�KVSYT��4� �������

*MKYVI��� %PFYQMR�PIZIPW��(A) Albumin concentration (g/l) in the perfusate and (B) albumin con-
centration in urine (g/l) and (C) AUC of albumin in urine of the three experimental groups during 
214��QIER�r�7(������MRHMGEXIW�WXEXMWXMGEP�WMKRMƼGERGI�SJ�Ƶ�������

ASAT and LDH were measured as markers of general renal cell injury. ASAT 
PIZIPW�MR�XLI�LYQER�6&'�KVSYT�[IVI�WMKRMƼGERXP]�LMKLIV�XLER�MR�XLI�EPPSKIRIMG�
6&'�KVSYT��4ɸ!ɸ�������*MKW��%�ERH�&��8LIVI�[IVI�RS�SXLIV�WMKRMƼGERX�HMJJIVIRGIW�
FIX[IIR�KVSYTW��6IPIEWI�SJ�0(,�MRXS�XLI�TIVJYWEXI�[EW�EPWS�WMKRMƼGERXP]�LMKLIV�
MR�XLI�LYQER�6&'�KVSYT�MR�GSQTEVMWSR�[MXL�XLI�EPPSKIRIMG�KVSYT��4ɸ!ɸ�������
8LIVI�[IVI�RS�WMKRMƼGERX�HMJJIVIRGIW�MR�0(,�PIZIPW�FIX[IIR�XLI�EYXSPSKSYW�6&'�
group and the human RBC group (Figs 4C and D). 7
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*MKYVI����1EVOIVW�SJ�KIRIVEP�GIPP�MRNYV]��(A) ASAT levels in perfusate (U/l) and (B) AUC of the three 
experimental groups during NMP (mean ± SD). (C) LDH levels in perfusate (U/l) and (D) AUC of the 
XLVII�I\TIVMQIRXEP�KVSYTW�HYVMRK�214��QIER�r�7(����MRHMGEXIW�WXEXMWXMGEP�WMKRMƼGERGI�SJ�Ƶ������ 
���MRHMGEXIW�WXEXMWXMGEP�WMKRMƼGERGI�SJ�Ƶ������

Absolute NGAL levels in the urine were comparable in the allogeneic and 
human RBC group. Levels at the start of perfusion were highest in the autologous 
KVSYT�EPXLSYKL�XLMW�HMH�RSX�VIEGL�WXEXMWXMGEP�WMKRMƼGERGI��*MK��%��)RH�TIVJYWMSR�
PIZIPW�EX�Xɸ!ɸ����[IVI�WMQMPEV�FIX[IIR�KVSYTW�ERH�HMH�RSX�HMJJIV�WMKRMƼGERXP]�[MXL�
mean values of 4.464 ± 2.047 ng in the autologous group, 2.236 ± 1.25 ng in the 
EPPSKIRIMG�KVSYT�ERH�������r�������RK�MR�XLI�LYQER�KVSYT��8&%67��UYERXMƼIH�
F]�QIEWYVIQIRX�SJ�1(%�[IVI�WMQMPEV�MR�EPP�KVSYTW�ERH�XLIVI�[IVI�RS�WMKRMƼGERX�
HMJJIVIRGIW��*MK��&��1IER�IRH�TIVJYWMSR�ZEPYIW�EX�Xɸ!ɸ����QIEWYVIH�������r�
������Υ1�MR�XLI�EYXSPSKSYW�KVSYT��������r�������Υ1�MR�XLI�EPPSKIRIMG�KVSYT�ERH�
������r�������Υ1�MR�XLI�LYQER�KVSYT��1IEWYVIQIRX�SJ�JVII�LEIQSKPSFMR�MR�
serum was used as a marker for haemolysis during reperfusion. The haemolysis 
index (H-index) showed a moderate increase over time but remained in the range 

of slightly haemolytic, as levels over 100 were not reached. H-indices were not 
WMKRMƼGERXP]�HMJJIVIRX�FIX[IIR�KVSYTW�

*MKYVI����2+%0�ERH�8&%67�UYERXMƼGEXMSR��(A) Absolute NGAL (ng) levels in urine and (B) TBARS 
�1(%�MR�Υ1�MR�XLI�TIVJYWEXI�SJ�XLI�XLVII�I\TIVMQIRXEP�KVSYTW�HYVMRK�214��QIER�r�7(�

����,MWXSPSK]
Protein deposition and widening of Bowman’s capsules was observed in renal 
glomeruli after NMP with autologous RBCs, indicating a state of glomerular 
L]TIVƼPXVEXMSR��6&'W�[IVI�TVIWIRX�MR�XYFYPIW��PIEHMRK�XS�LEIQEXYVME��-R�EHHMXMSR��
tubular epithelial denudation and cellular necrosis were seen in proximal tubules. 
Denuded and necrotic cells fall into the tubular lumen and obstruct the tubule in 
the form of proteinaceous casts. In the lumen of distal tubules intratubular cell 
detachment was seen. In the allogeneic RBC group, the same extent of typical 
ischaemia/reperfusion-associated damage was seen; Bowman’s capsules were 
damaged, brush borders were no longer intact and tubular lumens were dilated 
(Fig 6).

*MK����,MWXSPSKMGEP�IZEPYEXMSR�MJ�E�OMHRI]�TIVJYWIH�[MXL�EPPSKIRIMG�6&'W� An example of a light 
microscopy image of HE-stained biopsy of a biopsy of a porcine kidney perfused with allogeneic 
6&'�FEWIH�WSPYXMSR�EJXIV�Xɸ!ɸ����QMR�SJ�214�

7
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In addition to injury seen in the porcine RBC groups, a more serious state 
SJ� KPSQIVYPEV� L]TIVƼPXVEXMSR�SGGYVVIH�HYVMRK�214�[MXL� LYQER�6&'W��[MXL�
corresponding lesions in Bowman’s capsule (Fig 7A). Extensive dilatation of 
tubular lumens and signs of pyknosis were observed. More detailed views at 
LMKL�QEKRMƼGEXMSR�WLS[IH�HIKIRIVEXMSR�SJ� XYFYPEV�ITMXLIPMEP�GIPPW� MR�[LMGL�
nuclei shrank whilst undergoing apoptosis. Tubular vacuolisation was also seen 
in this human RBC group, which along with the extensive tubular dilatation, could 
result in tubular basement membrane rupture. A focal lesion, with RBCs around a 
blood vessel, was noted in two postperfusion biopsies from different experiments 
in the human RBC group, indicating massive microvascular injury (Fig 7B).

*MKYVI����,MWXSPSKMGEP�IZEPYEXMSR�SJ�E�OMHRI]�TIVJYWIH�[MXL�LYQER�6&'W� (A) An example of a light 
microscopy image of HE-stained biopsy of a biopsy of a porcine kidney perfused with human RBC-
FEWIH�WSPYXMSR�EJXIV�Xɸ!ɸ����QMR�SJ�214���&�*SGEP�PIWMSR�EVSYRH�E�FPSSH�ZIWWIP�MR�E�,)�WXEMRIH�
biopsy of a porcine kidney perfused with a human RBC-based solution after 420 minutes of NMP.

Of each experiment three cortical biopsies, taken after prior to the start 
�Xɸ!ɸ�����EJXIV�����QMRYXIW�ERH�EJXIV�����QMRYXIW�SJ�214��[IVI�WGSVIH�SR�E�
scale of 0-3 on glomerular dilatation, tubular dilatation and tubular necrosis 

�*MK����8LIVI�[IVI�RS�WMKRMƼGERX�HMJJIVIRGIW�MR�XLSWI�WGSVIW�FIX[IIR�KVSYTW��
although there did seem to be a trend towards higher injury scores on all three 
subscales in the human RBC group.

*MKYVI����,MWXSPSKMGEP�HEQEKI�WGSVMRK�SJ�GSVXMGEP�FMSTWMIW�XEOIR�EX�Xɸ!ɸ�����Xɸ!ɸ����ERH�Xɸ!ɸ����
(mean ± SD).

DISCUSSION

This study compared renal function and structural cell injury in isolated porcine 
kidneys during normothermic machine perfusion with autologous, allogeneic 
porcine, or human RBCs. The NMP setup was used in conjunction with a porcine 
model of donation after circulatory death (DCD) kidney donation, in which viable 
slaughterhouse-derived kidneys were used. We observed that kidneys in our 
study showed ischaemic damage similar to that seen in DCD models in pigs 
[16,17]. Hence, we feel that this laboratory-animal saving porcine slaughterhouse 
QSHIP�LEH�E�KSSH�GPMRMGEP�XVERWPEXMSR�VIPIZERGI��8S�SYV�ORS[PIHKI�XLMW�MW�XLI�ƼVWX�
study in which ischaemically damaged porcine kidneys were ex vivo perfused 
under normothermic conditions with an allogeneic porcine or human RBC-based 
perfusion solution, which is also more clinically relevant than experimental NMP 
models which utilise whole blood as a perfusion solution.

4IEO�ƽS[�ZEPYIW�EX�Xɸ!ɸ���[IVI�WMKRMƼGERXP]�LMKLIV�MR�XLI�EYXSPSKSYW�KVSYT�
in comparison with the human group but not in comparison with the allogeneic 
group. The exact cause of this difference remains unclear. From unpublished 
data from our group in which we perfused kidneys with perfusion solutions with 
different compositions we can conclude that the composition of the solution 
MW�SJ�ZMXEP�MQTSVXERGI�ERH�XLEX�MR�E�[IPP�FEPERGIH�WSPYXMSR�TIEO�ƽS[�ZEPYIW�EVI�
seen after approximately 60 minutes. Thereafter, the kidneys seemed to be 
able to regulate the microvasculature. In those series of experiments, kidneys 

7
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MR�[LMGL�XLMW�TIEO�ƽS[�HMH�RSX�SGGYV�TIVJSVQIH�MRJIVMSVP]�MR�GSQTEVMWSR�[MXL�
XLI�SXLIV�KVSYTW��8LIVIJSVI��[I�L]TSXLIWMWI�XLEX�XLI�TIEO�ƽS[�EX�Xɸ!ɸ���MR�XLI�
autologous and allogeneic, and the absence of that in the human group, could 
be the result of the composition of the solution.

Elevated FENa+ levels stood out in all experimental groups, indicating that 
kidney function was severely impaired, as expected in this DCD model. The raised 
values likely result from acute tubular necrosis (ATN), and are similar to FENa+ 

values reported in other renal NMP studies [1,18]. Perfusion with human RBCs led 
to high levels of albuminuria. Normally, the glomerular capillary wall functions as 
E�ƼPXIV�XLEX�EPPS[W�TEWWEKI�SJ�WQEPP�QSPIGYPIW��FYX�EPQSWX�GSQTPIXIP]�VIWXVMGXW�
the passage of molecules the size of albumin or larger. In glomerular proteinuric 
WXEXIW��XLI�ƼPXVEXMSR�FEVVMIV�FIX[IIR�XLI�FPSSH�ERH�YVMREV]�WTEGI�MW�HEQEKIH�
?��A��8LI�WMKRMƼGERXP]�LMKLIV�PIZIPW�SJ�EPFYQMRYVME�XLEX�[I�SFWIVZIH�MR�XLI�LYQER�
RBC group are most probably the result of extensive, irreversible damage to 
the integrity of the glomerular membrane. This is not a likely sign of typical 
ischaemia-reperfusion injury, as such injury most often affects tubuli. Since 
these signs of glomerular membrane damage were not present in the other two 
experimental groups with a similar extent of IRI, we hypothesise that this serious 
glomerular injury could be a result of xeno-reactions compromising glomerular 
vascular wall integrity. The concentration of albumin in the perfusate dropped 
discrepantly fast in all groups in comparison with the amount secreted in the 
urine. The most likely explanation for this decrease in albumin levels is that 
albumin adheres to the plastic tubing used in the NMP circuit in large quantities, 
GEYWMRK�MX�XS�JYRGXMSREPP]�HMWETTIEV�JVSQ�XLI�GMVGYPEXMRK�TIVJYWEXI��-RƽEQQEXMSR�
as a result of ischaemia-reperfusion injury could be an additional explanation 
for the reduction in albumin perfusate levels. Although we utilised a leukocyte 
depleted perfusate, tissue resident leukocytes may still have triggered such an 
MRƽEQQEXSV]�VIWTSRWI�HYVMRK�214��[LMGL�GSYPH�FI�IZIR�QSVI�TVSRSYRGIH�MR�
the xeno-setting that characterised our human RBC group. In response to injury, 
EGYXI�TLEWI�TVSXIMRW��I�K��EPFYQMR��HIGVIEWI�HYVMRK�MRƽEQQEXMSR�XS�WEZI�EQMRS�
acids and energy for the synthesis of other proteins [20].

The human RBC group showed higher values of cumulative diuresis and 
creatinine clearance in comparison with the other two groups. Since levels of 
EPFYQMRYVME�[IVI�EPWS�LMKLIWX�MR�XLMW�KVSYT��XLIWI�ƼRHMRKW�GSYPH�FI�I\TPEMRIH�

by an osmotic effect as a result of the loss of albumin in the urine. Since most 
probably glomerular membranes were critically damaged in kidneys perfused 
[MXL�LYQER�6&'W��XLMW�MR�XYVR�VIWYPXIH�MR�E�PS[IV�YPXVEƼPXVEXMSR�MRLMFMXSV]�GSPPSMH�
osmotic glomerular membrane gradient as albumin was excreted into the urine. 
8LMW�FIPS[�RSVQEP�GSPPSMH�SWQSXMG�TVIWWYVI�PMOIP]�EPPS[IH�JSV�QSVI�ƽYMH�XS�TEWW�
through to the tubules and thus resulted in more diuresis.

6IREP� MRNYV]�QEVOIVW�WYGL�EW�%7%8�ERH�0(,�[IVI�WMKRMƼGERXP]�LMKLIV� MR�
kidneys that were perfused with a human RBC-based solution. Both damaged 
kidney tissue and haemolysis could cause these higher values of ASAT and LDH. 
%PXLSYKL�,�MRHMGIW�[IVI�RSX�WMKRMƼGERXP]�HMJJIVIRX�FIX[IIR�KVSYTW��XLI�LMKLIWX�
levels of free haemoglobin were measured in the human RBC group indicating 
that more haemolysis may have occurred in this group than in the other groups. 
Haemolysis during perfusion causes an increase in vascular resistance and 
tissue oedema during prolonged periods of ex vivo machine preservation [21].

All biopsies revealed structural cell injury which might be explained by the 
fact that the experiment was based on a DCD model. Organs recovered from DCD 
donors are known to have sustained considerable IRI, as a result of inevitable 
warm ischaemia incurred between circulatory arrest in the donor and the start of 
systemic cooling during organ retrieval. The pathological condition of IRI results 
in numerous cellular injuries and disruption of cellular membranes, including 
cytoskeletal microtubules and mitochondrial membranes [22–25]. Widening of 
Bowman’s capsules and cellular necrosis of proximal tubular epithelial cells were 
observed after NMP with all types of RBCs. The pathogenic mechanism of IRI can 
lead to ATN, resulting in morphological changes to which the proximal tubules 
are most susceptible. Tubular epithelium is prone to IRI for two reasons: its high 
metabolic activity rates in parts of the nephrons where resorption and secretion 
SGGYVW�ERH�MXW�PSGEXMSR�EJXIV�XLI�KPSQIVYPYW�[MXL�SRP]�PS[�TIVJYWMSR�ƽS[�JVSQ�
the vasa recta. The obstruction of tubular lumens by cellular debris combined 
with the leakage of solutes across injured tubular epithelium contributes to an 
increased hydrostatic pressure in Bowman’s capsule. This increased pressure 
will eventually lead to the widening of Bowman’s space. However, ATN is highly 
reversible and will most likely recover when renal ischaemia is corrected after 
reperfusion.
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Allogeneic RBCs in this study were not cross-matched before use, thus not 
taking the porcine A-O and other blood group systems into account. Despite the 
potential random A-O mismatch, perfusion proved feasible and renal histological 
appearance was similar to that of kidneys perfused with autologous RBCs. In 
combination with our results on renal function and perfusate injury markers, it 
can be concluded that NMP with allogeneic porcine RBCs did not differ markedly 
from the control group with autologous porcine RBCs.

In the human RBC group histology revealed more extensive and most likely 
irreversible damage, with maximum scores in all three quantitative injury 
categories on nearly all the biopsies. The focal lesions centred around blood 
vessels, seen in two experiments, indicate massive microvascular injury possibly 
as a result of an xeno-reactive response of the porcine endothelium to human 
RBCs or a xeno-reaction as a result of small amounts of plasma or leukocytes 
that remained in the perfusion solution or were tissue resident. Prior studies 
have shown that human serum can lead to complement mediated activation of 
porcine endothelial cells, which is known to play a central role in the process of 
hyperacute rejection [26].

Our study had several limitations. First, the physiology of exsanguination 
of animals at a slaughterhouse is not completely equivalent to a donor with 
actual cardiac arrest. Also, animals at a slaughterhouse probably experience 
more acute stress than typical DCD donors and kidneys could be too damaged 
to be suitable for actual transplantation. Although NMP before transplantation 
ETTIEVW� XS� FI� FIRIƼGMEP�� XLI� STXMQEP� HYVEXMSR� SJ� 214� LEW� RSX� ]IX� FIIR�
determined. Longer perfusion times may be needed to recover function in 
ischaemically damaged kidneys [27]. However, the increasing levels of ASAT 
during our experiments suggest that the observed renal injury might partly be 
caused by the duration of NMP. The concentrations of ASAT showed a linear 
increase over time in the experimental groups with allogeneic and autologous 
6&'W��8LI�0(,�GSRGIRXVEXMSRW�WIIQIH�XS�WXEFMPMWI�EJXIV�ETTVS\MQEXIP]�ƼZI�
hours of NMP with autologous and allogeneic RBCs. Understanding the exact 
MQTPMGEXMSR�SJ�XLMW�ƼRHMRK�MW�HMƾGYPX��EW�SXLIV�WXYHMIW�XLEX�LEZI�VITSVXIH�214�SJ�
isolated porcine kidneys usually relied on a shorter duration of ex vivo perfusion 
[1]. In the experiments with human RBCs, ASAT and LDH release did not stabilise 
during the seven hours of perfusion, indicating more extensive renal cellular 

injury and/or haemolysis. As mentioned earlier, in this study allogeneic RBCs 
were not cross-matched before NMP therefore not taking the porcine blood 
KVSYT�W]WXIQ�MRXS�EGGSYRX��[LMGL�GER�FI�GSRWMHIVIH�EW�E�WMKRMƼGERX�PMQMXEXMSR�
in this study. As blood typing is a relatively simple procedure it should be 
considered in future studies.

%�TSWWMFPI� EPXIVREXMZI� XS� 6&'W� MW� XLI� YWI� SJ� EVXMƼGMEP� FPSSH� WYFWXMXYXIW�
WYGL� EW� TIVƽYSVSGLIQMGEP� �4*'� SV� E� LEIQSKPSFMR� WSPYXMSR� ?�����A�� 8[S�
limitations of PFC are its insolubility in the aqueous phase and the necessity 
of high oxygen pressures to maximise oxygen carrying capacity [30]. Early 
haemoglobin solutions had several drawbacks in the clinical setting including 
renal impairment in patients who received multiple injections of this solution 
as a result of impurities. The next generation of haemoglobin solutions have 
addressed this impurity issue and several successful pre-clinical studies have 
been performed [31]. However, initial enthusiasm has been tempered as two 
QENSV�TVSFPIQW�GEYWIH�F]�LEIQSKPSFMR�WSPYXMSRW�[IVI�MHIRXMƼIH��I\GIWWMZI�
systemic vasoconstriction and oxidative tissue damage [32].

The results of our experiments suggest that allogeneic porcine RBCs do 
not cause more renal damage than autologous RBCs, but a human RBC-based 
TIVJYWMSR�WSPYXMSR�HSIW� PIEH�XS�WMKRMƼGERXP]�QSVI� MRNYV]�SJ� MWSPEXIH�TSVGMRI�
kidneys during NMP. We conclude that, to enable NMP of porcine kidneys with 
an RBC-based perfusion solution in an autotransplantation model, allogeneic 
porcine RBCs are the best choice, as they do not seem to lead to unacceptable 
additional injury.
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ABSTRACT

Normothermic machine perfusion (NMP) of donor kidneys provides the 
opportunity to assess and improve organ viability prior to transplantation. 
This study explored the necessity of an oxygen carrier during NMP and if 
LEIQSKPSFMR�FEWIH� S\]KIR� GEVVMIV� ,&3'����� �,IQSTYVIo� MW� E� WYMXEFPI�
alternative for red blood cells (RBCs) as an oxygen carrier. Porcine kidneys were 
perfused with a perfusion solution containing either no oxygen carrier, RBCs 
SV�,&3'�����JSV�����QMRYXIW�EX���q'��6IREP�ƽS[�ERH�VIWMWXERGI�HMH�RSX�HMJJIV�
WMKRMƼGERXP]�FIX[IIR�KVSYTW��0EGXEXI�ERH�%7%8�PIZIPW�[IVI�LMKL�HYVMRK�214�
and oxygen consumption was low in the no oxygen carrier group indicating that 
the use of an oxygen carrier is necessary for NMP. Cumulative urine production 
ERH�GVIEXMRMRI�GPIEVERGI�MR�XLI�6&'�KVSYT�[IVI�WMKRMƼGERXP]�LMKLIV�XLER�MR�XLI�
HBOC-201 group. Oxygen consumption, injury markers and histology did not 
HMJJIV�WMKRMƼGERXP]�FIX[IIR�XLIWI�X[S�KVSYTW��,S[IZIV��QIXLEIQSKPSFMR�PIZIPW�
increased to 45% after 360 minutes in the HBOC-201 group. In conclusion, HBOC-
201 could be used as an alternative for RBCs, however high methaemoglobin 
levels in these kidneys indicate that HBOC-201 is probably less suitable for 
periods of prolonged perfusion. Also, in comparison with perfusion with RBCs, 
VIREP�JYRGXMSR�MW�WMKRMƼGERXP]�MQTEMVIH�

INTRODUCTION

Renal transplantation is limited by the shortage of donor kidneys. Despite the 
increase in donor kidney utilisation from both donation after circulatory death 
�('(�ERH�I\XIRHIH�GVMXIVME�HSRSVW�XS�MRGVIEWI�XLI�HSRSV�TSSP��E�WMKRMƼGERX�
number of kidneys are discarded due to the concerns about their quality 
[1–3]. DCD allografts have higher rates of delayed graft function and are more 
prone to ischaemic damage [4–6]. This organ shortage and declined quality of 
transplanted organs has led to the requirement for better organ preservation 
techniques.

Normothermic machine perfusion (NMP) is a technique that has been 
revisited in the last years to reduce ischaemic injury and assess organ viability 
prior to transplantation, potentially enhancing the use of inferior quality donor 
kidneys and improve transplant outcomes [7–11]. NMP recreates a semi-
physiological environment outside the body with delivery of oxygen, physiological 
temperature and providing essential nutrients. To date there is no NMP medical 
grade perfusion solution nor is there an agreed composition. However, most 
NMP studies have relied on a red blood cell (RBC)-based perfusion solution, with 
RBCs being the oxygen carriers to deliver oxygen to the tissues [12–16]. Although 
the use of RBCs resembles normal physiology, it has several limitations. Firstly, 
RBCs need to be retrieved from human donors and they have a relatively short 
shelf life. Secondly, there is a risk of infection and transmission of blood-borne 
infections [17–19]. Additionally, prolonged ex-vivo perfusion either by the use 
SJ�GIRXVMJYKEP�SV�VSPPIV�TYQT�HIZMGIW�GER�HEQEKI�6&'W��PIEHMRK�XS�WMKRMƼGERX�
haemolysis [20–22].

Acellular synthetic oxygen carriers were initially developed and tested as an 
alternative to packed RBC transfusions [23,24] and these haemoglobin-based 
oxygen carriers (HBOC) could be a promising alternative for RBCs during NMP. 
8LI�TSP]QIVMWIH�FSZMRI�HIVMZIH�,&3'������EPWS�ORS[R�EW�,IQSTYVIo�LEW�
previously been studied in liver NMP in pre-clinical and clinical studies achieving 
promising results [25–28]. In a study with discarded human livers, NMP with 
IMXLIV�ER�,&3'ſ���ſFEWIH�TIVJYWMSR�ƽYMH�SV�6&'�VIWYPXIH�MR�WMQMPEV�TIVJYWMSR�
SYXGSQIW�ERH�S\]KIR�GEVVMIV�GETEGMX]��MRHMGEXMRK�XLEX�,&3'ſ����MW�E�WYMXEFPI�
alternative for RBC [25]. HBOC-201 is universally compatible and requires no type 
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or cross match prior to administration, it is easily accessible and remains stable 
at room temperature for at least three years [23,24]. The aim of this study was 
to determine if an oxygen carrier is necessary for renal NMP and if HBOC-201 
can act as an RBC substitute to carry and deliver oxygen to the kidney.

MATERIALS AND METHODS

����7XYH]�HIWMKR
8LVII�I\TIVMQIRXEP�KVSYTW�[IVI�HIƼRIH� �R!��TIV�KVSYT�ERH�OMHRI]W�[IVI�
VERHSQP]�EWWMKRIH�XS�IEGL�KVSYT��%JXIV�[EVQ�MWGLEIQME��GSPH�ƽYWL�[MXL�����
ml of UW-cold storage solution (Belzer UW-CS solution, Bridge to Life Ltd, 
Columbia, SC, USA) was performed to mark the start of cold ischaemia. To 
mimic living donor kidney donation, warm ischaemia time was kept as short 
as possible. Subsequently, kidneys were cold stored in UW-CS solution for 120 
minutes. Next, the kidneys in the three groups were subjected to 360 minutes 
of pulsatile NMP with a mean arterial pressure of 85 mmHg, with a perfusion 
solution supplemented with HBOC-201 (haemoglobin glutamer – 250 (bovine), 
HbO2 Therapeutics, Souderton, PA, USA), allogeneic cross-matched porcine 
RBCs or no oxygen carrier.

����)XLMGW�ERH�ERMQEPW
This study made use of the left-over contralateral (right) kidney of 50 kg female 
laboratory pigs (Danish Landrace and Yorkshire crossbreed) that was removed 
for the purpose of another series of experiments. All animal care and animal 
procedures followed local regulations and guidelines set by the European Union 
(directive 2010/63/EU). The study which led to the availability of these kidneys 
was approved by The Danish Animal Experiments Inspectorate (reference-
number 2016-15-0201-01145).

����7YVKMGEP�TVSGIHYVI
4VSGIHYVIW�[IVI� TIVJSVQIH� EW� TVIZMSYWP]� HIWGVMFIH� ?��A�� &VMIƽ]�� EJXIV� XLI�
MRHYGXMSR�SJ� EREIWXLIWME�� EREIWXLIWME�[EW�QEMRXEMRIH�F]�7IZSƽYVERI� ERH�
intravenous (iv) Remifentanyl for analgesics. In a sterile setting, a permanent 
WIQM�GIRXVEP�ZIRSYW�GEXLIXIV����*V�����GQ��'EVIƽS[��&(��2.��97%�[EW�TPEGIH�
through an ear vein into the jugular vein. After midline incision, left retroperitoneal 
nephrectomy was performed for other experimental purposes. After closure of 

the midline incision the pig was returned to the stables. The next day the pig was 
anaesthetised again following the same procedures and the right kidney, which 
we used in this study, was removed prior to autotransplantation of the left kidney.

����2SVQSXLIVQMG�QEGLMRI�TIVJYWMSR
Kidneys preserved during NMP were perfused with a pressure-controlled 
perfusion system as described in our previous studies [30]. This setup was 
controlled by a custom-made electronic interface and software (LabVIEW 
Software, National Instruments Netherlands BV, Woerden, the Netherlands). 
The perfusion circuit consisted of an oxygenator with built-in heat exchanger 
(Terumo Denmark, Herlev, Denmark), a magnetic pump head (Medos Deltastream 
Pumpdrive DP2, Medos Medizintechnik AG, Stolberg, Germany) connected to 
E�GIRXVMJYKEP�TYQT��(IPXEWXVIEQ�(4���1IHSW�1IHM^MRXIGLRMO�ERH�E�0MJI4SVXo�
SVKER� GLEQFIV� �3VKER� 6IGSZIV]� 7]WXIQW�� -PPMRSMW�� 97%� [MXL� E� 0MJI4SVXo�
Disposable Cannula 3mm Straight (also Organ Recovery Systems). Flow was 
QSRMXSVIH�YWMRK�ER�YPXVEWSRMG�GPEQT�SR�ƽS[�TVSFI��8VERWSRMG�7]WXIQW�)YVSTI�
BV, Elsloo, the Netherlands). Pressure was measured directly after the straight 
cannula using a pressure transducer (TruWave disposable pressure transducer, 
Edwards Lifesciences, Irvine, California, USA).

The components of the three different perfusion solutions are displayed in 
table 1. The perfusate was supplemented with a bolus of 300 mg amoxicillin-
clavulanate (Bowmed, Wrexham, United Kingdom) at baseline with additional 
doses of 60 mg amoxicillin-clavulanate every hour during NMP. A bolus dose 
of 1.25 mg verapamil (Orion Pharma, Copenhagen, Denmark) was given at the 
baseline and continuous infusion of 0.25 mg/h verapamil was administered 
once the kidney was connected. Perfusate temperature was kept at 37°C and 
oxygenated with 0.5 l/min carbogen (95% O2 / 5% CO2).

The total volume of each solution was 450 ml. The plasma volume in the 
RBC group was 269 ml. To obtain a plasma volume of 450 ml in the no oxygen 
carrier group, all components, apart from the RBCs, were multiplied by 1.67. 
To allow for a fair comparison between the RBC group and HBOC-201 group 
we composed an HBOC-201 based perfusate that had a similar electrolyte 
concentration, oncotic pressure and haemoglobin concentration as the RBC 
group. The calculated oncotic pressure in the RBC group was 1.872 J/l and in 
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the HBOC-201 group 1.868 J/l. Haemoglobin concentration was 89 g/l in the 
RBC group and 86 g/l in the HBOC-201 group.

8EFPI��� The composition of the perfusion solutions.

2S�S\]KIR�GEVVMIV RBC Hemopure

181 ml of cross-matched 
allogeneic RBCs

277 ml HBOC-201
(HBO2 Therapeutics) 

������QP�%PFYQER����K�P 
(Alburex, CSL Behring, 
Lyngby,Denmark)

����QP�%PFYQER����K�P
(CSL Behring)

����QP�%PFYQER����K�P
(CSL Behring)

�����QP�%PFYQER�����K�P
(CSL Behring)

5 ml calcium gluconate
(B. Braun, Melsungen, 
Germany)

3 ml calcium gluconate
(B. Braun)

1,3 ml calcium gluconate
(B. Braun)

8,35 ml NaHCO3

(B. Braun)
5 ml NaHCO3

(B. Braun)
9 ml NaHCO3

(B. Braun)

10 ml glucose 5%
(B. Braun)

6 ml glucose 5%
(B. Braun)

10 ml glucose 5%
(B. Braun)

8 IU insulin
(Novo Nordisk A/S,  
Bagsværd, Denmark)

5 IU insulin
(Novo Nordisk A/S)

8 IU insulin
(also Novo Nordisk A/S)

16,7 mg mannitol 
(Sigma Aldrich)

10 mg mannitol
(Sigma Aldrich)

16,7 mg mannitol
(Sigma Aldrich)

�����QQSP�P�GVIEXMRMRI
(Sigma Aldrich)

�����QQSP�P�GVIEXMRMRI
(Sigma Aldrich)

�����QQSP�P�GVIEXMRMRI
(Sigma Aldrich)

8SXEP�TPEWQE!�����QP 8SXEP�TPEWQE!������QP 8SXEP�TPEWQE!������QP

Total volume = 450 ml Total volume = 450 ml Total volume = 450 ml

����&PSSH�ERH�YVMRI�GSPPIGXMSR�ERH�EREP]WMW
Arterial and venous blood gas samples were analysed every 30 minutes on the 
ABL90 FLEX blood gas analyser (Radiometer Medical ApS, Brønshøj, Denmark) 
for pH, sodium, potassium, lactate, partial oxygen and carbon dioxide pressure, 
oxygen saturation and methaemoglobin (metHb) levels. Blood and urine samples 
were taken hourly, centrifuged and stored at -80°C for further analysis.

4IVJYWMSR�TEVEQIXIVW�WYGL�EW�VIREP�TIVJYWEXI�ƽS[��VIREP�ZEWGYPEV�VIWMWXERGI�
and urine production were monitored regularly. The concentration of aspartate 
amino transferase (ASAT) and creatinine were measured in the samples with 
routinely automated test methodology carried out by the clinical biochemistry 
laboratory at University Medical Center Groningen in The Netherlands. HBOC-
201 samples required a tenfold dilution, as the intense red colour of these 
samples (caused by dissolved HBOC-201) would otherwise interfere with 
colorimetry-based routine analyses. Due to this issue, it proved impossible to 
measure several other standard markers such as lactate dehydrogenase in the 
HBOC-201 samples. Creatinine clearance, fractional sodium excretion (FENa+) 
and total sodium transport were calculated to determine renal function during 
NMP. In urine samples neutrophil gelatinase-associated lipocalin (NGAL) (NGAL 
pig ELISA kit, Enzo Life Sciences, Zandhoven, Belgium) levels were measured. To 
quantify oxidative stress, thiobarbituric acid reactive substances (TBARS) (Lipid 
Peroxidation (MDA) Assay Kit, Sigma-Aldrich B.V., Zwijndrecht, Netherlands) 
were measured according to the manufacturer’s protocol.

Oxygen consumption (ml O2/min per 100 g) was calculated as follows:

Hb is the haemoglobin concentration in mmol/L, SO2 is oxygen saturation 
in %, pO2 is the partial oxygen pressure in mmHg, K is the solubility constant of 
oxygen in water at 37C and equals 0.0225 (ml O2 per kPa), Q is the renal blood 
ƽS[�MR�0�QMR�ERH�g is the weight of the kidney in grams prior to the start of NMP.
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����,MWXSPSK]
Cortical 3 mm punch biopsies were taken of the upper renal cortex prior to the 
start of NMP. At the end of each experiment a surgical tissue sample of the 
YTTIV�GSVXI\�[EW�GSPPIGXIH��&MSTWMIW�[IVI�JSVQEPMR�Ƽ\IH��TEVEƾR�IQFIHHIH�ERH�
stained with Periodic Acid-Schiff (PAS) to assess changes in renal morphology. 
A scoring method, based on existing histological scoring systems [31], was 
developed. Biopsies were evaluated using light microscopy by two independent 
examiners, in random order. If the examiners did not report the same scores, 
they discussed their observations until a consensus was reached. All biopsies 
[IVI�WGSVIH�SR�E�WGEPI�SJ�������ɸ!ɸRSRI���ɸ!ɸQMPH���ɸ!ɸQSHIVEXI���ɸ!ɸWIZIVI�JSV�
glomerular dilatation, tubular dilatation and tubular necrosis.

����7XEXMWXMGEP�EREP]WMW
Data analysis was performed using GraphPad Prism Version 8.3.1 (GraphPad 
software Inc., La Jolla, CA, USA). For all continuous longitudinally measured 
variables, the area under the curve (AUC) was calculated. A one-way ANOVA 
with multiple comparisons was used to compare AUC values between groups if 
the data were normally distributed (Shapiro Wilk test) and had homogeneity of 
variances (tested by means of a Bartlett test). If data failed these assumptions 
the Kruskal-Wallis test with Dunn’s multiple comparisons test was used. Two-
WMHIH�T�ZEPYIW�SJ������SV�PIWW�[IVI�GSRWMHIVIH�XS�MRHMGEXI�WXEXMWXMGEP�WMKRMƼGERGI��
8S� MRHMGEXI�XLI� PIZIP�SJ�WMKRMƼGERGI� MR�XLI�KVETLW��EWXIVMWOW�[IVI�TPSXXIH� MR�
XLI�KVETLW��3RI�EWXIVMWO����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ�������8[S�
EWXIVMWOW�����MRHMGEXI�E�T�ZEPYI�SJ�Ƶ������ERH�XLVII�EWXIVMWOW������E�T�ZEPYI�SJ�
T�Ƶ�������

RESULTS

����;EVQ�ERH�GSPH�MWGLEIQME�XMQI�ERH�OMHRI]�[IMKLX
Warm ischaemia time was kept as short as possible and the mean duration was 
5 ± 3 min in the no oxygen carrier group, 4 ± 3 min in the RBC group and 3 ± 1 
QMR�MR�XLI�,&3'�����KVSYT��8LIVI�[IVI�RS�WMKRMƼGERX�HMJJIVIRGIW�FIX[IIR�XLI�
KVSYTW��T!�������7XEXMG�GSPH�WXSVEKI�XMQI�HMH�RSX�HMJJIV�WMKRMƼGERXP]�FIX[IIR�
XLI�KVSYTW��T!������ERH�[EW�����r���QMR�MR�XLI�RS�S\]KIR�GEVVMIV�KVSYT��������
± 1.95 min in the RBC group and 117.6 ± 4.28 min in the HBOC-201 group. Kidney 
[IMKLX�HMH�RSX�HMJJIV�WMKRMƼGERXP]�FIX[IIR�XLI�KVSYTW�[MXL�E�QIER�[IMKLX�SJ�����

± 13 g in the no oxygen carrier group, 204 ± 30 g in the RBC group and 211 ± 12 
K�MR�XLI�,&3'�����KVSYT��T!������FIJSVI�XLI�WXEVX�SJ�214�

����214�TIVJYWMSR�GLEVEGXIVMWXMGW
Flow values were stable throughout perfusion in all groups with mean values of 
145 ± 42 ml/min/100gr in the no oxygen carrier group, 126 ± 26 ml/min/100gr 
MR� XLI�6&'�KVSYT�ERH�����r���QP�QMR����KV� MR� XLI�,&3'�����KVSYT��ƼKYVI�
�%�ERH��&��%PXLSYKL�ƽS[�ZEPYIW�MR�XLI�RS�S\]KIR�GEVVMIV�KVSYT�[LIVI�LMKLIV�
HYVMRK�214�XLMW�HMH�RSX�VIEGL�WXEXMWXMGEP�WMKRMƼGERGI��T!�������1IER�VIREP�
resistance was 0.35 ± 0.10 mmHg/ml/min in the no oxygen carrier group, 0.34 
± 0.07 mmHg/ml/min in the RBC group and 0.34 ± 0.04 mmHg/ml/min in the 
,&3'�����KVSYT�ERH�XLIVI�[IVI�RS�WMKRMƼGERX�HMJJIVIRGIW�FIX[IIR�KVSYTW�
�T!�������ƼKYVI��'�ERH��(�

Figure 1. (A) Flow (ml/min/100g); (B) %9'�SJ�ƽS[��(C) renal resistance (mmHg/ml/min) and (D) 
AUC of renal resistance (all mean ± SD).
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����1IXEFSPMG�EGXMZMX]�HYVMRK�214
There was a relatively large difference in cumulative urine production between 
the groups. Total urine production after 360 minutes of NMP was 42 ± 21 ml 
in the no oxygen carrier group, 98 ± 92 ml in the RBC group and 5 ± 2 ml in 
XLI�,IQSTYVI�KVSYT��ƼKYVI��%�ERH��&��8LMW�HMJJIVIRGI�[EW�SRP]�WXEXMWXMGEPP]�
WMKRMƼGERX�MR�XLI�6&'�KVSYT�[LIR�GSQTEVIH�XS�XLI�,&3'�����KVSYT��T!�������
'VIEXMRMRI� GPIEVERGI� EPWS� HMJJIVIH� WMKRMƼGERXP]� FIX[IIR� KVSYTW�� %JXIV� ����
minutes of perfusion, average clearance levels were 0.79 ± 0.70 ml/min in the 
no oxygen carrier group, 6.11 ± 7.08 ml/min in the RBC group and 0.23 ± 0.20 ml/
QMR�MR�XLI�,&3'�����KVSYT��8LI�%9'�SJ�XLI�6&'�KVSYT�[EW�WMKRMƼGERXP]�LMKLIV�
MR�GSQTEVMWSR�[MXL�XLI�RS�S\]KIR�GEVVMIV�KVSYT��T!������ERH�XLI�,IQSTYVI�
KVSYT��T!�������ƼKYVI��'�ERH��(��*)2E+ levels throughout perfusion were 
WMKRMƼGERXP]�PS[IV�MR�XLI�6&'�KVSYT�MR�GSQTEVMWSR�[MXL�XLI�RS�S\]KIR�GEVVMIV�
KVSYT��T!�������%X�X!����QMRYXIW�EZIVEKI�*)2E+ was 6 ± 7% in the RBC group 
ZIVWYW����r���	�MR�XLI�RS�S\]KIR�GEVVMIV�KVSYT��T!������ERH����r���	�MR�XLI�
,&3'�����KVSYT��T!�������ƼKYVI��)�ERH��*�

*MKYVI�����%�Cumulative urine output (ml); (B) AUC of cumulative urine output; (C) creatinine 
clearance (ml/min); (D) AUC of creatinine clearance; (E) fractional sodium excretion (FENa+) (%); 
(F) AUC of FENa+ (all mean ± SD).

8SXEP� XVERWTSVX� SJ� WSHMYQ�[EW� WMKRMƼGERXP]� LMKLIV� MR� XLI� 6&'� KVSYT� MR�
GSQTEVMWSR�[MXL�XLI�RS�S\]KIR�GEVVMIV�KVSYT��T!������ERH�XLI�,&3'�����KVSYT�
�T!�������ƼKYVI���

8



178 179

Renal machine perfusion with Hemopure, RBCs or without an oxygen carrierChapter 8

*MKYVI�����%�Total sodium transport (mmol/min) and (B) AUC of total sodium transport (mean ± SD).

8LI�KVSYT�[MXL�RS�S\]KIR�GEVVMIV�LEH�E�WMKRMƼGERXP]� PS[IV� VIREP�S\]KIR�
consumption than the HBOC-201 group during the entire period of NMP 
�T!�������8LI�HMJJIVIRGI�FIX[IIR�XLI�RS�S\]KIR�GEVVMIV�KVSYT�ERH�XLI�6&'�
KVSYT�EPQSWX�VIEGLIH�WXEXMWXMGEP�WMKRMƼGERGI��T!�������%X�XLI�IRH�SJ�TIVJYWMSR�
�X!����QMRYXIW�QIER� S\]KIR� GSRWYQTXMSR� PIZIPW� [IVI� ����� r� �����QP32/
QMR����K�MR�XLI�RS�S\]KIR�GEVVMIV�KVSYT��ERH�XLMW�[EW�WMKRMƼGERXP]�PS[IV�XLER�
values of 1.53 ± 0.13 mlO2�QMR����K�MR�XLI�6&'�KVSYT��T!������ERH������r������
mlO2�QMR����K�MR�XLI�,&3'�����KVSYT��T!�������ƼKYVI��%�ERH��&�

*MKYVI�����%�Oxygen consumption (mlO2/min/100g) and (B) AUC of oxygen consumption (mean 

± SD).

����-RNYV]�QEVOIVW�HYVMRK�214
In contrast with the RBC and HBOC-201 group, in the no oxygen carrier group 
lactate increased throughout the 360 minutes of perfusion. The differences in 
lactate levels at the end of perfusion in comparison with at the start of NMP 

(delta lactate) were 8.8 ± 3.0 mmol/l in the no oxygen carrier, 1.1 ± 1.5 mmol/l 
in the RBC group and -1.3 ± 2.1 mmol/l in the HBOC-201 group. The increase in 
PEGXEXI�HYVMRK�TIVJYWMSR�[EW�WMKRMƼGERXP]�LMKLIV�MR�XLI�RS�S\]KIR�GEVVMIV�KVSYT�
MR�GSQTEVMWSR�[MXL�XLI�6&'�KVSYT��T!������ERH�MR�GSQTEVMWSR�[MXL�XLI�,&3'�
����KVSYT��T! ��������ƼKYVI���

*MKYVI�����%�Lactate levels and (B)�HIPXE�PEGXEXI��PEGXEXI�GLERKI�Xɸ!ɸ����QMR�ZIVWYW�Xɸ!ɸ���QMR�

(mean ± SD).

Along with the lactate levels, ASAT values also increased in the no oxygen 
carrier group during NMP. The AUC of the no oxygen carrier group was 
WMKRMƼGERXP]�LMKLIV�XLER�XLI�6&'�KVSYT��T!�������)RH�TIVJYWMSR�PIZIPW�[IVI�EPWS�
WMKRMƼGERXP]�LMKLIV�MR�XLI�RS�S\]KIR�GEVVMIV�KVSYT�EX�����r�����9�P�MR�GSQTEVMWSR�
[MXL�PIZIPW�SJ�����r����9�P�MR�XLI�6&'�KVSYT��T!�������FYX�RSX�MR�GSQTEVMWSR�
[MXL�����r����9�P�MR�XLI�,&3'�����KVSYT��T!�������ƼKYVI���

*MKYVI�����%�ASAT levels (U/l) and (B) AUC of ASAT (mean ± SD).
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NGAL concentration in the urine was stable in the RBC group and the no 
S\]KIR�GEVVMIV�KVSYT�ERH�HIGVIEWIH� MR� XLI�,&3'�����KVSYT��ƼKYVI��%��%W�
a result of the higher cumulative urine production in the RBC group absolute 
NGAL levels were highest in this group. Calculated absolute NGAL levels in the 
PEWX�LSYV�SJ�214�[IVI�WMKRMƼGERXP]�LMKLIV�MR�XLI�6&'�KVSYT�GSQTEVIH�XS�XLI�
,&3'�����KVSYT��T!�������ƼKYVI��&��8LI�%9'�SJ�EFWSPYXI�2+%0�[EW�EPWS�
WMKRMƼGERXP]�LMKLIV�MR�XLI�6&'�KVSYT�MR�GSQTEVMWSR�[MXL�XLI�,&3'�����KVSYT�
�T!�������ƼKYVI��'�

*MKYVI��� (A) Urinary NGAL concentration (ng/ml); (B) absolute NGAL in the urine (ng) and (C) AUC 
absolute urinary NGAL (mean ± SD).

8&%67�EW�E�QEVOIV�JSV�S\MHEXMZI�WXVIWW��UYERXMƼIH�F]�QIEWYVMRK�XLI�1(%�
GSRGIRXVEXMSR��[IVI�WMKRMƼGERXP]�LMKLIV�MR�XLI�,&3'�����KVSYT�MR�GSQTEVMWSR�
[MXL�XLI�RS�S\]KIR�GEVVMIV�KVSYT��T!�������8LI�WXEVXMRK�PIZIPW�SJ�1(%�[IVI�
highest in the HBOC-201 group and increased during perfusion. In the RBC group 
levels started close to zero and increased during perfusion to levels just below 
IRH�ZEPYIW�SJ�XLI�,&3'�����KVSYT��ƼKYVI��%�ERH��&�

*MKYVI��� (A) MDA concentration (µM) in the perfusate and (B) AUC MDA (mean ± SD).

����*SVQEXMSR�SJ�QIXLEIQSKPSFMR
The blood gas analyses that were performed every 30 minutes revealed that 
methaemoglobin levels increased in each kidney perfused with HBOC-201. At 
the start of perfusion the percentage of metHb was 8.66 ± 1.40%, while after 360 
minutes of perfusion levels had increased to 44.48 ± 1.45%. Individual values 
TIV�OMHRI]�SJ�XLI�,&3'�����KVSYT�EVI�WLS[R�MR�ƼKYVI���

*MKYVI��� Individual methaemoglobin levels (%) of kidneys perfused with (A) HBOC-201 and (B) 
red blood cells (RBCs).
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During perfusion it was also noticeable that these kidneys became darker in 
colour. Flushing out of the HBOC-201 after NMP resulted in the kidney returning 
XS�MXWƅ�SVMKMREP�TEPI�GSPSYV��ƼKYVI���%���(�

*MKYVI������%�/MHRI]�VMKLX�EJXIV�GSPH�ƽYWL��(B) kidney after 60 minutes of perfusion with HBOC-
201; (C) kidney after 360 minutes of perfusion with HBOC-201 and (D)�OMHRI]�EJXIV�ƽYWL�[MXL�����
ml of saline.

����1EGVSWGSTMG�ETTIEVERGI�ERH�LMWXSPSK]
As described earlier, left retroperitoneal nephrectomy was performed for other 
experimental purposes one day before nephrectomy of the right kidney. On 
the day of the left nephrectomy, inspection revealed a well perfused, pink, left 
kidney without patches or lashes. The right kidney was not inspected or touched 
whilst in situ. Interestingly, after anaesthetising the pig and reopening the midline 
incision the next day for right nephrectomy, the right kidney had several red 
PEWLIW�SR�MX��*MKYVI���%�WLS[W�E�X]TMGEP�OMHRI]�HMVIGXP]�EJXIV�GSPH�ƽYWL��(YVMRK�
NMP all kidneys were well perfused (pale in the no oxygen carrier group, pink in 
the RBC group and globally dark purple in the HBOC-201 group as a result of the 
methaemoglobin formation) and none of these organs had a patchy appearance.

Histological analysis revealed that all of our kidneys had already sustained 
some injury despite very short warm ischaemic times, which became evident 
from the presence of tubular necrosis before the start of NMP. Table 2 shows 
tubular necrosis and dilatation as well as glomerular dilatation scores before 
XLI�WXEVX�SJ�214��Xɸ!ɸ��ERH�EJXIV���LSYVW�SJ�214��Xɸ!ɸ�����-RMXMEP�WGSVIW�EW�[IPP�
EW�XLI�IRH�ZEPYIW�HMH�RSX�HMJJIV�WMKRMƼGERXP]�FIX[IIR�KVSYTW�

8EFPI����Histological damage scores at baseline and after 6 hours of NMP.

Baseline (t=0) After NMP (t=360)

No O2 
carrier

RBC Hemopure P No O2 
carrier

RBC Hemopure P  

8YFYPEV�RIGVSWMW 1 (1 -1) 2 (1-2) 1.5 (1-2) 0.42 2 (1 – 3) 2 (1 – 3) 2 (1-3) 0.40

8YFYPEV�HMPEXEXMSR 0 (0-0) 0 (0-1) 0 (0-0) 0.09 1 (0 – 1) 0 (0 -1) 0 (0-1) 0.56

Glomerular 
dilatation

0 (0-0) 0 (0-1) 0 (0-1) 0.72 0.5 (0 – 1) 0 (0 – 1) 1 (0 – 1) 0.85
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DISCUSSION

With a growing number of studies focussing on the use of NMP as a renal 
preservation, evaluation and resuscitation technique, there is a need for 
developing a medical grade perfusion solution with a standardised composition. 
Until now, most NMP studies have used either pure RBCs or whole blood as the 
oxygen carrier in the perfusate. The aim of this study was to establish whether an 
oxygen carrier is necessary and if HBOC-201 could be an acceptable alternative 
to RBCs in ex vivo kidney NMP during 360 minutes.

Intravascular resistance (and hence also flow) values did not differ 
WMKRMƼGERXP]�FIX[IIR�KVSYTW�HIWTMXI�XLI�JEGX�XLEX�,&3'�����MW�PIWW�ZMWGSYW�
and has a diameter of approximately one thousandth of the diameter of a RBC, 
[LMGL�WLSYPH�XLISVIXMGEPP]�VIWYPX�MR�E�RIX�PS[IV�VIWMWXERGI�ERH�LMKLIV�ƽS[�ZEPYIW�
when perfusion pressure is kept constant [25]. The group without an oxygen 
GEVVMIV�� XLI� WSPYXMSR�[MXL� XLI� PS[IWX� ZMWGSWMX]�� HMH� WLS[�LMKLIV� ƽS[� ZEPYIW�
XLER�XLI�SXLIV�X[S�KVSYTW�EPXLSYKL�XLMW�HMH�RSX�VIEGL�WXEXMWXMGEP�WMKRMƼGERGI��
Urine production is largely determined by the perfusate’s oncotic pressure and 
despite calculated values being comparable in the RBC and HBOC-201 group, 
the kidneys perfused with HBOC-201 produced only very small amounts of urine. 
Possibly the hydrostatic pressure over the glomerular membrane is lower in the 
HBOC-201 group than in the RBC group. In contrast to the RBC group, fractional 
excretion of sodium was high and there was almost no sodium reabsorption in 
the HBOC-201 group indicating severely impaired tubular function. Creatinine 
clearance values were low in the HBOC-201 group indicating that glomerular 
function was also impaired. Interestingly, urinary NGAL, an early marker of renal 
tubular injury, was lower in the HBOC-201 group than the RBC group. In contrast 
to renal function being superior in the RBC group, HBOC-201 kidneys did not 
seem to sustain more injury during NMP with regard to histological analysis, 
lactate and ASAT levels in comparison with the RBC group.

In liver transplantation several studies have shown that the use of HBOC-201 
leads to similar outcomes in comparison with the use of RBCs. Two studies 
VITSVXIH�WMKRMƼGERXP]�LMKLIV�S\]KIR�GSRWYQTXMSR�MR�PMZIVW�TIVJYWIH�[MXL�,&3'�
201 versus RBCs [25,26]. However, this does not seem to be the case in kidney 
TIVJYWMSR� EW� XLIVI�[IVI� RS� WMKRMƼGERX� HMJJIVIRGIW� MR� S\]KIR� GSRWYQTXMSR�

between the kidneys perfused with RBCs or HBOC-201 in our study, nor in the 
study recently performed by Aburawi et al [32]. In the latter study a potential 
drawback of the use of HBOC-201, the accumulation of methaemoglobin, was 
FVMIƽ]�HMWGYWWIH�FYX�RS�HEXE�SR�GSRGIRXVEXMSRW�[IVI�VITSVXIH��%PWS��RS�GSRXVSP�
group without an oxygen carrier was reported. Although the perfusion solution 
GSRXEMRMRK�XLI�QIX,F�GSYPH�FI�ƽYWLIH�SYX�TVMSV�XS�XVERWTPERXEXMSR��XLI�UYIWXMSR�
remains if HBOC-201 would be suitable for prolonged periods of normothermic 
kidney perfusion, since the percentage of metHb is likely to increase even further 
with NMP durations >360 min.

HBOC-201, in contrast to erythrocytes, does not contain nicotinamide adenine 
dinucleotide hydrogen (NADH)-dependent enzyme methaemoglobin reductase, 
which converts metHb back to haemoglobin. Therefore, when using HBOC-201 
there is a risk of a state of toxic methaemoglobinemia occurring, leading to 
a left shift of the oxygen dissociation curve. Methaemoglobinemia impairs 
oxygen delivery to tissues by decreasing the oxygen-carrying capacity of blood 
because the oxidised iron can no longer reversibly bind oxygen. In addition, the 
oxidisation of iron atoms causes the conformation of haemoglobin to change, 
PIEHMRK�XS�ER�MRGVIEWI�MR�S\]KIR�EƾRMX]�SJ�XLI�VIQEMRMRK�JIVVSYW�LEIQ�KVSYTW�
[33]. An effective treatment for the reduction of metHb is the administration of 
methylene blue. Vitamin C (ascorbic acid) can also be used to convert metHb 
back to haemoglobin but it requires high doses as it is less effective and the 
rate at which it reduces metHb is slower, making it less suitable when metHb 
levels increase above 30% [34,35].

De Vries et al. reported a steady increase in metHb levels of approximately 
10% during two hours of NMP with HBOC-201 without a liver in the perfusion 
circuit, despite the addition of vitamin C. In perfusions with a liver connected 
to the perfusion circuit the rise in metHb was much slower and became most 
prominent when the perfusion solution was oxygenated with 21% oxygen [27]. 
In our study metHb levels increased with a similar rate, approximately 10% per 
2 hours, as described by de Vries et al. where the perfusion without a liver in 
the circuit, leading to metHb concentrations of 45% in our experiments after 
360 minutes of NMP. We did not use vitamin C as this does not add to the 
standardisation of the perfusion solution and it affects the pH and osmolality 
of the perfusate. Although there is evidence that low doses of vitamin C could 
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have nephroprotective effects, there are also longstanding concerns regarding 
possible renal complications after high dose vitamin C treatments in the case 
of pre-existent impaired renal function [36–39].

Newer generations of HBOCs, such as the HBOC-201 compound utilised 
in the present study, contain large molecules of polymerised or cross-linked 
haemoglobin in an attempt to avoid known complications of free haemoglobin 
tetramers such as nephrotoxicity and extravasation, but to date no such product 
has been licensed for human use in the United States. Infusions with HBOCs in 
humans have been associated with several adverse events and safety concerns 
remain [40]. The mechanism of HBOC and free haemoglobin toxicity is still not 
fully understood but it has been suggested that haem-mediated mechanisms 
play a role. In regard to kidney nephrotoxicity this would be the result of redox 
reactions related to iron availability and the generation of reactive oxygen 
species [41,42]. In our study TBARS, measured for determination of oxidative 
stress, did increase over time in the HBOC-201 group, but a steeper increase was 
seen in the RBC group indicating that haemolysis was also present in this group.

Even though HBOC-201 presents the advantage in extended shelf life, 
ambient storage and leads to similar outcomes in terms of oxygenation 
GETEGMX]��WIZIVEP�WXYHMIW�LEZI�VITSVXIH�XLEX�MX�GER�GEYWI�WMKRMƼGERX�MRXIVJIVIRGI�
in modern laboratory analysers that rely on colorimetric assays, due to the 
JEGX�XLEX�MX�VIQEMRW�JYPP]�HMWWSPZIH�MR�XLI�ƈTPEWQEƉ�XS�FI�EREP]WIH�ERH�LEW�XLI�
same appearance as severe haemolysis [43,44]. E. Korte et al have reported 
that different routine analysers had a different sensitivity to the presence of 
HBOC-201 [44]. In our study, a tenfold dilution was required to analyse samples 
that contained HBOC-201 with routine clinical biochemistry methods and to 
minimise assay inaccuracy. Unfortunately, it proved impossible to measure 
several relevant injury markers such as lactate dehydrogenase in the HBOC-
201 samples. To date, assessment of kidneys is based on the macroscopic 
ETTIEVERGI��FPSSH�ƽS[�ERH�YVMRI�SYXTYX�HYVMRK�214�?��A��%�QSVI� MR�HITXL�
assessment, involving the detection of injury markers, appears to be more 
HMƾGYPX�ERH�XMQI�GSRWYQMRK�MR�WEQTPIW�GSRXEMRMRK�,&3'��XLIVIF]�PMQMXMRK�VIEP�
time pre-transplant assessment of kidney viability during NMP.

A potential limitation of this study is the relatively small sample size, although 
our group sizes are comparable to other studies investigating normothermic 
machine perfusion [32,46,47]. Secondly, we did not transplant kidneys after 
NMP. For a fully reliable comparison between the groups, which will also allow 
for follow-up and functional assessment in vivo, future studies should include 
(auto)transplantation of these kidneys.

In conclusion, kidneys perfused with HBOC-201�LEZI�WMKRMƼGERXP]�MQTEMVIH�
renal function during NMP in comparison with kidneys perfused with RBCs. 
Although injury marker levels are relatively low in the HBOC-201 group, high 
TBARS and high methaemoglobin levels indicate that HBOC-201 might be less 
suitable as an oxygen carrier for prolonged periods of perfusion.
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SUMMARY

Chapter 1 provides a general introduction on the subject of kidney transplantation.
The process of ischaemic injury and techniques that are used to optimise 
preservation of donor kidneys are described. The concept of normothermic 
machine perfusion (NMP) is introduced and a possible intervention, the addition 
of mesenchymal stromal cells (MSCs), is discussed.

In Chapter 2 an overview of what is known about the reparative and 
VIKIRIVEXMZI�IJJIGX�SJ�17'W�MR�HMJJIVIRX�ƼIPHW�WYGL�EW�SVXLSTEIHMGW��[SYRH�
LIEPMRK�ERH�EGYXI� OMHRI]� MRNYV]� MW�TVSZMHIH�� *VSQ�WXYHMIW� MR� XLIWI�ƼIPHW� MX�
can be concluded that MSCs could potentially play an important role in the 
outcome of marginal quality kidney transplantations by releasing factors that 
MRGVIEWI�ERKMSKIRIWMW��VIHYGI�ƼFVSWMW�ERH�MRƽEQQEXMSR��MRGVIEWI�XLI�RYQFIV�
of regulatory T cells and improve renal function. Concerns regarding the safety 
of the administration of MSCs are also addressed and the optimal timing of 
XLIMV�EHQMRMWXVEXMSR��NYWX�TVMSV�XS�XLI�TIEO�SJ�MRƽEQQEXMSR��MW�WYKKIWXIH��-R�VIREP�
transplantation, a procedure which goes hand in hand with immunosuppression, 
most research has focussed solely on the immunomodulatory properties of 
MSCs. Pre-clinical studies are necessary to determine if MSCs could be 
administered to an isolated organ prior to transplantation during a period of 
normothermic machine perfusion.

The results in Chapter 3 revealed that it is possible to administer MSCs 
to a porcine kidney during NMP in such a way that a portion of these cells 
remain detectable and structurally intact. Using immunohistochemistry and 
ƽYSVIWGIRGI�QMGVSWGST]�MX�[EW�IWXEFPMWLIH�XLEX�XLI�17'W�[IVI�VIXEMRIH�MR�XLI�
kidney inside the lumen of the glomerular capillaries. Additional experiments 
with iron-labelled MSCs in an MRI scanner revealed that there was a very 
inhomogeneous distribution of the cells in the renal cortex.

In Chapter 4 bone marrow and adipose tissue derived MSCs were infused 
during prolonged NMP of porcine kidneys. The addition of MSCs to an 
ischaemically damaged kidney during NMP led to a reduced expression of 
injury markers lactate dehydrogenase and neutrophil gelatinase-associated 

lipocalin. Furthermore, the addition of MSCs resulted in an increased secretion 
of interleukin-6, interleukin-8 and hepatocyte growth factor into the perfusate.

The results in Chapter 5 demonstrated that the delivery of ten million MSCs 
during normothermic ex-vivo perfusion of porcine kidneys is feasible and 
safe without negatively affecting perfusion haemodynamics or reperfusion 
after transplantation in a pig autotransplantation model. However, this dose 
of MSCs did not improve early renal function of an ischaemically damaged 
kidney during fourteen days of follow up, when compared to NMP alone prior 
to transplantation.

Four different perfusion solutions were evaluated during seven-hour NMP of 
ischaemically damaged porcine kidneys in Chapter 6. Three of the four solutions 
were pre-existent and one of the solutions was designed by our group to exert a 
physiological colloid osmotic pressure and contain electrolytes in physiological 
concentrations. Perfusion with all solutions proved feasible but the solution with 
physiological electrolyte concentrations yielded superior results. These results 
MRHMGEXIH�XLEX�XLI�GSQTSWMXMSR�SJ�ER�214�TIVJYWMSR�WSPYXMSR�LEW�E�WMKRMƼGERX�
impact on many aspects of ex vivo normothermic perfusion and that a small 
change in the composition of the perfusate can lead to considerable differences 
in kidney function, tissue injury and perfusion dynamics.

Chapter 7 revealed that an isolated porcine kidney can also be perfused 
normothermically with allogeneic porcine red blood cells (RBCs) during 
seven hours without causing more injury than autologous RBCs. The use of 
LYQER�6&'W�EW�ER�S\]KIR�GEVVMIV�HMH�PIEH�XS�WMKRMƼGERXP]�QSVI�HEQEKI�SJ�XLI�
kidney during NMP. This led to the conclusion that, to enable NMP of porcine 
kidneys with an RBC-based perfusion solution in an autotransplantation model, 
allogeneic porcine RBCs are the best choice.

In Chapter 8� MX�[EW� MHIRXMƼIH�XLEX�ER�S\]KIR�GEVVMIV� MW�RIGIWWEV]�HYVMRK�
normothermic machine perfusion and that HBOC-201 can be used when solely 
assessing its oxygen carrying capacity. However, renal function is inferior 
to kidneys perfused with red blood cells and high methaemoglobin levels in 
the HBOC-201 kidneys indicate that it is probably less suitable for periods of 
prolonged NMP.
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GENERAL DISCUSSION

To date, renal transplantation is regarded as the best treatment for patients with 
end stage kidney failure. However, the availability of kidney transplantations 
is limited as there is a persistent shortage of organ donors. In an attempt to 
shorten the waiting time by enlarging the deceased donor organ pool, the use 
of donor organs from donation after circulatory death donors and extended 
GVMXIVME�HSRSVW�TPE]W�E�WMKRMƼGERX�VSPI�?�A��,S[IZIV��XLI�QENSVMX]�SJ�XLIWI�SVKERW�
are of suboptimal quality, making preservation of function, and preferably also 
repair of these kidney grafts of vital importance for an effective transplantation. 
Pre-transplant normothermic machine perfusion at 37°C allows for metabolic 
activity and provides a platform for therapeutic interventions to an isolated 
organ prior to transplantation in the absence of an allogeneic immune system 
[2]. Normothermic ex vivo kidney perfusion has not been implemented into 
GPMRMGEP�TVEGXMGI�FYX�XLI�ƼVWX�GPMRMGEP�XVMEPW�LEZI�WXEVXIH��,S[IZIV��E�WXERHEVHMWIH�
perfusion solution has not been established, nor is there a consensus regarding 
the optimal perfusion conditions. This thesis focuses on optimising the perfusion 
solution used during NMP and investigates MSCs as a possible regenerative 
and reparative therapy during NMP.

As discussed in Chapter 2 no studies had focussed on administering MSCs 
to the kidney ex-vivo, prior to transplantation. From the few published studies 
in humans it became evident that intravenous infusions of MSCs could have a 
FIRIƼGMEP�IJJIGX�RSX�SRP]�SR�MQQYRSQSHYPEXSV]�EWTIGXW�FYX�TSXIRXMEPP]�EPWS�
on renal function [3,4]. These intravenously infused MSCs will most likely never 
reach the kidney, but infusing them during NMP could lead to these cells being 
physically present in the kidney [5]. Also, this would require lower doses of MSCs 
which is favourable from a safety perspective [6]. As this cellular intervention 
during NMP had never been performed before, we chose to determine to which 
renal structures these cells localise and what would be an appropriate dose 
in Chapter 3. The MSCs were localised in the lumen of glomerular capillaries, 
but only when infused numbers were as high as ten million MSCs. A multiplex 
EREP]WMW�SR�XLI�WEQTPIW�JVSQ�XLI�I\TIVMQIRXW�[MXL�YRPEFIPPIH�17'W��R!��[EW�
EPWS�TIVJSVQIH�ERH�VIZIEPIH�E�WMKRMƼGERXP]�LMKLIV�GSRGIRXVEXMSR�SJ�MRXIVPIYOMR���
(IL-6) and interleukin-8 (IL-8) in the kidneys treated with MSCs versus the control 
group. As cytokine release in the additional experiments with pre-labelled MSCs 

�R!��GSYPH�RSX�FI�HIXIGXIH�� XLI�I\EGX� MQTPMGEXMSR�SJ� XLMW�ƼRHMRK� VIQEMRIH�
unclear (data not shown in this thesis). Therefore, the choice was made to 
perform a new series of experiments in Chapter 4 with unlabelled MSCs and 
XLMW�GSRƼVQIH�SYV�ƼRHMRKW�VIKEVHMRK�-0���ERH�-0���MR�XLI�IEVPMIV�I\TIVMQIRXW��
The fact that cytokines could not be detected when using labelled MSCs, is 
QSWX�PMOIP]�XLI�VIWYPX�SJ�G]XSXS\MG�IJJIGXW�SJ�ƽYSVIWGIRX�GIPP�PEFIPPMRK�?�A��-0���
MW�VIKEVHIH�EW�ER�MRƽEQQEXSV]�G]XSOMRI�[MXL�TVS�ERKMSKIRMG�TVSTIVXMIW�[LMGL�
could facilitate revascularisation [8]. IL-6 is predominantly regarded as a pro-
MRƽEQQEXSV]�G]XSOMRI�FYX� MX�EPWS�TSWWIWWIW�ERX�MRƽEQQEXSV]�TVSTIVXMIW�� -X�
GER�WYTTVIWW�XLI�WIGVIXMSR�SJ�WIZIVEP�TVS�MRƽEQQEXSV]�G]XSOMRIW�ERH�XLIVI�MW�
evidence that it could also play a regenerative role [9,10]. Hepatocyte growth 
factor levels were also higher in the experiments in which kidneys were treated 
with MSCs and high levels are associated with improved late graft function 
[11]. Furthermore, damage markers were lower indicating that MSC treated 
kidneys sustained less injury. However, to determine if the administration was 
EPWS�WEJI�TSWXXVERWTPERX�ERH� MJ� XLIWI�I\�ZMZS�ƼRHMRKW�[IVI�EWWSGMEXIH�[MXL�
FIRIƼGMEP�IJJIGXW�SR�WLSVX�ERH�PSRKIV�XIVQ�KVEJX�JYRGXMSR�E�XVERWTPERX�WXYH]�
was necessary, described in Chapter 5. Administering MSCs during NMP 
proved to be feasible and did not negatively affect perfusion characteristics nor 
reperfusion after transplantation. Although a small number of MSCs remained 
traceable up to 14 days posttransplant, no effect on early renal function as a 
result of this cell therapy could be detected. This could be the result of a too 
low dose of MSCs or a relatively short follow up time. Further analyses will be 
performed to analyse possible differences in gene expression and cytokines 
VIPIEWI��2SRIXLIPIWW��XLIWI�ƼVWX�VIWYPXW�MR�TMKW�MR�ZMZS�MRHMGEXI�XLEX�XLI�YWI�SJ�
non-preconditioned MSCs during NMP will most likely not lead to the desired 
reparative and regenerative effects posttransplant.

For the autotransplantations in Chapter 5�TMKW�LEH�XS�FI�WEGVMƼGIH�TYVIP]�JSV�
their blood in order to be able to use porcine red blood cells during NMP. This 
made us aware of the fact that not much NMP research had focussed on the 
composition of the perfusion solution nor on the use of different oxygen carriers. 
In Chapter 6 the comparison between different perfusion solutions led to the 
GSRGPYWMSR�XLEX�XLI�GSQTSWMXMSR�SJ�XLI�TIVJYWMSR�WSPYXMSR��WTIGMƼGEPP]�XLI�YWI�
SJ�E�GSPPSMH�SV�ZEWSHMPEXSV�LEH�E�WMKRMƼGERX�MQTEGX�SR�TIVJYWMSR�GLEVEGXIVMWXMGW�
and injury markers during NMP. Kidney function also partly relies on a balance 
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in electrolytes [12,13]; therefore it is important to specify the purpose and 
duration of NMP beforehand as it could call for a different need of additions 
HYVMRK�TIVJYWMSR��8LIWI�ƼRHMRKW�LEH�E�PEVKI�MQTEGX�SR�XLI�TIVJYWMSR�WSPYXMSR�
used during the autotransplantations in Chapter 5. This particular solution was 
XIWXIH�I\XIRWMZIP]�ERH�EPXIVEXMSRW�[IVI�QEHI�FIJSVI�XLI�HIƼRMXMZI�GSQTSWMXMSR�
was established. As it is important to try to reduce the number of experimental 
animals, Chapter 7 and Chapter 8 focussed on using alternatives to allogeneic 
porcine red blood cells during NMP. It proved feasible to perfuse porcine kidneys 
[MXL�VIEHMP]�EZEMPEFPI�LYQER�6&'W��FYX�OMHRI]W�WYWXEMRIH�WMKRMƼGERXP]�QSVI�
damage, possibly as a result of a xeno-reactive response [14]. Hemopure (HBOC-
201), a synthetic haemoglobin based oxygen carrier, has been tested extensively 
in liver NMP but not in renal machine perfusion [15,16]. Kidneys perfused with 
,&3'�����HYVMRK�WM\�LSYVW�WLS[IH�WMKRMƼGERXP]� MQTEMVIH� VIREP� JYRGXMSR� MR�
comparison with kidneys perfused with allogeneic RBCs. Although injury marker 
levels were relatively low in the HBOC-201 group, high methaemoglobin levels as 
a result of the absence of nicotinamide adenine dinucleotide hydrogen (NADH)-
dependent enzyme, indicated that HBOC-201 is less suitable for periods of 
prolonged machine perfusion. Furthermore, concerns regarding nephrotoxicity 
of synthetic haemoglobin based oxygen carriers have not fully been alleviated [17].

FUTURE PERSPECTIVES

Although therapy with non-preconditioned MSCs did not yield the desired 
effects, NMP as a delivery method for a cellular therapy was successful. From 
VIWIEVGL�MR�SXLIV�ƼIPHW�[I�GER�GSRGPYHI�XLEX�XLIVI�EVI�WIZIVEP�JEGXSVW�XLEX�PMQMX�
�TVIGPMRMGEP�IƾGEG]�SJ�17'�FEWIH�XLIVET]��XLI�QSWX�MQTSVXERX�SRI�FIMRK�E�
poor survival rate of the administered MSCs [18]. Major causes of MSC death 
EVI� MRƽEQQEXMSR��KIRIVEXMSR�SJ� VIEGXMZI�S\]KIR�WTIGMIW�ERH� MWGLEIQME�� -R�
our experiments we established that the number of MSCs declined rapidly 
during NMP. Heat shock pre-treatment of MSCs reduces the apoptosis rate 
and enhances reparative effects of MSCs in harsh environments such as that 
exists during machine perfusion [19]. Also, incubation with chemical compounds 
or cytokines has been proven to promote MSC survival. Finally, there is also the 
possibility of genetically modifying MSCs to overexpress certain (antiapoptotic)
genes to improve the survival rate. Another possibility to bypass the problem of 
poor MSC survival rates is to solely administer the secretory proteins of MSCs 
during NMP, the so-called secretome. This secretome consists of cytokines, 
chemokines, growth factors as well as extracellular vesicles [20]. These 
extracellular vesicles appear to be responsible for the therapeutic effects of 
17'W��;LIR�YWMRK�XLI�GYVVIRX�QEVOIVW�XS�HIƼRI�17'W��XLI�GIPPW�I\LMFMX�MRXIV�
population heterogeneity. Using single-cell RNA sequencing one could possibly 
HIXIVQMRI� E� GIVXEMR�17'� WYFX]TI� SV� E� GSGOXEMP� SJ� E� HIƼRIH� TSTYPEXMSR� SJ�
subtypes, which demonstrate effectiveness during cellular therapy. Using these 
aforementioned strategies to limit death of MSCs or solely use its secretome, 
might still present us with an optimistic future regarding MSC therapy during 
NMP prior to kidney transplantation.

However, many aspects of normothermic machine perfusion remain under 
debate. To date it remains unclear to what extent ex vivo renal physiology 
resembles in vivo physiology and what markers are most important. If NMP is 
to be implemented clinically, several issues such as the duration of NMP, the 
perfusion pressure and the exact composition of the perfusion solution need 
to be resolved. In order to perform a standardised perfusion and representative 
quality assessment of the metabolically active kidney it is of vital importance to 
agree on these relatively basic aspects of perfusion. Only after the development 
of a standardised protocol, might we be able to unravel markers during NMP that 
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TVIHMGX�OMHRI]�JYRGXMSR�TSWXXVERWTPERX��4SXIRXMEPP]��[I�GSYPH�XLIR�WTIGMƼGEPP]�
target these markers with cell or drug therapeutic strategies.

Combining machine perfusion with imaging techniques such as magnetic 
resonance imaging (MRI) provides us with the opportunity to monitor perfusion 
real-time. When adding MRI-active compounds, oxygenation and cellular 
metabolism during ex vivo perfusion could be assessed, thereby enabling 
prediction of quality and function of an organ prior to transplantation. The 
ultimate goal would be to assess, target repair and improve the quality and 
function of every kidney that is to be transplanted.

In conclusion, normothermic machine perfusion remains a promising 
XIGLRMUYI�EPXLSYKL�QER]�EWTIGXW�WXMPP�RIIH�XS�FI�VIƼRIH�MR�SVHIV�JSV�MX�XS�VIEGL�
its full potential. Hopefully, in combination with the implementation of the new 
organ donation law in the Netherlands, this will result in the transplantation of 
more and better quality kidneys in the nearby future.
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SAMENVATTING

Hoofdstuk 1 is een algemene introductie over niertransplantaties. In dit 
hoofdstuk worden het ontstaan en de gevolgen van zuurstoftekort op de nier, de 
zogeheten ischemische schade, beschreven evenals de verschillende technieken 
voor nierpreservatie. De focus ligt hierbij op normotherme machineperfusie 
(NMP) alsook mogelijke interventies om de kwaliteit van nieren te verbeteren, 
zoals het toevoegen van mesenchymale stamcellen (MSC’s) gedurende deze 
perfusie.

In Hoofdstuk 2 wordt een actueel overzicht gegeven van de huidige kennis 
over de regeneratieve effecten van mesenchymale stamcellen. Deze kennis 
wordt met name ontleend uit andere onderzoeksgebieden zoals die van de 
orthopedie en wondgenezing. Uit dergelijke studies kan worden geconcludeerd 
dat mesenchymale stamcellen een belangrijke rol zouden kunnen spelen in 
het verbeteren van de uitkomst van niertransplantaties. Immuunsuppressie 
is een centraal thema binnen niertransplantaties en tot op heden heeft het 
meeste onderzoek binnen dit veld betrekking op de immunomodulatoire 
eigenschappen van MSC’s. Naast het feit dat deze stamcellen factoren 
uitscheiden die het immuunsysteem beïnvloeden, zorgen ze echter ook voor 
XSIREQI�ZER�ERKMSKIRIWI��FPSIHZEXZSVQMRK�IR�ZIVQMRHIVIR�^I�ƼFVSWI�IR�LIX�
ontstekingsproces. Op die wijze zouden ze, naast afweeronderdrukking, ook 
een rol kunnen spelen in reparatie van orgaanschade. De veiligheid van het 
toevoegen van MSC’s alsook het optimale toedieningstijdstip worden toegelicht.

De resultaten van Hoofdstuk 3 bevestigden dat het mogelijk is om MSC’s 
tijdens normotherme machineperfusie aan een varkensnier toe te dienen 
en dat een deel van de cellen intact en detecteerbaar blijft. Met behulp van 
MQQYYRLMWXSGLIQMI�IR�ƽYSVIWGIRXMIQMGVSWGSTMI�OSR�[SVHIR�EERKIXSSRH�HEX�
de MSC’s gelokaliseerd waren in het lumen van de glomerulaire capillairen. 
Vervolgexperimenten in een MRI-scanner, waarbij MSC’s gelabeld met ijzer aan 
de nier werden toegediend, toonden aan dat de MSC’s erg ongelijk verdeeld 
waren in de cortex van de nier.

In Hoofdstuk 4 werden beenmerg-afgeleide stamcellen en vet-afgeleide 
stamcellen geïnfundeerd in een ischemisch beschadigde varkensnier gedurende 

normotherme machineperfusie. Dit leidde tot een verminderde uitscheiding van 
de schademarkers lactaatdehydrogenase en ‘neutrophil gelatinase-associated 
lipocalin’ in vergelijking met de groep waarbij geen stamcellen werden 
toegediend. Daarnaast leidde de infusie van MSC’s tot een toename van de 
uitscheiding van de cytokines interleukine-6, interleukine-8 en hepatocyten 
groeifactor in het perfusaat.

In tegenstelling tot de andere hoofdstukken in dit proefschrift betrof de 
studie in Hoofdstuk 5 een omvangrijke, gerandomiseerde autotransplantatie-
studie met het idee de bevindingen van de slachthuisstudies van de eerdere 
hoofdstukken te ondersteunen. Uit de resultaten van Hoofdstuk 5 bleek dat 
het veilig is om 10 miljoen MSC’s aan varkensnieren toe te dienen gedurende 
normotherme ex-vivo perfusie en dat dit niet leidde tot hemodynamische 
veranderingen. Daarnaast had deze toediening, voorafgaand aan transplantatie, 
ook geen negatieve invloed op de reperfusie van de nieren na transplantatie in 
het door ons gebruikte autotransplantatiemodel in varkens. De MSC’s waren 
veertien dagen na transplantatie nog traceerbeer in de nier. Helaas leidde deze 
dosis in de eerste veertien dagen na transplantatie echter niet tot een verbetering 
van de nierfunctie in vergelijking met NMP zonder MSC’s voorafgaand aan 
transplantatie.

In Hoofdstuk 6 werden vier verschillende perfusieoplossingen getest in 
een zeven uur durende NMP van ischemisch beschadigde varkensnieren. Het 
betrof drie reeds bestaande oplossingen en één door onze onderzoeksgroep 
samengestelde oplossing, met fysiologische concentraties van elektrolyten en 
een fysiologische colloïd osmotische druk. Perfusie gedurende zeven uur was 
mogelijk met alle vier de oplossingen, maar de oplossing met fysiologische 
elektrolytenverhoudingen leidde tot minder hoge concentraties van 
schademarkers. Uit deze resultaten blijkt dat de samenstelling van de oplossing 
een grote impact heeft op veel aspecten van NMP en dat een relatief kleine 
verandering in de samenstelling leidt tot aanzienlijke verschillen in nierfunctie 
en weefselschade.

Binnen de medische wereld onderscheiden wij onder andere autologe 
(afkomstig van hetzelfde individu/dier) en allogene (van dezelfde soort maar 
niet van hetzelfde individu) cellen. Uit Hoofdstuk 7 bleek dat varkensnieren ook 
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normotherm geperfundeerd konden worden met allogene rode bloedcellen 
(RBC’s) afkomstig van varkens als zuurstofdrager, zonder meer schade te 
veroorzaken dan autologe RBC’s. Het gebruik van humane RBC’s leidde wel 
XSX�WMKRMƼGERX�QIIV�WGLEHI�KIHYVIRHI�214��-R�EYXSXVERWTPERXEXMIQSHIPPIR�MR�
varkens, zoals beschreven in hoofdstuk 5, is het advies daarom om het gebruik 
van humane RBC’s te vermijden. Een perfusieoplossing met allogene RBC’s lijkt 
echter wel geschikt.

Hoofdstuk 8 toonde aan dat het gebruik van een zuurstofdrager noodzakelijk 
is gedurende zeven uur normotherme machineperfusie. De synthetische 
zuurstofdrager, HBOC-201, leek geschikt op basis van de zuurstofdragende 
capaciteiten. Daarentegen leidde het gebruik van HBOC-201 tot een inferieure 
nierfunctie in vergelijking met het gebruik van rode bloedcellen. De oplopende 
concentraties methemoglobine gedurende de perfusie met HBOC-201 doen 
vermoeden dat deze synthethische zuurstofdrager minder geschikt is voor 
langdurige NMP.
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