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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��&�

4



78 79

Chapter 4 Renal machine perfusion with A-MSCs or BM-MSCs

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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