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Summary

The incidence of chronic kidney disease (CKD) and end stage renal disease (ESRD) is rising each 
year1. Kidney transplantation is currently the best therapy for patients with ESRD. However, 
there is a shortage of donor organs and the long term outcomes after kidney transplantation are 
compromised by the effects of rejection and nephrotoxicity of immunosuppressive therapies. 
There is therefore a need for new strategies to either prolong the survival of transplanted organs 
or to increase the numbers of (bio-engineered) kidneys suitable for transplantation. 

Mesenchymal stromal cell (MSC) therapy is an interesting novel approach to increase 
transplant survival as MSCs exhibit antifibrotic and immunomodulatory properties. MSCs may 
therefore play roles in the treatment of allograft rejection and fibrosis and in minimization of 
immunosuppressive therapies, in particular calcineurin inhibitors. In several preclinical studies 
bone marrow MSCs (bmMSCs) showed beneficial effects on renal function and graft survival2. 
The first clinical studies have been performed with bmMSCs in kidney transplantation, mainly 
focussing on safety and feasibility3-9. Currently, several clinical trials are on-going focussing on 
improving long-term transplant survival with minimization of immunosuppression, prevention 
of transplant rejection or reducing ischemia reperfusion injury. While the first results are 
promising, there are, however, still a lot of questions which should be addressed regarding, 
amongst others, monitoring after MSC infusion, mechanism of action and optimal timing, 
dosage and frequency of infusions (Chapter 2). 

Mesenchymal stromal cells are a heterogeneous cell population and can be isolated from the 
perivascular fraction of most organs, including the human kidney (hkPSCs)10-12. In chapter 3 
we show an extensive characterization of kPSCs compared to bmMSCs and show that hkPSCs 
contain strong transcriptional similarities compared to bmMSCs, but also show organotypic 
expression signatures, including the HoxD10 and HoxD11 nephrogenic transcription factors. 
Comparable to bmMSCs, hkPSCs showed immunosuppressive potential and, when co-cultured 
with endothelial cells, vascular plexus formation was supported which was specifically in the 
hkPSCs accompanied by an increased NG2 expression. hkPSCs did not undergo myofibroblast 
transformation after exposure to TGFβ, further corroborating their potential regulatory role 
in tissue homeostasis. This was further supported by the observation that hkPSCs induced 
accelerated repair in a tubular epithelial wound scratch assay which was mediated through HGF 
release. In vivo, in a neonatal kidney injection model, hkPSCs re-integrated and survived in the 
interstitial compartment, while bmMSCs did not show this potential. Moreover, hkPSCs gave 
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protection against the development of acute kidney injury in vivo in a model of rhabdomyolysis 
mediated nephrotoxicity. Overall, this suggests a superior therapeutic potential for the use of 
hkPSCs and/or their secretome in the treatment of kidney diseases.

For fluent clinical translation, we developed a clinical grade acceptable standard operation 
procedure (SOP) with the use of clinical grade materials and enzymes (chapter 4).

As both the culture of kPSCs and bmMSCs in a clinical grade manner is currently time 
consuming and costly, culture methods are now shifting towards bioreactor-based systems 
where cells are cultured on microcarriers13-16. However, little is known about how these changes 
in microenvironment influence the functionality of the cells. In chapter 5 we investigated 
whether the microenvironment, specifically the topography of the culture surface, influence 
the functionality of both kPSCs and bmMSCs. To this end, we cultured human bmMSCs 
and kPSCs in the TopoWell plate, a custom-fabricated multi well-plate containing 76 unique 
bioactive surface topographies. Using fluorescent imaging, we observed profound changes in 
cell shape, accompanied by major quantitative changes in the secretory capacity of the MSCs. 
The cytokine secretion profile was closely related to cell morphology which was influenced by 
the cell culture topography. Our data demonstrate that stromal cell function is determined by 
microenvironment structure and can be manipulated in an engineered setting. Our data also 
have implications for the clinical manufacturing of mesenchymal stromal cells, where surface 
topography during bioreactor expansion should be taken into account to preserve therapeutic 
properties.

Stromal cells from different organs show tissue-specific imprinting and properties10,11,17-19. 
However, the presence of functionally distinct stromal cell populations within one solid organ 
has not been described before. In Chapter 6 we show that not only the kidney cortex but also 
the kidney capsule contains a stromal cell population. These capsule stromal cells are important 
for the three dimensional organisation of the kidney during nephrogenesis20-25 and provide 
the barrier function of the capsule which is critical for homeostatic processes such as pressure 
natriuresis26. We postulated that stromal cells derived from the kidney capsule may therefore 
also have specific properties and functions. To this end, we isolated these capsule mesenchymal 
stromal cells (cMSC) from human cadaveric kidneys that were not suitable for transplantation. 
There were several similarities between cMSCs and kPSCs including support of vascular 
plexus formation, expression of phenotypic markers and resistance against myofibroblast 
transformation. However, compared to kPSCs, cMSCs showed distinct mRNA and miRNA 
expression profiles, showed increased immunosuppressive capacity, and displayed strongly 
reduced HGF production, contributing to the inability to enhance kidney epithelial repair. 
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Therefore cMSCs are a distinct, novel human kidney-derived MSC-population and these data 
underpin the large functional diversity of phenotypically similar stromal cells in relation to their 
anatomic site, even within one organ. 

Although the in-organ differential functionality of MSCs is of interest to our understanding of 
the structural biology of the kidney, cMSCs are less likely to be used as candidate for clinical 
therapies. In clinical trials usually 2 cell infusions of 1-2 million cells per kilogram body weight 
are given8. To obtain such cells numbers, cMSCs should be isolated from several different donors 
for infusion into one patient, which makes the use of cMSCs less feasible compared to other 
MSC sources. 

Next to MSC therapy to increase transplant survival, another future strategy to increase the 
numbers of available organs for transplantation may be kidney bio-engineering. For this purpose 
a human or human size kidney can be decellularized in order to obtain the kidney matrix 
without the cells (scaffold). This scaffold can then be recellularized with induced pluripotent 
stem cells (hiPSCs) derived kidney27- and endothelial cells28 derived from the patient. In 
chapter 7 we report the regeneration of kidney vasculature by repopulating the glomerular and 
peritubular vascular compartment of human and rat kidney matrices with human endothelial 
cells derived from human glomeruli and human induced pluripotent stem cells. In order to 
optimize re-endothelialization, we provide novel strategies such as growth factor loading and a 
new controlled arterio-venous delivery system. Using this novel approach we were able to scale 
up re-endothelialization using iPS-derived endothelial cells as an expandable source to a full 
human kidney matrix, and were able to achieve efficient cell delivery, adherence and survival of 
these endothelial cells as a first, but critical, step towards a human bioengineered kidney. 

Discussion and future perspectives

Already in Greek mythology there was a fascination for regeneration of organs and body parts. 
For example, the liver of Prometheus, destroyed every night by an eagle, regenerated every 
morning. Not only in mythology but also in early science there was an interest in regeneration 
as Aristotle (384-322 BC) already observed that a lizard is able to completely regenerate its lost 
tail29-31. 

Whereas the human body is not able to completely regenerate lost body parts, it does have a 
regenerative capacity. While some cell types, including kidney tubular epithelial cells, are able 
to self-renew32,33, other nephron segments such as the glomerulus have a limited regenerative 
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capacity. Stromal cells are of particular importance for tissue regeneration as stromal cells can, 
due to their perivascular location and spindle shaped morphology, communicate with several 
cell types in the organ including endothelial cells, tissue resident macrophages and dendritic cells 
and infiltrating leucocytes8,34. Stromal cells are therefore an interesting cell source for cellular 
therapy for kidney regeneration and are currently extensively studied for kidney transplantation, 
both preclinically and in clinical studies. For clinical application, many questions regarding MSC 
therapy still remain, including the best MSC source, the most effective delivery strategy and long 
term effects and safety (chapter 2). 

Little is known about the best MSC source for kidney transplantation patients. Most studies 
performed in the transplantation field have been performed with bmMSCs. However, as we 
show that bmMSCs do not produce substantial levels of HGF important for kidney regeneration 
(chapter 3), bmMSCs may not be the best option in kidney transplantation. kPSCs do show 
this potential, but are not as readily available and need longer culture times and thus have a 
higher risk of infection and the acquiring of genetic anomalies during culture. Another option 
would be umbilical cord derived MSCs (ucMSCs). Within the STELLAR consortium we and 
others showed that ucMSCs have comparable kidney regeneration capacity in vitro and are able 
to ameliorate kidney damage in vivo35. As umbilical cords are easily obtained and ucMSCs can 
be isolated at low passage in high quantities, ucMSCs are an interesting cell source for further 
exploration for kidney transplantation. 

Another issue to be resolved is the administration method of MSCs. Currently, MSCs are given 
intravenously to the patient8. However, it may be more potent to deliver the MSCs, or the MSC 
conditioned medium containing the factors important for kidney regeneration, to the kidney ex 
vivo before transplantation. This would decrease the potential risk of immunity, and potential 
long term negative effects of MSCs in the patient. Moreover, the MSC conditioned medium 
could be combined with ex situ machine perfusion or in situ regional perfusion resuscitation 
strategies36 and may in such a way be able to enhance transplant regeneration.

Perivascular stromal cells are only a small fraction of the cell population in the bone marrow 
and kidney. Therefore in vitro expansion is necessary to obtain sufficient cell numbers. This is 
a time consuming and, particular in a clinical setting where clean room facilities are necessary, 
costly process. Moreover, open procedures increase the risk of infections during culture. 
Therefore there is a growing interest in closed-system bioreactors13-16. We and others showed 
that both bmMSCs and kPSCs can be cultured on biodegradable microcarriers in a xeno-free 
and serum-free spinnerflask culture35. Moreover, kPSCs could be isolated from the total kidney 
cell suspension via magnetic NG2 separation using fully automated cell processing (CliniMACS 
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Prodigy ®)35. Combining these two techniques would result in a closed system isolation and 
culture method, diminishing the hands-on time and infection risks. However, stromal cells 
cultured with these novel techniques should be extensively characterized as we and others 
showed that the functionality of stromal cells can be different when cells are cultured on different 
materials, surface shape and surface stiffness (chapter 5, 37-41). 

The field of regenerative medicine made enormous progress since the discovery in 2006 that 
differentiated adult cells can be reprogrammed into induced pluripotent stem cells (iPSC)42. 
In particular the combination of iPSC-technology with more recent differentiation strategies 
of iPSC towards several different cell types in the body, including neural43, retinal pigment 
epithelial (RPE) cells44, β-cells45, kidney27 and endothelial cells28 make iPS-derived cells and 
tissues interesting new therapeutic strategies for regeneration. In fact, the first clinical study 
with autologous iPS-derived RPE cells for macular degeneration was initiated in 2014. Although 
currently on hold due to mutations observed in the second patient’s iPSCs, it is anticipated to 
resume46. More trials are to be expected with iPS-derived cells. 

Although the kidney is a complex organ, consisting of around 2 million nephrons containing 
more than 20 distinct cell types, it turned out to be possible to create iPS-derived nephrons in 
3D structures (organoids) by mimicking embryonic development. These organoids show self-
organization into nephrons containing glomeruli, proximal tubules, early loop of Henles, distal 
tubules and collecting ducts27. 

While these findings hold great potential, for example for drug screening purposes, the size of the 
kidney organoids at present is too small to use directly for renal replacement therapy. Moreover, 
nephron structures within the organoids lack a collecting system and a connected vasculature. 
Using the kidney extracellular matrix as an instructive guidance for iPS-derived kidney- and 
endothelial cells may be a method to overcome these hurdles towards a bio-engineered kidney 
(chapter 7), 47,48. 

The concept of a bio-engineered kidney using the decellularized extracellular matrix is based on 
the theory that the instructive capacity of the matrix is site specific and results in site selective cell 
engraftment. We show that the instructive capacity can be used for enhanced human endothelial 
cell adherence and survival in whole organ kidney matrices based on the preservation of the 
glycosaminoglycan (GAG) landscape (chapter 7). To gain a functional bio-engineered organ, 
however, also the epithelial side and stromal compartment of the kidney should be re-cellularized. 
Song et al. showed that by recellularizing rat kidney matrices with rat neonatal kidney cells, 
indeed side selective engraftment was observed with podocytes in the glomerular structures and 
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tubular cells in the tubular compartment of the nephron47. However, whether this is also possible 
with iPS-derived kidney progenitor cells still needs to be further elucidated. Moreover, culture 
methods of iPSC-derived kidney progenitor cells should be optimized to enable the production 
of large cell quantities necessary to recellularized a human or human size kidney matrix. 

Besides the hurdles mentioned above, there are still several other obstacles such as sterility, 
thrombogenicity and immunogenicity, which need to be resolved. The vascular compartment, 
for example, needs to be completely re-endothelialized to prevent thrombosis. Moreover, little 
is known about the immunogenicity of the scaffold after recellularization. A massive influx of 
immune cells is observed in a transplanted empty scaffold48. Whether this is also the case for 
transplanted re-cellularized scaffolds still needs to be further investigated. 

Moreover, there are also still safety issues regarding iPSC for clinical application, such as 
genetically stability and risks of tumorigenicity46. In the end, direct reprogramming of adult 
fibroblasts into the desired cell type without a pluripotent state in between may be a safer option 
49,50. However, whether with this methods sufficient cell numbers of all cell types can be acquired 
is currently not known. 

With all these hurdles in mind, it has to be seen whether a transplantable bio-engineered kidney 
will be possible in the future. But even when this will turn out to be unfeasible, a lot of novel 
knowledge about the instructiveness of the extracellular matrix is obtained along the way. This 
knowledge itself may provide important clues for organ regeneration in situ. In fact, recently 
it has been described that the method to obtain the decellularized matrix is feasible in situ51. 
One could think of a future were non-functional parts of an organ are decellularized in vivo 
and, combined with strategies to enhance cell adherence, proliferation and functionality, such as 
growth factor loading, can instruct the body itself to regenerate this matrix. 

Not only in the scientific world, but also from a commercial perspective, the field of regenerative 
medicine is increasing. According to the World Regenerative Medicines Market forecast 2015-
2022 the field of regenerative medicine is projected to reach $30,237 million by 2022, mainly in 
the field of cellular therapies52 . Unfortunately, the increasing interest in the field and resulting 
potential gains also has its drawbacks. There is a growing industry in stem cell tourism based on 
unproven treatments and several allegations of research misconduct have been reported31,53-55. 
As there are currently still major issues to be resolved regarding iPS- derived product safety, such 
as genetically stability and risks of tumorigenicity46, it is of importance that the general public, 
in particular the patients, get a realistic view about the possibilities of stem cell therapies. The 
research community has a major responsibility in this in their communication with the media. 
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To conclude, the field of regenerative medicine holds, despite the mentioned hurdles, a lot of 
promises for kidney transplantation on both the short and long term. However, time will tell 
whether all aspects, including iPS-based therapies and bio-engineered organs, will be clinically 
available in the future or will be a modern myth. 
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