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INTRODUCTION

The studies described in this thesis provide a solid basis for the use of precision-cut kidney 
slices (PCKS) to study the pathogenesis of acute kidney injury (AKI), early onset renal 
fibrosis and end-stage renal fibrosis. Additionally, we also convincingly showed that PCKS 
are a valuable tool to screen the efficacy of potential (antifibrotic) drugs. In this general 
discussion, several topics will be addressed to broaden our view on renal fibrosis, its 
treatment and the role of PCKS in the search for therapeutic targets and the development 
of antifibrotic drugs. Finally, several possibilities for future research will be proposed.

THE CHALLENGES OF ANTIFIBROTIC DRUG DEVELOPMENT

A bird’s-eye view on treating renal fibrosis 
In 1978, O’Keefe and Nadel already reminded scientists that: “When we first venture into the 
unknown, we need not the incisive beam of the proud penetrating laser, but the gentle 
diffuse illumination of the humble torch. There will be plenty of time later for detailed 
investigation of the nooks and crannies; first we must find the mountains” (1). Therefore, this 
section will provide a panoramic view of the fibrotic landscape and delineate the potential 
adverse consequences of antifibrotic treatment that should be taken into account during 
drug development. 
Firstly, long-term targeting of (profibrotic) growth factors might cause severe deleterious 
effects. For example, inhibition of TGF-β, the master regulator in renal fibrogenesis (2,3), 
might promote tumor development, since this factor elicits both tumor suppressive effects 
in the early stages of tumorigenesis as well as pro-oncogenic effects in later stages of cancer 
(4,5). Thus, for the treatment of fibrosis, inhibitors of the TGF-β pathway should ideally be 
developed that preserve the tumor suppressive effects of this factor. Another example 
of a long-term side-effect from promising fibrosis targets, is cardiotoxicity occasionally 
observed in tyrosine kinase inhibitors such as sunitinib and imatinib (6). Adverse effects 
associated with long-term treatment also raise the question for which patient group 
antifibrotic treatment should be developed. For example, if started in an early phase, 
to prevent fast progression in patients with mild renal insufficiency, only very mild side 
effects are accepted. However, if started later, in patients with severe renal insufficiency, the 
benefits can easier outweigh adverse effects. 
Secondly, the extracellular matrix (ECM) plays a key role in numerous physiological processes. 
The ECM serves as a scaffold for cells supporting the interstitial and pericellular matrix (e.g. 
the basement membrane), regulates cell growth/differentiation (7), act as local storage 
of various chemicals (cytokines and growth factors), and provides mechanical signals (for 
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example by varying ECM stiffness) (8,9). When developing therapeutic options for excessive 
ECM production (i.e. fibrosis), these essential ECM functions should be maintained and 
treatment modalities should aim to restore a balanced ECM environment. To this end, it 
would be ideal to develop an outcome parameter reflecting a balanced production and 
resolution of ECM such as the prothrombin time (PT) used for anticoagulant therapy (i.e 
vitamin K antagonists). 

Targeted drug delivery
Also, in the case of renal fibrosis, drug development should be focused on developing 
drugs that specifically target the kidney. This could decrease the occurrence of adverse 
effects during long-term treatment as well as increase efficacy by specifically targeting 
effector cells such as podocytes, mesangial cells, endothelial cells or proximal tubules (10-
12). Recently, Poosti et al. studied the specific delivery of interferon-γ to myofibroblasts in 
a unilateral ureteral obstruction (UUO) model, which significantly reduced renal fibrosis as 
well as decreased adverse side effects compared to systemic administration of interferon-γ 
(13). This avenue of research is a very interesting development in the search for effective 
therapies of renal fibrosis (14).

Improve clinical outcome parameters
Lastly, clinical trials focusing on CKD would benefit from improved end points. Currently, 
most trials use decline in glomerular filtration rate (GFR) or proteinuria as a primary end 
point (15). Unfortunately, these parameters are not suitable for early and site-specific 
detection of kidney injury and do not correctly reflect the fibrotic status of the kidney. 
Currently, the gold standard test for quantifying the antifibrotic efficacy of a treatment 
is repeated renal biopsies. Unfortunately, such procedures are invasive and prone to 
sampling errors (16). To overcome this hurdle, noninvasive biomarkers of ECM turnover 
(from urine or blood) have recently been developed, as described in chapter 7. In our study, 
single predictive biomarkers were used, however, increasing support exists for the use of 
biomarker classifiers (a group of markers that can be used to classify patients, for instance 
to identify who is more likely to benefit from a therapy) such as the CKD273 peptide 
classifier, used to predict CKD progression (17). Another approach to quantify renal fibrosis 
is bio-imaging. Currently, the two most widely studied imaging modalities are ultrasound 
and magnetic resonance imaging (MRI). Ultrasound is being used to assess tissue elasticity 
(elastography), which in the field of liver fibrosis nicely correlates with the degree of fibrosis 
(18,19). Unfortunately, its application for kidney fibrosis remains uncertain as reproducibility 
is highly influenced by parameters such as anisotropy and vascularization (15,20). Diffusion-
weighted MRI is currently being studied to assess renal fibrosis, but it appears to reflect 
renal function and not fibrosis (21,22). Recently, molecular imaging showed promising 
results to quantify renal fibrosis. This technique involves molecular probes coupled to a 
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contrast agent binding the protein of interest (e.g. collagens, elastin), and visualized with 
MRI, computed tomography (CT) or positron emission tomography (PET). Great results 
have been obtained using an elastin-specific gadolinium-based tracker to investigate 
myocardial remodeling and the use of this agent to study renal fibrosis is currently 
being investigated. Also Chen et al. reported an interesting molecular imaging modality 
that could distinguish active pulmonary and hepatic fibrogenesis from stable fibrosis 
by using oxidized collagen (23) and it is likely that this marker can also be used in other 
fibroproliferative diseases. Therefore, several promising noninvasive imaging techniques 
are being designed, yet validation in renal fibrosis is lacking.

PRECISION-CUT KIDNEY SLICES: MODEL OF DIFFERENT STAGES 

OF RENAL INJURY

PCKS can be used as a translational multicellular model of various renal disease entities. 
In this thesis, the majority of studies were performed using slices prepared from healthy 
tissue, thus reflecting early fibrogenesis. However, it is also possible to prepare PCKS from 
fibrotic tissue in order to study the final stages of the disease. In a preliminary study, we 
characterized mPCKS from UUO kidneys, and we observed that all fibrosis markers were 
significantly increased at baseline in UUO mPCKS compared to sham mPCKS (Bigaeva et 
al. data not published). Macroscopy of mPCKS showed hydronephrosis in the UUO kidney 
(day seven) slices. Also viability, as measured by ATP, was comparable to sham operated 
slices. Furthermore, our results showed that healthy (i.e. sham) slices display a strong fibrotic 
response on gene expression during incubation while this is limited in fibrotic (i.e. UUO) 
slices. Similar results were obtained with fibrotic human PCKS (fhPCKS), where no increase 
in collage type 1a1 was seen on mRNA level during incubation, as described in chapter 6. 
A possible explanation for these results, which needs to be further substantiated, is that 
the profibrotic TGF-β pathway is already highly activated in UUO mPCKS at baseline and 
cannot be further induced. A major difference between fhPCKS and UUO mPCKS, is the 
underlying etiology. UUO mPCKS are merely a model of sudden onset of renal fibrosis 
and healthy animals are used with no predisposing risk factor such as hypertension or 
atherosclerosis. On the other hand, fhPCKS can be seen as a model of CKD as the tissue 
used has been susceptible to various patient risk factors such as hypertension, diabetes, 
the use of calcineurin-inhibitors or dialysis.
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PROMISING CELL-BASED DRUG-SCREENING ASSAYS

Currently, there is a lack of effective translational models for drug development. As 
described earlier, PCKS are a unique ex vivo model, which can be used for drug screening. 
Unfortunately, it is not suitable for high throughput screening, which is often a prerequisite 
for implementation in the pharmaceutical industry. 
An alternative model, receiving great attention in recent years has been the ‘kidney in a 
dish’ made with organoids. The latter are artificially grown three-dimensional (3D) clusters 
of organ-specific cells derived from pluripotent stem cells, including human embryonic 
stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs). Generation of 
kidney organoids is extremely challenging as at least four distinct progenitors cells from 
the nephron, collecting duct, endothelium and interstitium are needed (24,25). Organoids 
can be used as disease model, drug screening assay and to study human development 
(25,26). Additionally, organoids are now also cultured from patient-derived cells to test 
individual drug responses. Dekkers et al. successfully demonstrated the use of organoids 
in the field of personalized medicine (27). They showed that rectal organoids, derived 
from patients with cystic fibrosis, could be used to assess cystic fibrosis transmembrane 
conductance regulator (CFTR) function, which predicted the patients’ response to CFTR-
modulating drugs.
Another model that gained great interest for drug screening is the kidney-on-a-chip 
technology, which simulates organ architecture and mimics renal physiological functions 
(28). Kidney-on-a-chip, also termed three-dimensional (3D) microfluidic cell culture 
systems, is a cell culture environment developed on a microchip that contains perfused 
chambers inhabited by living cells (29). In more complex models, different renal cell types 
or cells from different organs can be linked fluidically. Due to its complexity, organ-on-
a-chip microfluidic devices currently lack validation, and additional studies are needed 
to further characterize, develop and validate this model before it can be used for high 
throughput drug screening.
Table 1 compares the two aforementioned models with PCKS and animal studies. Major 
advantages of organoids and the kidney-on-a-chip, compared to PCKS, are that they can 
more easily be implemented in high throughput systems and that patient material can be 
used for personalized drug testing. However, PCKS can more easily be used in standard 
laboratories and can more closely model renal fibrosis.
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Table 1. Comparison of promising three-dimensional (3D) models for drug development to currently used 
models.

Model Pro’s Con’s
Traditional in vitro models - Well validated

- High-throughput
- Cost-efficient

- No physiological relevance
- No organ archtitecture

Animal models - Well validated 
- Physiological relevance
- Entire body system studied
- Presence of extracellular matrix

- Species/model differences
- Poor predicitivity
- Low throughput
- High costs
- Ethical concerns

Organoids - Partial physiological relevance (3D)
- Organ architecture simulated
- Use of patient’s own cells for 
personalized drug testing

- Not fully validated
- No perfusion
- Highly specialized

Kidney-on-a-chip - Improved physiological relevance 
(3D and perfusion)
- Possibility multiorgan systems 
- Potential for high-throughput
- Use of patient’s own cells for 
personalized drug testing

- Not fully validated
- Non-standard equipment
- Highly specialized

Precision-cut kidney slices - Improved physiological relevance
- High predictivity (human tissue)
- Easily used in standard laboratories
- Good disease model (i.e. fibrosis)
- Presence of extracellular matrix

- Not fully validated
- Medium throughput
- No perfusion

FUTURE PERSPECTIVES

In this thesis, we have extensively characterized PCKS thereby expanding our knowledge 
on the pathogenesis of acute and chronic kidney injury. Additionally, these results provide 
a solid basis to accelerate drug development in the field of fibrosis. This thesis delineates 
only a few of the many possible applications of PCKS foreshadowing some exciting times 
to come. In this section, several possibilities for future research are discussed.



Discussion and future perspectives

157

8

In chapters 3 and 4, PCKS were incubated up to 96 h, and it was shown that the slices 
undergo several morphological changes especially the proximal tubules. However, it 
remains to be investigated whether the used culture conditions are optimal for all the 
different renal cell types present in PCKS. For example, using liver slices, it has been shown 
that medium composition has crucial effects on slice morphology and remodeling 
during incubation (30). Additionally, it is known that cell survival, growth and proliferation 
are dependent on numerous growth factors (31,32), which might be absent or present 
in non-physiological concentrations in the current PCKS system. Therefore, it remains to 
be investigated which growth factors are produced/secreted by PCKS and whether the 
addition of additional growth factors (such as IL-3 (33)) would improve slice viability and 
morphology during prolonged culture periods. On the other hand, this could lead to 
non-physiological responses, which should be taken into consideration. To conclude, fine-
tuning of medium composition will definitively be a major challenge to strengthen the 
position of PCKS as a valid ex vivo model of renal diseases. 

Next to improving culture conditions, the experimental options with PCKS can also be 
expanded. The pathogenesis of renal fibrosis is complex and involves a myriad of pathways. 
To elucidate the role of a specific gene or protein in renal fibrogenesis one can use organs 
from knock-out animals or use small interfering RNA (siRNA) in PCKS. However, siRNA 
delivery is more complex in an ex vivo slice system compared to single cells systems. This 
is caused by the negative charge of siRNA that can be overcome by using a siRNA carrier 
(34). Preliminary studies from our group show that siRNA-mediated gene silencing can be 
achieved by by using self-deliverable siRNA (i.e. siRNA conjugated with a sterol group to 
allow passive diffusion of siRNA across the cell membrane) (35).

Lastly, progression can be made by improving imaging techniques to study PCKS, or tissue 
slices in general. Ideally, one would want to achieve real-time and noninvasive imaging 
of kidney slices during incubation. In a pilot experiment, we attempted to visualize 
extracellular matrix deposition in PCKS using Second Harmonic Generation (SHG)-based 
morphometry. The SHG signal specifically visualizes fibrillar collagens, more precisely 
collagen I and III (36,37) by using the physical properties of these collagens (thus this does 
not involve any dye or staining). Although we were able to record SHG signals from human 
PCKS (figure 1), quantification of the signal was fraught with difficulties. Another option 
would be the use of a fluorescent label or using transgenic fluorescent reporter mice, 
nonetheless, quantification remains complex due to the thickness of PCKS. 
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Figure 1. Second Harmonic Generation (SHG)-based morphometry of human PCKS incubated 3h and 72h. 
Green represents the SHG signal, red represents the background signal for morphological assessment.

CONCLUSIONS

The work presented in this thesis exhibits the potential of PCKS to study the pathogenesis 
of renal fibrosis as well as acute kidney injury. Additionally, PCKS were successfully used as 
a translational screening tool for drug discovery, thereby positively contributing to the 3Rs 
of animal testing in fibrosis research. Still, despite these major advances, it should be noted 
that: ‘improvement requires continuous effort’ (Daila Lama, 2012).
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