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Contributi on of hematopoieti c stem cells to renal repair

Acute kidney injury (AKI) is sti ll a major clinical problem, with an incidence of 5% in 
hospitalized pati ents and a mortality rate of 50-80% in these pati ents1. Nowadays, 
the only supporti ve treatment opti on is dialysis, and consequently AKI is a huge 
burden on our health care expenditures. The kidney has remarkable capacity to 
regenerate aft er injury. However, if the damage is long-lasti ng or too severe repair is 
no longer possible. Therefore, in the past decade several researchers have focused 
on stem cells and their capacity to repair tubular epithelium and restore kidney 
functi on.
Clinical evidence for the incorporati on of bone marrow-derived cells in the kidney 
was observed in pati ents that had received a sex-mismatched transplant2-4, 
however, this was a rare event and therefore the functi onal contributi on remained 
uncertain. Strategies to enhance migrati on of stem cells to the damaged kidney in 
order to improve its therapeuti c potenti al have been studied extensively. One of 
the best studied pathways for stem cell migrati on is the SDF-1/CXCR4-axis, which is 
thought to be the central signalling axis regulati ng the traffi  cking of hematopoieti c 
stem cells (HSC) and progenitor cells. Manipulati on of this axis by either blocking 
SDF-1 or bone marrow-associated CXCR4 or by local administrati on of recombinant 
SDF-1 increased homing of stem cells to the liver, spleen, bone marrow, and kidney5-7. 
In contrast, our results show that when using highly purifi ed HSC, manipulati on of 
this axis did not signifi cantly alter the migrati on of exogenous administered HSC 
to the ischemic damaged kidney (chapter 2)8. The main diff erence between the 
various migrati on studies is the origin of the exogenous administered cells. We used 
pure HSC, while others have used total bone marrow which contains additi onally 
multi potent mesenchymal stromal cells (MSC). Moreover, administrati on of pure 
MSC ameliorates ti ssue damage and enhances anti -infl ammatory mediators upon 
renal I/R injury9-11. Nowadays, studies investi gati ng the contributi on of exogenous 
cells to renal repair focus on MSC which show greater therapeuti c potenti al 
compared with HSC.

Manifold roles of chemokines during AKI

Chemokines were originally described as chemotacti c cytokines responsible for 
the migrati on and acti vati on of infl ammatory cells. However, besides their role in 
infl ammati on, chemokines also play a role in other processes including angiogenesis, 
homeostasis, development, and wound healing12;13. Several studies have identi fi ed 
chemokines as parti cipants in renal disease, however, litt le was known regarding 
their expression patt ern. Therefore we employed microarray analysis to determine 
the expression of chemokines during the diff erent phases of renal I/R injury 
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(chapter 4)14. CXC chemokines showed a biphasic expression coinciding with the 
early infl ammatory phase and the later reparati ve phase. Strikingly, all chemokines 
had the highest expression during this later phase. These results imply that 
temporal expression of chemokines is a crucial factor in the regulati on of I/R injury 
and repair. It is therefore important to dissect the role of a chemokine during all 
phases following renal I/R injury before considering it as a therapeuti c target. We 
determined the role of 2 diff erent chemokines, i.e. SDF-1/CXCL12 and MCP-1/CCL2, 
during renal I/R injury and show alternate mechanisms of acti on beside chemotaxis.
Although we could not observe a role for the chemokine SDF-1 in regulati ng HSC 
traffi  cking to the ischemic damaged kidney, we did observe signifi cant increased 
expression of SDF-1 upon inducing renal I/R injury (chapter 3)15. To investi gate 
the role of SDF-1 during renal I/R injury, we depleted renal SDF-1 by anti sense 
oligonucleoti des. Mice with depleted renal SDF-1 showed severely increased tubular 
injury and decreased renal functi on without aff ecti ng migrati on of HSC, implying 
that SDF-1 is an important survival factor for tubular epithelial cells (TEC)15. Our 
results are in line with other studies that show a direct role for SDF-1 in enhancing 
survival in wide variety of cells16-23.
MCP-1 is traditi onally viewed as the chemoatt ractant mainly responsible for 
monocyte infl ux into damaged ti ssue24-27. Indeed, accumulati on of macrophages 
into the ischemic damaged kidney coincides with increased renal expression of 
MCP-114;28. Surprisingly, mice lacking MCP-1 have increased renal damage and 
dysfuncti on without aff ecti ng the accumulati on of macrophages (chapter 5). 
Interesti ngly, just like SDF-1, MCP-1 might serve as a survival factor for various 
cell types29-33 including TEC (chapter 5). Additi onally, MCP-1 might play a role in  
polarizati on of macrophages towards the anti -infl ammatory M2 type (chapter 5)34;35.
Upon injury, expression of several chemokines is upregulated and moreover they 
are considered to be involved in the infl ammatory response. However, the role of 
the chemokines SDF-1 and MCP-1 in survival of TEC that we found demonstrates 
again the diverse acti ons of these so-called infl ammatory mediators. Consequently, 
it is of vital importance to thoroughly unravel the various biological roles of each 
chemokine to obtain a complete overview of the pathways in which chemokines are 
involved. Additi onally, ti me and spati al expression of a certain chemokine likely is 
an important factor in determining its mode of acti on.

Immunomodulatory role for gut microbiota in renal I/R

The gut microbiota has recently been recognized for its role in systemic immune 
regulati on36-39. Bacterial cell wall components such as pepti doglycan (PGN) and 
lipopolysaccharide (LPS) translocate from the gut into the circulati on, where they 
can infl uence the peripheral infl ammatory response. Moreover, Clarke et al. have 
shown that PGN derived from the microbiota can prime granulocytes, and thereby 
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enhance its functi on36. During a sterile infl ammatory response, however, infl ux of 
granulocytes may be detrimental by inducing collateral damage. Depleti on of gut 
microbiota signifi cantly att enuated renal damage and dysfuncti on following renal 
I/R injury with concomitant markedly reduced granulocyte infl ux (chapter 6). These 
results suggest that the immunomodulatory eff ect of microbiota on granulocytes 
is detrimental during renal I/R injury. Although others have shown a role for NOD1 
in priming the granulocytes36, we could not confi rm this in our model. Beside 
immunomodulati on via translocati on of microbial products, other pathways may be 
involved. One example where gut microbiota regulate immune and infl ammatory 
responses is the interacti on of short-chain fatt y acids, which are produced by 
fermentati on of dietary fi bre by gut microbiota, with the receptor GPR43 which is 
expressed by granulocytes40. Additi onally, a direct eff ect of the anti bioti c-treatment 
on renal cells cannot be ruled out.   

Nodosome and its role during renal disease

In the past decade the contributi on of patt ern recogniti on receptors (PRRs) in renal 
disease has gained much att enti on. Although initi ally described as receptors for 
pathogens, it became clear that these receptors additi onally recognize endogenous 
stress ligands that are released upon damage. Indeed, a signifi cant contributi on 
to the infl ammatory response and consequently renal damage and dysfuncti on 
following I/R injury has been described for the PRRs TLR241;42, TLR443;44, and 
NLRP345;46. Shigeoka et al. have reported a protecti ve role for the nodosome in renal 
I/R injury47. They show preserved renal functi on, less tubular injury and reduced 
granulocyte infl ux in NOD1/2 DKO mice following renal I/R injury as compared 
with WT mice. However, the mechanism via which the nodosome contributes 
to renal I/R injury is not investi gated. As far as we know, no endogenous stress 
ligands are described to signal via NOD1 or NOD2. Additi onally, we could not 
confi rm a signifi cant contributi on of the nodosome during renal I/R injury (chapter 
6). The reason for the diff erences between Shigeoka and our results regarding the 
involvement of the nodosome in renal I/R injury are currently unclear, but could 
merely refl ect diff erences in methods and experimental design (e.g. housing, 
anaestheti cs). Another example of sterile renal injury during which endogenous 
stress ligands are released is progressive renal injury induced by unilateral ureter 
obstructi on. The PRRs TLR448;49 and NLRP350 contribute to the development of 
fi brosis, while the PRRs TLR251 and NOD1/2 (chapter 8) do not play a signifi cant role 
in the development of renal progressive injury and fi brosis. The abovementi oned 
studies highlight the important role of several PRRs during sterile renal injury. 
However, we feel that scienti fi c evidence for a role of NOD1/2 in sterile injury is not 
yet convincing. Our major concern is the lack of endogenous stress ligands which 
can signal via the nodosome. Interesti ngly, it has been shown recently that NOD1 is 
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required for PGN-mediated priming of the immune system36 (see above), this would 
suggest a new role for PRRs in an infl ammatory response.
Sepsis-induced renal injury is initi ated by detecti on of microbial products via PRRs. 
Although NOD1/2 do not play a signifi cant role in the contributi on of a systemic 
infl ammatory response following LPS+PGN administrati on, these receptors are 
involved in the development of sepsis-induced AKI (chapter 7). This implies that 
interacti ons between microbial products and their PRRs are ti ssue specifi c. 
Expression of various PRRs including NOD1 and NOD2 has been described in 
TECs47;52;53. Therefore, detecti on of microbial products by TEC-associated PRRs 
might play a crucial role in regulati ng the immune response during sepsis-induced 
renal injury.
Overall, based on their functi onal and structural homologies with other PRRs it is 
conceivable that the nodosome is involved in renal disease. Indeed, we identi fy a 
role for the nodsome in sepsis-induced renal injury (chapter 7). However, a role for 
the nodosome during sterile renal injury is not evident.

Future perspecti ves

Several mechanisms of renal injury and repair are investi gated in this thesis. What 
do these new insights add to our knowledge, and in parti cular, do we have new 
leads for novel therapies? The future perspecti ves are discussed below.
We (chapter 2) and others have shown that the contributi on of HSC or bone marrow-
derived cells to renal repair is very low and hence the physiologic role is questi onable. 
Additi onally, we could not alter HSC migrati on by manipulati ng the most important 
HSC migrati on axis (chapter 2). These results argue against HSC therapy to treat 
renal injury. Moreover, evidence is accumulati ng that the most important source of 
new TEC is most likely the surviving TEC which can dediff erenti ate and proliferate 
in order to restore lost cells. To enhance renal repair it might be more promising to 
unravel the mechanisms taking place in these dediff erenti ati ng and/or proliferati ng 
TEC, so that the intrinsic reparati ve processes are enhanced.
Various studies have revealed that chemokines are important contributors to the 
pathogenesis of renal I/R injury and repair. From our results (chapter 3-5), we can 
learn that the role of chemokines goes beyond its chemotacti c properti es to att ract 
infl ammatory cells to injured ti ssue. Although we did not fi nd new candidates for 
a therapeuti c target, we gained essenti al knowledge regarding the role of several 
chemokines during renal I/R injury. One important fi nding is that chemokines can 
directly enhance survival of TEC. However, this functi on might be diffi  cult to use in 
a therapeuti c strategy as inducti on of chemokines most likely also aff ects leukocyte 
infl ux adversely. Another important note is that the ti ming of chemokine inducti on/
blockade is crucial, as suggested by the biphasic expression of CXC chemokines. 
The main message from the chemokine research is that we need to dissect the 
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mechanisms via which these small molecules exert their various eff ects in order to 
get a complete overview of the roles of chemokines in AKI. The use of chemokine 
antagonists and inducible knockout mice is essenti al to unravel these roles in a 
ti me-dependent manner.
In chapter 6 we observed a clear protecti on against I/R injury in absence of intesti nal 
microbiota. The mechanism, however, is not completely clear and further research 
is necessary to unravel how broad-spectrum anti bioti c treatment aff ects renal I/R 
injury. Additi onal mouse experiments are needed to determine whether a single 
anti bioti c or combinati on of anti bioti cs is responsible for the observed eff ect. 
From a clinical perspecti ve, it would be of great interest to determine whether 
the compositi on of intesti nal microbiota, which can be manipulated, aff ects renal 
outcome. This can be investi gated by analyzing the intesti nal microbiota of renal 
transplant recipients with and without acute rejecti on.
The nodosome (NOD1 and NOD2) was discovered only a decade ago, and 
although since then a wealth of data has been gathered, we are probably only at 
the beginning of discovering the full scope of these innate immune receptors. By 
studying the nodosome defi cient mice (chapter 7), we found several new leads, 
which need to be investi gated further to gain more insight into the various roles 
of the nodosome in biological processes. For instance, it would be very interesti ng 
to study the nodosome defi cient mice in a model for metabolic syndrome, based 
on the plasma biochemical analysis of the naive mice. Furthermore to answer 
whether the nodosome is involved in sterile injury, it is inevitable to determine the 
endogeous danger ligand(s) which can signal via the nodosome. 
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