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Abstract 
 
Bone marrow derived cells (BMDC) have shown to engraft renal tubuli and constitute part of the interstitial 

myofibroblast population after kidney damage. It is unknown which BMDC are responsible for the 

differentiation towards tubular epithelial cells (TEC) or myofibroblasts. Mesenchymal stem cells, 

haematopoietic stem cells, fibrocytes, peripheral blood mononuclear cells, fibroblasts and pericytes are all 

resident or peripheral BMDC. They each show in vitro or in vivo differentiation capability towards either 

TEC or myofibroblasts, creating a complicated web of cells that can contribute to renal recovery. With the 

help of literature research the signalling molecules that affect this differentiation are identified. In the 

damaged kidney, inflammation and wound healing create a specific microenvironment. The composition 

of this microenvironment will determine the differentiation choice of arriving BMDC towards TEC or 

myofibroblast. By studying the damaged kidney‟s gene transcription and protein levels it is possible to 

predict the microenvironment and hypothesize which differentiation choice the BMDC will make. At the 

moment of BMDC arrival the microenvironment is predominantly pro-fibrotic, therefore BMDC will mainly 

choose to differentiate towards myofibroblasts. 

 
 

Introduction 
 

Bone marrow-derived cells (BMDC) have been shown to engraft renal tubule after kidney damage and 

obtain an epithelial phenotype (1-4). BMDC are not only involved in repair, but also play a role in normal 

renal epithelial turnover (5). The same involvement of BMDC in epithelial engraftment is found in other 

organs such as the lung, liver, skin and gastrointestinal tract in both cellular turnover (6)(7) and after 

damage (8-11). Renal damage is sometimes reversible (12), but severe or chronic renal damage can lead 

to the accumulation of myofibroblasts. Myofibroblasts foremost produce extracellular matrix (ECM) 

proteins. An excessive and imbalanced deposition of these ECM proteins can lead to fibrosis (13). 

Studies have shown that BMDC can differentiate into myofibroblasts and hereby contribute to the 

development of fibrosis in the kidney (12), in the liver (14) and in other organs (15). Thus cells derived 

from the bone marrow can migrate to the kidney and other organs and differentiate in both tubular 

epithelial cells (TEC) and myofibroblasts, potentially contributing to recovery or fibrosis. 

 The cell mainly produced during recovery is the TEC. TEC compose the lining of the renal tubule. 

They are responsible for the reabsorption of water and solutes. The TEC are attached to a basal 

membrane and border the kidney‟s lumen filled with pre-urine. There are small differences between the 

epithelial cells found in the different parts of the tubule. For example proximal TEC have a brush border to 

increase the area for reabsorption and are more „leaky‟ than distal TEC (16). Cells contributing to fibrosis 

are the myofibroblasts. They are large cells with long processes and are identified by their expression of 

α-smooth muscle actin (αSMA) (17), although this marker is expressed by some other cell types as well 

like pericytes and vascular smooth muscle cells (18). αSMA is a cytoskeletal protein and is used by the 

myofibroblasts to exert contractile forces on the surrounding tissue. Myofibroblasts in the kidney are 

traditionally thought of as an activated population of resident fibroblasts (19). During fibrosis they are the 

main producers of the excessive ECM deposition that characterizes this condition (13,20). 

Both myofibroblasts and TEC can be produced by cells originating from the bone marrow. The 

bone marrow consists of several different cell populations that give rise to a high variety of cell types. An 

example is the haematopoietic stem cell (HSC) population that produces all cells within the 

haematopoietic system, such as lymphocytes, myelocytes and erythrocytes (16). Upon damage cytokines 

and chemokines, like for instance interleukin-8 (IL-8) and stromal derived factor-1 (SDF-1), regulate the 

homing of BMDC to damaged tissues (21). I suggest that the signalling molecules present in the 

damaged kidney‟s microenvironment will determine the differentiation direction of these migrating BMDC. 
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Several researchers have stated that BMDC can form TEC and myofibroblasts in vivo (1-4,12). At the 

moment it is not precisely clear which BMDC populations contribute to their formation in the kidney. It is 

conceivable that a single specific BMDC population serves as the progenitor for both TEC and 

myofibroblasts and that the microenvironment in the kidney determines the differentiation direction (see 

figure 1A). Another possibility is that one BMDC population gives rise to TEC and another gives rise to 

myofibroblasts. It now becomes important which of the BMDC populations is recruited to the kidney, 

because within this scenario the recruitment will determine if TEC or myofibroblasts will be formed (see 

figure 1B). The last explanation is that multiple BMDC populations can differentiate into both tubular 

epithelial cells and myofibroblasts. This would mean that the composition of the microenvironment will 

direct the multiple BMDC populations to differentiate to either TEC or myofibroblast (see figure 1C). 

Most studies on BMDC differentiation in the kidney are observational and study just the 

appearance or engraftment of BMDC derivatives. After identification with surface markers, such as E-

cadherin (1) or aquaporin 2 (2) for epithelial cells and αSMA (12) for myofibroblasts, the studies end. The 

issue that these studies do not address is what signals trigger the differentiation to either TEC or 

myofibroblast and if these signals are different between the BMDC populations. By obtaining this 

knowledge it is possible to speculate on how the microenvironment in the damaged kidney will affect the 

BMDC differentiation choice. 

 

 
 

In this thesis I will first give an overview on the different bone-marrow derived cell populations that have 

the right differentiation potential. I will not only discuss resident BMDC populations but also briefly point 

out peripheral cell types with a bone marrow background. This will provide more insight on which BMDC 

populations might be able to produce TEC or myofibroblasts in the damaged kidney. Secondly I will clarify 

which signals trigger the differentiation of migrating BMDC. Finally by looking at the damaged kidney‟s 

microenvironment I will hopefully be able to determine which differentiation choice the BMDC will make 

when they arrive at the kidney.  

Figure 1. Multiple options for BMDC contribution to tubular epithelial cells and myofibroblasts. One 

BMDC population can produce both cell types (A). Two BMDC populations serve as progenitor for a single cell 
type each (B). Both myofibroblasts and TEC can be produced by two or more BMDC populations (C). Bone 
marrow-derived cell (BMDC), Myofibroblasts (M), tubular epithelial cell (TEC). 

M TEC 

Etc. 

A B C 

Bone marrow  

BMDC 
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BMDC with differentiation potential towards TEC or myofibroblast 
 

Resident bone marrow-derived cells 

 

Cells from the bone marrow can go to the damaged kidney and directly differentiate into TEC (22) or 

myofibroblasts (12). There are multiple BMDC populations that can execute this process. I divide them 

into two groups: 1) Cells resident to and originating directly from the bone marrow, termed “resident 

BMDC”. 2) Cells that are a descendant of a bone marrow progenitor but do not reside in the bone marrow 

any longer. In this thesis these cells are called “peripheral BMDC”. There are two types of resident BMDC 

that have shown differentiation to either TEC or myofibroblasts which will be discussed below.  

 

Mesenchymal stem cell (MSC) 

The MSC was first thought of as only a supportive stromal cell that creates the stem cell niche required by 

the HSC to retain its “stemness” or balance between self-renewal and reproduction (23-25).  The first hint 

to their multipotent character was discovered by Alexander Friedenstein (26). He seeded bone marrow 

cells in liquid cultures and after two weeks colonies of plastic-adherent, non-phagocytic, elongated cells of 

fibroblastic morphology started to form. He then implanted these colonies under the renal capsule of semi 

syngeneic animals and after a few weeks the colonies gave rise to fibrous tissue, bone and bone 

containing recipient bone marrow. This last result, although obtained in a different study of Friedenstein, 

provided supporting evidence for the hypothesis of a HSC niche created by stromal cells or MSC (27). 

Later studies found that MSC could differentiate to osteoblasts, chondrocytes and adipocytes, which 

further shows the ability of the MSC to differentiate to multiple mesenchymal cell types (28).  

 MSC, TEC and myofibroblasts do not seem to differ much in origin. MSC and myofibroblasts are 

both part of the mesenchyme, which originates -for the greater part- from the mesoderm. During kidney 

development mesenchymal cells differentiate into the epithelial cells that constitute the renal tubule (29). 

The ability of epithelial cells to attain a mesenchymal phenotype when confronted with fibrosis stimulating 

factors further shows the kinship between these three cell types (30). In vivo studies with mice 

demonstrate the capability of MSC to differentiate to TEC after the induction of renal damage (31,32). 

Morigi et al injected MSC from male bone marrow origin into cisplatin-treated syngeneic female mice. Y 

chromosome-containing cells were located at the tubular epithelial lining and displayed binding sites for 

the lectin Lens culinaris, which is in indication that MSC differentiate into TEC (31). These results were 

supported by in vitro research. MSC were co-cultured with injured murine TEC, but separated by a 

physical barrier to prevent contact between the two cell types. After 7 days the MSC differentiated into a 

TEC-like phenotype, expressing both kidney-specific cadherin and aquaporin-1 (33). Both the in vitro and 

in vivo studies were also performed in a rat model and similar results were obtained (22). 

 The capability of MSC to differentiate directly into myofibroblasts has not been defined for the 

kidney in vivo. Research suggests different origins for myofibroblasts found in damaged tissues, such as 

fibrocytes, pericytes and fibroblasts (34). These cell types will be discussed later on. It must be noted 

though that some of these other myofibroblast sources have MSC as a progenitor (35,36). There are 

however in vitro studies that show MSC differentiation to a myofibroblast under the right culture 

conditions. Nedeau et al used bone marrow derived MSC co-cultured with platelet-derived growth factor-

B-activated fibroblasts (PDGF-B-aFBs) in a 3D culture model and showed that PDGF-B-aFBs induced 

differentiation of MSC to myofibroblasts. This effect was most likely mediated by basic fibroblast growth 

factor (bFGF) and epithelial neutrophil activating peptide-78 (CXCL5) (37). If the differentiation was direct 

or through a fibroblast intermediate was not established.  

Based on these findings I can conclude that MSC are one of the BMDC populations with the 

potential to differentiate into TEC in vitro and in vivo. The differentiation potential to myofibroblast is less 

clear. It seems possible under the right culture conditions, but this might not be the correct reflection of 
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the in vivo situation. In damaged tissue MSC are most likely not the main producer of myofibroblasts, but 

they can give rise to other progenitor populations that can differentiate to myofibroblasts in vivo. 

 

Haematopoietic stem cell (HSC) 

As stated previously the HSC is the progenitor of the haematopoietic system and thus produces all the 

different blood and immune cells in the body. Studies have confirmed the capability of HSC to 

differentiate into non-haematopoietic cells, one of which is the epithelium of the gastrointestinal tract, 

hereby confirming their pluripotency (11). An in vivo mouse study performed by Lin et al in 2003 showed 

that HSC might be able to form TEC as well. They used a highly purified fraction of HSC from β-

galactosidase expressing male Rosa26 mice to make sure no MSC could serve as progenitor for TEC. 

The HSC were injected into female non-transgenic mice after induction of ischemic kidney damage. The 

results showed β-galactosidase and Y-chromosome positive cells in the renal tubule of female mice 

following kidney damage. After staining for Fx1A (brush border antigen on TEC) and sodium/phosphate 

co-transporter the researchers concluded that HSC can contribute to tubular epithelial regeneration after 

ischemic damage (38). This study provides a first clue on the ability of HSC to differentiate into TEC in 

vivo. These results were later supported by another, similar in vivo study (39). In vitro evidence is still 

lacking thought. Further research on HSC differentiation towards TEC is thus needed. 

The group of Ogawa et al studied the possibility that myofibroblasts are derived from HSC. They 

transplanted a HSC culture from a single male cell which expressed enhanced green fluorescent protein 

(eGFP) into a female non-transgenic recipient (40). HSC-derived myofibroblasts were detected in the 

form of glomerular mesangial cells in the kidney (41), microglia cells and perivascular cells (pericytes) in 

the brain (42), hepatic stellate cells in the liver (43),  fibroblasts/myofibroblasts in the adult heart valve 

(44) and as myofibroblast in the heart following myocardial infarction (45). The same group performed in 

vitro studies on HSC from both mice and humans and found that they were a possible precursor for 

fibroblasts, but direct differentiation to a myofibroblast was not shown (46,47). Myofibroblasts are thought 

of as an activated form of fibroblasts, so the fibroblasts derived from the HSC can be seen as an 

intermediate step to a myofibroblast. These in vitro and in vivo results on HSC differentiation to 

myofibroblasts are however obtained by one laboratory and or not yet reproduced by other research 

groups. 

 

When taking all these results together it seems that the HSC can contribute to the myofibroblast 

population during normal turnover and after damage, more so then the MSC. It is unclear if this is due to 

direct differentiation or that there is another progenitor in between the HSC and the myofibroblast. 

Contrary to these findings the HSC is less likely to produce TEC then the MSC. Although some clues 

supporting this differentiation pathway have been found during in vivo research, further proof is needed to 

fully acknowledge the HSC as one of the BMDC populations capable of producing both TEC and 

myofibroblasts. It is now safe to assume that the theory of one BMDC populations being responsible for 

the production of both TEC and myofibroblasts is false and can be discarded (see figure 1A). It is at this 

point unknown which of the other two theories (see figure 1B and 1C) will prove correct. To solve this 

dispute I will look at the peripheral bone marrow-derived cell populations and their differentiation. 

 

 

Peripheral bone marrow-derived cells 

 

Peripheral bone marrow-derived cells are cell populations that have a progenitor from the bone marrow, 

but do not reside there themselves any longer. However, they might have retained the ability to 

differentiate to either TEC or myofibroblasts. There are four types of peripheral BMDC which will be 
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discussed below. They consist of circulating cells and cells local to the kidney, but with a potential bone 

marrow background. 

 

Fibrocytes 

Fibrocytes are circulatory cells derived from the bone marrow (48) and comprise around 0,1-1% of the 

nucleated cells in the peripheral blood (49-51). Fibrocytes perform important functions in wound repair 

and inflammation. They secrete pro-inflammatory cytokines (52), pro-angiogenic factors (53) and 

chemokines for the regulation of inflammatory cells and have antigen presenting capabilities (54). Ebihara 

et al performed single HSC tracing studies and found an indication that fibrocytes are derived from HSC 

(46). Other researchers have expanded this observation, stating that a CD14+ monocyte progenitor 

serves as a precursor for fibrocytes (55-58). More conclusive lineage tracing studies are still needed 

though. 

 Research on differentiation to an epithelial cell has not been performed on fibrocytes. However, in 

2003 Schmidt et al used an in vivo mouse asthma model to provide the first evidence that fibrocytes can 

differentiate into myofibroblasts (59). Later studies showed the same differentiation in a wound healing 

model (60). Also in the damaged kidney fibrocytes contribute to the myofibroblast population and fibrosis 

(61). In vitro research on purified fibrocytes confirmed these in vivo findings (62). It is now safe to 

conclude that fibrocytes are one of the BMDC that can form myofibroblasts, both in vitro and in vivo. 

 

Peripheral blood mononuclear cells (PBMC) 

Within the category of PBMC fall the peripheral blood monocyte, lymphocytes and the macrophage, 

among other inflammatory cells. They are produced during haematopoiesis and are descendants of the 

myeloid and lymphoid progenitors. Studies have only been performed on in vitro differentiation towards 

normal epithelial cells after stimulation with the right factors or culture medium (63,64). PBMC are a very 

heterogeneous population and need to be purified very well to determine which cells differentiate to 

epithelial cells. In a study performed by Zhao et al a subset of monocytes appeared to be responsible for 

the differentiation to epithelial cells (63). Another study only excluded the circulating precursor cell 

population and used the remaining heterogeneous PBMC population. This meant that it was not possible 

to determine the precise origin of the epithelial cells they found (64). Further research on this 

differentiation pathway is called for. 

 Differentiation of PBMC to myofibroblasts is backed by some in vivo studies involving the foreign 

body response (FBR) and the formation of a fibrous capsule. After implantation of a sterile foreign object 

the body reacts with an inflammation response resulting in an influx of immune cells. When the foreign 

object cannot be removed by immune cells a fibrous capsule is formed around it (65). The researchers 

used labelled mononuclear cells to investigate the FBR to peritoneal implanted tubes. They observed the 

appearance of labelled mononuclear cells at the tubes in the earlier stages of the FBR, corresponding 

with the acute inflammatory response described in literature (65). As the fibrous capsule developed the 

labelled cells obtained a spindle-shaped morphology and began to express αSMA, pointing to the 

formation of a myofibroblast-like cell (66,67). 

 The in vitro differentiation of PBMC to epithelial cell shows potential. Maybe under the right 

culture conditions a further differentiation to TEC is achievable, but until now no proof of this 

differentiation pathway has been provided. The in vivo differentiation of PBMC to myofibroblasts during 

the FBR does not mean that the same can happen in a damaged kidney. It does however hint at the 

existence of a differentiation pathway straight from PBMC to myofibroblast. Further research on which cell 

types from the PBMC population can accomplish the differentiation to epithelial cell or myofibroblast is 

needed, but according to these results it is unlikely that this BMDC population contributes to recovery or 

fibrosis in the damaged kidney by means of differentiation to TEC or myofibroblast. 
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Pericytes 

Pericytes consist of a heterogeneous population of cells residing in the kidney, among other organs. They 

are located in the perivascular niche and are in close contact with the vascular endothelial cells. Two of 

their many functions are maintaining vessel stabilisation and vessel permeability. During embryogenesis 

pericytes develop mostly from mesodermal mesenchymal stem cells, although those found in the central 

nervous system or cardiac tract can arise from the neurocrest (ectoderm). Pericytes can be seen as 

progenitors and as descendant cells already resident in the tissue. They can develop from other 

pericytes, from fibroblasts/myofibroblasts, from MSC (35) and from HSC (42). 

 The ability of pericytes to form TEC or other epithelial cells has not been established yet.  

Myofibroblast formation is on the other hand a much seen differentiation pathway. Humphreys et al 

performed lineage analysis studies in Cre/Lox knock-in mice and found that during nephrogenesis 

FoxD1+ (renal stromal cell marker) mesenchymal cells gave rise to adult CD73+ (MSC marker), platelet 

derived growth factor receptor β+, αSMA- interstitial pericytes. In the event of kidney fibrosis these 

pericytes expand, differentiate and constitute for the majority of αSMA+ myofibroblasts (68). These and 

other (69) results support the fact that pericytes can differentiate into myofibroblasts. 

 

Fibroblasts 

Fibroblasts are a heterogeneous population of mesenchymal cells found in stromal tissues throughout the 

body (70) and perform a function in wound healing and inflammation (71). They synthesize many 

components of the extracellular matrix, such as fibronectin and collagen I, III and V (17,72), and produce 

matrix metalloproteinases (MMP) which break down the ECM, underlining their role in ECM turnover and 

homeostasis (73,74). There seem to be various sources of fibroblasts. Studies on the developing kidney 

suggest the mesenchyme as a source for interstitial kidney fibroblasts (75). As discussed earlier in this 

thesis Alexander Friedenstein found fibroblastic cells after seeding bone marrow cells, giving a first clue 

to their origin (26). An in vitro study performed by Lee et al in 2010 showed the capability of MSC to form 

fibroblasts when stimulated with connective tissue growth factor (36). A HSC origin was also shown by 

single HSC lineage studies performed by Ogawa et al (76) and by in vitro differentiation studies (46). 

However due to the heterogeneous population of fibroblasts and their wide distribution within the body it 

remains difficult to elucidate all their possible origins. 

 The fibroblast is recognized as the classical progenitor cell for myofibroblast formation within 

tissues. The myofibroblast is viewed as an “activated” fibroblast. During tissue injury the resident 

interstitial fibroblasts are mechanically challenged by the destruction of their microenvironment. As a 

response they acquire contractile stress fibers and attain a transitional phenotype called a 

protomyofibroblast (17). Further stimulation with transforming growth factor- β (TGF-β) and the presence 

of specialized ECM products is needed to start the production of αSMA and to become a differentiated 

myofibroblast (34). 

 

All this information together points to theory C as being the most likely theory (see figure 1C). There seem 

to be multiple BMDC, both resident and peripheral, with the potential to differentiate to TEC, myofibroblast 

or both. The MSC and HSC populations can directly give rise to both TEC and myofibroblasts but also 

produce progenitor cells that reside outside the bone marrow, creating a complicated image (see figure 

2). These progenitor cells especially possess the ability to form myofibroblasts. A few remarks are in 

order however. Differentiation of MSC to myofibroblast, PBMC to epithelial cell and HSC to fibroblast 

have only been established in vitro and are no guarantee that the same can happen in vivo. Also it is not 

clear if the HSC population can directly produce myofibroblasts and TEC or if this process involves an 

intermediate cell type. More lineage tracing and cell culture studies are needed to asses with certainty 

that HSC themselves can directly differentiate into TEC or myofibroblasts. 
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Figure 2. The differentiation potential of migrating and resident BMDC populations. HSC and MSC reside 

within the bone marrow and produce TEC, myofibroblasts, fibroblasts and pericytes. HSC also produce the 
heterogeneous population of PBMC which can create fibrocytes and EC. Fibroblasts, pericytes, fibrocytes and 
PBMC can in vivo differentiate into myofibroblasts under the right conditions. Blue arrow = in vivo differentiation, 
orange arrow = in vitro differentiation, ? = not certain. Mesenchymal stem cell (MSC), Haematopoietic stem cell 
(HSC), Peripheral blood mononuclear cells (PBMC), Tubular epithelial cell (TEC), Epithelial cell (EC), Foreign 
body response (FBR). 
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Which signals trigger BMDC differentiation? 
 

In this chapter I will focus on the MSC, HSC and fibrocytes. These three cell populations are completely 

derived from the bone marrow and migrate to the kidney in response to damage (21,55,61,77). The 

kidney resident pericytes and fibroblasts are only partly produced by the bone marrow, but are primarily 

derived from other sources or created during embryogenesis. The very heterogeneous PBMC population 

showed no differentiation potential to myofibroblasts or TEC in the damaged kidney. Therefore these last 

three BMDC populations are not further discussed.  

After establishing which BMDC can differentiate, the next step is to determine what signals trigger 

the differentiation. Before the BMDC can differentiate they first have to migrate towards the kidney. 

Chemotactic molecules, like for example SDF-1, are produced in the damaged kidney and create a 

chemotactic gradient to which HSC and MSC respond by entering the blood circulation and migrating to 

the kidney (21,77). Migrating BMDC arrive at the kidney vessels and encounter activated vascular 

endothelial cells which express adhesion molecules. The BMDC recognise these adhesion molecules and 

adhere to the endothelial monolayer. After a series of molecular events the BMDC transmigrate the 

endothelial and enter the interstitium of the damaged kidney (21,78). Here they encounter the signalling 

molecules that can determine their differentiation fate. Which molecules trigger the differentiation of 

migrating BMDC will be discussed below. 

 

 

Differentiation to TEC 
 

Haematopoietic stem cell (HSC) 

Only the HSC and MSC populations can differentiate to TEC (see figure 2). There has not been a lot of 

research on which signals trigger this differentiation. For the HSC only in vivo results are available as a 

proof of principle, but in vitro evidence and knowledge about the mechanisms is lacking. Chemokines, 

cytokines, growth factors, adhesion molecules and ECM products can all play a role in directing 

differentiation. During liver damage or fibrosis HSC repair the hepatocyte epithelium (79,80). In a recent 

in vitro study the differentiation from human umbilical cord-derived HSC to hepatocyte was found to be 

driven by hepatocyte growth factor (HGF) and fibroblast growth factor 4 (FGF 4) (81). A similar 

mechanism could drive HSC differentiation in the kidney. 

 

Mesenchymal stem cell (MSC)  

More is known on MSC differentiation to TEC, thanks to several in vitro studies. Păunescu et al cultured 

human MSC with epidermal growth factor (EGF), keratinocyte growth factor (KGF), HGF and insulin-like 

growth factor-2 (IGF-2) simultaneously. The MSC started to express epithelial markers and attained an 

epithelial morphology (82). A TEC phenotype was not reached though, but maybe by stimulating with 

additional signalling molecules this differentiation could be accomplished. When co-culturing MSC with 

injured murine TEC, separated by a physical barrier, the MSC differentiated into a tubular epithelial-like 

phenotype. Apparently the injured TEC express renotypic factors that direct MSC to differentiate into TEC 

(33). Another study supported this hypothesis by showing that adipose tissue-derived MSC, which have 

very similar characteristics to bone marrow-derived MSC (83-86), differentiated to an epithelial cell type 

when treated with conditioned medium from TEC (87). The TEC seem to express soluble molecules that 

influence the differentiation of MSC. A possible mode of action of these molecules is down-regulation of 

the Wnt/β-catenin pathway. Wang et al showed that during co-culture of airway epithelial cells and MSC, 

blocking of Wnt/β-catenin signalling promoted MSC to differentiate towards lung epithelial cells (88).  

Intercellular crosstalk between cells of mesenchymal and epithelial origin via nephrogenic factors 

is described as a fundamental process in nephrogenesis and maintenance of organ integrity in the adult 
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(89-91), therefore investigating the effect of these nephrogenic factors on MSC differentiation is a logical 

step. Nephrogenic factors such as basic fibroblast growth factor (bFGF), retinoic acid (RA), leukaemia 

inhibitory factor (LIF) and bone morphogenic protein-7 (BMP-7), which are involved in nephrogenesis and 

the embryonic development of TEC (92-95), however did not elicit TEC differentiation in MSC in vitro (33).  

 

The right combination between growth factors and the renotypic factors expressed by surviving TEC 

might direct arriving MSC and HSC to engraft as new TEC in the damaged kidney. Most of the studies 

mentioned above are however not very specific, but only conclude that molecules expressed by TEC 

direct the differentiation. Only the study performed by Păunescu examines which growth factors have a 

specific effect on MSC differentiation. The growth factor HGF might have an effect on both MSC and 

HSC. Later we will discuss which growth factors and other molecules are up-regulated in the damaged 

kidney. More studies on which signalling molecules direct the differentiation of BMDC towards TEC are 

needed, because with the current understanding there is not enough information to draw a definitive 

conclusion. 

 

 

Differentiation to myofibroblast 
 

Haematopoietic stem cell (HSC) 

HSC, MSC and fibrocytes can form myofibroblasts after migrating to the damaged kidney. The 

mechanisms and signalling molecules involved in myofibroblast differentiation have been studied more 

extensively than for TEC differentiation. The exception is the HSC population. Just like described earlier 

for the TEC, there have been no studies on which factors direct HSC differentiation towards 

myofibroblasts.  

 

Mesenchymal stem cell (MSC)  

On the other hand MSC differentiation has been studied more thoroughly. Both differentiation through an 

intermediate cell type and direct differentiation have been examined in vitro. Connective tissue growth 

factor (CTGF) induces MSC to differentiate to fibroblasts. After stimulation with TGF-β these fibroblasts 

differentiate towards myofibroblasts (36). TGF-β is one of the molecules that activate resident fibroblasts 

to become myofibroblasts as well, by stimulating the expression of αSMA (96). Likewise, TGF-β is 

capable of inducing αSMA expression in MSC, hinting at a more direct differentiation mechanism of MSC 

towards a myofibroblast-like cell (97,98).  

Nedeau et al studied direct MSC differentiation in a wound model. They found that PDGF-B-

activated fibroblasts induced myofibroblast differentiation in MSC and that this effect was most likely 

mediated by the secretion of bFGF and CXCL5 (37). Direct stimulation of MSC with PDGF-B decreased 

the expression of αSMA, hereby inhibiting differentiation (97). PDGF-B can stimulate both PDGF-

receptor-α (PDGFR-α) and PDGFR-β (99). PDGFR-α stimulation promotes the expression and 

polymerization of αSMA. In contrast, PDGFR-β stimulation promotes the depolymerisation of αSMA 

filaments (100). PDGF-B seems more prone to stimulate to PDGFR-β on MSC, even when the PDGFR-α 

is more expressed on the surface of MSC (100). The reason for this is unknown, but it might be that 

different culture conditions influence the expression of receptors on the MSC surface. 

Another molecule capable of influencing the MSC is bradykinin (BK). BK is a vasoactive peptide 

produced during tissue injury. It induces αSMA expression in adipose tissue-derived MSC by an 

extracellular-signal-regulated kinase (ERK)-dependent activation of the autocrine TGF-β1-Smad2 

pathway (101). The same results were found in a comparative study on the effect of lysophosphatidic acid 

(LPA) on adipose tissue-derived MSC (102).  
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Fibrocyte 

Fibrocytes are derived from a CD14+ subset of monocytes and migrate to the injured kidney in response 

to damage (55,61). When they arrive they can differentiate into fibroblasts and myofibroblasts. In an in 

vitro study performed by Schmidt et al it was found that TGF-β1 or endothelin-1 (ET-1) could both 

promote fibrocyte differentiation towards a myofibroblast (59). TGF-β1 stimulates αSMA expression in 

fibrocytes through the TGF-β1-Smad2/3 pathway (62), which is similar to the pathway described above in 

adipose tissue-derived MSC.  

 Pro-fibrotic cytokines also play a role in fibrocyte differentiation. The T helper (Th) type 2 cells 

secrete the cytokines IL-4 and IL-13. These cytokines promote fibrocyte differentiation to myofibroblast. 

The anti-fibrotic cytokines interferon-γ (IFN-γ) and IL-12 produced by Th-1 cells inhibit this differentiation 

(103). This demonstrates how the composition of the local microenvironment decides if fibrocytes 

differentiate to myofibroblasts. It also shows the important role of the inflammatory response, because the 

reaction if the immune system to kidney damage determines the microenvironment. 

 

HSC differentiation factors are not found yet, but this cell population might respond to the same 

molecules that trigger myofibroblast differentiation in MSC and fibrocytes. More knowledge exists on 

which signalling molecules direct the differentiation choice of MSC and fibrocytes towards myofibroblast. 

The growth factor TGF-β and its intracellular Smad2 pathway seem to be the major determinants of 

myofibroblast formation due to their effect on αSMA expression. Which pathways the other signalling 

molecules activate is not known. It might be possible that they stimulate non-canonical TGF-β pathways 

or activate downstream second messenger proteins through another receptor, which lead to αSMA 

expression. The presence αSMA in a cell points to a myofibroblast, but other factors are needed for a 

positive identification such as ECM production and morphology, because αSMA alone is not 

discriminatory enough. However, it is known that TGF-β also stimulates the expression of collagen type 1 

(104,105). High levels of TGF-β inhibit this production, suggesting the existence of a negative feedback 

loop (106).  

Multiple cells from the bone marrow arrive at the damaged kidney and the local microenvironment 

determines the differentiation choice of these BMDC. These results show that theory C, proposed in the 

beginning of this thesis, seems even more likely (see figure 1C). In figure 3 the molecules that guide the 

choice of arriving BMDC have been summarized. In the next chapter I will discuss which signalling 

molecules are up-regulated in the damaged kidney. With this information I can propose a composition for 

the local microenvironment and give a prediction which differentiation choice the arriving BMDC will make 

and why they make it. 
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Figure 3. Signalling molecules that direct the differentiation of migrating BMDC. MSC, HSC and 

fibrocytes migrate to the kidney in response to damage. Multiple growth factors and other signalling molecules 

can influence the differentiation of these three BMDC populations to TEC or myofibroblast. Hepatocyte growth 

factor (HGF), fibroblast growth factor (FGF), epidermal growth factor (EGF), keratinocyte growth factor (KGF), 

insulin-like growth factor (IGF), connective tissue growth factor (CTGF), transforming growth factor β (TGF-β), 

Endothelin (ET), interleukin (IL), basic (b), epithelial neutrophil activating peptide-78 (CXCL5), platelet derived 

growth factor receptor-α (PDGFR-α), bradykinin (BK), lysophosphatidic acid (LPA), ? = uncertain.  
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Available signalling molecules in the damaged kidney  
 

In this chapter I will look at the microenvironment of acute kidney injury (AKI), because at the acute phase 

of damage arriving BMDC will make their differentiation choice. When the disease shifts to chronic kidney 

injury the choice has been long since made for myofibroblast differentiation and if the kidney recovers the 

epithelial direction has been chosen. There are several models to investigate AKI and the 

ischemia/reperfusion (I/R) model is one of the most extensive studied. I will first discuss the time course 

of the inflammation response and the time point of BMDC arrival. After this I will give an overview on 

which signalling molecules are being transcribed or excreted in the ischemic kidney at the time the BMDC 

arrive and how these molecules can affect the BMDC differentiation choice. 

 

 

Time course of inflammation and BMDC arrival 

 

I/R causes ATP depletion and the production of reactive oxygen species (ROS) by cells within the kidney. 

These processes will lead to apoptosis, necrosis and cell injury through several pathways (107). As a 

response, vascular endothelial cells up-regulate adhesion molecules (108,109) and surviving ischemic 

TEC start to produce pro-inflammatory cytokines (TNF-α, IL-6, IL-1, TGF-β) and chemokines (monocyte 

chemoattractant protein-1 (MCP-1), IL-8). This results in the accumulation of leukocytes in the kidney at 

the early phase of I/R (107,110). Neutrophils are the first leukocytes to arrive at the damaged kidney. 

They start to arrive 3 hours after I/R injury, are most abundant on day 1 and decrease again after 7 days. 

Macrophages and T cells arrive after 7 days, when TEC apoptosis is at its highest (111). These arriving 

leukocytes further contribute to the inflammatory response by expressing cytokines. It has become clear 

that over time the post-ischemic kidney does not fully restore from damage and animal models display a 

reduction in renal microvasculature, interstitial fibrosis, tubular hypercellularity and atrophy and persistent 

inflammation (107,112-117). This makes the time point of BMDC arrival very important, because the 

microenvironment differs between the early inflammatory phase and the late persistent inflammation, 

wound healing reaction and sub-optimal recovery of damage. 

 The migratory BMDC populations (HSC, MSC, fibrocyte) respond to some of the secreted 

chemokines and journey to the damaged kidney. BMDC enter the circulation after 3 days and the peak of 

arriving BMDC in the kidney interstitium is found on day 7 and decreases after day 28 (12). Broekema et 

al found that BMDC engraftment in the renal tubule started at day 7 and peaked on day 14 (1). These 

results seem to be supported by Ohnishi et al, which showed an increase in GFP+ BMDC tubular 

engraftment at day 8, although no significant comparison was made with a control group (118). On the 

other hand interstitial myofibroblast populations peaked on day 7 after I/R injury (12).  

These studies show that myofibroblasts and TEC are both produced on day 7, but BMDC are 

most probably not solely responsible for their formation (12,119,120). BMDC arrive around the same day 

and will differentiate according to the local microenvironment. This microenvironment is produced by 

infiltrating macrophages and T cells among others. TEC apoptosis also peaks on day 7, simultaneously 

with TEC proliferation, both adding their molecules to the microenvironment (111). The differentiation 

choice of BMDC will eventually be determined by the signalling molecules present in the local 

microenvironment on day 7. 

 

 

Available factors for BMDC differentiation 
 

It is very hard to determine which proteins are secreted at the time BMDC arrive at the damaged kidney. 

There are multiple studies on gene expression in mice, but they do not target the genes for all the 
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proteins known to be involved in BMDC differentiation (see figure 3) or do not state the time point of gene 

expression. Next to that they determine the relative transcription levels in the whole kidney, which cannot 

always be extrapolated to a microenvironment. Nevertheless I will discuss some of the results obtained 

from these microarray studies and combine them with protein information from multiple articles to see if it 

is possible to determine which differentiation choice the BMDC will make. 

 Early after I/R the genes of the growth factors HGF and TGF-β1 are up-regulated (121). The gene 

Zf9 is up-regulated 3 hours after I/R and is thought to be responsible for the early higher activity of the 

TGF-β1 gene. Both Zf9 and TGF-β protein levels are higher and seem to follow a parallel pattern (122). 

How the Zf9 gene is activated is unknown though. Another inducer of TGF-β activity is thrombospondin-1 

(TSP-1). TSP-1 is expressed 3 hours after I/R and returns to baseline after 48 hours (123). TSP-1 

activates latent TGF-β by inducing conformational changes in the latent TGF-β complex (124,125). I can 

conclude from this information that TGF- β is excreted and activated almost directly after I/R. Information 

on the transcription of other BMDC differentiation molecules is not available and declaring the early 

microenvironment as pro-fibrotic is a bit premature. It is therefore farfetched to state that resident 

fibroblast will be activated to become myofibroblasts without extensive knowledge on other signalling 

molecules present in the early ischemic kidney. 

After 10 days the initial ischemic damage and inflammatory reaction are starting to diminish and 

the wound healing reaction has started. Ko et al (126) did a transcriptional analysis during the repair 

phase of AKI. They found a higher transcription of MMP-14, which points to the degradation of ECM. Also 

they found a higher transcription of ET-1, the gene of the protein needed for fibrocyte differentiation to a 

myofibroblast (see figure 3). The increased transcription does not necessarily mean a higher protein 

excretion. An increase in pro-collagen type 1α1 transcription however seems to point to a more active 

ECM production, which could mean the presence of myofibroblasts differentiated from fibrocytes.  

 There is literature on which proteins are expressed after ischemic kidney injury, but there is a lack 

of information about their time course. HGF secretion is higher after damage (107). HGF stimulates the 

breakdown of ECM by stimulating MMP‟s and reducing MMP-inhibitor proteins (127). It also blocks the 

TGF-β/SMAD pathway, hereby possibly reducing the pro-fibrotic effects of TGF-β (128). EGF is produced 

by TEC in response to ischemia (91,127). Both HGF and EGF have positive effects on epithelial cell 

survival and proliferation, but if they can direct the differentiation of BMDC to TEC is uncertain. 

 There is also an increased expression of pro-fibrotic proteins. BK is produced in reaction to injury 

and stimulates the expression of TGF-β (101). The presence of TGF-β and ET-1 together with a hypoxic 

state stimulates TEC to produce CTGF (129). CTGF can induce fibroblast differentiation in MSC 

whereupon TGF-β stimulation produces a myofibroblast (see figure 3). CTGF also stimulates TEC in vitro 

to produce TGF-β, pointing to a possible positive feedback loop in vivo (130).  

  

7 days after I/R the BMDC arrive at the damaged kidney, myofibroblast formation reaches its peak and 

TEC engraftment is starting to rise. Macrophages and T cells infiltrate the kidney and the neutrophil 

population starts to diminish. All of these processes create a complicated and variable microenvironment 

for BMDC differentiation in which the pro-fibrotic factors seem to predominate (see figure 4 for a 

hypothetical pro-fibrotic microenvironment). The production of TGF-β, ET-1 and CTGF seems to outweigh 

the contribution of HGF and EGF. If the arriving BMDC differentiate it will presumably be towards a 

myofibroblast.  

 There are however a lot of unknown factors which do not make the above a strong conclusion. 

One of the unknown factors is the composition of the cellular inflammatory response. Macrophages exist 

out of several subpopulations all with their own expression pattern. M1 macrophages are pro-

inflammatory and their accumulation leads to fibrosis. On the other hand M2 macrophages secrete trophic 

factors and promote ECM remodelling and cellular regeneration (131). This does not mean that they will 

not promote myofibroblast formation, because myofibroblasts are also needed for ECM remodelling. Both 

M1 and M2 macrophages can be present simultaneously and their balance determines the outcome of 
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the ischemic kidney. The same applies for the T-cell population. They can be divided into Th1 and Th2 

cells, again both with their own excretion patterns. Th2 cells produce IL-4 and IL-13, causing fibrocytes to 

differentiate to myofibroblasts (see figure 3). Th1 and Th2 each produce cytokines that suppress the 

other, so the balance will in all probability shift to one subset (132). Literature on which Th-cell 

predominates in the ischemic kidney injury is not available. This means that it is not known if the 

inflammatory cells in the interstitium are pro-fibrotic (M1 and Th2) or anti-fibrotic (M2 and Th1) at the time 

the BMDC arrive. 

 The route of BMDC migration also plays a role in differentiation. Migratory BMDC leave the blood 

vessels and enter the interstitium. Here they encounter activated fibroblasts, macrophages and T cells 

which mostly produce factors that direct BMDC differentiation towards the myofibroblasts. To encounter 

TEC directing molecules the BMDC have to migrate through the ECM towards the damaged tubuli were 

they come across EGF produced by the surviving TEC. Another option is that HGF produced by MSC 

themselves (133) directs the differentiation, although HGF alone is probably not enough to cause BMDC 

to differentiate towards TEC (see figure 3). How it is possible that BMDC are able to differentiate towards 

TEC when they have to cross a pro-fibrotic interstitium is unknown. The distance from a vessel towards a 

tubuli is short, which could explain the appearance of BMDC derived TEC. Also when M2 and Th1 cells 

predominate the inflammatory reaction the microenvironment found in the interstitium might not be so pro-

fibrotic. Next to that there might be molecules in the interstitium that inhibit the BMDC to differentiate 

towards myofibroblast. As stated before, there are a lot of unknown factors. However in vivo studies 

suggest that the majority of BMDC differentiate towards myofibroblasts (2,5,12,38), which is most likely 

because of the pro-fibrotic microenvironment found in the damaged kidney. 
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Figure 4. Hypothetical pro-fibrotic microenvironment for BMDC differentiation in the ischemic 

kidney. 7 days after I/R the BMDC arrive at the damaged kidney. It is conceivable that a pro-fibrotic 

microenvironment awaits them. Activated epithelial cells produce ET-1 and ICAM. BMDC transmigrate the 

endothelial monolayer to enter the interstitium were they encounter TGF-β produced by M1  cells and 

IL4/IL13 produced by Th2 cells. Also the surviving TEC cells produce pro-fibrotic factors like CTGF and 

TGF-β. All these molecules direct BMDC to differentiate towards myofibroblasts. Information from 

microarray and protein studies point to this microenvironment, although they are missing exact time 

indication. Also the presence of Th2 and M1 cells is uncertain, because the balance could shift to Th1 and 

M2 cells that produce anti-fibrotic molecules. Bone marrow-derived cells (BMDC), intracellular adhesion 

molecule (ICAM), endothelin-1 (ET-1), interleukin (IL), transforming growth factor-β (TGF-β), connective 

tissue growth factor (CTGF), tubular epithelial cells (TEC), extracellular matrix (ECM), macrophage subset 

(M), T-helper cell subset (Th). 
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Conclusion and perspectives 
 

Different cell populations with a bone marrow origin can differentiate towards TEC or myofibroblast. The 
HSC and MSC are populations resident in the bone marrow and migrated towards the periphery in 
reaction to injury. Both cell types have the ability to form TEC and myofibroblasts when stimulated with 
the right molecules. Fibrocytes are derived from the bone marrow through a CD14+ monocyte 
intermediate and constitute about 0,1-1% of the nucleated cell population in the peripheral blood. PBMC 
are the lymphoid and myeloid cells created during haematopoiesis and are also present in the circulation. 
They respond to inflammatory queues and can form fibrocytes, epithelial cells and during a FBR they can 
differentiate towards myofibroblasts. Two kidney-resident cell populations are partly derived from the 
bone marrow. Both fibroblasts and pericytes form during embryogenesis, but during normal tissue 
turnover they can be derived from bone marrow precursor cells, giving them an indirect bone marrow 
origin. During tissue damage they are very capable to differentiate towards myofibroblasts after the right 
stimulation. All these different cell populations create a complex image. In the introduction I stated three 
theories on BMDC differentiation towards TEC and myofibroblasts. It seems that theory C proves to be 
most fitting, for multiple BMDC populations can form tubular epithelial cells and myofibroblasts. A 
combination of the right recruitment and microenvironment will determine the differentiation choice 
towards either TEC or myofibroblast. 
 The focus narrows to which cells can migrate and differentiate in the kidney as a response to 
ischemic injury. HSC, MSC and fibrocytes can do both. They respond to certain chemokines by entering 
the circulation and transmigrate the vascular endothelial at the site of kidney damage. Here they 
differentiate towards TEC or myofibroblasts. Information on which signalling molecules trigger the 
differentiation of these migrating cells is mainly provided by in vitro research, but if these results can be 
extrapolated towards an in vivo microenvironment remains to be seen. The next step is to see which of 
these signalling molecules are present in the ischemic kidney at the time of BMDC arrival. 7 days after 
ischemic kidney injury the BMDC arrive at the damaged kidney. This is simultaneously with macrophages 
and T cells and with the peak of myofibroblast formation. Results from microarray and protein studies 
point to a pro-fibrotic microenvironment at the time of BMDC arrival. TGF-β, CTGF and ET-1 production 
seem to overrule HGF and EGF production. If these are the only factors present in the ischemic kidney 
the BMDC differentiation choice will predominantly go towards the myofibroblast.  
 However, the amount of unknown contributors that can influence the differentiation choice is 
huge. The arriving macrophages and T cells consist of several subpopulations that can direct BMDC to 
either TEC or myofibroblast differentiation. It is unknown what subsets are more prominent in the 
ischemic kidney. Both genetic and epigenetic make-up might be able to influence this, together with the 
microenvironment in which the macrophages and T cells arrive. Also there might be other signalling 
molecules influencing BMDC differentiation then the ones found with in vitro research. The microarray 
studies performed do now study all the genes and the amount of protein at the moment of BMDC arrival 
in the ischemic kidney. This shows how much information is missing, so drawing a solid conclusion on 
BMDC differentiation choice is not possible. Research has stated however that BMDC more often 
differentiate towards myofibroblasts then they do towards TEC. 
 The clinical relevance of BMDC differentiation to TEC or myofibroblasts appears small. Studies 
found that between 1-10% of the restored TEC are from bone marrow origin (2,5,38). From the 
information gathered in this thesis I can conclude that MSC and HSC are the most likely source. 
However, the main part of renal tubule regeneration is performed by surviving TEC. After damage they 
dedifferentiate to a more mesenchymal phenotype, proliferate and differentiate back to TEC, hereby re-
colonizing the damaged tubule (134). The formation of myofibroblasts from BMDC is more prominent. 
Around 32% of the interstitial myofibroblast population in the rat ischemic kidney is of bone marrow origin 
(12). Which BMDC contributes primarily to the myofibroblast formation is not known, but fibrocytes seem 
a likely candidate. In a wound healing study performed by Mori et al it was found that 40% of the 
myofibroblast population was derived from fibrocytes (60). Recent lineage tracing studies have revealed 
that resident pericytes contribute to most, if not all, myofibroblasts formed after kidney damage (119,120). 
The resident pericytes are however not all of bone marrow origin. They are predominantly formed during 
embryogenesis, but can also be derived by self-renewal and from MSC, HSC and fibroblasts. An 
explanation for the differences between these studies is not provided. 
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There is even a controversy about the renal tubular engraftment of BMDC. Some researchers 
state that this does not happen at all and that BMDC only perform a paracriene protective function in the 
damaged kidney by excreting anti-inflammatory and anti-fibrotic proteins (135-137). The techniques used 
by the studies that found BMDC engraftment are said to produce false positive results, although I believe 
this is not always the case. The variety in results might be explained by varying methods of inducing 
kidney damage and different animal models. 

In this thesis I described that HSC, MSC, fibrocytes, PBMC, fibroblasts and pericytes are 
completely or partly derived from the bone marrow and that they are capable of differentiating towards a 
TEC or myofibroblast. In vivo, migrating BMDC seem to contribute to the regeneration or fibrosis of the 
ischemic kidney, but the local microenvironment determines the differentiation choice. With the current 
knowledge it appears that the microenvironment is mostly pro-fibrotic when BMDC arrive. Further studies 
on protein presence and interactions are needed to better predict the differentiation choice of arriving 
BMDC. 
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