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Summary 
 

 Stem cells are cells that undergo self-renewal and can differentiate into multi-lineages. They are 

tightly regulated by their microenvironment via cell-to-cell contact and endogenous signals. With the 

recent discovery of Toll-like receptors (TLRs) on several types of stem cells it is possible that microbial 

ligands are able to influence stem cells. Indeed microbial ligands such as LPS and lipoproteins alter 

proliferation, differentiation, migration, and function of stem cells. In this report, I reviewed the effect of 

TLR activation on hematopoietic stem cells (HSCs) and multipotent stem cells (MSCs).  

 In humans most TLRs activity does not seem to affect stem cell proliferation. In mice, however, 

stem cell proliferation is increased after TLR activation. Stem cell differentiation can also be regulated by 

TLR activation. Upon exposure to microbial ligands stem cells will change their differentiation to help the 

initial immune response. Activation of TLRs on MSCs increases osteogenesis and decreases adipogenesis 

and activation on HSCs increases myeloid differentiation and the production of monocytes/macrophages 

and DCs. Besides altering differentiation, TLR activation alters cytokine production by stem cells and the 

immunosuppressive function of MSCs. In general, TLR and NOD2 activation on stem cells increases the 

production of pro-inflammatory cytokines. However, some studies show an increase of anti-

inflammatory cytokines. The response depends on ligand dose and exposure time but other factors such 

as micro-environment, co-stimulatory molecules, and downstream signaling pathways also influence 

cytokine production. The immunosuppressive function of MSCs can be increased or inhibited by TLR 

activation depending on the type of signaling pathways that are activated. With the identification of 

innate immune receptors on stem cells and the first findings that microbial ligands can influence stem 

cell fate, a whole new exciting area of research has been discovered. 
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 List of abbreviations 
 

ASC   Adipose derived mesenchymal stem cell 

BMP    Bone morphogenic proteins 

CARD   Caspase recruitment domains 

C/EBP   CCAAT/enhancer-binding family of proteins 

CLP    Common lymphoid progenitors 

CMP   Common myeloid progenitors  

ES   Embryonic stem cell 

FGF    Fibroblast growth factors 

GFI1   Growth factor independent 1 

G-CSF   Granulocyte colony-stimulating factor 

GM-CSF  Granulocyte-macrophage colony-stimulating factor 

HGF    Hepatocyte growth factor 

HSC   Hematopoietic stem cell 

IDO   Indoleamine 2,3-dioxy-genase 

IGF    Insulin-like growth factors 

iPS   Induced pluripotent stem cells 

LRR    Leucine rich repeat 

LGP2    Laboratory of Genetics and Physiology 2 

LKS
+
    Lin

-
 KIT

+
 SCA1

+ 
cells 

Lrp5    Lipoprotein related receptor 5 

MAPK   Mitogen-activated protein kinases 

M-CSF   Macrophage colony-stimulating factor 

MDA5    Melanoma differentiation-associated gene 5  

MSC   Multipotent stromal cell 

NLR   NOD-like receptor 

NOD   Nucleotide-binding oligomerization domain 

NPC   Neural progenitor cell 

NSC   Neural stem cell 

OSX    Osterix 

PGE2    Prostaglandin E2 

PPARγ   Peroxisome proliferator-activated receptor γ 

RIG-I   Retinoic acid-inducible gene 1 protein 

RLR   RIG-like receptor 

SOX    Sry-related high-mobility-group box  

Sp7    Specificity protein 7  

TIR    Toll-IL-1 receptor domain 

TLR   Toll-like receptor 
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1. Introduction 
 

 In the human body cells are continuously renewed. New cells are generated throughout a life 

time by a small group of specialized cells named stem cells. Stem cells have the ability of life-time self-

renewal and are able to differentiate into many different cell types. Stem cells can be isolated from the 

various types of tissue. They are tightly regulated by their microenvironment via cell-to-cell contact and 

endogenous signals. Until recently it was believed that stem cells were protected from exogenous 

particles and that microorganism had no effect on stem cells fate. However the recent discovery of Toll-

like receptors on several types of stem cells suggest otherwise. TLRs are well characterized receptors 

that can sense endogenous and exogenous ligands and can activate several signaling pathways leading to 

an immune response, or change in cell function. The presence of TLR on stem cells suggests that 

microbial ligands possibly could affect stem cell proliferation, differentiation, migration, and function via 

TLRs. In this report I reviewed the role of microbial ligands on stem cell fates.  
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2. Stem cells 
 Stem cells are cells that are able to self-renewal and can differentiate into multi-lineages. Stem 

cells are divided into two main categories; the embryonic stem cell and the adult stem cell. The focus of 

the report will be on adult stem cells, further referred to as stem cells. Adult stem cells are defined as 

undifferentiated cells found in specialized tissue that are able to self-renew and differentiate into all of 

the specialized cell types of that tissue. Stem cells are mainly responsible for maintenance and repair of 

most tissues [1]. Stem cells are rare, for example, it is estimated that only 1 in 10,000 to 15,000 cells in 

the bone marrow is a hematopoietic stem cell (HSC) [2]. Furthermore, stem cells are dispersed 

throughout the body and depending on their local environment will behave differently. There are no 

general selection markers for stem cells; markers expressed by a stem cell depend on their local 

environment. Stem cells have been identified in among other the intestine, skin, dental pulp, liver, 

pancreas, muscle, blood, bone marrow, and nervous system [3]. Two well characterized stem cells are 

hematopoietic stem cells and multipotent stromal cells (MSCs). Both types of stem cells reside in the 

bone marrow, although they have been isolated from other types of tissue [4]. 

 

 Stem cells divide symmetrically and a-symmetrically. During symmetrical division two identical 

daughter cells are created that are either differentiated (progenitor) cells or identical stem cells (self-

renewal), increasing the amount of cells. When two differentiated cells are created stem cell exhaustion 

can occur. During a-symmetrical division differentiation of the stem cell occurs, thereby creating one 

stem cell daughter (self-renewal) and one differentiated daughter (progenitor cell). During a-symmetrical 

division the stem cell population is not expanded [5]. The balance between symmetrical and a-

symmetrical division is tightly controlled by developmental and environmental signals [5, 6]. As 

mentioned, stem cells differentiate into different cell types. Although each type of stem cell has a slightly 

different lineage, the general differentiation steps are shown in figure 1. Each step in differentiation will 

result in loss of the self-renewal capacity or the differentiation capacity. Long-term stem cells are cells 

that can self-renewal for the lifetime of the organism and differentiate into short term stem cells. These 

short-term stem cells only have a self-renewal capacity for 8 weeks but retain their differentiation 

potential. The short term stem cells will differentiate into multipotent progenitor cells. Progenitor cells 

are an intermediate cell type, have a limited self-renewal capacity, and can differentiate in fewer cell 

types. Further differentiation of the progenitor cells will eventually lead to mature specialized cells [2]. 

  

 Until recently it was believed that stem cells could only differentiate into specialized cell types of 

the tissue they reside and that this process was irreversible. However recent finding suggests that they 

can also differentiate into other specialized cell types belonging to a different type of tissue. 

Furthermore, differentiation was observed between different germ layers. This phenomenon is referred 

to as trans-differentiation, plasticity, or unorthodox differentiation [4]. In addition, pluripotent stem cells 

can be induced chemically or virally, suggesting that the differentiation process is reversible. These stem 

cells called induced pluripotent stem cells (iPS) originate from different cell types (fibroblast, 

hepatocytes, blood cells, etc.). The first iPS cells were made by co-transductions with viruses containing 

24 different factors [7]. Subsequent progress resulted in only four factors (Oct3/4, Sox2, Klf4, and c-Myc) 

that are required for induction. Oct3/4 expression is highly specific for pluripotent stem cells and cannot 

be replaced by another member of the Oct family. The other factors are expressed on other cell types 

and can be replaced by family members. This suggests that only Oct3/4 is essential for induction [8]. 

Other methods using plasmids, transposons, or chemicals have been successfully tested [9]. However, 

some major challenges need to be overcome. The first obstacle is the permanent presence of transgenes 

integrated into the genome. These transgenes could induce mutations into to the genome. Transgenes 
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transduction is still the most efficient way. A third obstacle is to determine when all cells complete 

nuclear reprogramming. Incomplete reprogramming could result into impaired differentiation of iPS.
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drug development, toxicology and

 

Figure 1. The differentiation of stem cells. Each stage in differentiation results in loss of self

differentiation capacity.  

2.1 Stem cell research  

 Stem cell research has exploded in recent

identification and differentiation, currently the focus is more on their immune regulatory function and 

use in therapies (transplantation). 

only be classified as a stem cell when it has the stem

differentiation into various cell types)

method is labeling potential stem cells 

stem cells are isolated, labeled ex vivo

period. The third method is similar to the second method only the cells are not transplanted but cultured 

in vitro. The potential stem cell can be 

induce differentiation [3]. Currently, more and more researchers use ma

certain type of stem cells. Several markers have been identified as selection markers for stem cells. 

of these markers are expressed on all stem cells. 

  

 In the bone marrow two types of stem cells reside; the HSC

populations can occur via markers and flow cytometry. Alternatively the cells can also be separated on 

their ability to adhere to plastics. MSC

just as effective as flow cytometry. 

completely. Not all MSCs can adhere and 

MSCs [10].  

silent but possible reactivation of certain factors like c-Myc can lead to tumor

obstacle is that currently the process takes a long time and is very inefficient. Viral

transduction is still the most efficient way. A third obstacle is to determine when all cells complete 

nuclear reprogramming. Incomplete reprogramming could result into impaired differentiation of iPS.

Another obstacle is the formation of teratomas. This obstacle could be overcome by inducing somatic 

[7, 9]. Taken together, iPS have a great potential in 

drug development, toxicology and as disease model. 

 
The differentiation of stem cells. Each stage in differentiation results in loss of self

exploded in recent years. Where in the past the focus was on stem cells 

identification and differentiation, currently the focus is more on their immune regulatory function and 

use in therapies (transplantation). Identification of stem cells in animals or humans is difficult. A cell can 

stem cell when it has the stem cell characteristic (e.g. self

various cell types). In general there are three methods to identify stem cells. 

potential stem cells in vivo and monitoring them. For the second method 

ex vivo, and transplanted into an organism and followed

. The third method is similar to the second method only the cells are not transplanted but cultured 

stem cell can be manipulated in vitro by the addition of growth factors

Currently, more and more researchers use markers such as CD34

certain type of stem cells. Several markers have been identified as selection markers for stem cells. 

of these markers are expressed on all stem cells.  

In the bone marrow two types of stem cells reside; the HSCs and MSC

populations can occur via markers and flow cytometry. Alternatively the cells can also be separated on 

their ability to adhere to plastics. MSCs will adhere to plastic and HSCs not. This separation method is 

just as effective as flow cytometry. However, both methods are unable to separate the two populations 

can adhere and none of the selection markers are expressed on all HSCs or 
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tumorigenesis. The second big 

obstacle is that currently the process takes a long time and is very inefficient. Viral-mediated 

transduction is still the most efficient way. A third obstacle is to determine when all cells complete 

nuclear reprogramming. Incomplete reprogramming could result into impaired differentiation of iPS. 

This obstacle could be overcome by inducing somatic 

. Taken together, iPS have a great potential in regenerative medicine, 
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3. Recognition of microbes by the immune system 
 

 Microbial pathogens are sensed by pattern recognition receptors (PRR) that recognize lipid, 

carbohydrate, peptide, and nucleic acid structures named pathogen associated molecular patterns 

(PAMPs). PRRs are broadly expressed among different cell types and sense essential components for 

bacteria, fungi, or viruses [11]. Recent discoveries showed that PRRs also recognize endogenous ligands 

and that they may play a role in autoimmune diseases [11]. Activation of PRRs leads to production of 

pro-inflammatory cytokines and chemokines as shown in figure 2. The expression of co-stimulatory 

molecules on antigen presenting cells will be up regulated and together with the presentation of 

antigens will activate the adaptive immune response [12]. There are three main classes of PRRs; the Toll-

like receptors (TLR), the retinoic acid-inducible gene I (RIG-I)-like receptors (RLR), and the nucleotide 

binding oligomerization domain (NOD)-like receptors (NLR). The main classes and their corresponding 

ligands are listed in table 1. The three classes of PRRs and their signaling pathways do interact with each 

other; activation of one PRR can lead to the activation or down regulation of a different type of PRR [12].  

 

 
Figure 2. The structure and main signaling pathways of the different PRR families. Dectin-1 represents the lectin-

like family, TLR2 the TLRs, RIG-I the RLRs, NOD the NLRs. Depicted here is only activation of the NF-κB family 

however other important signaling pathways such as the MAPK, and PI3k are also activated by these PRRs. 

Figure adopted from Trinchieri et al 2007 [12]. 

 

 Of the three classes, the TLRs are characterized the best. So far, ten human and thirteen murine 

TLRs have been discovered. Several TLRs (TLR1, TLR2, TLR4, TLR5, TLR6) are expressed on the plasma 

membrane and others are expressed (TLR3, TLR7, TLR9) in the endosomal compartments [13]. TLRs 

consist of an ecto domain of leucine rich repeat (LRR) and a conserved Toll-IL-1 receptor (TIR) domain. 
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Upon interaction with their ligands, TLRs will homo- or hetero-dimerize and become active. Active TLRs 

will activate the innate immune response via several signaling pathways such as nuclear factor-κB (NF-

κB), the mitogen-activated protein kinases (MAPK), and type I interferon (IFN) pathways [12]. In addition, 

activation will lead to activation of the adaptive immune response. Four adaptor proteins (MyD88, TRIF, 

Tirap, and TRAM) are essential for TLR signaling. All TLRs signal through myD88, except for TLR3. TLR4 

can signal via a MyD88-dependent and MyD88-independent route (using TRIF) [13]. In addition, TLRs 

influence tissue repair and regeneration through several pathways. They inhibit apoptosis by providing 

pro-survival signals in damaged tissue [13]. 

 

 The NLRs are intracellular receptors and so far 23 family members have been discovered in 

humans and 34 in mice. NLRs are characterized by their N-terminal CARD domain, pyrin domain, acidic 

domain, or baculovirus inhibitor repeats, a centrally located NOD, and a C-terminal LRR. The PAMPs are 

sensed by the LRR, NOD is critical for activation, and the N-terminal part mediates downstream signaling 

[14]. The NOD subfamily has been characterized the best. The NOD family consists of NOD1 and NOD2. 

These receptors are expressed in the cytosol and recognize components of peptidoglycan. It is suggested 

that upon interaction with their ligand the NODs will undergo a conformational change, the auto 

inhibitory intermolecular interaction will be relieved, and the receptor will become active. An important 

step in NOD signaling is the recruitment of serine-threonine kinase RICK to the receptor and interacting 

via the CARD domain. Activation of NOD will lead via several signaling pathways like NF-κB and MAPKs to 

the activation of the innate and adaptive immune response [11].  

 

 RLRs are cytoplasmic RNA helicases and mainly sense viruses. To the RLR family belong RIG-I, 

melanoma differentiation-associated gene 5 (MDA5), and Laboratory of Genetics and Physiology 2 

(LGP2). RIG-I and MDA5 contain two N-terminal tandem repeats of the CARD domain, for downstream 

signaling. RIG-I has a helicase domain with an ATP-binding region; MDA5 has no ATP-binding region. In 

addition, RIG-I has a C-terminal repressor domain, which represses RIG-I activity. MDA5 has a similar C-

terminal region. However, its function remains elusive. LGP2 only has a helicase domain and no CARD 

domain. Thought is that LGP2 can positively or negatively regulate RIG-I and MDA5, depending on the 

type of viral RNA. RLRs are involved in the immune response against viruses, although the exact function 

remains elusive. Activation of RLRs will lead among other to activation of NF-κB and type I IFN [11, 15]. 

 

Table 1. The three main PRR classes and there most important receptors. Listed are there ligands and location in 

the cell. 

PRR class Receptor Ligand Location Reference 

TLR TLR1 Lipoproteins Cell surface [12, 13] 

 TLR2 Lipoproteins, zymosan, and HSP70 Cell surface  

 TLR3 dsRNA, poly I:C Endosome  

 TLR4 LPS Cell surface  

 TLR5 Flagellin Cell surface  

 TLR6 Multiple diacyl lipopeptides Cell surface  

 TLR7 ssRNA Endosome  

 TLR8 ssRNA Endosome  

 TLR9 Unmethylated CpG DNA Endosome  

NLR NOD1 iE-DAP Cytosol [14] 

 NOD2 MDP Cytosol  

RLR RIG-1 Viral RNA with a 5’triphosphate Cytoplasm [15] 

 MDA5 Viral dsRNA structures Cytoplasm  

 LGP2 Viral RNA Cytoplasm  
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4. Multipotent stromal cells 
  

 Multipotent stromal cells (MSCs), also referred to as mesenchymal stem cells, are fibroblast-like 

plastic-adherent cells that can differentiate into adipocytes, chondrocytes, and osteocytes [16]. MSCs 

have been isolated from various types of organs and tissues, including bone marrow, adipose tissue, 

lung, brain, muscle, and umbilical cord blood [17]. MSCs derived from the bone marrow have been 

characterized the best and together with adipose-derived MSCs (ASC) will be the focus of this report. 

There are no specific and unique markers for MSCs. Expression of MSCs markers depends on species, 

tissue source, and culture conditions. In general it is agreed that MSCs do not express the HSC markers 

(CD45, CD34, CD14, or CD11) and the co-stimulator molecules (CD80, CD86, CD40). MSCs do express 

variable levels of CD105, CD73, CD44, CD90, CD71, CD271, and STRO-1. In addition, MSCs express several 

cytokine receptors, MHC class I and II, and chemokines [18, 19].  

4.0.1 Differentiation of MSC 

 MSCs can differentiate into various types of tissues from mesodermal, ectodermal, and 

endodermal origin, as shown in figure 3. Differentiation is dependent on the presence of specific groups 

of transcription factors that act as molecular switches. In general, the transcription factors that promote 

one lineage will inhibit another [20]. The main transcription factors for adipogenesis are: the peroxisome 

proliferator-activated receptor γ (PPARγ) and CCAAT/enhancer-binding family of proteins (C/EBPs), for 

osteogenesis: core-binding factor 1 (Runx2), osterix (OSX), specificity protein 7 (Sp7) and lipoprotein 

related receptor 5 (Lrp5), and for chondrogenesis: Sry-related high-mobility-group box (Sox); Sox9, Sox5, 

and Sox6 [21-23]. The expression of these transcription factors are regulated by several signaling 

pathways, signaling via bone morphogenic proteins (BMPs), hedgehogs, delta/jagged proteins, fibroblast 

growth factors (FGF), insulin-like growth factors (IGF) and Wnt. Signaling via the Wnt signaling pathway 

inhibits adipogenesis and increases osteogenesis. Chondrogenesis can be increased via the non-canonical 

pathway of Wnt [24]. Signaling via the BMPs can result in either adipogenesis or osteogenesis, 

depending on which receptor is activated [20].  

 
Figure 3. Differentiation of MSC. MSC reside among other in the bone marrow and can differentiate into cells of 

the ectoderm, mesoderm, and endoderm. MSCs are mainly characterized by their ability to differentiate into 

adipocytes, chondrocytes, and osteocytes. Figure adopted from Uccelli et al 2008 [25]. 
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4.0.2 Function of MSC  

 Besides their function in skeletal and fat maintenance and tissue repair, MSCs influence HSCs and 

have an immunomodulatory function as shown in figure 4. MSCs provide the cells that will form the HSC 

niche in the bone marrow were HSCs reside. This niche will protect the HSCs from differentiation and 

apoptosis stimuli, thereby supporting the maintenance and self-renewal of HSCs. Furthermore, MSCs 

regulate HSCs differentiation and proliferation via cytokine production and intracellular signals initiated 

by cell-to-cell adhesive interactions [26]. The immunomodulatory function has been reviewed elsewhere 

[19, 25]. In short, co-transplantation of MSCs reduces the graft-versus-host disease incidence and 

severity after allogenic HSC transplantation in humans. MSCs can inhibit most immune cells as they 

suppress several functions of naïve and memory T-cells, B-cells, natural killer cells (NK), and monocytes-

derived dendritic cells (DCs). MSCs can alter the intensity of the T-cell response by inhibiting antigen-

specific T-cell proliferation and cytotoxicity. The generation Tregs is also promoted. MSC inhibits B-cell 

proliferation, differentiation, and the constitutive expression of chemokine receptors. Proliferation, 

cytotoxicity, and cytokine production of NK-cells are inhibited by MSCs. NK-cells are able to kill MSCs, 

depending on the level of MHC class I expression on the MSC. The level of expression on MSCs can be 

increased via IFNγ, protecting the MSCs from cell death via NK-cells. MSCs are also capable of dampening 

the respiratory burst and delaying spontaneous apoptosis of resting and activated neutrophils via IL-6. 

MSCs inhibit cell maturation of monocytes, and hematopoietic progenitors cells into DCs. Antigen 

presentation by DCs is impaired by down regulation of MHC class II expression, CD11c, CD83, co-

stimulatory molecules, and IL-12 production. In addition, MSCs inhibit the production of TNFα and other 

pro-inflammatory cytokines and increase the production of IL-10 by DCs. Signaling molecules are mainly 

regulating the immune modulation function of MSCs. One of the most important players is IFNγ. Other 

factors involved are TGF-β1, TNFα, IL-1α, IL-1β, IL-6, hepatocyte growth factor (HGF), prostaglandin E2 

(PGE2), and indoleamine 2,3-dioxy-genase (IDO) [19, 25, 27]. It should be noted, that most studies were 

performed in vitro and the role in vivo remains elusive. Furthermore, the mechanisms behind immune 

modulation are largely unknown. 
 

 
Figure 4. The immunoregulatory function of MSCs. MSCs can via several signaling pathways inhibit the immune 

response. A) MSCs can inhibit proliferation, cytokine production, and cytotoxicity of resting NK cells. B) MSCs 

inhibit the differentiation of monocytes to mDCs, skew mature DCs to an immature state, inhibit TNFα by DCs, 

and increases IL-10 production. Moreover, MSCs dampen the respiratory burst and delay spontaneous apoptosis 

of neutrophils by releasing IL-6. C) MSCs can directly inhibit CD4
+
 T-cell, CD8

+
 T-cell, and B-cell function. In 

addition, differentiation of Tregs will be increased by MSCs via the production of IL-10 by pDCs. Figure adopted 

from Ucelli et al 2008 [25]. 
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4.1. Effect of microbial ligands on MSC 

 MSCs fate is greatly influenced by their micro-environment. Therefore, MSCs express a wide 

variety of receptors as listed in table 2 [28]. Most of the receptors respond to endogenous signals. 

However, receptors like the TLRs respond also to exogenous ligands (e.g. microbial ligands). Microbial 

ligands will most likely effect MSCs via the PRRs present on the MSCs. So far, only the TLRs have been 

discovered as PRR on MSC. A recent study by Sioud et al mentioned that MSC also express NOD1 but not 

NOD2. However, these results have not been published yet [29]. Microbial ligands could also indirectly 

affect MSCs via activation of several signaling pathways resulting in production of signaling molecules 

that are able to interact with MSCs. The effect of microbial ligands via TLR present on the MSC will be 

discussed further. 

 

Table 2. Receptors present on MSCs.  

Chemokine receptors Adhesion proteins Cytokine receptors Immune related receptors 

CXCR4 CD44 IL-1R MHC-I 

CXCR5 VCAM-1 IL-3R MHC-II (upon contact with IFNγ) 

CXCR6 NCAM-1 IL-4R TLR1 

CCR1 HCAM-1 IL-6R TLR2 

CCR7 ALCAM IL-7R TLR3 

CCR9 ICAM-1 IL-15R TLR4 

CX3CL1 ICAM-2 IFNγ-R TLR5 

Growth Factor Receptors ICAM-3 TNFα-1R TLR6 

TGF-βs-R MUC18 TNFα-2R TLR7 

CD105 CD90 Other TLR9 

PDGF-R LFA3 CD73 TLR10 

EGF-R α-4 integrin  Nectin-2 

IGF1-R α-5 integrin  PVR 

NGF-R CD29  ULBP-3 

FGF-R β-4 integrin  ULBP-1 

VEGF-R   ULBP-2 

Frizzled   ULBP-4 

LRP6   MICA 

4.1.1 TLRs 

 Human MSC express TLR 1-10 except TLR8 [30]. There are some differences in expression 

between the different studies. Most studies identified the TLRs by mRNA. High levels of mRNA were 

discovered for TLR2, TLR3, TLR4, and TLR6 [31]. For TLR1, TLR5, and TLR9 low levels of mRNA were 

detected and in some studies even absent [32]. Differences in detection could be due to differences in 

the assays. It could also be possible that MSCs from different tissue express different TLRs, although this 

was not observed in a study were TLR expression of bone marrow derived MSCs and ASCs were 

determined [31]. Presence of functional TLR2, TLR3, TLR4, TLR7 and TLR9 were confirmed by flow 

cytometry [33]. In mice MSCs (mMSCs) TLR 1-8 are expressed as detected by mRNA levels. Presence of 

TLR2, TLR3, and TLR4 were confirmed by a functionality assay. TLR5, TLR7/8 and TLR9 were unable to 

increase cytokine production [34]. Most research focused on the effect TLR2, TLR3, and TLR4 on MSCs. 

4.1.2 The effect of TLR activation on proliferation and differentiation 

 Most TLRs do not influence proliferation of human MSCs [30, 31, 35-37]. Only TLR9 could inhibit 

proliferation upon activation [31]. MyD88 an important adaptor protein in TLR signaling did have an 

effect. Down regulation of MyD88 resulted in decreased proliferation [36]. This suggests that MyD88 

plays a role in proliferation independently of TLR activation in humans. In mice, TLR2 and TLR4 were 

tested on their ability to influence proliferation. Activation of TLR2 and TLR4 enhanced proliferation of 
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mMSCs [34, 38]. Thus activation of TLR2 and TLR4 in mice inhibits proliferation whereas in humans 

activation has no effect. An explanation could be that TLRs on mMSCs have a different function than in 

human. It is known that TLRs are slightly different among species. 

 

 TLR activation can influence MSCs differentiation. The effect is dependent on the tissue origin of 

the MSCs. Activation of TLR4 on bone marrow derived MSCs induces osteogenesis. Mo et al showed that 

prolonged exposure to LPS increases osteogenesis [35]. Osteogenesis was only increased after 10-14 

days of exposure to LPS. Shorter exposure had no effect. This suggests that the duration of exposure to 

LPS determines the differentiation fate of the MSCs. This could explain why Liotta et al observed that 

activation of TLR4 did not affect differentiation. In this study MSCs were pre-treated for five days with 

LPS or poly (I:C) after which the ligand was removed. Two weeks later the amount of differentiation was 

measured. Neither LPS nor poly (I:C) influenced the differentiation of MSCs [37]. Weil et al showed that 

activation of TLR4 increases the growth factors VEGF, HGF, and FGF2 via the signaling pathways 

JAK/STAT and p38 MAPK, supporting the role of TLR4 in differentiation and tissue repairs [39]. Activation 

of TLR2 had no effect on differentiation; stimulation with Poly (I:C) or LTA had no effect [35, 37]. 

  

 In ASC activation of several TLRs influence differentiation. Activation of TLR4 (LPS) and TLR2 

(peptidoglycan) increases osteogenesis [30, 31, 36]. The effect of TLR3 activation on differentiation is not 

clear. One study showed that activation by poly (I:C) had no effect, another observed an increase in 

osteogenesis [30, 31]. Besides increased osteogenesis, there was also increased ERK activation, 

suggesting a role for ERK in differentiation. Interestingly, poly (I:C) did have a synergistic effect on LPS- 

and peptidoglycan-induced osteogenesis [31]. Possibly, the increase of osteogenesis observed by poly 

(I:C) stimulation is due to contamination of LPS or peptidoglycan in the medium. Future experiments 

where TLR2 and TLR4 are blocked could elucidate the role of TLR3 in osteogenesis in ASC. Osteogenesis 

was inhibited by the activation of TLR9 by CpG-ODN [31]. Adipogenesis of ASC is inhibited by activation 

of TLR2 by peptidoglycan [36]. Stimulation with LPS, poly (I:C), or CpG-ODN has no effect on adipogenesis 

[30]. Activation of TLR5 had no effect on differentiation. In mice, activation of TLR2 by Pam3Cys resulted 

in an overall decrease of differentiation [34].  

 Interestingly down regulation of MyD88 inhibits adipogenesis of ASCs, independently of TLR 

activation. In addition, LPS- and peptidoglycan-induced osteogenesis was decreased when MyD88 was 

down regulated. Peptidoglycan-induced osteogenesis was more affected than LPS-induced [35, 36]. 

Together these results suggest that MyD88 contributes to the regulation of proliferation and 

differentiation. TLR signaling in ASC differentiation is MyD88-dependent and MyD88-independent. In 

mice, MyD88 is required for osteogenic and chondrogenic differentiation. My-D88 deficient mice only 

differentiate into adipocytes [34]. 

 

 Migration of MSCs, which is important in tissue injury, can also be influenced by TLR activation. 

Tomchuck et al showed that upon activation of TLR3, TLR4, and TLR9 migration of MSCs was enhanced. 

TLR3 was observed to play a major role in migration; blocking TLR3 resulted in 55% less migration in vitro 

[33]. In mice, activation of TLR2 inhibited migration [34]. This could suggest that TLR activation influences 

mice differently than humans on migration or that different TLRs have a different effect on migration. 

Future experiments are required to clarify this. 
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4.1.3 The effect of TLR activation of MSC function 

 Upon TLR activation the cytokine pattern and downstream functions of MSCs can be altered. 

There does not seem to be a general outcome after TLR activation. Activation of TLR3 and TLR4 on bone 

marrow derived MSCs will activate the NF-κB, MAPK, and the PI3K signaling pathway [33, 37, 39]. In 

addition, an increase of IL-6, IL-8, IFNβ, and CXCL10 is observed [32, 33, 37]. Two studies showed that IL-

1β, TGFβ, and CXCL4 are not affected by TLR activation [32, 37]. However, Tomchuck et al showed that 

activation of TLR3 and TLR9 increases IL-1β production [33]. Whether the immune suppression capacity 

of MSCs is affected upon TLR activation remains unclear. Liotta et al showed that activation of TLR3 and 

TLR4 inhibits the immunosuppressive capacity of MSCs on CD4
+
 T-cell proliferation possibly via Notch 

signaling [37]. MSCs express the Notch ligand JAGGED-1. JAGGED-1 is involved in inhibition T-cell 

proliferation, activation and cytokine production [40, 41]. Upon activation, TLR3 and TLR4 will down 

regulate the expression of JAGGED-1 and thereby inhibiting the immunosuppressive function of MSCs 

[37]. Opitz et al showed that activation of TLR3 and TLR4 increased the immunosuppressive function of 

MSCs via IDO1 [32]. IDO1 is a known enzyme that catalyzes the conversion of tryptophan to kynurenine, 

which is thought to be responsible for the immunosuppressive function of MSCs [25]. Stimulating MSCs 

with Poly (I:C) or LPS resulted in IFNβ activation via PKR. IFNβ is secreted and interacts with is receptor, 

activating IDO1 transcription via STAT1, leading to tryptophan depletion. In contrast, Liotta et al showed 

that IDO and PGE2 signaling were not influenced by TLR3 or TLR4 activation [37]. The major difference 

between the two studies is the CD4
+
 T-cell populations. Liotta et al used CD4

+
 T-cells stimulated with 

irradiated T-cell depleted PBMCs, whereas Opitz et al used PBMCs stimulated with irradiated PBMCs. 

This suggests that CD4
-
 T-cells are important in the immunosuppressive function of MSCs. Another 

difference was the exposure duration of the TLR ligand. Liotta et al did not remove the ligand during the 

experiment, whereas Opitz et al pre-treated the MSCs and co-cultured them with the PBMCs. The 

presence or absence of LPS can greatly influence the MSCs and the CD4
+
 T-cells in different ways. For 

example, extended LPS exposure will make TLR4 unresponsive to LPS. TLR activation is thus able to 

influence MSC function and depending on the microenvironment will increase or inhibit the 

immunosuppressive function. 

  

 In ASC the immunosuppressive function does not seem to be altered upon TLR stimulation, 

although IDO expression was up regulated upon TLR3 activation [30]. Cytokine patterns were altered 

upon stimulation. The duration of stimulation influenced the cytokine production. TNFα, IL-1β, IL-6, 

MCP-2, GCP-2, IL-12 were up regulated upon activation of TLR2, TLR3, TLR4, and TLR5. TLR3 and TLR4 up 

regulated MCP-1 [31, 36]. After 24 hours TLR2 activation did not increase IL-6 production, but after 48 or 

72 hours IL-6 and MCP-1 production was increased [31, 36]. After 72 hours of stimulation, there were no 

increased levels of TNFα, IL-1β, IL-2, IL-4, IL-5, IL-10 or IL-12. Suggesting, that after 72 hours of 

stimulation these cytokines are down regulated. An increased IL-6 and IL-8 production and NF-κB 

activation was still observed after 72 hours [30]. In addition MIP-3α expression was up regulated upon 

activation of TLR3, TLR4, TLR5, and TLR9 but not after activation of TLR2 [31]. Yu et al showed that TLR 

signaling in ASCs is MyD88-dependent and MyD88-independent. Down regulation of MyD88 resulted in 

decreased cytokine expression by TLR2 and TLR4 activation. TRL2 signaling was more affected than TLR4 

signaling indicating that TLR4 signals via MyD88-dependent and MyD88-independent pathways. In 

addition, CXCL10 and IFNβ expression were up regulated upon TLR4 activation when MyD88 was down 

regulated. TLR3 signaling was not affected by MyD88 down regulation [36].  

 

 In mice, the immunosuppressive function of mMSCs can be influenced by TLR activation 

depending on which TLR is activated and the microenvironment of the mMSC. Cytokine production of 

mMSCs is influenced by TLR activation. Activation of TLR2, TLR3, and TLR4 on mMSCs will via MyD88-

dependent and MyD88-independent pathways result in production of IL-6. The signaling pathways NF-κB 
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and PI3K are activated upon TLR3 and TLR4 activation. Expression of IL-1β, IL-4, IL-10, IL-12, TGF-β, and 

IFNγ were not altered upon stimulation of TLR 1-9 [34]. Activation of TLR4 can protect mMSCs from 

oxidative stress-induced apoptosis in a ligand dose-dependent manner. Stimulation of mMSCs with low 

doses of LPS results in protection from apoptosis and enhances proliferation. High doses of LPS (10 

µg/ml) resulted in enhanced apoptosis, reduced proliferation, and inhibits activation of the PI3K and NF-

κB signaling pathways [38]. Pevsner-Fischer et al observed that the immunosuppressive function was not 

influenced by TLR2 activation by Pam3Cys [34]. However, Németh et al showed that TLR4 activated 

mMSCs reprogram macrophages by PGE2, resulting in immune suppression and enhanced the survival 

rate of mice with sepsis [42]. As shown in figure 5, activation of TLR4 and binding of TNFα to the TNFR 

will start the NF-κB signaling pathway via a MyD88-dependent signaling pathway and nitric oxide 

production. Activation of NF-κB will result in the production of PGE2, which can bind to macrophages and 

reprogram them via a cell-to-cell contact-dependent pathway. Macrophages start producing anti-

inflammatory factors such as IL-10 and less TNFα and IL-6. IL-10 decreases neutrophil invasion causing 

less oxidative damage. Reprogramming of the macrophages via TLR4 and TNFα will reduce sepsis in mice 

by immune suppression [42]. 

 
Figure 5. The effect of LPS on mMSCs and the consequences for macrophages. LPS and TNFα will bind to the 

surface of a MSC. This will result in activation of a signaling pathway involving MyD88, NF-κB, Cox-2 and leads to 

the production of PGE2. PGE2 will interact with macrophages via a cell-to-cell contact-dependent pathway and 

reprograms them in producing more IL-10 and less TNFα and IL-6. IL-10 will in turn decrease neutrophil invasion 

and neutrophil-mediated tissue damage. Figure adopted from Tyndall 2009 [43] 

 

 Together these results suggest that TLR can influence the immunosuppressive function of MSCs 

depending on several factors such as location, ligand, TLR, the duration of ligand exposure, ligand 

concentration, other signaling molecules, and the downstream signaling pathways. Further research in 

vivo is required to clarify the effect of TLR activation on the immunosuppressive function of MSCs.  

 TLR activation by microbial ligands will affect MSCs in various ways. Proliferation, differentiation, 

migration, immunosuppressive function, and cytokines production can be altered upon TLR activation. 

Interestingly, the results shown here suggest that the effect of TLRs on MSC depends on the tissue and 

species where the MSC reside. In addition, the effects seems to vary dependent on which TLR is 

activated.  
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5. Hematopoietic stem cells 
 

 Hematopoietic stem cells (HSCs) are multipotent stem cells, can self-renew throughout life, and 

can differentiate into all types of blood cells. Blood cells have one of the shortest lifetimes of all cells and 

require continuous replenishment. The main function of the HSCs is maintaining the blood cell 

population. In humans HSCs reside mainly in the bone marrow but can migrate to the blood and other 

tissues [3, 44]. In the bone marrow HSCs reside in the so called "HSC niche". The HSC niche is a 

specialized microenvironment that supports HSC maintenance and regulates proliferation and 

differentiation. The balance between proliferation and differentiation is maintained via cell-to-cell 

contact (adhesion molecules), via intermediate cells, or via soluble factors (growth factors, cytokines) 

[45]. Several types of niches have been described. The best characterized niche is the endosteal niche 

where osteoclast, osteoblast, and vascular cells regulate HSCs [46]. HSCs and early progenitors can be 

identified via specific cell markers as listed in table 3. HSCs that are Lin- KIT+ and SCA1+ are usually 

referred as LKS
+
. Other common HSCs or progenitor markers are CD45, CD34, CD14, CD11 and the 

signaling lymphocyte activation molecule (SLAM) family markers. In many studies, the CD34
+
 cell 

population is used to isolate HSCs and early myeloid progenitors. HSC markers are different between 

mice and human [44, 47]. 

 

Table 3. Human HSCs stem and progenitor markers [47] 

Cell type Markers 

LT-HSC LIN
-
, IL-7Rα

-
, SCA1

+
 KIT

+
 FLT3

-
, Thy1

low
, CD34

-
 

ST-HSC LIN
-
, IL-7Rα

-
, SCA1

+
 KIT

+
 FLT3

low
, Thy1

low
, CD34

+
 

MPP LIN
-
, IL-7Rα

-
, SCA1

+
 KIT

+
 FLT3

low-hi
, Thy1

-
, CD34

+
 

CMP LIN
-
,SCA1

-
, KIT

+
, CD34

+
, FcγRII

-
, FcγRIII

-
 

CLP LIN
-
, IL-7Rα

+
, SCA1

low
 KIT

low
 

GMP LIN
-
,SCA1

-
, KIT

+
, CD34

+
, FcγRII

+
, FcγRIII

+
 

MEP LIN
-
,SCA1

-
, KIT

+
, CD34

-
, FcγRII

-
, FcγRIII

-
 

5.0.1 Differentiation of HSC 

 HSCs can differentiate into all types of blood cells. The exact differentiation pathway is still 

unknown; the general accepted pathway is depicted in figure 6. It should be mentioned that there are 

several variations on this pathway as reviewed elsewhere [44, 48]. HSCs differentiate into common 

myeloid progenitors (CMP) and common lymphoid progenitors (CLP). The CMPs will give rise to all 

myeloid lineage cells: platelets, erythrocytes, monocytes/macrophages, eosinophils, neutrophils, and 

granulocytes. CLPs give rise to all lymphocytes: B- and T- lymphocytes and NK-cells. Both CMPs and CLPs 

are able to produce DCs. As mentioned, differentiation of HSCs is tightly regulated by their 

microenvironment. Several signaling pathways such as the Wnt, Sonic hedgehog, and Notch pathways 

are involved. Differentiation into the myeloid lineages is mainly regulated by the transcription factors 

PU.1, C/EBPα, C/EBPβ, C/EBPε, growth factor independent 1 (GFI1), interferon-regulatory molecule 

factor 8 (IRF8), Runx1, SCL, JUNB, Ikaros, and MYC. These transcription factors regulate the transcription 

of myeloid stimulating factors such as SCF, M-CSF, G-CSF, GM-CSF, EPO, and TPO [47]. Differentiation 

into lymphoid lineage is regulated by the transcription factors Ikaros, PU-1, E2A, early B cell factor (EBF). 

These transcription factors regulate the expression the IL-7Rα and the production of lymphoid 

stimulating cytokines. In addition the amount of transcription factors can influence differentiation. For 

example, T-cell commitment only occurs when PU-1 and C/EBPα are down regulated by NOTCH signaling 

[49]. 

 



 

 

Figure 6. Hematopoiesis, the multipotent HSC will 

will differentiate into the CMP and CLP. The CMP will eventually give rise to platelets, erythrocytes, monocytes, 

eosinophils, and neutrophils. The CLP will give rise to all lymphocytes: T

lymphocytes [50]. 

5.1. Effect of microbial ligands on HSC

 The fate of HSCs is tightly regulated via cytokines and growth factors. Microbial ligands can 

influence stem cell fate by interacting with receptors present on the HSC or indirectly by activation 

signaling pathways, which alter cytokine production.

progenitor cells, among them are two families of the PPRs; 

NLR activation by microbial ligands will be discussed in detail.

5.1.1 TLRs  

 The role of TLRs on HSCs has not been investigated in depth. 

and early myeloid progenitors) express T

the TLR are also functional on CD34

Mice HSCs express at least TLR2 and TLR4 

Whether other TLRs are expressed has not been investigated. 
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The fate of HSCs is tightly regulated via cytokines and growth factors. Microbial ligands can 

uence stem cell fate by interacting with receptors present on the HSC or indirectly by activation 

which alter cytokine production. Many receptors are expressed on

are two families of the PPRs; the TLRs and the NLRs. The effects of TLR and 

NLR activation by microbial ligands will be discussed in detail. 

The role of TLRs on HSCs has not been investigated in depth. Human CD34

express TLR2, TLR4, TLR7, TLR8, TLR9, and TLR10 

CD34
+
 cells and can influence proliferation, differentiation

Mice HSCs express at least TLR2 and TLR4 [52]. Both TLRs are functional and can influence HSCs fate. 

Whether other TLRs are expressed has not been investigated.  
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which has lost self renewal. The MPP 

will differentiate into the CMP and CLP. The CMP will eventually give rise to platelets, erythrocytes, monocytes, 

lymphocytes, NK-cells, and B-

The fate of HSCs is tightly regulated via cytokines and growth factors. Microbial ligands can 

uence stem cell fate by interacting with receptors present on the HSC or indirectly by activation 

Many receptors are expressed on HSCs and 

LRs and the NLRs. The effects of TLR and 

CD34
+
 cells (a mix of st-HSCs 

and TLR10 [51]. Except for TLR10 all 

and can influence proliferation, differentiation, and migration. 

Both TLRs are functional and can influence HSCs fate. 
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5.1.2. The effect of TLR activation on HSC proliferation and differentiation 

 Proliferation of human and mice HSCs can be altered upon TLR activation. Activation of TLR7/8 

by R848 increases proliferation of CD34
+
 progenitor cells [51]. In mice, activation of TLR2 and TLR4 by 

PAM2CSK4, PAM3CSK4, LPS, and inactivated yeast or hypha of Candida albicans will increase proliferation 

of mHSCs via a MyD88-dependent pathway [52-54].  

  

 The effect of TLR activation on differentiation seems to be similar in mice and humans [55]. As 

shown in figure 7, TLR activation in mice and humans will lead to increased differentiation into the 

myeloid lineage leading to more monocytes/macrophages (CD11c
+
/CD14

+
) and mDCs (CD11c

+
/CD14

-
). In 

human CD34
+
 progenitor cells activation of TLR2, TLR4, TLR7, and TLR7/8 results in increased 

differentiation into the myeloid lineage [51, 56]. R848 the ligand for TLR7/8 induces differentiation of 

uncommitted and committed granula-monocytic progenitors into the myeloid lineage. Expression of 

CD13, an early myeloid marker, was increased upon stimulation with R848. Glycophorin A, an early 

erythropoiesis marker, was not increased. Activation of TLR7/8 by R848 resulted in more monocytes 

/macrophages and mDCs [51]. Activation of TLR7 by loxoribine induced myeloid differentiation similar as 

R848. Myeloid differentiation was also increased upon TLR2 activation by Pam3CSK4. Activation of TLR2 

led to more monocytes than stimulated with loxoribine or R848. On the other hand, loxoribine and R848 

induced more mDCs. The production of mDCs is dependent on TNFα, whereas the production of 

monocytes is not. Both cell types could activate T-cell proliferation. mDCs were significantly better at 

inducing proliferation than the monocytes. In addition, T-cells cultured with mDCs induced a Th1-type T-

cell response. Activation of TLR4 on CD34
+
 progenitor cells also resulted into myeloid differentiation, 

although less than activation of TLR7 or TLR7/8 [56].  

 

 In mice activation of TLR2 and TLR4 influences HSCs differentiation via a MyD88-dependent 

signaling in several ways [52-54]. Upon activation, TLR2 and TLR4 will forces quiescent LT-HSC to enter 

the cell cycle. TLR2 and TLR4 activation will induce more mHSCs differentiation into the myeloid lineage. 

GMPs will differentiate into monocytes /macrophages with an inflammatory character [52, 54]. In 

addition, yeast and hypha from C. albicans and Pam2CSK4 induce mHSC differentiation [53]. The 

lymphoid lineage can also be influenced by TLR activation. Activation of TLR2 and TLR4 present on CLPs 

results in more DCs and less T- and B-lymphocytes. TLR4 activation leads to suppression of B-cell 

production [52]. Differentiation and survival of HSCs were independent of growth factors such as M-CSF 

or G-CSF, suggesting that TLR activation can directly act on survival and differentiation without the help 

of growth factors [52]. In vivo similar results were obtained after TLR stimulation [52, 53]. 

  

 Together these findings indicate that TLR activation on HSCs will lead to activation of the innate 

immune response with the production of DCs, monocytes/macrophages and granulocytes. The innate 

immune response will provide a fast non-specific response during an infection. The innate response will 

also trigger the adaptive response, which is important in clearance of the infection and creating 

protection against the pathogen.  
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Figure 7. Hematopoiesis under normal conditions and inflammation. Under normal conditions hematopoiesis is 

regulated by factors such as IL-7, IL-15, G-CSF, M-CSF, TPO, and EPO. During inflammation exposure to TLR 

ligands such as LPS and Pam3CSK4
 
will increase myeloid differentiation. GMPs will produce more granulocytes 

and macrophages. CLPs will increase DC production. Differentiation of MEPs into megakaryocytes and 

erythrocytes is almost not affected. Figure adopted from Holl et al 2006 [57]. 

5.1.3 The effect of TLR activation on HSC cytokine production and migration 

 Only two papers investigated whether TLR activation on HSCs changed the cytokine expression. 

Kim et al showed that activation of TLR9 by CpG-ODN and plasmid DNA from E. coli on cord blood CD34
+
 

cells induced IL-8 production via an AP-1, MAPK-dependent, NF-κB-independent signaling pathway. 

Activation was time and dose dependent and chloroquine could block IL-8 production. In addition, co-

stimulation with LPS induced a synergistic effect on IL-8 production [58]. Sioud et al showed that upon 

stimulation with R848, loxoribine, or Pam3CSK4 CD34
+
 progenitor cells induced the expression of several 

factors that can influence cell differentiation and survival. Expression of IL-6, IL-8, IL-10, GM-CSF, TNF-α, 

IL-1b, G-CSF, MCP-1, MIP-1b, IL-1Ra, IP-10, and MIP-1a were up regulated. Stimulation with R848 

induced the highest levels of cytokine production [51, 56]. TLRs are able to influence cytokine production 

by HSCs depending on ligand dose and exposure time. 

 

 HSCs migration can be influenced by TLR activation. HSCs migrate from the BM stem cell niche to 

the blood [59]. Once in the blood the HSCs will migrate fast to other organs like the liver, spleen, and 

lung and remain there for at least 36 hrs. At some point HSCs will migrate back to bone marrow via the 

lymph depending on S1P chemotaxis. The migration of HSCs is shown in figure 8. HSCs will reside longer 

in the tissue if TLRs are activated (TLR4). TLR4 prevents migration out of the tissue by down regulating 

the S1P receptor, which inhibits S1P chemotaxis [54]. Ueda et al showed that exposure to several 

antigens such as LPS, PTX, adjuvants, and gram-negative bacteria induced via TNFα, IL-1β, and CXCL12 

bone marrow lymphocyte depletion, migration of progenitor B-cells, mobilizes stem cells, and increases 

granulocytes. Upon exposure to adjuvants the chemokine receptor CXCL12 in the BM is suppressed, 

which is a key component in homing of progenitor cells [60, 61]. Although they did not investigate the 

possible role of TLRs in this study, their findings do suggest that they are involved.  
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Figure 8. Migration of HSCs and the effect of TLR activation. HSCs will migrate out of the bone marrow into the 

blood and from there on to the peripheral tissue. HSCs will remain for at least 36 hours in the peripheral tissue 

and migrate via the lymph back to the bone marrow depending on S1P chemotaxis. HSCs express the S1P1 

receptor and upon interaction with the S1P lysate will migrate back to the bone marrow. TLR activation will 

down regulate S1P1 expression on HSCs prevent the migration of HSCs back to the bone marrow. Figure adopted 

from Massberg et al 2007 [54]. 

5.1.4 The effect of NOD2 activation on HSCs 

 Recently, Sioud et al identified the presence of NOD2 on HSC (CD34
+ 

cells) [29]. Activation of 

NOD2 by MDP resulted in increased production of TNFα, GM-CSF, and IL-1β. In addition, HSC 

differentiated into to myeloid lineage, producing more monocytes/macrophages and DCs (CD11
+
 cells). 

The CD11
+
 cells could activate T-cells proving that they are mature immune cells. The myeloid 

transcription factor PU:1 was also up regulated upon stimulation. Co-stimulation of MDP with LPS or 

PAM3CSK4 resulted in a synergistic effect increasing TNFα, GM-CSF, IL-1β expression. Activation of NOD 

on CD34
+
 cells resulted in up regulation of intracellular α-defensins 1-3. Secretion of the defensins was 

not significantly altered.  
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6. The effect of microbial ligands on other types of stem cells. 
 

 Several studies showed that activation of TLRs by microbial ligands or endogenous ligand can 

influence the proliferation, differentiation, and cytokine production of neural stem cells (NSC) and neural 

progenitor cells (NPC). The role of TLRs on NSCs seems different in embryonic or adult stem cells. 

 NPCs express TLR1-9 [62]. TLR2 and TLR4 are involved in proliferation and differentiation of NPC. 

Activation of TLR2 resulted in increased neural differentiation and decreased astrocyte differentiation. 

On the other hand, activation of TLR4 inhibits neural differentiation. Proliferation was not influenced by 

TLR2 but in TLR4 deficient mice proliferation was increased [62]. Covacu et al showed that in rat adult 

NSCs and NPCs activation of TLR2 and TLR4 influenced cytokine production but not proliferation or 

differentiation [63]. During inflammation TLR2 and TLR4 expression is up regulated via pro-inflammatory 

cytokines on NSCs and in turn activation of TLR2 and TLR4 results in the production of TNFα. TLR4 

expression was up regulated upon exposure to IFNγ and down regulated upon exposure to TNFα. TLR2 

on the other hand, was up regulated by TNFα and IFNγ. Co-stimulation induced a synergistic effect on 

the up regulation of TLR2 [63]. The different results on differentiation and proliferation compared with 

Rolls et al could be because of the use of different animal models [62]. 

  

 Intestinal stem and progenitor cells express TLR4. Activation of TLR4 increases proliferation of 

these cells [64]. In addition, Brown et al showed that inhibition of MyD88 impaired tissue repair in mice 

upon induced damage [65]. This suggests that TLR signaling plays a role in proliferation and in tissue 

repair by intestinal stem and progenitors cells in response to injury. 

 

 Mice embryonic stem cells (ES) express TLR 1-9. Activation of TLR3 and TLR4 stimulated the 

proliferation of ES cells. In addition, activation of TLR4 induced more hematopoietic differentiation of ES 

cells [64]. Lathia et al showed that TLR3 is a negative regulator of early embryonic neural progenitor cell 

proliferation [66]. During early embryogenesis TLR3 is highly expressed and decreases over time. TLR2 

was not detected during early embryogenesis but expression increased during late embryogenesis. TLR4 

was constantly expressed during embryogenesis. Activation of TLR3 by Poly (I:C) inhibits proliferation of 

neural progenitors cells and prevents the formation of neurospheres. In adults, neuropshere formation 

was not inhibited by Poly (I:C) stimulation [66]. These results suggest that the role of TLRs change during 

development.  
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7. Conclusions and discussion 
 

 Everyday microorganisms influence several processes in the body. Until recently it was believed 

that they did not influence stem cells. Stem cells are responsible for maintenance of all cells of the body. 

With the discovery of TLRs on stem cells it seems that microorganisms are able to influence stem cell 

fate. Indeed microbial ligands such as LPS and lipoproteins are able to alter proliferation, differentiation, 

migration, and function of stem cells. In this report, I focused on the effect of TLR activation on HSCs and 

MSCs. Both types of stem cells are important for the immune system. HSCs produce all immune cells and 

during an infection will increase the production. MSCs provide the HSCs niche in the bone marrow and 

regulate HSCs differentiation and proliferation. In addition, MSCs have an immuno regulatory function in 

that they can inhibit the immune response. With TLRs present on stem cells, they are able to sense 

microorganism and react fast when necessary. The exact influence of TLR activation on stem cells 

remains unknown. Furthermore, these studies show that activation has different effects depending on 

which receptor is activated, on the type of stem cells and the type of species. 

 

 In humans most TLRs do not affect stem cell proliferation. Only TLR9 could inhibit proliferation of 

MSCs and TLR7/8 increased proliferation of HSCs. In mice, however, stem cell proliferation is affected by 

TLR activation. TLR2 and TLR4 increased the proliferation of HSCs and MSCs. The observed differences 

can be explained in several ways. First, TLR activation on stem cells has a different effect in mice than in 

humans. It is known that there are slight differences between human and mice TLR but overall they 

signal in similar ways. Therefore, it seems unlikely that the differences in proliferation are caused by 

species. Second, different TLRs could have a different effect on proliferation. Although this seems likely 

this is probably not the case. TLR2 and TLR4 were tested on their influence on proliferation in humans 

and mice and only effected proliferation in mice. Third, the differences in the assay could explain the 

difference in outcome. As mentioned before, the amount of ligand used during an assay, the exposure 

time, and the incubation time of stem cells greatly affects the outcome. Therefore, the differences 

observed could be due to variation in the assays. Different incubation times were used, different 

amounts of cells, and different detection methods. Another interesting observation is that the effect of 

TLR activation is different per type of stem cells. Again this could be due to assay variation, but it could 

also suggest that TLR activation differently affects stem cells depending on the type of stem cell and their 

microenvironment. More research is required to elucidate the exact effect of TLR activation of 

proliferation. 

 

 Stem cell differentiation can be regulated by TLR activation. Activation of TLRs on MSCs 

increased osteogenesis and decreased adipogenesis. During an infection energy is required for a proper 

immune response. Since energy is used and not stored in fat it seems logical that adipogenesis is 

inhibited. On the other hand, osteoblast and osteocytes help the immune response by producing 

signaling molecules, regulating HSCs, and if required will develop new bone. Therefore, increased 

osteogenesis could be beneficial. Upon TLR activation, myeloid differentiation of HSCs is increased. 

Furthermore, the production of monocytes/macrophages and DCs was increased. These cells play a 

major role in the initial immune response against a pathogen. TLR activation inhibits differentiation into 

lymphocytes. For the initial response lymphocytes are not the most important cells and it seems logical 

that they are produced less. Later in the immune response, when lymphocytes are needed for clearance 

and the generation of protection, lymphoid differentiation will be promoted by the signaling of cytokines 

and growth factors. Together, these findings suggest that upon exposure to microbial ligands stem cells 

will change their differentiation to help the initial immune response. Of course there are studies that 
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show a different effect on differentiation. For example, TLR9 activation by CpG-ODN inhibits 

osteogenesis in hMSCs. It is possible that activation of TLR9 by CpG-ODN is a negative regulator for stem 

cells differentiation and proliferation. Activation of TLR9 could trigger different signaling pathways than 

TLR2 or TLR4 leading to a different effect. Further research on TLR9 and stem cell differentiation is 

necessary. 

 Most studies on TLR activation and stem cells differentiation focused on the type of 

differentiation. It is still unclear whether TLR activation increases the total amount of differentiation or 

only shifts the balance to a certain type differentiation. One study in mice showed that overall 

differentiation was decreased in mMSCs upon activation of TLR2. On the other hand, in mHSCs TLR2 and 

other TLRs forced LT-HSC into the cell cycle and increased myeloid differentiation. Taken together all the 

results it suggests that TLRs are able to regulate differentiation and depending on the stem cell type will 

increase or inhibit it. 

 

 The immune response can be affected by TLR activation on stem cells via differentiation. 

However, this is not the only way TLR activation influences the immune response via stem cells. Cytokine 

production of stem cells is also altered upon TLR activation. Furthermore, the immunosuppressive 

function of MSCs can be altered upon TLR activation. In general, TLR and NOD2 activation on stem cells 

increased the production of pro-inflammatory cytokines (e.g. IL-6 and IL-1β). However, the response 

depends on dose and exposure time to the ligand. Low doses of LPS resulted in the activation of NF-κB 

and PI3K pathways were as high doses did not activate these pathways. Moreover, it was observed that 

overtime the expression of cytokines changed. Although most studies observed an increase in pro-

inflammatory cytokines others showed an increase of anti-inflammatory cytokines (e.g. IL-10 and G-CSF). 

These findings indicate that the production of cytokines by stem cells can be influenced by TLR activation 

but that other factors such as micro-environment, co-stimulatory molecules, and downstream signaling 

pathways also affect cytokine production. This would also explain why several studies observed different 

effects of TLR activation on the immunosuppressive function of MSCs. Activation of TLR3 and TLR4 on 

MSCs can increase or inhibit the immunosuppressive function depending on which signaling pathways 

are activated. In vivo the effect on immune suppression has been tested in a mice sepsis model. In this 

study prolonged exposure to LPS resulted in immune suppression and higher survival rates of mice with 

sepsis. This finding makes it very interesting to study the effects of TLR activation on stem cell function in 

more detail.  

 

 For stem cells it is important that they are able to migrate to other tissues when their function is 

required, for example during tissue repair. Migration of stem cells can be affected by TLR activation. It 

seems that upon exposure TLR activation leads to the migration of HSCs out of the bone marrow and 

into other tissue. Once in the other tissue TLR activation will prevent migration back to the bone 

marrow. During inflammation continuous replenishment of immune cells is required to fight the 

infection. Therefore, it is important that HSCs migrate to the site of infection quickly. With the presence 

of TLRs to sense PAMPs this response will be faster than migration via cytokine signaling. Activation of 

TLRs can also increase migration of MSCs, although not much research has been performed in this area.  

 

 To conclude, microbial ligands are able influence stem cell fate via PRRs. Although this 

hypothesis is recent it does seem logical. During an infection, there is always an increase of immune 

cells. These cells originate from stem cells. A quick response of stem cells will result in a better immune 

response. If stem cells are able to directly sense microbial ligands in their environment via TLRs and 

NODs the response would be much faster than via the many signaling pathways and cytokines. 
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 So far, only the role of the TLR family has been investigated on stem cells. With the recent 

discovery that NOD2 is present on stem cells it would seem very likely that other PRRs are also 

expressed. It would be very interesting to discover what their roles in stem cell regulation and what 

would happen in vivo when several of these receptors will be activated by microorganisms. It would also 

be interestingly to investigate whether there are pathogens that alter stem cell regulation for their own 

benefit, for example, by preventing differentiation into MCPs or CLPs, by promoting migration of stem 

cells, or inducing differentiation into specialized cell types to create a favorable environment.  

 The start at clarifying the role of microbial ligands has been made. However, a lot of research is 

still required. The first step that needs to be elucidated is which receptors are expressed on stem cells 

and what effect stem cell location has on expression. Another important step will be to determine what 

happens upon activation, which signaling pathways are activated, which co-stimulatory molecules are 

required, etc. Of special interest would be the effect of microbial ligands on intestinal stem cells. The gut 

is the home of a rich microflora where many different bacteria reside and a lot of antigen sampling takes 

places. It would be very interesting to investigate what the effect of the microflora has on intestinal stem 

cells. And what role would this play, for example, in a damaged intestinal wall or colon cancer. Lee et al 

showed that mice intestinal stem cells express TLR4 and that activation could increase proliferation. 

Nothing is known about TLRs or other PRRs present on human intestinal stem cells. With the recent 

discovery by Sato et al who are able to culture intestinal stem cells in vitro, it would be possible to 

investigate the influence of the microflora on stem cells [67]. These stem cells could be used to 

investigate the presence of PRRs on intestinal stem cells and what for effect activation of these receptors 

would have on proliferation, differentiation and function. 

  

 Although it is still too early to make any assumption about the possible therapeutic benefits of 

manipulating stem cells with microbial ligands it is an interesting idea. Maybe it is possible to partially 

prevent or slow down bone loss observed in elderly patients by inducing more osteogenesis. Another 

example could be that local exposure of microbial ligands during serious tissue damage could promote 

tissue repair by stem cells. However, the possible therapeutic benefits are still many years of research 

away. With the discovery of TLRs on stem cells and that microbial ligands can influence stem cell fate a 

whole new exciting area of research has been discovered. 
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