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    Abstract     

Microenvironment    plays a key role in controlling 
stem cell fate and thereby regulating tissue 
homeostasis and repair. It consists of acellular 
and cellular components that interact with 
stem cells and their progenitors and through 
signaling cascades infl uence balance between 
self-renewal, differentiation and dormancy. 
Under pathological conditions, disruptions in 
microenvironment can generate signals that 
stimulate untimely or aberrant stem cell dif-
ferentiation or self-renewal, or activate de-
differentiation of progenitor cells, leading to 
diseased states such as cancer. However, while 
unaltered microenvironment can restrain 
transformed cell behavior inhibiting malig-
nant phenotypes, transformed cancer cells that 
exhibit resistance to conventional therapies 
and tumor initiating capacity are capable of 
inducing more permissive and immunotoler-
ant microenvironment that promotes tumor 
growth and metastasis. Better understanding 
of their behavior and interactions with micro-
environment opens up novel avenues for 
devising more effi cacious cancer therapies.   

        Introduction 

 Stem cells represent populations of cells within 
organism that are capable of self-renewal and 
differentiation into one or more cell types that 
form a specifi c tissue (uni- or multi- potent 
stem cells, respectively) or the whole body 
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(pluripotent or omnipotent stem cells). Orderly 
development and tissue repair require tight bal-
ance between arrested stem cell state (dormancy), 
stem cell self-renewal and diff ere ntiation, and in 
case of multipotent and pluripotent stem cells, 
between multiple differentiation pathways. This 
is achie ved by stringent control of stem cell 
behavior exerted through signals from their 
microenvironment (niche). For instance, signals 
stemming from cell-cell and cell-matrix inter-
actions, changes in oxygen concentration (i.e. 
hypoxia) and nutrient availability, all affect stem 
cell state and phenotype. Escape from and/or 
deregulation of the signaling cues present in 
microenvironment loosens control over stem cell 
function and results in disruption of tissue 
homeostasis leading to pathological states. 
Understanding the mechanisms involved in the 
cross talk between acellular and cellular ele-
ments of the microenvironment and their effects 
on normal and cancer stem cell behavior is cru-
cial for the development of more effi cacious 
treatments for pathological states associated 
with aberrant stem and/or progenitor cell phe-
notypes such as cancer.  

    Stem Cells’ Behavior Is Controlled 
by Their Niches: Examples 
of Epidermal Stem Cell Niche 
and of Hypoxia 

 Embryonic development and multiple physio-
logic processes depend on timely and regulated 
activation and differentiation of stem cells, pro-
cesses controlled by signals from the niche. 
Typically, the stem cell niche is a defi ned ana-
tomical compartment that includes cellular and 
acellular components that integrate both systemic 
and local cues to regulate the biology of stem 
cells. Cells, blood vessels, matrix glycoproteins, 
and the three-dimensional space that is formed 
from this architecture provide a highly special-
ized microenvironment for a stem cell. Stem cell 
niches facilitate the interaction between the stem 
cell and surrounding cells in a spatially and tem-
porally defi ned manner that maintains tissue 
homeostasis. Niche includes extracellular com-

ponents as well as diffusible factors to provide 
the proper regulation of the stem cell. 

  Epidermal stem cell niche.  We will illustrate 
the role of the niche with an example of interfol-
licular epidermal stem cells in human skin. In 
humans large portions of the skin lack hair foli-
cules and stem cells appear to be dispersed along 
the basal compartment of the interfollicular epi-
dermis. While here, specifi c niche is diffi cult to 
defi ne in morphological terms, patterns or gradi-
ents in structural elements and/or positive and 
negative signals generate niches that enable 
maintenance and functionality of the stem cell 
population. Even in the absence of morphologi-
cal separation present in more commonly 
described epidermal stem cell hair buldge niche 
of the mouse, it still incorporates all the key inter-
actions present in other stem cell niches. In both 
cases, epidermal stem cells reside in fi ne-tuned 
microenvironments that are controlled by con-
stant cell–cell and cell–matrix interactions. They 
sit on and, through integrin and other receptors 
interact with, a specialized extracellular matrix 
layer called basement membrane that provides an 
interface between the epidermis and the underly-
ing dermis. It is made from a complex network of 
extracellular matrix molecules, including several 
laminins, type IV collagen, nidogen and per-
lecan, all of which are necessary for its native 
structure and epidermal tissue formation. Cellular 
constituents of the niche include fi broblasts, 
endothelial cells and infl ammatory cells and, pre-
sumably, also neighboring keratinocytes and 
melanocytes, Merkel cells and Langerhans cells. 
When three-dimensional in vitro model of human 
skin (dermal equivalent), was modifi ed in a way 
that allowed for the formation of an authentic 
dermis-like matrix, it enabled long-term regen-
eration of the epidermis (Boehnke et al.  2007 ). 
These studies also confi rmed the major impact of 
keratinocytes on ECM assembly and maturation 
in the dermis and clearly underlined the relevance 
of mutual epithelial–mesenchymal interaction 
for establishing a proper stem cell niche. 

 Epidermal stem cell maintenance is likely 
regulated by Notch ligand Delta1 whose expres-
sion is confi ned to the basal layer of human epi-
dermis, with highest levels in regions presumably 

A. Krtolica



161

harboring stem cells. Furthermore, epidermal 
stem cell differentiation and maintenance of 
interfollicular epidermis are determined by a 
fi ne-tuned balance between intracellular levels of 
Notch and p63. Another crucial regulator of 
homeostasis in the interfollicular epidermis is the 
EGFR with its multiple mediators such as amphi-
regulin, epiregulin, heparin binding-epidermal 
growth factor and transforming growth factor 
(TGF)-α, all acting in an autocrine and paracrine 
manner. The role for several major EGFR- 
activated pathways is described including 
MAPK, PI3K/AKT, JAK/STAT and PKC cas-
cades. Antagonizing interaction of EGFR and 
Notch family members in the differentiating epi-
dermis resulted in their mutual downregulation 
strongly arguing for their essential functional 
interdependence. 

  Role of hypoxia.  Stem cell fate is further regu-
lated by conditions in the microenvironment. For 
example, low oxygen tension (hypoxia) maintains 
undifferentiated states of embryonic, hematopoi-
etic, mesenchymal, and neural stem cell pheno-
types and also infl uences their proliferation and 
cell-fate commitment. It has been hypothesized 
that the presence of low oxygen tension in stem 
cell niches offers a selective advantage that is well 
suited to their particular biological role. That is, 
essentially all cells that undergo aerobic metabo-
lism are subject to some degree of oxidative stress 
through the generation of reactive oxygen species 
that can damage DNA. This effect is demonstrated 
by the fact that mouse embryonic fi broblasts 
accumulate more mutations and senesce faster 
when cultured under 20% oxygen than cells cul-
tured under 3% oxygen (Parrinello et al.  2003 ). 
By residing in anatomical compartments that 
experience relatively low oxygen tensions (in the 
range of 1–9%), stem cells may escape this dam-
age and maintain low proliferation rate. In addi-
tion, hypoxia has been shown in multiple stem 
cell systems to activate molecular pathways that 
control Oct4 and Notch signaling, two important 
regulators of stemness. Indeed, human ESC deri-
vation from single embryonic cells (blastomeres) 
has been enhanced under mildly hypoxic condi-
tions (8%) and eliminated the need for serum, 
essential ingredient for blastomere derivation 

under 20% oxygen. This gives further support to 
the notion that lower oxygen tension promotes 
better survival and self-renewal of pluripotent 
ESC (Ilic et al.  2009 ). Finally, oxygen tensions as 
low as 1% appear to decrease proliferation and 
maintain ESC pluripotency, while higher oxygen 
tensions (3–5%) appear to maintain pluripotency 
with no effect on proliferation. These results sug-
gest that proliferation and perhaps even stem cell 
dormancy may be regulated by gradients of oxy-
gen tension supplied by stem cells’ local niche. 

 Hypoxia appears to maintain an immature 
blast-like quality in mouse hematopoietic stem 
cells (HSC) with a primitive phenotype and 
enhanced engraftment capabilities (Eliasson and 
Jonsson  2010 ). Several investigators have dem-
onstrated that slow-cycling HSC are more likely 
to localize in the low oxygen areas of the marrow, 
away from blood vessels, whereas fast cycling 
early hematopoietic progenitors with limited 
capacity for self-renewal reside in areas much 
closer to vasculature. Although hypoxic cultiva-
tion of bone marrow cells has been shown to 
increase their ability to repopulate and engraft, it 
is still unclear whether these effects are due to 
direct action on HSCs or other stromal elements, 
as many of these experiments were performed 
with whole marrow or partially purifi ed cell pop-
ulations (Eliasson and Jonsson  2010 ). HSCs 
present in the hypoxic niche express higher levels 
of Notch-1, telomerase, and the cell-cycle inhibi-
tor p21 than cells closer to the vasculature (Jang 
and Sharkis  2007 ). Remarkably, extremely low 
oxygen tensions (0.1%) push CD34+ cells into an 
essentially quiescent state (Hermitte et al.  2006 ). 
HIF-1 has emerged as a likely candidate for this 
regulatory mechanism, as several groups have 
demonstrated that HIF can mediate cell- cycle 
arrest in multiple cell lines. In addition, mice 
with defective HIF signaling exhibit numerous 
hematopoietic pathologies with prominent 
defects in hematopoiesis that are embryonically 
lethal (Eliasson and Jonsson  2010 ). Collectively, 
this evidence suggests that hypoxia is a critical 
component of the HSC niche, and exposure of 
HSC to elevated oxygen tensions negatively 
affects their self-renewal while promoting cell- 
cycle entry and differentiation. 
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 Hypoxia also likely plays a role in a neural 
stem cell (NSC) maintenance. In the human brain, 
partial oxygen pressure (pO 2 ) varies from approx-
imately 3% (23 mmHg) to 4% (33 mmHg), dem-
onstrating a physiological oxygen gradient that is 
the highest in the alveolar space and the lowest in 
tissues where NSC likely reside. It is thus, likely 
that NSCs in the brain are located in a relatively 
hypoxic environment. Thus, in addition to the 
intercellular signals, soluble factors, blood ves-
sels, and the extracellular matrix proteins found in 
neurogenic niches, oxygen tension may be an 
additional important component of the neural 
stem cell niche. In vitro, hypoxia is able to pro-
mote an undifferentiated state in neural crest 
stem cells and NSC. Observations regarding an 
enhancement in survival and proliferation of 
NSCs in mild hypoxic conditions have also been 
made (Pistollato et al.  2007 ). It has been shown 
that p53 phosphorylation increases in cultures 
maintained at 20% oxygen resulting in cell-cycle 
arrest, decreased proliferation, and differentiation 
of NSCs toward the glial lineage (Pistollato et al. 
 2007 ). This fi nding suggests that oxygen tensions 
in the environment infl uence both NSC stemness 
(or the maintenance of an undifferentiated state) 
by inhibiting their differentiation and their spe-
cifi c fate by modulating important intracellular 
pathways such as p53 and Notch signaling 
(Pistollato et al.  2007 ). Therefore, oxygen tension 
in the neural niche functions to maintain stem 
cell self- renewal and an undifferentiated state. 
Although direct measurements of oxygen tension 
of the subventricular zone (SVZ) have not been 
made, our current understanding of the cytoarchi-
tecture and its relation to adjacent blood cells 
 suggests that oxygen can be limiting near the 
ependymal surface where the neural stem cells 
reside. In conclusion, a hypoxic microenviron-
ment facilitates stemness and prevents NSC from 
differentiating. Changes in redox status or other 
local cues mobilize the NSC population to prolif-
erate, differentiate, or migrate. 

 Other factors such as nutrient availability also 
affect stem cell behavior. The mammalian target 
of rapamycin (mTOR) seems to play a key role 
within a cell in integrating a myriad of external 
and internal signals including niche oxygen levels 

and nutrient availability, cell energy status, 
presence of cellular stressors, and growth factors. 
The fi nely tuned response of mTOR to these 
stimuli results in alterations in stem cell metabo-
lism, differentiation and cell growth, playing a 
major role in stem cell homeostasis and lifespan 
determination (reviewed in (Russell et al.  2011 )).  

    Disruption of Niche-Stem Cell 
Interactions Induces Pathological 
States: Premature Aging and 
Tumorigenesis 

    Disruptions/failures in stem cell regulation lead 
to pathological states such as premature aging 
and cancer. For example, untimely and altered 
differentiation of mesenchimal stem cells (MSC) 
by upregulated downstream Notch signaling 
causes premature-aging disease Hutchinson–
Gilford Progeria Syndrome (HGPS). This is due 
to a mutant version of lamin A protein called 
progerin that increases availability of the SKIP, 
nuclear matrix-associated co-activator of the 
Notch targets’ transcription. Signifi cantly, activa-
tion of Notch pathway not only induced prema-
ture differentiation of MSC, but also enhanced 
osteogenesis while inhibiting differentiation of 
hMSCs into adipose tissue altering a balance 
between multiple differentiation pathways 
(Scaffi di and Misteli  2008 ). Alterations in stem 
cell regulation can also be caused by external sig-
nals and insults from the microenvironment such 
as ionizing radiation. For example, ionizing 
radiation- induced premature differentiation of 
melanocyte stem cells and resulting melanocyte 
stem cells depletion lead to irreversible hair gray-
ing (Inomata et al.  2009 ). 

 The altered niche environment can also induce 
aberrant activation of stem cell phenotype and 
self-renewal, the phenomenon that may lead to 
tumorigenesis. There is strong evidence to support 
the role of permissive microenvironment in pro-
moting tumorigenesis both at premalignant and 
malignant stages. Multiple studies have shown 
that tumor-associated stroma can promote tumori-
genesis by creating pro-infl ammatory microenvi-
ronment. For example, tumor associated- fi broblasts 
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isolated from the tumor stroma produce plethora 
of pro-infl ammatory cytokines and growth factors 
and stimulate malignant transformation of multi-
ple epithelial cell types including breast and 
prostate (Aboussekhra  2011 ). Pro-infl ammatory 
secretome including IL-1, IL-6, IL-8 and GROα, 
has also been shown to contribute to pro- carci-
nogenic microenvironment associated with aging 
and stress-induced cell senescence (Coppe et al. 
 2010 ). Moreover, these cytokines have been shown 
to play key role in supporting cancer stem cell phe-
notypes and stem cell self-renewal (Krtolica et al. 
 2011 ; Korkaya et al.  2012 ). Indeed, recent evi-
dence suggests that secretion of IL-1 by carcinoma 
cells attracts MSC to tumor- associated stroma and 
via prostaglandin E2 signaling induces MSC to 
generate pro-infl ammatory cytokines that promote 
β catenin activation and cancer stem cell pheno-
type (Li et al.  2012 ). 

 However, microenvironment can also restrict 
cell behavior and, in some instances, restrain 
frankly malignant state through direct control of 
growth and invasiveness. For example, Weaver 
and colleagues have shown that malignant pheno-
type of breast tumor cells can be reversed in three-
dimensional culture and in vivo by integrin β1 
blocking antibodies which induced them to form 
polarized acini and cease growth (Weaver et al. 
 1997 ). Additionally, microenvironment can exert 
control through immunosurveillance – immune 
system-mediated tumor cell recognition and con-
sequent destruction (see discussion below).  

    Tumor-Initiating and Cancer 
Stem Cell-Like State Is Affected 
by Niche/Microenvironment 

 There is currently growing evidence for the pres-
ence of cancer stem-like or tumor initiating cells 
in multiple tumor types – both hematological 
malignancies and solid cancers (Bonnet and Dick 
 1997 ; Reya et al.  2001 ). Cancer stem cells (CSC) 
or tumor initiating cells (TIC) are functionally 
defi ned by their potential to recapitulate tumor 
from which they were isolated at the single cell 
level. To this end, they are usually identifi ed 
using serial transplantation experiments where 

limited number of cells isolated from the original 
tumor are transplanted into recipient animals and, 
once tumor is formed, this procedure is repeated 
multiple times with additional animals demon-
strating CSC/TIC ability to initiate new tumors. 
New evidence demonstrates CSC/TIC clonal 
capacity even within natural tumor niches (Chen 
et al.  2012 ; Driessens et al.  2012 ; Schepers et al. 
 2012 ). These characteristics imply an unlimited 
proliferative capacity and also an ability to dif-
ferentiate into all cell types present in the given 
tumor. What makes CSC/TIC-like populations 
within tumor even more therapeutically relevant 
is that their phenotype is often associated with 
high resistance to common therapeutic modali-
ties of cancer treatment: chemotherapy and ion-
izing radiation. It is therefore, hypothesized, that 
they may be the major source of tumor re-growth 
and patient relapse after therapy. Indeed, there is 
growing clinical evidence that this may be the 
case (Li et al.  2008 ). 

 The ability of cancer cells to establish them-
selves in a foreign cellular environment is an 
essential characteristic of successful metastasis 
and a defi ning characteristic of CSC/TICs. 
Furthermore, there is some evidence that CSC/
TIC phenotype may signifi cantly overlap with 
phenotype of cells undergoing epithelial to mes-
enchymal transition (EMT), a phenomenon asso-
ciated with increased tumor aggressiveness and 
metastasis. EMT is driven by transcription fac-
tors, including SNAIL1/2, ZEB1/2, or TWIST1/2, 
which increase the invasiveness of epithelial 
cells. In several studies, the induction of EMT 
has been shown to enhance self-renewal and the 
acquisition of CSC characteristics (Ansieau et al. 
 2008 ). In contrast, some studies demonstrate that 
tumor cells with an epithelial, not mesenchymal, 
phenotype survive in the circulation and form 
distant metastasis (Celia-Terrassa et al.  2012 ). 
For example, in prostate cancer cell lines, 
 subpopulations with a strong epithelial gene 
 program were enriched in highly metastatic 
CSC/TIC, whereas mesenchymal subpopula-
tions showed reduced numbers of CSC/TIC. 
Collectively, these studies illustrate cancer stem 
cell plasticity and the fact that cell-type specifi c 
characteristics govern their self-renewal and 
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mesenchymal gene interactions (Celia-Terrassa 
et al.  2012 ). Nevertheless, these data taken 
together with CSC/TIC chemo- and radiation- 
therapy resistance and capacity to form new 
tumors, suggest that it is quite likely that the cells 
with CSC/TIC characteristics may be the main 
sources of metastasis. 

 Importantly, every aspect of CSC/TIC behav-
ior is under infl uence of microenvironment. For 
example, presence of drugs in tumor microenvi-
ronment and circulation may support survival 
and provide growth advantage to drug resistant 
tumor cells such as those expressing CSC/TIC 
phenotypes. Another example are hypoxic tumor 
microenvironments that often harbor quiescent 
(non-dividing) and tumor initiating cell popula-
tions. Hypoxia maintains the stem-like pheno-
type and prevents differentiation of CSC/TIC. It 
has been shown to promote self-renewal of glio-
blastoma and colorectal cancer stem cell-like 
CSC/TIC populations by inducing PI(3)K and 
ERK 1/2 pathways and regulating CDX1 and 
Notch1, respectively. While the degree to which 
quiescent and CSC/TIC populations overlap in 
hypoxic regions remains to be elucidated and 
may vary between different stages and types of 
tumors, it is clear that hypoxic tumor cells exhibit 
high resistance to common chemotherapeutic 
agents and are thus, likely responsible for tumor 
reoccurrence and, potentially, metastasis. 
Consequently, tumor hypoxia has been shown to 
correlate with poorer patient outcomes in multi-
ple cancer types including colon, breast, prostate, 
and brain cancer. 

 Yet another effect of microenvironment is 
exerted through provisional extracellular matrix 
laid down by tumor-associated fi broblasts. It may 
promote migration and invasiveness thru integrin- 
fi bronectin interactions and support survival of 
cells that have undergone EMT and are capable of 
metastasizing from the primary tumor. Tumor- 
associated fi broblasts and MSC present in tumor- 
activated stroma can also secrete a number of 
cytokines and growth factors creating a pro- 
infl ammatory environment. This, in turn, can both 
directly affect CSC/TIC proliferation and motility 
(see discussion above) and also, modulate immune 
response (see next section).  

    Modulating the Effects 
of Microenvironment: Examples 
of Escaping Immunosurveillance 
and of Promoting Epithelial-to- 
Mesenchymal Transition 

 Tumor cell microenvironment contains, and is 
altered by, various components of both innate and 
adaptive immune system and their products. 
Depending on tumor immunogenicity, both initial 
tumor formation and progression of the disease 
can be signifi cantly affected by host anti-tumor 
responses. By targeting premalignant and malig-
nant cells in a process called immunosurveillance, 
immune responses can eliminate cancer cells prior 
to tumors becoming clinically apparent or can 
attenuate tumor growth and progression. However, 
mounting evidence shows that CSC/TIC effec-
tively evade host immunosurveillance through 
multiple mechanisms including altered immuno-
genicity, production of immunomodulatory  factors 
and direct interactions with tumor-infi ltrating 
immune cells. We will discuss these different 
mechanisms in the following paragraphs. 

 MHC class I molecules are one of two pri-
mary classes of major histocompatibility com-
plex (MHC) molecules and are found on every 
nucleated cell of the body. Their function is to 
present fragments of proteasome-degraded cellu-
lar and external proteins to cytotoxic T cells 
(CTL, CD8+). T cell receptors (TCR) and CD8 
co-receptors on CTL plasma membrane interact 
with MHC I molecules that present the foreign 
protein fragments (antigens) on the surface of the 
affected cell. This interaction activates CTL to 
lyse the foreign antigen presenting cell. 

 MHC class I molecules play a key role in the 
immune recognition of transformed cells. It was 
recently reported that CSC/TIC may predomi-
nantly lose MHC class I molecules, and selec-
tively silence the expression of tumor-associated 
antigens (TAAs), whose presence is associated 
with differentiated state, leading to resistance to 
immune rejection. Indeed, selective or general 
downregulation of MHC class I molecules may 
suppress the ability of class I MHC-restricted 
CTL to lyse CSC/TIC. 
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 Consequently, fl ow cytometry analysis of 
glioblastoma multiforme (GBM) and astrocy-
toma CSC/TIC-enriched CD133+ cell fractions 
revealed that the majority of CD133+ cells did 
not express detectable MHC class I molecules or 
natural killer (NK) cell activating ligands on their 
cell surface (Wu et al.  2007 ). This may render 
them resistant to adaptive and innate immune 
surveillance. In addition, defects were found in 
the expression of antigen-processing machinery 
(APM) components in the cultured population of 
GBM-derived CSC/TIC (GSC; (Di Tomaso et al. 
 2010 )). APM molecules included MHC class I 
molecules and their heavy chains (i.e., A-HC), 
β2-microglobulin, constitutive proteasome sub-
units (δ, MB1, and Z), immunoproteasome 
(LMP2, LMP7, and LMP10), transporter mole-
cules (TAP), and chaperon molecules (tapasin, 
calnexin, calreticulin, and ERp57). While low 
levels of expression were also detected in corre-
sponding fetal bovine serum-derived tumor cell 
lines in most cases expression was higher in 
tumor cell lines than in CSC/TIC (CSC/TIC are 
typically isolated under serum-free conditions, 
since serum constituents induce their differentia-
tion into progenitor tumor cell types that have 
lower tumorigenic capacity). These results are in 
line with the previously reported decreased 
expression of MHC and APM molecules in a 
variety of human tumors and derived cell lines 
and suggest that in CSC/TIC isolated from these 
tumor types there is low effi ciency in antigen pro-
cessing and presentation. Therefore, CSC/TIC 
may display unique immunophenotypes, such as 
downregulation of MHC class I molecules, 
differentiation- associated TAAs and APM com-
ponents, that enable them to effectively evade 
host immunosurveillance. 

 Another mechanism by which CSC/TIC may 
avoid the attack of immune system, is by induc-
ing immunogenic tolerance through functional 
inactivation of antigen-reactive T lymphocytes 
or activation of regulatory T cells (Treg). 
Lymphocyte tolerance or anergy is likely induced 
by direct T cell inhibition via secretion of immu-
nosuppressive cytokines, including IL-4, IL-10 
and TGF-β. For example, researchers detected 
high levels of IL-4 and IL-4R in CD133+ stem- 

like cells in colon cancer. IL-4 has previously 
been reported to suppress apoptosis by enhanc-
ing the expression of anti-apoptotic proteins 
cFLIP, Bcl-xL, and PED in many tumor cell 
lines, including chronic lymphocytic leukemia B 
cells, as well as prostate, breast, and bladder 
tumor cell lines. Additionally, IL-4 has the capa-
bility of inhibiting the proliferation and immune 
responses of helper T (Th, CD4+) cells, and also 
exhibits immunoregulatory effect on B cells, 
mastocytes, and macrophages. Recent evidence 
shows that GSC can prevent CTL mediated spe-
cifi c immune cytotoxicity, and GSC can strongly 
inhibit the proliferation of Th cells. Effects of 
CSC/TIC IL-4 signaling may include autocrine 
inhibition of the apoptosis and induction of 
immune tolerance. In addition, TGF-β signaling 
pathway is specifi cally activated in the CSC/TIC 
fraction of breast cancers (Shipitsin et al.  2007 ), 
and secreted morphogens in the TGF-β super 
family as well as their receptors are preferen-
tially expressed by CD133+ brain tumor CSC/
TIC (Piccirillo et al.  2006 ) and by ABCB5+ 
malignant melanoma CSC/TIC (Schatton et al. 
 2008 ). It was shown that TGF-β negatively infl u-
ences antitumor capabilities of host CTL. This 
activity is multi- directional and is based on the 
impairment of Fas-mediated apoptosis of tumor 
cells, downregulation of IFN-γ secretion and 
disturbed expression of perforin and granzymes 
by CTL. Indeed, T cell-specifi c blockade of 
TGF-β signaling was found to enhance the anti-
tumor immune response in mice challenged with 
live tumor cells. Moreover, CSC/TIC may induce 
high levels of Treg cells to suppress the antitu-
mor immune response and ultimately promote 
tumorigenic growth. 

 Immunogenic tolerance may also be achieved 
through clonal anergy of macrophages and dendritic 
cells (DC). Tumor associated macrophages (TAM) 
constitute one of the major immune cell populations 
responsible for both tumor rejection and promotion. 
The high expression of CD47 on leukemia stem 
cells (LSC) of AML patients can reduce the mac-
rophage-induced phagocytosis of LSC and thus, 
decrease LSC clearance by innate immune sys-
tem. CD47, also known as integrin- associated 
protein (IAP), can inhibit macrophage- mediated 
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phagocytosis by binding signal-regulatory protein-α 
(SIRPα) on their surface (Barclay and Brown  2006 ). 
Disruption of the CD47–SIRPα interaction with a 
monoclonal antibody against CD47 preferentially 
enabled the phagocytosis of AML LSC by human 
macrophages. In addition, CD47–SIRPα interaction 
between CD47 expressed by LSC and SIRPα pres-
ent on DC surface can also inhibit DC activation 
(Barclay and Brown  2006 ). Moreover, functional 
inactivation of DC, a major type of antigen-present-
ing cells, can affect the activation of initial T cells 
and inhibit the adaptive immune response. 

 Expression of another immunosuppressive 
protein, CD200, was signifi cantly higher in the 
CSC/TIC relative to differentiated tumor cell 
fractions isolated from prostate, breast, colon 
and brain tumors. Additionally, CD200 was co- 
expressed with CSC/TIC markers. CD200 is a 
type Ia membrane protein which exerts suppres-
sive effects through binding to its receptor, 
CD200R. CD200R is present on the surface of 
myeloid DCs, monocyte/macrophage lineage 
and on T lymphocytes. It was shown that the 
stimulation of CD200R on DCs triggered tumor 
supporting reactions mediated by Th2 cytokines 
and increased Treg activity, thought to hamper 
tumor- specifi c effector T cell immunity (Curiel 
et al.  2004 ). Conversely, blockade of CD200/
CD200R interactions with monoclonal anti-
CD200 antibodies resulted in a shift towards 
Th1 activity and attenuated immune tolerance 
(Rygiel et al.  2012 ). 

 While attenuation of the immune response 
may promote carcinogenesis, the activity of 
immune system itself can also promote tumor 
development. For example, chronic infl amma-
tory responses mediated by activated B cells and 
associated antibodies have been directly shown 
to be critical in the initiation of skin cancer in 
K14-HPV16 mice (de Visser et al.  2005 ). 
Furthermore, tumor growth could be promoted 
by TAM. TAM can contribute to either a pro- 
tumorigenic or anti-tumorigenic environment 
depending on their capacity to present antigens, 
produce infl ammatory cytokines, stimulate 
angiogenesis, and enable cytotoxic activity. 
While tumors evade macrophage phagocytosis 
through the expression of anti-phagocytic signals, 

including CD200 and CD47 as discussed above, 
cytokine production and antigen presentation by 
macrophages have also been shown to directly 
impact tumor growth. 

 Moreover, the evidence suggests that 
immune effectors can induce EMT following 
an acute or chronic infl ammatory response. 
Likely, CTL cells traffi cking into the tumor 
microenvironment can produce direct media-
tors of EMT, or alternatively, can produce other 
cytokines or chemokines (e.g., MCP-1), which 
can attract additional immune effectors (e.g., 
macrophages) that provide the stimuli. When 
epithelial tumors from neu-transgenic mice, 
that express the cell surface neu oncogene 
under control of the mammary epithelial cell-
specifi c mouse mammary tumor virus (MMTV) 
promoter, were transplanted into nontransgenic 
syngeneic mice, a T-cell-dependent rejection 
occurred. However, the mice subsequently 
relapsed with tumors enriched in neu- negative 
variant tumor cells that had a mesenchymal 
phenotype. CTL cells were required for out-
growth of the neu-negative mesenchymal vari-
ants suggesting local induction of EMT 
(Santisteban et al.  2009 ). Furthermore, CTL 
cells isolated from mice primed with neu posi-
tive tumor cells were able to induce antigen loss 
when co-cultured with neu-positive tumor cells. 
Tumor cells isolated from relapsed mice showed 
that these tumors had characteristics of breast 
cancer stem cells (BCSC), as indicated by the 
cell surface CD24−/loCD44+ marker profi le, 
enhanced mammosphere formation and tumori-
genicity, elevated expression of drug transport-
ers, DNA repair enzymes, and enhanced 
resistance to chemotherapy and radiation. In 
accordance with characteristics of true CSC/
TIC, BCSC gave rise in vivo to tumors with a 
heterogeneous tumor population consisting of 
both CD24− and CD24+ tumor cells with pre-
dominant neu-positive epithelial phenotype, 
suggesting that the immune induced EMT was 
fully reversible. Thus, in contrast to their typi-
cally ascribed protective role, CTL cells were 
capable of inducing tumors to undergo EMT 
and to acquire BCSC properties and a more 
aggressive tumor phenotype.  
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    Therapeutic Implications 

 In devising anti-cancer therapy, it is important to 
take into account the effects of microenvironment. 
Probably best known example and most used can-
cer treatment that relies on altering microenviron-
ment, is inhibition of angiogenesis by anti-VEGF 
antibody (bevacizumab/avastin) and thus, depriva-
tion of tumors of their oxygen and nutrition supply. 
Another example is inhibition of hedgehog path-
way through inactivation of smoothened (Saridegib/
IPI-926, GDC-0449/vismodegib, LDE-225/eris-
modegib) that may act to eliminate fi brous tissue 
that hinders drugs from reaching the cancer, while 
also directly affecting TIC/CSC growth. Tumor site 
allografts of healthy endothelial cells embedded in 
polymer matrix (PVS-30200) delivered at the time 
of surgical tumor removal to block tumor growth 
have also shown promise in preclinical studies. 

 There are multiple other novel approaches that 
may be tackled and are at different stages of pre-
clinical/clinical development. For example, elim-
inating CSC/TIC through stimulating external 
signals that activate their differentiation may 
serve to sensitize tumor cells to standard therapy. 
Oxygenating hypoxic regions of tumors has the 
potential to promote cell cycle entry of quiescent 
tumor cells and to induce differentiation of 
hypoxic niche-dependent CSC/TIC, reducing 
resistance to antineoplastic therapies. Inhibiting 
promotion of EMT and lowering chronic infl am-
mation while activating anti-tumor immune 
responses could provide additional approaches. 
Chronic infl ammation is often associated with 
increased cancer risk in humans: patients with 
infl ammatory bowel disease have an increased 
risk of colorectal cancer; Helicobacter pylori 
infection is associated with gastric adenocarcino-
mas and mucosa associated lymphomas; and 
chronic hepatitis is associated with hepatocellu-
lar carcinoma. For patients with chronic infl am-
matory conditions, therefore, suppressing the 
immune response can reduce subsequent cancer 
development. Considering the complexity of the 
disease, most likely the best ways for treating 
cancer patients are going to be individualized 
combination therapies based on well stratifi ed 

patient populations and may include one or 
 multiple of aforementioned modalities in con-
junction with more traditional therapies. 

 A series of therapeutic strategies targeting 
CSC/TIC have been developed, such as inhibit-
ing proliferation, promoting differentiation, 
inducing apoptosis, and enhancing the sensitivity 
of chemoradiation. Preliminary experimental 
results indicate that these strategies can target 
CSC/TIC and inhibit their functions albeit so far 
with limited success. Therefore, there is an urgent 
need for further in-depth investigations of the 
mechanisms that may lead to rational basis for 
treatment development. 

 Although identifi cation of therapies that selec-
tively target CSC/TIC is an important goal, a par-
allel and perhaps equally effi cacious approach 
would be to target the mechanisms of plasticity 
that generate and maintain the CSC/TIC popula-
tion in tumors, namely elements of their microen-
vironment. These include both extracellular 
factors controlled on systemic and local levels 
such as hypoxia, cytokines, growth factors and 
extracellular matrix, as well as different cellular 
components, including niche and stromal cells 
and various constituents of the immune system 
that contribute to tumor milieu. For example, it 
has been suggested by Reiman and colleagues 
(Reiman et al.  2010 ) that because immunity is 
able to induce BCSCs, one approach would be to 
defi ne and to target the specifi c immune effectors 
of this process. Although activated CTL cells are 
the critical effectors of EMT in mouse mammary 
tumor cells, it is not possible to generally target 
CTL cells given their important role in protection 
against infection. Skewing of the macrophage 
response within the tumor microenvironment 
from a M2 (tumor-promoting) to M1 (tumor- 
eradicating) phenotype may have the potential to 
reduce tumor invasion and metastases. Having a 
Th2 or Treg response may promote breast cancer 
metastases, suggesting that agents (e.g., vac-
cines) that shift from Th2/Treg to an antitumor 
Th1 response may be useful. 

 Another approach to inhibit EMT-associated 
tumor progression is to target the pathways 
involved in the induction of EMT that specifi cally 
lead to the acquisition of CSC/TIC characteristics, 
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as recently shown for inhibitors of EMT mediated 
by TGFβ or Hedgehog pathways. The immune 
system has long been viewed as a co- conspirator 
with developing tumors; more recent data have 
shown that it can also selectively target tumor 
cells at early stages of cancer progression. An 
important goal now is to identify how to reduce 
the tumor promotion abilities of the immune sys-
tem while preserving or increasing its ability to 
eliminate tumor cells. 

 In conclusion, while tumor cell populations 
undergoing malignant transformation may not in 
some cases represent CSC or TIC (and in many 
cases may not arise from normal stem cells), they 
inevitably harbor within their cells that share 
with CSC/TIC some of their key properties: the 
ability to self-renew and to give rise to tumors 
and, often, also the capacity to differentiate into 
multiple tumor-associated cell types. It is these 
characteristics that may be selected for and/or 
supported by permissive microenvironment and 
are thus, important to be studied in that context. 
The underlying mechanisms promise to open up 
novel approaches to developing drug targets and 
therapies that may lead to increased disease-free 
survival and reduction in metastatic disease.     
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