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ABSTRACT
Tumor microenvironment plays an important role in cancer initiation and 

progression. In hematological malignancies, the bone marrow represents the 
paradigmatic anatomical site in which tumor microenvironment expresses its 
morphofunctional features. Among the cells participating in the composition of this 
microenvironment, cancer associated fibrobasts (CAFs) have received less attention in 
hematopoietic tumors compared to solid cancers. In this review article, we discuss the 
involvement of CAFs in progression of hematological malignancies and the potential 
targeting of CAFs in a therapeutic perspective.

Tumor microenvironment

Tumor microenvironment plays an important role in 
cancer initiation and progression [1]. Individuals affected 
by chronic inflammatory disorders have an increased risk 
of developing cancer [2], and, accordingly, treatment with 
non-steroidal anti-inflammatory drugs reduces tumor 
incidence [3].

In hematological malignancies, the bone marrow 
(BM) and the lymph nodes represent the paradigmatic 
anatomical sites in which tumor microenvironment 
expresses its morphofunctional features. The lymph 
node microenvironment is discussed below. BM 
microenvironment includes hematopoietic stem cells 
(HSCs) and non-hematopoietic cells. HSCs give rise 
to all the blood cell types of the erythroid, myeloid, 
lymphoid and megakaryocytic lineages [4]. The non-
hematopoietic cells include endothelial cells, pericytes, 
fibroblasts, osteoblasts, osteoclasts, macrophages, mast 
cells, and mesenchymal stem cells [5]. Although a small 
subset of the latter cells is represented by self-renewing 
stem cells, the majority of them are multipotential 
progenitors that can differentiate into osteoblasts, 
chondrocytes and adipocytes but do not self-renew. Both 
mesenchymal stem cells and mesenchymal stromal cells 
are indicated as MSCs.

MSCs contribute to the formation of specialized 
niches, and namely the endosteal niche closed to the 
endosteum, and the vascular niche in proximity of the BM 
vasculature [6]. Quiescent HSCs reside in the endosteal 
niche, where their interactions is mediated by several 
factors, including N-cadherins, integrins, Jagged-1, Notch, 
bone morphogenetic proteins (BMPs), transforming 
growth factor beta 1 (TGF-β1), angiopoietin-1 (Ang-
1), Wnt, and fibroblast growth factor-1 (FGF-1) [7–9]. 
The vascular niche is a site rich in blood vessels where 
endothelial cells, pericytes, and smooth muscle cells create 
a microenvironment that recruits endothelial precursor 
cells (EPCs), MSCs and HSCs, and is important for stem 
cell mobilization, proliferation, and differentiation [10–12].

Inflammatory cells in tumor microenvironment 
communicate via a complex network of intercellular 
signaling pathways, mediated by surface adhesion 
molecules, cytokines, and their receptors [13] (Figure 1). 
Immune cells cooperate with stromal cells as well as 
malignant cells in stimulating tumor angiogenesis. The 
latter represents a fundamental mechanism for tumor 
development and metastatic spread by providing efficient 
vascular supply.

Among inflammatory cells found in tumor 
microenvironment, tumor associated macrophages and 
mast cells support tumor growth and neovascularization 
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by production of a wide variety of angiogenic cytokines, 
including tumor necrosis factor alpha (TNF-α), TGF-β1, 
FGF-2, vascular endothelial growth factor (VEGF), 
platelet derived growth factor (PDGF), interleukin-8   
(IL-8), osteopontin and nerve growth factor (NGF). On 
the contrary, macrophage- and mast cell-derived cytokines 
that may participate in anti-tumor response include IL-1, 
IL-2, IL-4, IL-10, and interferon gamma (IFN-γ) [14] 
(Figure 1).

Ontogeny of cancer associated fibroblasts

Fibroblasts represent the most prominent cell type 
of tumor stroma [15]. In the specific context of solid 
tumors, fibroblasts are referred to as cancer associated 
fibroblasts (CAFs) and exhibit some similarities with 
myofibroblasts, originally characterized in wound healing 
and fibrosis [16, 17]. In breast, prostate, and pancreatic 
carcinomas, CAFs correlate to high malignancy grade, 

Figure 1: Tumor microenvironment: a complex network of intercellular interactions between tumor and inflammatory 
cells. Cancer cells in primary tumors are surrounded by a complex microenvironment composed of tumor stroma, blood vessels and 
infiltrating inflammatory cells. Different types of cells are found in the stroma, including fibroblasts, vascular smooth muscle, epithelial 
and immune cells. The latter cells comprise effectors of both adaptive immunity, such as T and B lymphocytes, and innate immunity, i.e. 
macrophages, dendritic cells (DCs), neutrophils, mast cells, eosinophils and natural killer (NK) cells. Most of the stromal cells participate 
in the promotion of the tumor growth. Cancer associated fibroblasts (CAFs) and M2 like polarized macrophages (tumor associated 
macrophages: TAMs), which can be induced by tumor-derived factors (for example, TGF-β, FGF or PDGF, among others), support tumor 
growth, angiogenesis, extracellular matrix remodelling and epithelial mesenchymal transition (EMT), by secreting a plethora of pro-
tumorigenic proteases, cytokines and growth factors. For example, EGF, secreted by TAMs, participates in a paracrine signaling loop through 
tumor-secreted colony stimulating factor (CSF-1). VEGF, CXCL12, IL-8 secreted by CAFs or TAMs interact with their respective receptors 
expressed by endothelial cells and promote tumor angiogenesis. As tumors grow, immune-suppressor cells, including myeloid derived 
suppressor cells (MDSC) and T regulatory (TREG) cells infiltrate the tumor to disrupt immune surveillance through multiple mechanisms, 
including inhibition of tumor-associated antigen presentation by DCs, T and B cell responses, NK cell cytotoxicity and blockade of M1 
macrophage phenotype. Moreover, tumor progression is associated with the increase of TH2 cells secreting immunosuppressive molecules 
such as IL-4, IL-10 and TGF–β. Mast cells, neutrophils and eosinophils are also recruited to the tumor site where they secrete proliferative 
and pro-angiogenic factors.
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tumor progression, and poor prognosis [15, 18–20]; in 
mouse xenografts, CAFs inoculated with carcinoma cells 
promote tumor cell survival, proliferation and invasive 
behaviour [21, 22].

The definition of CAFs encompasses a few 
important features: i) these fibroblasts are in close 
contact with cancer cells, ii) CAFs display peculiar 
immunophenotypic and functional features that sharply 
differentiate them from normal, resting fibroblasts located 
in non-neoplastic environments, and iii) the properties 
acquired by CAFs upon interaction with cancer cells 
render them supportive of tumor growth and progression 
through different mechanisms including extracellular 
matrix remodelling, cell proliferation, angiogenesis and 
epithelial mesenchymal transition (EMT) [23]. CAF 
activation is commonly accompanied by the acquisition 
or upregulation of specific markers which can be classified 
in four groups: i) the fibroblast activation markers, which 
include fibroblast specific protein (FSP) and fibroblast 
activation protein (FAP); ii) the aggressiveness markers 
thrombospondin-1 (TSP-1), tenascin-C and stromelysin; 
iii) the pro-angiogenic markers [desmin-1, FGF-2, alpha 
smooth-muscle-actin (α-SMA) and VEGF]; and iv) the 
growth factors that support tumor growth and inflammation 
[Epidermal Growth factor (EGF), Hepatocyte Growth 
Factor/Scatter Factor (HGF/SF), IL-6, FGF-2] [23, 24]. 
Moreover, CAFs express matrix-metalloproteinases-1 
and -3 (MMP-1, MMP-3), produce collagens, and release 
cytokines and pro-angiogenic growth factors, including 
VEGF, HGF, FGF-2, Ang-1, IL-6, IL-8, monocyte 
chemotactic protein-1 (MCP-1), that have been identified 
within in vitro secretome of adult tissue-derived MSCs 
[25]. CAFs are a major source of VEGF in VEGF 
transgenic mice [26], and CAF-derived VEGF enhances the 
expression and activation of integrins [27]. CAFs release 
angiogenic factors through proteolysis of the extracellular 
matrix. In this respect, an elegant study demonstrated 
that CAFs localized in invasive human breast carcinomas 
promote tumor growth and angiogenesis through high level 
secretion of Stromal-Derived-factor-1 (SDF-1)/CXCL12 
[22]. Figure 2 summarizes the main features of CAFs and 
the interactions between CAFs and cancer cells.

The heterogeneity in marker expression led to 
hypothesize that CAFs could have multiple origins, 
depending on the tumor histotype and the area of the 
neoplastic lesion [28]. Indeed, it is now evident that CAFs 
originate from local or distant reservoirs through different 
types of transdifferentiation processes as depicted in 
Figure 3. The primary source is represented by resident 
fibroblast or pericytes, which differentiate into CAFs 
through a mesenchymal-mesenchymal transition (MMT) 
driven by specific cancer-derived factors such as TGF-β, 
PDGF, FGF-2, and SDF-1 (ref. [29, 30]). In addition, 
CAFs may originate from local normal or transformed 
epithelial cells that transdifferentiate through an EMT into 

activated fibroblasts [31, 32]. These findings were also 
supported by the observation that stromal cells of breast 
tumors shared genetic lesions with tumor epithelium 
[33, 34]. Interestingly, EMT that gives origin to CAFs 
often occurs in epithelial cells that acquire mutations 
following oxidative stress [35]. In this regard, an elegant 
study reported that MMP-3 promotes EMT by inducing 
the expression of an alternatively spliced form of Rac1, 
which causes an increase in cellular reactive oxygen 
species (ROS), and consequently oxidative damage to 
DNA and genomic instability [35]. On the contrary, other 
studies demonstrated that somatic mutations can occur 
exclusively in cancer cells and that CAF mutations are a 
very rare event [36]. Similarly to EMT, CAFs may also 
derive from local endothelial cells through an endothelial 
mesenchymal transition (EndMT) mainly driven by tumor-
derived TGF-β. During this process, endothelial cells loose 
the expression of CD31 and acquire that of mesenchymal 
markers like α-SMA and FSP (ref. [37]).

BM and adipose tissue (AT) represent two distant 
sites that significantly contribute to CAF generation [28]. 
In particular, cancer-derived soluble factors recruit BM- 
and AT-derived MSCs to tumor sites, where the latter 
cells acquire the expression of CAF-specific markers 
such as α-SMA, FAP, tenascin-C and TSP-1 [38, 39]. 
More importantly, in tumor microenvironment MSCs 
exhibit typical functional properties of CAFs, including 
high expression of SDF-1 and the ability to promote 
tumor cell growth both in in vitro models and in in vivo 
coimplantation assays [40]. It is of note that most of the 
studies regarding CAF origin were performed in mouse 
tumors. In contrast, information from human tumors is 
scarce.

Differences and similarities between CAFs  
and MSCs

The definition of CAFs, that has become popular 
for most solid tumors, is rarely utilized to indicate 
stromal cells of mesenchymal origin found in the specific 
microenvironments of hematopoietic malignancies, i.e. 
BM and lymph nodes. In these disorders, such stromal 
cells are often referred to as mesenchymal stromal 
cells, that, in analogy to mesenchymal stem cells, are 
indicated as MSCs. However, as it will be discussed 
below, the few comparisons that have been done between 
leukemia-associated MSCs and classical solid tumor-
related CAFs have demonstrated that these cell types 
share many phenotypic and functional features. Thus, for 
practical reasons, the terms CAF and MSC will be used 
interchangeably, the latter indicating MSCs generated 
following in vitro culture.

The primary functions of fibroblasts are the 
synthesis and deposition of collagen that builds up the 
scaffold of connective tissues [16, 23]. CAFs acquire a 
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new functional polarization translating into production 
and release of proteases that digest the extracellular 
matrix (e.g. MMPs), pro-angiogenic factors that stimulate 
microvessel formation and pro-metastatic molecules that 
accelerate tumor cell dissemination to distant sites [23].

MSCs have a similar spectrum of activities but, 
in contrast to fibroblasts, they have been extensively 
investigated for their immunoregulatory properties 
[41, 42]. In detail, MSCs selectively alter immune cell 
functions by suppressing T cell activation or denditric 
cells or by inhibiting the cytotoxic capacity of NK 
cells. Nonetheless, the few studies that have addressed 
the immumodulatory activities of classic fibroblasts of 
mesodermal origin have shown that the latter behave 
as MSCs [43, 44]. Moreover, MSCs may differentiate 
along osteogenic, adipogenic, and chondrogenic lineages 
[45]. Finally, MSCs express stromal cell markers (CD73, 

CD105, CD44, CD 29, and CD90) in the absence of 
hematopoietic and endothelial markers [46].

Fibroblasts and hematological malignancies

As mentioned in the introductory section of 
this article, most of the published studies addressing 
the role of stromal cells in leukemia and lymphoma 
microenvironments have been carried out using MSCs 
expanded in vitro for a few passages before being tested. 
On the other hand, since MSCs are the precursors of 
fibroblasts, it is conceivable that bone fide fibroblasts have 
similar functional properties.

This conclusion is supported by the few 
studies focused on BM fibroblasts from patients with 
hematological malignancies. Frassanito and co-workers 
isolated primary BM fibroblasts from multiple myeloma 

Figure 2: Interaction between CAFs and cancer cells. Cancer-derived factors induce a Mesenchymal Mesenchymal Transition 
(MMT) through which resident normal fibroblast are activated and acquire the expression of various markers such as tenascin, fibroblast 
specific protein (FSP), fibroblast activation protein (FAP), thrombospondin-1 (TSP-1) and pro-angiogenic molecules. In turn, CAFs secrete 
various growth factors which sustain tumor progression by promoting Epithelial Mesenchymal Transition (EMT), stemness, extracellular 
matrix remodelling, proliferation and angiogenesis.
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(MM) patients (see below) and showed that these cells 
have multiple features of CAFs and act to promote tumor 
growth [47]. Hairy cell leukemia (HCL) is a chronic B cell 
malignancy characterized by a progressive fibrotic process 
mainly due to the accumulation of fine argyrophilic 
reticulin fibers that, in advanced stage patients, may coexist 
with collagen fibers [48]. The glycoprotein fibronectin, that 
is produced and assembled by HCL cells, contributes to 
the fibrotic process in the BM of HCL patients, which is 
enhanced by HCL cell-derived FGF-2 [49]. These findings 
demonstrate that HCL-associated BM fibrosis results from 
accumulation and assembly of collagenous (reticulin) 
and non-collagenous (fibronectin) extracellular matrix 
components. Fibroblastoid cells closely associated with 
collagen fibers synthesize retic ulin and collagen in HCL 
BM, but no significant increase in fibroblast numbers 
is observed at the latter site [50]. Collectively, these 
observations suggest that BM fibroblasts are activated 

by the BM microenvironment to synthesize reticulin and 
collagen rather than to proliferate and expand, as instead 
occurs in the BM of MM patients. Indeed it was shown 
that TGF-β1 produced predominantly by HCL cells 
enhanced the production and deposition of reticulin and 
collagen fibers by BM fibroblasts. TGF-β1 was detected at 
high concentrations in BM, serum and plasma from HCL 
patients, and active TGF-β1 correlated with the extent 
of BM fibrosis and infiltration with HCL cells. Other 
studies showed that adhesion of HCL cells to hyaluronan 
stimulated their production of FGF-2 and fibronectin, 
the latter through the v3 isoform of CD44. Since HCL 
cells express also the receptor for FGF-2, autocrine 
production of the latter cytokine is the main responsible 
for fibronectin production. Thus, FGF-2 plays a relevant 
role in the pathogenesis of BM fibrosis, as also supported 
by the immunohistochemical detection of large amounts of 
 FGF-2 in fibrotic BM [51].

Figure 3: Multiple origin of CAFs within tumor microenvironment. CAFs can derive from local cells residing in primary tumor, 
including epithelial cells and carcinoma cells through Epithelial Mesenchymal Transition (EMT); resident fibroblasts and pericytes through 
Mesenchymal Mesenchymal Transition (MMT); endothelial cells through Endothelial Mesenchymal Transition (endMT). Alternatively, 
CAFs may originate from long distance bone marrow and adipose tissue mesenchymal stromal cells (MSCs) through an MMT transition.
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In conclusion, the above studies, performed a decade 
or more ago, have demonstrated that BM fibroblasts are 
activated by HCL cell-derived TGF-β1 and FGF-2 to 
produce and deposit reticulin and collagen fibers, thus 
causing the peculiar BM fibrosis of HCL. HCL cell-
activated fibroblasts represent a typical example of CAF, 
but this definition was not yet in use when these results 
were published.

Before reviewing the relationships between MSCs 
and tumor cells from specific hematological malignancies, 
a few general considerations can be anticipated. First 
of all, MSCs establish mutual interactions with cancer 
cells whereby both cell types undergo profound changes 
in their activation state, proliferative potential, pro-
angiogenic and migratory activities, and extracellular 
matrix remodeling ability. MSCs consistently support 
survival of tumor cells and shield them from the cytotoxic 
effects of chemotherapy by creating a protective niche. 
MSCs may also stimulate the proliferation and expansion 
of malignant cells. On the other hand, tumor cells modify 
MSCs, for example by enhancing their proliferation and 
chemokine production. Finally, tumor cell-conditioned 
MSCs modulate the functions of other non-malignant 
cells present in the tumor microenvironment shifting them 
towards a tolerogenic and immunosuppressive phenotype. 
The latter cells, in turn, may influence the phenotype and 
function of MSCs. All of the above cell-to cell interactions 
occur through both contact-dependent and soluble factor-
dependent mechanisms. These interactions involve signal 
transduction and metabolic pathways that vary in the 
individual hematological malignancies and have been 
characterized only partially. Elucidation of such pathways 
may represent a promising avenue to the development of 
novel therapeutic strategies targeting the mesenchymal 
stroma in the tumor microenvironment.

A final general issue that deserves discussion is the 
developmental relationship between MSCs and malignant 
cells of hematopoietic lineage. Studies performed 
predominantly with MSCs isolated from the BM of 
patients with acute lymphoid or myeloid leukemias or 
MM have demonstrated that MSCs are often genomically 
unstable and carry cytogenetic alterations that may be 
related or unrelated to those detected in autologous 
tumor cells [52–54]. In the former case, the identity of 
genetic abnormalities in cancer cells and paired MSCs 
may be explained by the occurrence of cell fusion with 
transfer of genetic material, the origin of tumor cells 
and MSCs from a common progenitor/stem cell, or the 
differentiation of a subset of tumor cells into MSCs [53, 
54]. However, so far, none of the above hypotheses has 
been experimentally proven. Occurrence in MSCs of 
cytogenetic abnormalities unrelated to those found in 
autologous tumor cells may be related to molecules 
released in the tumor microenvironment capable of 
damaging DNA, such as oxygen or nitrogen radicals. In 

this respect, cytogenetically abnormal endothelial cells 
have been detected in pre-clinical solid tumor models [55]. 
Box 1 contains a schematic definition of haematopoietic 
malignancies reviewed below.

BM-MSCs in acute leukemia

BM-MSCs have been isolated and expanded in 
vitro from patients with acute lymphoblastic leukemia of 
B cell lineage (B-ALL) or acute myeloblastic leukemia 
(AML) before being characterized in different studies as 
to functional and genetic features.

B-ALL cells, as their normal counterparts 
represented by early-B cells, depend on close interactions 
with the BM microenvironment for in vitro survival and 
growth [56–61]. Some of the early studies performed on 
this issue made use of mouse fibroblasts or fibroblast cell 
lines as sources of stromal cells interacting with leukemia 
cells.

BM-MSCs were shown to inhibit the in vitro 
proliferation of acute leukemia cells by inducing the 
transient arrest of malignant cells in the G1 phase of the 
cell cycle. In contrast, when acute leukemia cells were 
injected in immunodeficient mice in combination with 
BM-MSCs, the latter cells were found to accelerate tumor 
growth, possibly through the formation of a cancer stem 
cell niche in which leukemic cell proliferation is supported 
and stimulated [62].

BM-MSCs express the Notch ligands Jagged-1/2 
and Delta ligands (DLL-1/4) that interact with Notch 
receptors 1–4. Upon B-ALL cell co-culture with BM-
MSCs, inhibition of Notch signaling resulted into reduced 
survival of leukemic cells. In particular, inhibition of 
Notch-3 and -4 or Jagged -1/2 and DLL1 caused massive 
apoptosis of cultured B-ALL cells, indicating that these 
molecules are synergistically involved in the stromal cell-
mediated antiapoptotic effect [63].

The niche concept applies also to another property 
of BM-MSCs that has been extensively characterized, 
i.e. their ability to protect cancer cells from the effects of 
anti-neoplastic drugs through different mechanisms and 
therefore to exert a pro-survival effect.

One of the therapeutic strategies for B-ALL is the 
administration of L-asparaginase that depletes leukemic 
cell of asparagine, thus promoting death of malignant 
cells. It was shown that co-culture of B-ALL cells with 
MSCs protects the former cells from the cytotoxic effect 
of L-asparaginase since MSCs synthesize high amounts of 
L-asparagine (approximately 20 times higher than those 
detected in B-ALL cells) and transfer this aminoacid to 
tumor cells, rendering them resistant to the drug [64]. 
More recently, a mechanism involved in protection of ALL 
cells from L-asparaginase and operated by adipocytes, i.e. 
mature mesenchymal cells deriving from MSCs, has been 
identified. It was shown that, in children treated for high 
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risk ALL, glutamine synthetase was strongly increased in 
BM adipocytes after induction chemotherapy. Adipocytes 
are a major source of glutamine; therefore they were co-
incubated in vitro with leukemic cells and found to protect 
the latter cells from the toxic effects of L-asparaginase 
through a glutamine-dependent mechanism [65].

MSC-driven protection of leukemic cells extends 
to numerous chemotherapeutic agents. Examples of the 
molecular interactions involved are represented by the 
CXCR4/CXCL12 axis and the VLA-4/VCAM1/CD44 
adhesion molecules.

Stromal cells produce CXCL12 that attracts 
CXCR4+ leukemic cells and protects them from cytotoxic 
agents by reducing the activation of caspase-3 and 
enhancing the expression of anti-apoptotic proteins as 
Bcl-XL. This has been elegantly demonstrated in chronic 
myeloid leukemia (CML) cells exposed to imatinib in the 
presence or absence of MSCs, leading to the proposition 
of combination therapy with imatinib and the CXCR4 
antagonist AMD3100 to overcome MSC-mediated 
chemoresistance [66]. Another study focused on CML 
cells demonstrated that imatinib induces up-regulation of 
CXCR4 on leukemic cells, thus increasing their migration 
to the BM stroma that produces CXCL12. The final result 
of these cellular interactions is the increased survival of 
quiescent CML cells [67].

Integrins trigger intracellular signaling pathways 
by forming macromolecular complexes with numerous 
plasma membrane proteins including ion channels. ALL 
blasts, upon co-culture with BM-MSCs, upregulated 
the expression of a molecular complex comprised of 
hERG-1 channels, the β1 integrin subunit and CXCR4, 
that activates the ERK1/2 and PI3K/Akt signaling 
pathways and promotes chemoresistance [68]. The Wnt 
pathway has been shown to be involved in MSC-mediated 
drug resistance of ALL cell lines. ALL cells, upon co-
culture with MSCs, up-regulated the expression of various 
components of the Wnt pathway, and inhibition of the 
latter sensitized leukemic cells to chemotherapy [69].

The MLL-AF4 gene fusion is a peculiar genetic 
abnormality detected in infant acute pro B-ALL, that 
is known to arise in utero [70]. It was shown that, out 
of thirty eight B-ALL patients with different fusion 
genes studied, only those cases carrying the MLL-AF4 
fusion in leukemic blasts displayed the same genetic 
translocation detected in autologous BM-MSCs. However, 
at variance with leukemic blasts, BM-MSC did not 
display monoclonal rearrangements of immunoglobulin 
(Ig) genes. These findings rule out that the possibility 
that leukemic blasts underwent cellular plasticity or 
dedifferentiation to MLL-AF4+ MSCs, but are consistent 
with the hypothesis that the tumor cells and MSCs 
originated from a common mesodermal precursor. 
Notably, MLL-AF4+ MSCs were euploid, thus precluding 
the possibility of cell fusion, and did not show any 
proliferative advantage in culture [53].

Different results were obtained in a smaller study 
of ten B cell precursor ALL cases carrying three different 
chromosomal translocations (TEL-AML1, E2A-PBX1 and 
MLL rearrangement, respectively). In all cases, variable 
proportions of BM-MSCs were found to display the same 
chromosomal translocation as autologous leukemic blasts. 
Furthermore, BM-MSCs from three patients displayed the 
same monoclonal Ig rearrangement detected in autologous 
tumor cells, indicating a clonal relationship between stromal 
and leukemic cells. Two possible models can account for 
such relationship, i) the existence of a common progenitor 
cell carrying leukemia-specific chromosomal translocation 
and monoclonal Ig gene rearrangement and capable of 
differentiating into leukemic or stromal cells, and ii) the 
de-differentiation of leukemic cells into MSCs displaying 
the same genetic abnormality and Ig rearrangement [54].

More recently, BM-MSCs were isolated from 45 
pediatric patients with ALL and subjected to genetic and 
functional investigations. Reduced proliferative capacity 
and ability to support in vitro hematopoiesis were observed 
in BM-MSCs from leukemic patients compared to BM-
MSCs from control subjects. However, no cytogenetic 
abnormality was ever detected in the former or the latter 
cells [71]. Accordingly, BM-MSCs from ALL and chronic 
lymphocytic leukemia (CLL, see below) patients had a 
normal karyotype, and aneuploid BM-MSCs were detected 
only in cases carrying chromosomal abnormalities [72].

Cytogenetic studies have been performed also with 
BM-MSCs from patients with myeloproliferative neoplasms 
(MPN) including myelodysplastic syndrome (MDS), AML 
and Philadelphia negative MPN. Blau and coworkers 
reported that chromosomal aberrations were present in 
15/94 MDS/AML patients tested; such abnormalities 
were consistently different from those detected in paired 
malignant hematopoietic cells, indicating the absence of 
any clonal relationship between stromal and tumor cells. 
These Authors identified a correlation between BM-MSC 
genetic aberrations and overall survival in their cohort of 
patients, but raised a note of caution since these aberrations 
were detected only in cases with adverse prognosis and 
therefore were not likely to represent an independent 
prognostic factor [52]. Nonetheless, the possibility that 
genetic instability of BM-MSCs may translate into the 
support to MDS/AML growth is consistent with pre-
clinical studies [73]. In this connection, an intriguing study 
of two AML cases with MLL-ELL translocations showed 
that non-adherent leukemic blasts, upon long-term culture, 
transformed into myofibroblasts capable of supporting the 
in vitro growth of autologous leukemic cells [74].

Avanzini et al. have recently reported that BM-MSC 
from five MPN patients out the 23 tested displayed genetic 
abnormalities unrelated to those detected in transformed 
myeloid cells. In addition, patient BM-MSCs displayed 
several functional defects when compared to BM-MSCs 
from healthy donors that led the Authors to postulate a role 
of abnormal stromal cells in leukemogenesis [75].
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In conclusion, i) BM-MSCs from patients with 
acute lymphoid or myeloid leukemia promote survival 
and growth of tumor cells as well as chemoresistance, and 
may be functionally abnormal and ii) genetic studies have 
delineated complex developmental relationships between 
BM-MSCs and acute leukemia cells, with heterogeneous 
results from different studies that do not yet allow to 
delineate a comprehensive model.

BM-MSCs in chronic lymphocytic leukemia 
(CLL)

Studies performed with BM-SCS from CLL patients 
have generated results fully consistent with those obtained 
in acute leukemia patients, i.e. stromal cells promote 
survival, migration and chemoresistance of leukemic cells 
[76, 77]. However, CLL studies have led to the identification 
of novel and perhaps tumor cell-“specific” mechanisms of 
interplay between malignant cells and stromal cells.

Ding et al have demonstrated that CLL cell 
supernatants induce Akt activation and proliferation in 
MSCs through PDGF receptors triggering. Accordingly, 
two PDGFR ligands, i.e. PDGF and VEGF, were detected in 
CLL supernatants, but PDGF only was found to be crucial 
for MSC activation via a PI3K-dependent mechanism [78].

Primary CLL cells were shown to possess a limited 
ability to transport cystine for glutathione synthesis due 
to the low expression of the Xc transporter. BM-MSCs, 
in contrast, are very efficient at importing cystine and 
converting it to cystein, that is released in the tumor 
microenvironment and uptaken by CLL cells to promote 
glutathione synthesis. Availability of high concentrations 
of the latter molecule promotes survival of CLL cells and 
protects them from the toxicity of chemotherapeutic agents. 
Inhibition of the stroma-driven protective mechanism 
sensitized leukemic cells to cytotoxic drugs even in the 
presence of stromal cells. Targeting this biochemical 
pathway may represent a promising therapeutic avenue [79].

Another study has led to the identification of a novel 
survival signaling pathway activated in stromal cells by 
contact with primary CLL cells. It was shown that induced 
expression of PKC-β in BM-MSCs was indispensable for 
the capability of the latter cells to support CLL survival. 
Mice knocked out for PKC-β expression were refractory 
to CLL transplantation, highlighting the relevance of this 
novel mechanism in vivo in the tumor microenvironment. 
Two points are worth mentioning, i) part of the in vitro 
experiments were carried out using the murine stromal cell 
line EL08-1D2, that displayed the typical characteristics of 
CAFs. Such experiments were then confirmed with BM-
MSCs isolated from CLL patients, that also displayed 
most CAF features. ii) Expression of PKC-β was found 
to be high in biopsies from CLL, ALL and mantle cell 
lymphoma patients, pointing to a mechanism activated in 
different lymphoid malignancies [80].

Finally, a biochemical mechanism for resistance of 
CLL cells to forodesine has been identified. Leukemic 
cell apoptosis induced by forodesine was significantly 
inhibited in the presence of human or mouse MSCs. 
Forodesine-induced dGTP depletion and GTP and ATP 
accumulation in tumor cells were inhibited by MSCs 
together with RNA and protein synthesis. Furthermore, 
MSCs upregulated in leukemic cells the expression of the 
anti-apoptotic protein Mcl-1 [81].

BM-MSCs and lymphoma

The role of MSCs/fibroblasts in the micro-
environment of classical Hodgkin lymphoma (cHL) and 
follicular lymphoma (FL), two malignancies originating 
from germinal center B cells, will be reviewed.

cHL is composed of mononuclear Hodgkin cells and 
multinucleated Hodgkin and Reed- Sternberg (HRS) cells 
embedded in an abundant microenvironment that is populated 
by different non-neoplastic cell types, including B and T 
cells, plasma cells, eosinophils, mast cells and histiocytes/
macrophages. Fibroblast-like cells and interdigitating 
reticulum cells are present in large numbers in the collagen 
bands of nodular sclerosis cHL, where they are frequently 
associated with HRS cells [81].

Although recruitment of non-malignant cells to the 
cHL microenvironment is largely mediated by tumor cells, 
the former cells activated by the latter can contribute to 
the phenomenon. Thus, for example, HRS cells, that do 
not produce eotaxin, can induce in vitro production of this 
chemokine by dermal fibroblasts through the release of 
IL-13 and TNF [82].

cHL-derived fibroblasts express stem cell factor 
(SCF) as both membrane and soluble molecules that 
bind to c-kit expressed on HRS cells thereby activating 
the latter cells in a paracrine way [83]. HRS growth and 
survival are supported also by other molecules produced 
by stromal cells such as IL-7 and CCL5. On the other 
hand, HRS cells themselves produce IL-7 that induces 
the synthesis of IL-6 in HL-derived fibroblasts [84]. 
Altogether, these studies demonstrate that fibroblasts/
stromal cells play a relevant role in cytokine-mediated 
cross-talk among HRS and other cells types, culminating 
in stimulation of tumor cell survival and growth.

The FL microenvironment contains different types 
of immune cells (Treg cells, T follicular helper cells, 
macrophages) admixed with cells MSCs. In normal lymph 
node, three different subsets of MSCs have been identified 
and characterized, i) fibroblastic reticular cells (FRC) that, 
by producing CCL9, CCL21 and CXCL12, attract mature 
dendritic cells, naïve T and B cells and promote their 
interactions in the T cell zone, ii) follicular dendritic cells 
(FDCs), that attract B cells in the light zone of the germinal 
center by producing CXCL13 and participate in the selection 
of high affinity B cells, and iii) marginal reticular cells, 
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that deliver small antigens to B cells through follicular 
conduits [85]. The FRC network appears to be activated in 
FL lymph nodes [86] and FDCs display an undifferentiated 
phenotype [87]. Both FRCs and FDCs contribute to establish 
a protective niche for FL cells where the latter cells survive 
and grow. A similar, ectopic niche develops in the BM, that 
is often infiltrated by FL cells.

Stromal cells support FL cell recruitment and 
growth by a combination of adhesion molecules (e.g. 
VCAM-1) and chemokines/cytokines (e.g. CXCL-12, 
CXCL-13, BAFF, HGF, IL-15). These processes are 
favored by TNF and LTα1β2, that are overexpressed by FL 
cells and promote lymphoid stromal cell differentiation. 
FL-associated MSCs overexpress also the chemokine 
CCL2, that attracts monocytes and stimulates their 
polarization towards a tumor-associated macrophage 
(TAM) phenotype. Finally, TFH cells overexpress TNF 
and LTα1β2 that triggers differentiation of stromal cells 
into FRCs. Similar mechanisms operate in LN and BM 
from FL patients (as reviewed by Thomazy et al. [86]) and 
FDCs display an undifferentiated phenotype [87].

CAFs and multiple myeloma

Frassanito et al. [47] identified CAFs expressing 
FSP1, αSMA, and FAP in BM samples of patients with 
MM or monoclonal gammopathies of undetermined 
significance (MGUS). The highest proportions of CAFs 
were found in active MM patients. Immunohistochemistry 
of patients’ BM confirmed that high numbers of CAFs 

coexist with MM cells. The CAF population was 
heterogeneous since it expressed cell markers restricted 
to endothelial cells, HSPCs, and MSCs, which implies 
their multiple cell derivation. Moreover, Frassanito et al. 
[47] demonstrated that MM activate fibroblasts and recruit 
them via secretion of TGF-β. CAFs, in turn, transform 
BM stroma by producing collagen and fibronectin, and by 
secreting growth factors (TGF-β, HGF, IGF1), cytokines 
(IL-1, IL-6) and chemokines (SDF-1α) [15]. TGF-β and 
conditioned media from MM cells and active MM CAFs 
converted patients’ MM endothelial cells and HSPCs into 
CAF-like cells. Frassanito et al. [47] using the in vivo 
xenograft MM 5T33 mouse model, demonstrated that 
animals co-injected with active MM CAFs and MM cells 
showed faster tumor growth than those injected with 
MM cells alone. Finally, Frassanito et al. [47] found that 
inhibition of the SDF1α/CXCR4 axis affects the MM cell 
migration, adhesion and proliferation indicating that MM 
CAFs recruit CXCR4+ MM cells via SDF1-α secretion.

In conclusion, BM-MSCs/CAFs promote growth, 
survival and migration of cells derived from haematological 
malignancies by different pathways as depicted in Figure 4.

Therapeutic implications

Given their relevant role in driving tumor progression, 
CAFs have recently emerged as therapeutic targets by 
various strategies. The interplay between CAFs and cancer 
cells is characterized by a feed-forward loop in which 
various growth factors/cytokines and their receptors play an 

Figure 4: Models for the role of bone marrow-mesenchymal stromal cells and cancer activated fibroblasts in 
hematological malignancies. Panel A depicts the interactions between bone marrow-mesenchymal stromal cells and acute lymphocytic 
leukemia (ALL) and chronic lymphocytic leukemia (CLL) cells. BM-MSCs promote migration, survival and chemoresistance of ALL/
CLL cells. Induction of survival by BM-MSCs is mediated by different pathway including Notch and PKC-β. BM-MSC protect ALL/
CLL cells from cytotoxic agents through various mechanisms such as the synthesis of L-asparagine and glutathione, and the involvement 
of Wnt, ERK 1/2, PI3K/Akt signaling pathways and CXCR4/CXCL12 axis. Panel B shows the interactions between BM-MSCs and 
classical Hodgkin lymphoma (cHL) and follicular lymphoma (FL) cells. BM-MSCs support the growth and survival of lymphoma cells by 
different molecules including stem cell factor (SCF), IL-7, IL-15, CCL5, CXCL-12, CXCL-13, BAFF, Hepatocyte growth factor (HGF). 
FL-associated MSCs overexpress CCL2 that attracts monocyte and stimulates their polarization towards a tumor-associated macrophage 
(TAM) phenotype. Panel C depicts the interplay between multiple myeloma (MM) cells and CAFs. MM activate and recruit fibroblasts 
via the secretion of TGF-β. In turn, CAFs secrete different growth factors and cytokines that stimulate growth and migration of MM cells.
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important role in promoting tumor growth and progression. 
If on one side tumor cells secrete a plethora of factors 
such as TGF-β1, PDGF, VEGF, IL-6, FGF-2, IFN-γ, TNF, 
MMPs involved in fibroblast activation, on the other side 
CAFs produce the same molecules that in turn affect tumor 
aggressiveness. In this context, several strategies have been 
designed to target the growth factors and their receptors by 
the use of antagonists or specific antibodies that, in some 
cases, may act simultaneously on tumor cells and CAFs. For 
example, the recent FDA approved pazopanib (Votrient), a 
multi target receptor tyrosine kinase inhibitor (TKI) against 
PDGFR α/β, VEGFR-1, -2, -3 and c-kit [88], as well as 
MET/HGF inhibitors (monoclonal antibodies against HGF 
and selective MET tyrosine kinase inhibitors) [89] and the 
humanized monoclonal antibody (mAb) against VEGF-A 
Bevacizumab (Avastin) [90] have been validated to target the 
same molecules expressed by both tumor cells and CAFs. 
Particular interest has been focused on specific blockers of 
PDGF and HGF receptor signaling in CAFs, that proved to 
inhibit tumor growth and progression in preclinical tumor 
models [91–93].

Another approach has been designed to target the 
urokinase plasminogen activation (uPA) uPA/uPA receptor 
(R) system that represents one of the key systems driving 
tumor invasion and metastases [94]. uPAR, overexpression 
in cancer cells and tumor-associated stromal cells such as 

CAFs, is associated to poor prognosis and in some cases 
is predictive of invasion and metastasis [95, 96]. Thus, 
new uPAR-targeted therapies might be effective against 
both tumor cells and cells of the tumor microenvironment. 
Several therapeutic approaches aimed at inhibiting the 
uPA/uPAR, such as selective inhibitors of uPA activity, 
antagonist peptides, mAb able to prevent uPA binding to 
uPAR and gene therapy techniques silencing uPA/uPAR 
expression functions, have been shown to possess anti-
tumor effects in xenograft models [97]. However, all these 
strategies need definitive confirmation in humans as only 
few uPA inhibitors entered clinical trial.

Another interesting approach concerns the use 
of inhibitors of COX-2, an inflammatory molecule 
overexpressed in both CAFs and tumor cells upon their 
reciprocal interaction [98, 99]. COX-2 promotes tumor 
progression by inducing EMT and stimulating VEGF-
mediated angiogenesis and MMP-14-driven invasion 
[84, 100]. In this respect, preclinical and clinical trials 
demonstrated that COX-2 inhibitors such as Celecoxib 
(Celebrex) represent a promising strategy in the prevention 
and treatment of solid tumors [101].

Given the relevant role of MMPs in promoting 
tumor invasiveness and metastasis, great efforts have been 
undertaken in order to develop specific MMP inhibitors 
[102]. The most extensively studied classes of MMP 

Box 1: Principal hematological malignancies
ACUTE LEUKEMIAS
Acute leukemias are hematological malignancies originating from early hematopoietic progenitors/precursors and 
involving the myeloid (acute myeloid leukemia or AML) or the lymphoid (acute lymphoid leukemia or ALL) lineages. 
Acute leukemias, that can be further subclassified according to cytogenetic, morphological or immunophenotypic criteria, 
develop initially in the bone marrow, then invade the circulating compartment and metastasize to distant organs.
CHRONIC LYMPHOCYTIC LEUKEMIA (CLL)
CLL is a monoclonal expansion of CD19+, CD5+ B lymphocytes carrying either mutated or unmutated immunoglobulin 
variable region (IgV) genes. Mutated cases have a better prognosis than unmutated cases, which are also characterized 
by the expression of the CD38 and ZAP-70 markers. CLL, that often manifests as asymptomatic blood lymphocytosis, 
develops in the lymph node and bone marrow microenvironments.
FOLLICULAR LYMPHOMA (FL)
FL is a B cell malignancy that develops in secondary lymphoid follicles and contains centroblasts and centrocytes in 
variable proportions. Tumor cells may invade the bone marrow and circulate in the peripheral blood. FL is an indolent 
lymphoma characterized by the progressive infiltration of lymphoid follicles with tumor cells expressing constitutively 
the anti-apoptotic protein Bcl-2. Invaded lymph nodes may retain for a long time remnants of their physiological 
architecture.
HODGKIN LYMPHOMA (HL)
HL is a peculiar germinal-center derived B cell malignancy that does not express B cell markers and is characterized 
by a paucity of tumor cells known as Reed-Sternberg cells. HL, that develops in the lymph node microenvironment, is 
classified in two clinicopathologic entities, namely classical HL (∼95% of cases) and nodular lymphocyte predominant 
HL (∼5% of cases). HL lymph nodes are enriched with various reactive cell types, such as eosinophils, neutrophils, 
plasma cells and T cells.
MULTIPLE MYELOMA (MM)
MM is monoclonal plasma cell malignancy that develops and grows in the bone marrow, and metastasizes to the bone.
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inhibitors include Batimastat, Marimastat, Prinomastat 
and Tanomastat that have been tested in clinical trials for 
several malignant diseases [103].

FAP, a member of the serine protease family, 
selectively expressed on CAFs and cancer cells, exerts 
a proteolytic activity that supports tumor growth and 
proliferation [104]. Thus, FAP has been considered as 
an emerging therapeutic target in cancer. A humanized 
anti-FAP antibody (mAb F19; sibrotuzumab) was well 
tolerated [105] but failed to show any beneficial effect in a 
phase II trial for metastatic colorectal cancer [106]. It was 
reported that a monoclonal anti-FAP antibody conjugated 
to maytansinoid induced a long-lasting inhibition of tumor 
growth and complete regression in different experimental 
tumor models, without signs of toxicity [107]. However, 
further studies are required to determine the potential 
clinical application of this molecule.

An interesting approach to target CAFs focuses on the 
development of specific antibodies against integrins, that have 
been found to be expressed by tumor cells and CAFs and to 
be involved in cancer progression [108]. In particular, a recent 
study demonstrated that integrin αvβ6 triggering leads to 
CAFs proliferation, and consequently increases gastric cancer 
metastasis [109]. Furthermore, a human therapeutic antibody 
264RAD, which binds to αvβ6 and inhibits its function, has 
been shown to delay tumor growth by preventing TGF-β-
mediated activation of CAFs, and by reducing the expression 
of fibronectin and α-SMA on stromal fibroblasts [110]. 
Therefore, disruption of the expression of integrin αvβ6 may 
be a new strategy for future cancer therapy.

Finally, curcumine can interfere with the dynamic 
mutual interaction between CAFs and head and neck 
tumor cells [111]. Specifically, curcumin reduced the 
release of EMT-mediators by CAFs with consequent 
reduction of cancer invasion. These data confirmed the 
potential of curcumin in clinical application and underline 
the need of improved formulation for in vivo delivery.
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