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A B S T R A C T

Several studies have demonstrated how different cell types of mesenchymal and myeloid origin can in-
dependently exhibit immunoregulatory activities. In response to inflammatory cues, they transcribe a molecular
repertoire that restores the tissue microenvironment to what it was before the injury. There is accumulating
evidence that stromal and myeloid-derived cells do not act independently but that the establishment of a cross-
talk between them is a fundamental requirement. Stromal cells, prompted by inflammatory molecules, or-
chestrate and initiate myeloid cell recruitment and their functional reprogramming. Once instructed, myeloid
cells effect the anti-inflammatory activity or, if alternatively required, enhance immune responses. The cross-talk
plays a fundamental role in tissue homeostasis, not only to regulate inflammation, but also to promote tissue
regeneration and cancer progression.

1. Introduction

During the last decade, much attention has been paid to the role of
stromal cells in innate immune responses. The initial evidence that they
exhibited potent immunosuppressive activities [1] prompted many stu-
dies aimed at better characterizing these properties but also at their ex-
ploitation in the clinical setting [2]. The data produced have highlighted
that stromal cells regulate innate anti-inflammatory responses in tissues
and, consequently, in the process of tissue regeneration and in the tumor
microenvironment. In particular, most responses revolve around the in-
teraction between stromal cells and myeloid cells. A better understanding
of such an interaction is fundamental to dissect the components that
regulate the inflammatory niche and harness the molecular pathways for
regenerative medicine and cancer immunotherapies.

2. The heterogeneity of stromal cells

The definition of stromal cells remains largely ambiguous as it
simply refers to cell populations that do not belong to the tissue

parenchymal compartment. Further confusion is generated by the fact
that investigators in selected fields also include monocytes/macro-
phages in this category. For the purpose of this review, we will consider
stromal cells only those of mesenchymal origin and that we will list in
this section.

Probably the most classical example of stromal cells is fibroblasts.
They are generally present as single cells scattered in the interstitial
space and embedded in the extracellular matrix. They are generally
resting cells with very low metabolic and transcriptomic activity.
Despite being known as an entity for far more than a century, their
identification relies on the combination of several markers. Fibroblasts
express CD73, CD90, CD105 and are negative for the hematopoietic
CD45 marker (Table 1). The molecular repertoire includes α-smooth
muscle actin (α-SMA), vimentin, fibroblast specific protein (FSP), fi-
broblast activation protein (FAP). Other molecular markers often
identifiable in fibroblasts include thrombospondin-1 (TSP-1), tenascin-
C, platelet derived growth factor receptor-α and -β (PDGFR-α and
PDGFR-β), periostin, osteonectin, paladin, podoplanin and stromelysin
[3]. Although it is acknowledged that fibroblasts exhibit functional
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heterogeneity, it was only recently that distinct fibroblast lineages have
been correlated with different activities. In the skin, whilst upper
dermis fibroblasts regulate hair follicle formation, those in the lower
dermis synthesize extracellular matrix (ECM) and give origin to adi-
pocytes [4]. These and other activities require appropriate stimuli to be
initiated, with functional flexibility being a typical feature of fibroblasts
[5]. In this perspective, it can be proposed that most properties assigned
to fibroblasts are the result of an activated phenotype and that other
stromal cell categories could be the expression of a different type of
activation. This notion would explain the several overlaps shared
amongst stromal cells that we will describe in this review.

Mesenchymal stem/stromal cells (MSC) represent a paradigm in this
context, whereby a fibroblast-looking cell has been attributed with
unique functions following exposure to stimuli of various nature. MSC
are typically defined as non-haematopoietic, plastic-adherent and
colony forming cells that, under appropriate stimuli, are capable of
differentiating into multiple mesenchymal lineages in vitro [6]. They
have originally been identified in the bone marrow [7], then in adipose
tissue [8] and many other tissues and organs, often using criteria lar-
gely shared with the definition of fibroblasts [9]. Adipose tissue and
fetal tissues are a major source of both fibroblasts and MSCs (Table 1),
with the most immature cells exhibiting enhanced survival and stem
cell-more like properties compared with those isolated from adult tis-
sues.

A proportion of cultured MSCs, like activated fibroblasts, exhibit
progenitor activity because they can differentiate in vitro into osteo-
blasts, adipocytes, and chondroblasts. Amongst the highly hetero-
geneous population of CD105+CD73+CD90+ MSCs, a number of stu-
dies have successfully characterized subpopulations with prominent
stemness activity in the bone marrow and the specific ability to form
components of the haemopoietic stem cell niche (Table 1). These sub-
sets express CD146, PDGFR-β, neural/glial antigen 2 (NG2), CD271 and
stage-specific embryonic antigen 4 (SSEA-4) in human [3,10,11], NG2,
stem cells antigen-1 (Sca-1), nestin and leptin receptor in mouse
[12–14]. CD146 is expressed in MSCs from various sources and, to-
gether with PDGFR-β, NG2 and stromal precursor antigen-1 (Stro-1)
can also be detected in perivascular stromal cells such as pericytes, thus
raising the question of whether and how MSCs are affiliated to pericytes
[15].

Pericytes are perivascular stromal cells found in blood capillaries and
microvessels and play an essential role in vessel contraction, archi-
tecture, angiogenesis, and survival of endothelial cells [16]. Pericytes
and MSCs share numerous characteristics. An early study showed that
CD146+ bone marrow and dental pulp MSCs localized in blood vessel
walls of human bone marrow and dental pulp, expressing markers of
pericytes but not endothelial cells [17]. This finding has led speculata-
tions about the ontogenic relationship between MSCs and pericytes.
Later, Crisan et al. (2008) demonstrated that long-term cultured peri-
cytes can be identified as perivascular cells with the same signature of
MSCs [18]. Sorted pericytes (CD146+CD34−CD45−CD56−) could dif-
ferentiate into osteogenic, chondrogenic, adipogenic, and myogenic
lineages in vitro (Table 1). Likewise, CD34+CD31−CD146−CD45−

tunica adventitia cells, which reside in the outermost layer of arteries and
veins, natively expressed MSC markers and gave rise in culture to clo-
nogenic multipotent progenitors identical to standard bone marrow-de-
rived MSCs [19]. The ability of pericytes to regulate tissue regeneration
has been confirmed in the dental pulp [20]. Despite the large overlapping
features, there is sufficient evidence to suggest that not all MSCs are
pericytes, either because of differential markers [21], but especially be-
cause MSCs do not localize exclusively in the perivascular tissues
[14,22].

Endothelial cell is another extensively investigated stromal cell that
lines the inner luminal surface of blood and lymphatic vessels [23,24].
The identification of endothelial cells is more accurate and relies on the
expression of CD31/PE-CAM1, CD34, CD105/endoglin and von Will-
ebrand factor (vWF) [25] (Table 1). Although their origin differs from
other stromal cells [26], a recent study has identified a pathway by
which cardiac endothelial cells may differentiate into pericytes and
vascular smooth muscle cells [27]. Conversely, MSCs have been de-
scribed for the ability to differentiate into endothelial cells [28,29].
These pieces of evidence indicate substantial plasticity amongst vas-
cular stromal cells. Yet, whether endothelial cells can directly differ-
entiate into bone, fat and cartilage cells is unclear. In the context of
tissue homeostasis, endothelial cells regulate vessel formation, perme-
ability and the blood flow [30,31]. Another important function is their
ability to actively regulate T cell migration as well as antigen pre-
sentation [32], by which they modulate the activity of antigen-experi-
enced effector T cells, promoting inflammation or tolerance [33,34] or
the recruitment of regulatory T cells (Treg) [35].

First characterized by Bucala and colleagues [36], fibrocytes re-
present a more controversial entity for at least two main reasons. The
first is that, despite their fibroblast-like appearance, they are of hae-
mopoietic origin. The second is that they can be found circulating in the
blood. Fibrocytes originate from CD14+ bone marrow-derived mono-
cytes in humans [37] and Gr1+CD115+CD11b+ in mice [38]. Like the
more conventional mesenchymal stromal cells, they produce ECM
proteins, exhibit a fibroblast-like morphology, express α-SMA (Table 1)
and differentiate into adipocytes, chondrocytes, and osteoblasts [39].
Whether the phenotype represents developmental plasticity or a gen-
uine subset between monocytes and fibroblasts has yet to be elucidated.
It has also been suggested that fibrocytes may be a subset of myeloid-
derived suppressor cells (MDSC) [40].

3. Stromal cells exhibit potent immunomodulatory activities

Despite the heterogeneity amongst stromal cells, it has been ex-
tensively demonstrated that they all have a great degree of similarity in
their ability to modulate immune responses and in the underlying
mechanisms. Most information regarding the immunobiology of
stromal cells was originally generated by studying MSC and subse-
quently confirmed in other types of stromal cells. MSCs have been
shown not only to influence the differentiation and functions of lym-
phoid effector cells but also recruit and reprogram myeloid cells to
become immunosuppressive. We will review the different types of

Table 1
The heterogeneity of stromal cells.

Stromal cell type Main sources of tissues Marker profiles in human (Positive: +; Negative: −) Reference

Fibroblasts Every tissue + CD73, CD90, CD105, FSP, FAP, α-SMA, vimentin [3,5]
− CD31, CD34, CD45

Mesenchymal stem cells Bone marrow, adipose tissue, fetal and puerperal tissues + CD73, CD90, CD105, CD146, PDGFR-β, NG2, Stro-1 [3,7,8,10,11]
− CD31, CD34, CD45

Pericytes Blood microvessels + CD73, CD90, CD105, CD146, PDGFR-β, NG2, Stro-1 [17,18]
− CD31, CD34, CD45

Endothelial cells Blood and lymphatic vessels + CD31, CD34, CD105, vWF [25]
− CD45

Fibrocytes Peripheral blood, inflamed tissues, tumors + CD34, CD45, Collagen, α-SMA [36,37,39]
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immunomodulatory mechanisms described in stromal cells, with an
emphasis on the interaction with myeloid cells.

3.1. The direct immunomodulatory activity of stromal cells

Several modes of action have been described mediating the im-
munosuppressive activity of stromal cells. Probably because it is a
fundamental physiological activity, none of the candidate molecules
taken alone is sufficient to account for the whole immunosuppressive
function and there is a remarkable redundancy in the molecular ar-
mamentarium. Together with the fact that the large majority of im-
munosuppressive pathways identified are soluble factors, this explains
the potent activity even at low stromal:effector cell ratios.

The first class of molecules consists of those involved in metabolic
reprogramming. Probably the most extensively studied is indoleamine
2,3-dioxygenase (IDO), an intracellular cytosolic enzyme that catalyzes
the catabolism of essential amino acid tryptophan into kynurenine [41].
The depletion of tryptophan and accumulation of tryptophan suppress T
cell activation and proliferation [41]. IDO has been one of the first
candidate to be identified in stromal cell mediated immunosuppression,
both in human MSCs [42–46] and fibroblasts [47]. IDO expression in
stromal cells is not constitutive but is dependent on the exposure to
interferon-γ (IFN-γ), usually derived from activated monocytes or T
cells [43,44,47]. The inhibition of IDO partially restores the prolifera-
tion and function of T and natural killer (NK) cells stimulated in the
presence of MSCs [48]. Despite its importance in human MSCs, murine
MSCs do not produce IDO [49] but rather use an alternative mechanism
involving inducible NO synthase (iNOS) and its product nitric oxide
(NO) [50]. In rat, another metabolism-based mechanism has been
identified, which relies on heme oxygenase-1 (HO-1) [51]. HO-1 is a
stress-responsive enzyme that transforms heme into Fe2+, biliverdin
and carbon monoxide (CO). CO is believed to mediate the im-
munosuppressive activity via the mitogen activated protein (MAP) ki-
nase pathway [52]. By producing HO-1, MSCs also recruit and differ-
entiate induced regulatory T cells like interleukin-(IL-)10+ type 1
regulatory T (Tr1) cells and transforming growth factor-β (TGF-β)+ T
helper 3 (Th3) cells [53].

Another metabolic pathway elicited by stromal cells leads to the
production of prostaglandin E2 (PGE2), one of the most abundant
metabolites of arachidonic acid generated through an enzymatic cas-
cade controlled by cyclo-oxgenase-2 (COX-2) [54]. PGE2 regulates both
innate and adaptive immune responses, preventing excess inflamma-
tion. Multiple studies have shown that MSCs and fibroblasts suppress T
cell proliferation through PGE2 since COX-2 inhibitors restore T-cell
proliferative activity [55]. Multiple downstream effects are induced by
PGE2, which include the suppression of lymphocyte growth factors (IL-
2 or IL-15) and the differentiation of antigen presenting cells and ef-
fector T cells [54].

Cytokines are another class of molecules that feature highly in the
stromal cell repertoire. TGF-β is a potent immunoregulatory cytokine
that has an essential role in the induction of immune tolerance and
resolution of inflammation [56]. TGF-β is constitutively secreted by
MSCs [57] and has been identified as a key molecular mechanism either
by inhibiting T cell proliferation in a contact dependent fashion [58] or
by recruiting monocytes [59]. Mechanistically, one of the main target
of TGF-β is IL-2 [60] that is inactivated either by impairing its tran-
scription or via the activation of Smad3 [61]. In a ragweed induced
asthma model, the beneficial effect of MSCs on lymphoid and eosino-
phil infiltration was abrogated by treatment with anti-TGF-β but not
anti-IL-10. In this study, the production of TGF-β in MSCs was not
constitutive but resulted from IL-4 and IL-13 activating the STAT6
pathway [62].

It has been claimed that IL-10 is produced by human MSCs [63] and
pericytes [64], but the data are controversial, possibly depending on
which type of experimental inflammatory conditions MSC are exposed
to [65]. The role of IL-10 in the immunosuppressive activity could be

indirect and result from MSCs instructing T cells and monocytes/mac-
rophages to produce it. Whatever the source, MSCs up-regulate IL-10
receptor (CD210) on T cells, thus forming a positive feedback loop to
promote T cell to produce more IL-10 [63].

Amongst other soluble factors identified as contributing to the im-
munosuppressive activity, there is human leukocyte antigen-G5 (HLA-
G5), the soluble isoform of HLA-G [66]. Human MSCs also secrete ga-
lectin-1 [67,68], -3 [69] and -9 [70] that regulate both innate and
adaptive immunity in acute and chronic inflammation. Remarkably,
galectin-9 impairs immunoglobulin secretion by activated B cells [70].
Finally, human MSCs have also been shown to secret leukemia in-
hibitory factor (LIF) [71], a glycoprotein involved in preventing fetus
rejection during pregnancy and in the induction of transplantation
tolerance.

Although largely effected by soluble molecules, the im-
munomodulatory activity of stromal cells can be mediated by cell
contact interactions with immune cells through programmed death-li-
gand 1 (PD-L1/B7-H1/CD274), the ligand of immune-inhibitory re-
ceptor programmed cell death protein 1 (PD-1/CD279) [72]. Different
types of stromal cells such as MSCs [46,73], pericytes [64] and en-
dothelial cells [74] engaged in inhibiting both the proliferation and
effector functions of activated T cells with studies conducted both in
humans and mice. Antagonizing these pathways with antibodies or
siRNA successfully reduced – albeit not completely – the im-
munosuppressive effects. PD-L1 expression is enhanced in MSCs and
endothelial cells by IFN-γ [46,73], whilst tumor necrosis factor-α (TNF-
α) augments its expression in endothelial cells [74].

The membrane-bound HLA-G1 has also been shown to contribute to
MSCs immunosuppression by interfering with cell-cycle regulation,
reducing IFN-γ and increasing IL-10 secretion of activated T cells [75].
Human bone marrow-derived MSCs also express a v-set domain con-
taining T cell activation inhibitor 1 (VTCN1/B7H4) [76], a ligand of the
B7 family that binds to an unknown receptor to induce inhibitory sig-
nals in activated T cells [77]. Furthermore, notch receptor ligand
Jagged-1 is also expressed on human bone marrow MSCs. Blocking
Jagged-1 or the corresponding notch signalling abrogates the anti-
proliferative effect of MSCs on CD4+ T cells [78]. Other studies have
reported cell contact mediated interactions involved in the suppression
of T-cell proliferation by fibroblast [79,80] and pericytes [81] although
the molecular targets were not identified.

3.2. The indirect immunomodulatory activity of stromal cells and the
mediation of myeloid cells

From the mechanisms of immunosuppression listed in the previous
section, it is quite apparent that stromal cells cannot simply exert a
direct inhibitory activity on the ultimate effectors of inflammation but
the several molecules they produce have also an impact on the re-
cruitment and instruction of other immunoregulatory cells, which can
in turn exert further immunosuppression and sustain the activity in a
longer term. This concept can explain the paradox observed in the
clinical use of stromal cells, whereby the therapeutic benefit extends
largely beyond the persistence of stromal cells in the recipients.

Originating from the hematopoietic stem cells, the mononuclear
phagocytic system (MPS) comprises monocytes, macrophages, and
dendritic cells, which are the myeloid cells critical for regulating in-
flammation and immune responses. Early in vitro studies had already
indicated an important role of the MPS as at least supplementary, if not
indispensable, for the delivery of MSC immunosuppressive activity
[82]. Further data has supported the crucial role of such an interaction,
which can be demonstrated on virtually any type of MPS cells (Fig. 1).

3.2.1. Stromal cells recruit monocytes to tissues
In peripheral blood, monocyte is the most abundant MPS con-

tributing for around 10% of circulating leukocytes [83]. Monocytes
express chemokine receptors and adhesion receptors that regulate their
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migration from blood to tissues during inflammation or infection [84].
They can differentiate into macrophages or dendritic cells depending on
the inflammatory milieu [85].

A seminal study demonstrated that stromal cells recruit monocytes
in vivo to the site of inflammation. In a murine model of toll-like re-
ceptor-induced inflammation, it was shown that bone marrow-derived
MSCs and their progeny including CXC chemokine ligand (CXCL)12-
abundant reticular (CAR) cells upregulate the monocyte chemotactic
protein 1/C-C motif chemokine ligand 2 (MCP1/CCL2) in response to
lipopolysaccharides (LPS) or bacterial infection and, as a consequence,
induce the mobilization of monocytes from the bone marrow to the
bloodstream [86]. In total knee arthroplasty (TKA), a human model of
surgery-induced fibrosis, it was observed that several months after the
procedure, the fibrotic joint exists in a state of unresolved chronic in-
flammation. Fibroblasts isolated from the post-TKA fibrotic infra-
patellar fat pad express the interleukin-1 receptor and, upon exposure
to interleukin-1α (IL-1α), polarize to a highly inflammatory state that
enables them to stimulate the recruitment of monocytes [87].

However, under other conditions, stromal cells do not promote in-
flammatory monocytes. In a murine model of wound healing, the MSC
secretome was shown to chemoattract monocytes, keratinocytes and
endothelial cells in vitro, whilst recruiting macrophages and endothelial
progenitor cells at the site of the injury in vivo [88] that expedited tissue
repair. These data were confirmed in at least two recent studies. In
coxsackievirus B3 (CVB3)-induced myocarditis, the intravenous injec-
tion of human MSCs successfully mitigated the severity of myocarditis
by the recruitment of anti-inflammatory monocytes (Ly6Clow) and the

reduced homing of pro-inflammatory monocytes (Ly6Chigh and Ly6-
Cintermediate) to the heart [89]. A previous study showed that these
findings should be considered in the context of the underlying in-
flammatory environment. According to the type of inflammatory sti-
mulus, cardiac fibroblasts treated with LPS or TGF-β1 upregulate in-
tercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion
protein 1 (VCAM-1) in monocytes and their CCL2-dependent migration
to fibroblasts. However, whilst LPS-treated fibroblasts induced the se-
cretion of pro-inflammatory cytokines (M1 polarization), TGF-β1 sti-
mulated fibroblasts skewed monocyte differentiation towards an M2
anti-inflammatory profile [90].

3.2.2. Stromal cells induce the differentiation and functional skew of
monocytes/macrophages

Macrophages are professional phagocytic cells displaying remark-
able plasticity in response to the environmental stimuli. Unlike mono-
cytes, macrophages reside in different tissues in vivo and they are spe-
cialized in different functions according to the anatomical location,
maintaining homeostasis [91]. Macrophages derive from fetal hema-
topoietic stem cells and in adult life they retain the capacity to recover
from insults without the contribution of monocytes [92]. Functionally,
they are classified into two main categories according to whether they
display a pro-inflammatory profile (classically activated macrophages
or M1) or an anti-inflammatory phenotype (alternatively activated
macrophages or M2) [93]. Macrophage polarization can be induced by
several cytokines or inflammatory cues, many of which can be pro-
duced by stromal cells, thus making these cells potent modulators of

Fig. 1. Stromal cells educate myeloid cells to immunomodulate. Myeloid-derived cells are essential target of stromal cells to deliver immune regulation. A. Monocytes are recruited to the
site of inflammation via the secretion of different chemokines and, depending on the inflammatory stimulus, they acquire an M1 or M2-like profile. B. MSCs drive macrophage
polarization through the production of IDO, COX-2/PGE2, TSG-6 and lactate. Alternatively, apoptotic MSCs can polarize macrophage to produce IDO-1 after efferocytosis. C. Fibroblasts
and MSCs inhibit DC differentiation via IL-6, VEGF, TSG-6 and COX-2/PGE2 and prevent DC priming activity. Furthermore, MSCs skew mature DCs into regulatory-like DCs (IL-10 and
TGF-β). D. MSCs can also differentiate MDSCs through the secretion of GRO-γ and HGF and recruit MDSCs through exosomes and CCL2. MSC-primed MDSCs up-regulate ARG-1, iNOS/
NO, IL-4 and IL-10.
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monocyte-macrophage activity.
It has been demonstrated that MSCs can directly drive the differ-

entiation of macrophages. Bone marrow-derived MSCs have the ability
to selectively induce the rapid differentiation of CD11b+ myeloid cells
from bone marrow myeloid progenitors. Such an activity largely de-
pends on the expression of nitric oxide synthase-2 by stromal cells. The
majority of the myeloid population driven by MSC express F4/80 and
other macrophage-associated markers. The administration of ex-vivo
mesenchymal stromal cell-educated CD11b+ cells accelerates hemato-
poietic reconstitution in bone marrow transplant recipients [94]. These
findings highlight the importance of the interaction between MSCs and
bone marrow macrophages in the hematopoietic stem cell niche, which
contributes to the retention of hematopoietic stem cells in the bone
marrow [95] and prevent their exhaustion [96]. Furthermore, one
should consider osteoclasts are in fact a tissue specific version of
macrophages and their interplay with osteoblasts, the ultimate progeny
of MSCs in the bone marrow, is a fundamental process in bone re-
modeling [97].

Early studies indicated that co-culture of human MSCs with isolated
monocytes upregulated the M2 surface marker CD206 (C-Type
Mannose Receptor 1) and IL-10 secretion while pro-inflammatory cy-
tokines such as IL-12 and TNF-α were reduced [98]. The phagocytic
efficiency against Escherichia coli was also improved after the co-culture
with MSCs, further supporting an M2-like differentiation [98]. IDO-1
and COX-2/PGE2 have been identified amongst the factors contributing
to polarization, with MSC-induced IL-10 secretion being specifically
dependent on IDO-1 [42]. In the same study, the depletion of CD14+

monocytes abrogated MSC immunosuppression, although it did not
necessarily clarify whether monocytes were required for the induction
of immunosuppression or for its effector phase, or both. Further studies
have demonstrated the key role of monocytes in delivering MSC im-
munosuppressive functions. The addition of MSC to monocytes cultured
with IL-4 and granulocyte-monocyte colony-stimulating factor sig-
nificantly reduces the generation of CD14−CD1a+ and resulted in the
generation of CD14+CD1a− cells with compromised antigen-priming
activity. The neutralization of IL-6 also inhibited IL-10 production in
monocytes, which was largely responsible for their impaired function
[99]. An alternative and more novel strategy has been described by
which umbilical cord-derived MSCs can re-programme monocytes,
subject to dendritic cell differentiation, into M2-like cells through a
lactate-mediated metabolic reprogramming. Pre-treatment of MSCs
with lactate dehydrogenase inhibitors restored the normal differentia-
tion and prevented the downstream polarization of naïve CD4+ T-cells
into Th2 cells [100].

More recently, a relatively unusual form of alternatively activated
macrophage has been identified as a result of exposing monocytes to
MSCs in the presence of macrophage colony-stimulating factor. By a
PGE2-dependent mechanism, MSCs induced M2-like macrophages
characterized by high expression of scavenger receptors, increased
phagocytic capacity, and high production of IL-10 and TGF-β (CD206+

IL-10high TGF-βhigh). Apart from suppressing T cells, these monocyte-
derived macrophages also impaired NK cell activation and IFN-γ pro-
duction, thus affecting both innate and adaptive immune response.
Neutralization of IL-10 and TGF-β could completely restore the NK
activation [101].

The in vivo data have provided further support to the notion that
stromal cells can re-programme monocytes/macrophages. A seminal
study in murine sepsis observed that the administration of murine bone
marrow MSCs produced beneficial effects that were crucially dependent
on recipient IL-10-producing macrophages, because their depletion or
IL-10 neutralization largely abrogated the anti-inflammatory activity of
MSCs [102]. The data demonstrated that, in the MSC-macrophage co-
culture system, Toll-like receptor (TLR)-4 and TNF receptor-1α stimu-
lation up-regulated COX-2 and PGE2 production in MSC, which was
necessary to induce IL-10. Another study conducted in a Tripanosoma
cruzi model confirmed these findings and the role of COX-2/PGE2.

Furthermore, it showed that MSC stimulated the recruitment of anti-
inflammatory IL-10+/IL-12− macrophages and turned macrophages
into cells highly susceptible to infection with Trypanosoma cruzi [103].

Macrophage education by MSCs in vivo also involves tumor necrosis
factor-inducible gene 6 protein (TSG-6). The intravenous injection of
human MSCs reduced murine zymosan-induced peritonitis through
TSG-6 that ultimately impaired TNF-α production, after binding to
CD44 [104]. Similar observations were reported in corneal allo-trans-
plantation and experimental autoimmune uveitis (EAU) murine models,
whereby a population of myeloid cells expressing MHC class II, B220,
CD11b and high levels of IL-10, F4/80 and Ly6C, accumulated in the
lungs, peripheral blood, spleen, and draining cervical lymph nodes after
MSC infusion. MSC-primed B220+ CD11b+ cells suppressed prolifera-
tion of CD4+ murine T cells activated by anti-CD3/28 antibodies. More
importantly, the adoptive transfer of these primed macrophages could
also provide tolerance in a secondary recipient mouse, prolong their
graft acceptance and slow down the development of EAU. Microarray
analysis and qPCR validation identified TSG-6 in MSCs was the most up-
regulated during the co-culture with murine macrophages [105].

Most recently, an entirely novel mechanism involving MSC-macro-
phage interaction has been identified in a mouse model of graft-versus-
host disease. When MSCs were infused in recipients harboring activated
NK or cytotoxic T cells, they rapidly underwent caspase-dependent
apoptosis, which is essential to initiate immunosuppression. Ex vivo-
generated apoptotic MSCs are phagocytosed by the CD11b+ and
CD11c+ phagocytes, which are then induced to upregulate and produce
IDO-1. The depletion of CD11b+ and CD11c+ cells or the inhibition of
IDO-1 activity in MSC recipients impaired the immunosuppressive ac-
tivity of infused MSCs [106]. Accordingly, MSCs infused into asthmatic
mice were previously found to be phagocytosed by F4/80+CD11c+

macrophages in the lungs, which were induced to express high mRNA
levels of IL-10 and TGF-β [107]. Collectively, these findings indicate
that efferocytosis of apoptotic MSCs is a further mechanism to polarize
macrophages and strengthen the pivotal role of macrophages in the
delivery of MSC immunosuppression.

3.2.3. Stromal cells inhibit dendritic cell differentiation and activation
Dendritic cells (DCs) are professional antigen presenting cells that

potently stimulate antigen-specific CD4+ and CD8+ T cells [108]. It has
been widely documented that stromal cells prevent the differentiation
of DCs. The earliest findings were reported using both human
[109,110] and murine [111] MSCs. By inhibiting cyclin D2 and entry
into cell cycle, MSCs inhibit monocyte differentiation into DCs and their
ability to prime T cells. IL-6 has been identified as the main effector of
DC impairment by murine MSCs and fibroblasts [112]. However, IL-6
neutralization did not seem to restore the expression of co-stimulatory
molecules. More recently, RNA silencing of TSG-6 in MSCs restored DC
maturation, thus suggesting a role for this molecule and the existence of
some redundancy in the molecular repertoire mediating such MSC
function [113]. The findings in human MSCs partly differ, because the
inhibition of PGE2 synthesis but not of IL-6 was demonstrated to an-
tagonize the activity [114]. However, IL-6, together with vascular en-
dothelial growth factor (VEGF) may play a role in the prevention of DC
differentiation by human fibroblasts [115]. In contrast, other studies
suggest that human dermal fibroblasts may promote rather than inhibit
DC maturation although partly interfering with their activation [116].

Beyond soluble factors, cell–cell contact interactions may be re-
sponsible for MSC-induced DC impairment. Murine MSCs skew mature
DCs into a regulatory-like DCs that express low levels of IL-12, high
levels of IL-10 and TGF-β and exert Jagged-2 dependent im-
munosuppression [117,118].

The impairment of DCs by MSCs was also documented in an adop-
tive transfer model in vivo. Murine MSCs impair TLR-4 induced acti-
vation of DCs resulting in the down-regulation of molecules involved in
migration to lymph nodes and antigen presentation. In fact, the in-
travenous administration of MSCs decreased the number of C-C
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chemokine receptor type 7 and CD49dβ1 expressing DCs in the draining
lymph nodes and impaired local antigen priming. In this study, it was
shown that MSC blocks, almost instantaneously, the migration of DCs to
the draining lymph nodes [119].

3.2.4. Stromal cells generate myeloid-derived suppressor cells (MDSC)
MDSCs are a distinct population of myeloid cells that have been

classified into two categories, according to their affiliation to mono-
cytes or neutrophils [120]. These two types of MDSCs have different
physiological distribution, immunosuppressive mechanisms and che-
motactic responses towards the chemokines. There is evidence that
stromal cells can also hijack MDSCs to deliver their immunosuppressive
activities. One of the earliest reports in the human system, described
that monocyte-derived DCs can be driven toward a MDSC-like pheno-
type by the growth-regulated oncogene (GRO) chemokines produced by
human MSCs. GRO-γ-treated MDSCs exhibited a tolerogenic phenotype,
characterized by an increase in the secretion of IL-10 and IL-4 and a
reduction in the production of IL-12 and IFN-γ [121]. The same results
were observed in a similar setting whereby human MSCs could expand
CD14− CD11b+ CD33+ human MDSCs expressing arginase-1 (ARG-1)
and iNOS. In this case, the expansion was dependent on hepatocyte
growth factor (HGF) [122].

The ability of MSCs to expand MDSCs was also documented in vivo.
In a mouse model of EAU amenable to MSC treatment a study reported
that, following MSC infusion, there was an increase in MHC class IIlow

Ly6G− Ly6Chigh CD11b+ MDSCs in draining lymph nodes that was
necessary to induce the suppression of CD4+ cell proliferation and Th1/
Th17 differentiation. The recruitment of MDSCs at the site of in-
flammation was CCL2-dependent [123]. Further support to the ability
of MSCs to expand MDSCs comes from studies in multiple myeloma in
which bone marrow-derived MSCs, obtained from patients but not from
normal donors, were found able to programme MDSCs to become im-
munosuppressive despite similar ability in expanding the number of
cells [124]. A potential mechanism of MDSC education consists in the
production of exosomes by MSCs, which directly induce the survival of
MDSCs through activating STAT3 and STAT1 pathways and increasing
the anti-apoptotic proteins Bcl-xL and Mcl-1 [125].

4. The tumor microenvironment: a paradigm for the interaction
between stromal and myeloid cells

Tumorigenesis and cancer progression are not isolated, tumor-cen-
tered programs but are heavily dependent on the support of the tumor
microenvironment (TME). The TME mainly consists of mesenchymal
and myeloid cells that, alone or in combination, are responsible for
driving resistance to conventional therapies and suppressing anti-tumor
immune responses. The phenotype and function of these cells in the
tumor recapitulate the characteristics of their immunosuppressive
mode described in the previous sections.

The contribution of stromal cells to the recruitment and education
of tumor-associated macrophages (TAM) is well documented. In pros-
tate carcinoma, the conditioned medium obtained from cancer asso-
ciated fibroblasts (CAF), exhibited high chemotactic activity towards
monocytes, largely mediated by CXCL12 and induced the differentia-
tion of monocytes into immunosuppressive TAMs [126]. Further studies
have confirmed that the CAFs can differentiate normal monocytes to
become M2-like macrophages through ROS production [127] or the
secretion of glycoprotein chitinase 3-like 1 (Chi3-L1) [128]. Silencing
Chi3L1 in fibroblasts attenuates tumor growth and macrophage re-
cruitment, thus restoring infiltration of CD8+ and CD4+ T cells within
the tumor. TGF-β has been consistently identified as inducer of an M2
phenotype, reinforced by other polarizing cytokines, such as IL-4, IL-6
and CXCL8. In pancreatic cancer, M2 polarization can be also mediated
by ROS induced by CAF-secreting M-CSF [127].

An interesting angle comes from the metabolic properties of stromal
cells. It has been proposed that cancer cells could induce aerobic

glycolysis in stromal fibroblasts, which would then secrete lactate and
pyruvate [129]. Apart from supporting cancer cell growth, lactate has
been shown to induce the expression of VEGF and M2-like polarization
of TAMs [130].

There is ample evidence that cancer associated fibroblasts and MSCs
express chemokines like CCL2, CCL5, CXCL8 and CXCL12 involved in
facilitating cancer progression [131–133] and enhancing the migration
of MDSCs to the tumor site [134,135]. Furthermore, MSCs have been
shown to produce IL-6, which is a crucial differentiating factor for
MDSC differentiation from bone marrow precursors [136]. Similar
properties have been described in tumor-associated pericytes for their
ability to facilitate tumor growth and spreading by inducing MDSC
infiltration [137]. Recently, it has been suggested that MDSCs provide a
major source of TAMs under hypoxic conditions or exposure to hypoxia-
inducible factor-1α (HIF-1α) [138], LIF and IL-6 [139].

Strikingly, the interaction between CAFs and MDSCs or TAMs are
also reciprocal. In a triple-negative breast cancer model, human
monocytes were injected into breast cancer murine model and became
MDSC-like (S100A9+) in the proximity of the tumor site [140]. These
S100A9+ cells up-regulated CXCL16 in CAFs and consequently in-
creased monocyte infiltration, thus forming a positive feedback loop to
establish an immunosuppressive TME. Furthermore, TAM appeared to
induce the upregulation of α-SMA in normal fibroblasts, suggesting
they can enhance CAF production [126].

5. Conclusions and future perspectives

The cross-talk between stromal cells and the different types of
myeloid cells plays a crucial role in normal and pathological tissue
homeostasis. Despite the yet unresolved heterogeneity, all stromal cells
respond in a very similar way to inflammation. Depending on the in-
flammatory cues to which they are exposed, stromal cells can resource
to a large and often redundant repertoire of molecules that initiate and
regulate both the magnitude and duration of inflammation. The impact
of stromal-myeloid cell interaction on the TME is recapitulated by the
information obtained from studies on their immunobiology.

Interestingly, the nature of the immunosuppressive mechanisms is
not necessarily and exclusively immunological and has implications on
tissue stem cell renewal and differentiation and on tissue repair. For
example, there is accumulating evidence that IDO, either directly pro-
duced by stromal cells but especially induced in myeloid cells, play a
central role in immunosuppression. However, IDO-mediated trypto-
phan starvation also inhibits the immunoregulatory kinase mammalian
target of rapamycin (mTOR) [141] which was recently demonstrated to
regulate stem cell maintenance [142]. Furthermore, the glycolytic
pathway, activated in stromal cells in hypoxic niche [143], can promote
the reprogramming of tissue macrophages that expedite tissue re-
generation [144].

Therefore, elucidating the different pathways by which stromal cells
orchestrate myeloid differentiation and functions will have profound
repercussions on how to modulate therapeutically tissue regeneration
in inflammation and malignancy.
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