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 Introduction 

 Emerging evidence suggests that tumors consist not 
only of neoplastic cells but also present a significantly al-
tered surrounding stroma. Indeed, this tumor microenvi-
ronment is now recognized as a critical element for tumor 
development and progression, as well as a measurable pa-
rameter of response to treatment. Many studies have 
demonstrated significant epigenetic alterations leading to 
aberrant gene expression in the cells of the tumor micro-
environment  [1] , and gene expression signatures derived 
from tumor stroma are predictive of clinical outcome  [2] . 
In view of these recent findings, there is increasing inter-
est in the breast cancer microenvironment as a prognostic 
factor as well as a potential therapeutic target, and new 
treatments directed against stromal components are in 
development. This review focuses on the composition of 
the breast cancer microenvironment, the alterations in 
molecular signatures of cells comprising this microenvi-
ronment, their interplay with cancer cells, and the possi-
ble clinical implications of these findings.

  Composition 

 The breast cancer microenvironment can be considered 
at local (intratumor), regional (in the breast) and distant 
(metastatic) levels  [3] , each of which encompass multiple 
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cell types such as fibroblasts, leukocytes, adipocytes, and 
myoepithelial and endothelial cells. They also include com-
ponents [e.g. extracellular matrix (ECM)], soluble factors 
(e.g. cytokines, hormones, growth factors and enzymes) 
and physical properties (e.g. pH and oxygen content)  [3] .

  Local Microenvironment 
 Cross-talk between epithelial and stromal cells is essen-

tial for the normal development and differentiation of the 
mammary gland. Physiological stroma maintains epithe-
lial polarity and inhibits uncontrolled cell growth and 
neoplastic transformation  [4] . For example, myoepithelial 
cells have been recognized as natural tumor suppressors 
in the breast and function as gatekeepers of tumor forma-
tion, since they produce the basement membrane (BM) 
and represent a physical barrier around luminal epithelial 
cells  [5] . Studies in breast cancer xenograft models suggest 
that the loss of myoepithelial cells promotes the transition 
of ductal carcinoma in situ (DCIS) to invasive carcinoma 
 [6] . Two models of the in situ-to-invasive carcinoma tran-
sition have been proposed: the ‘escape’ and the ‘release’ 
models  [5] . The ‘escape’ model proposes that genetic 
changes in tumor epithelial cells enables them to invade 
tissue adjacent to the ducts, while the ‘release’ model sug-
gests that an abnormal microenvironment leads to disrup-
tion of the BM and spread of the tumor epithelial cells into 
the stroma  [5] . It is probably a combination of these two 
models that generates the key event of the in situ-to-inva-
sive transition in breast cancer, emphasizing the necessity 
of changes in both the epithelial and stromal compart-
ments for tumor formation and progression.

  Normal myoepithelial cells have also been shown to 
suppress growth, invasion and angiogenesis of breast can-
cer cells  [7] . In cancer-associated stroma, however, myofi-
broblasts and fibroblasts seem to promote tumorigenesis 
and metastatic spread through complex paracrine signal-
ing  [5] , creating a receptive microenvironment and influ-
encing cancer progression and metastasis. In many as-
pects, the associated tumor stroma resembles a healing 
wound with proliferation of fibroblasts and ECM remodel-
ing but lacking physiological controls  [8] . Accordingly, nu-
merous studies have shown that inflammatory cytokines 
such as interleukin (IL)-6 promote breast cancer progres-
sion and metastasis by acting on breast cancer stem cells 
 [9] . For example, the chemokine (C-X-C motif) ligand 
(CXCL)12 is physiologically important for initiating tissue 
regeneration and repair by recruiting C-X-C chemokine 
receptor type 4 (CXCR4)-positive stem and progenitor 
cells  [10] . CXCR4/CXCL12 signaling in the breast cancer 
microenvironment results in increased migration and pro-

liferation of stromal cells as well as secretion of matrix me-
talloproteinases (MMP) and consecutive tissue remodel-
ing. Additionally, numerous studies have demonstrated 
that CXCL12 directly stimulates tumor cell migration and 
invasion as well as epithelial-mesenchymal transition via 
CXCR4 expression on cancer cells  [10–12] . Thus, CXCR4 
overexpression by breast cancer cells is associated with 
lymph node metastases and poorer clinical outcome  [13] .

  Metastatic Microenvironment 
 Metastasis is a complex process in which circulating 

tumor cells extravasate through the capillary wall to colo-
nize a new microenvironment  [3] . Here, tumor cells ei-
ther enter a ‘dormant’ state that can last for years or start 
to form micrometastases. Of note, circulating chemo-
kines and cytokines from the primary tumor recruit bone 
marrow-derived cells that are then released into the cir-
culation and subsequently create a so-called premetastat-
ic niche even before tumor cell mobilization  [14, 15] . In-
terestingly, co-traveling of fibroblasts together with can-
cer cells to metastatic sites has also been observed  [16] .

  The formation of bone metastases is likely the most 
widely studied and best understood example of metastases, 
involving complex interactions between cancer cells and 
local cells such as osteoblasts, osteoclasts and hematopoi-
etic stem cells  [3] . Breast cancer cells secrete various cyto-
kines and growth factors that promote the production of 
receptor activator nuclear factor κβ ligand (RANKL), 
which, in turn, leads to osteoclast activation and increased 
bone resorption  [3] . Breakdown of bone then releases tu-
mor-promoting factors, resulting in further bone destruc-
tion, representing a self-sustaining cycle  [14] . Recently, 
RANKL has also been associated with the formation of lung 
metastases via CD4+ regulatory T cells (T reg ), suggesting 
that participation of distinct immune cells may be neces-
sary for the formation of metastases  [17] . Interestingly, an-
imal studies have shown the possibility of multidirectional 
metastases in breast cancer, with dissemination of cancer 
cells not only from the primary tumor to the bone but also 
from bone to other distant sites and even back to the site of 
origin, suggesting that the bone microenvironment might 
be a key coordinator in the metastatic process  [3, 18] .

  Molecular Alterations in the Breast Cancer 

Microenvironment 

 An innovative study by Allinen et al.  [19]  isolating each 
cell type comprising normal breast tissue, DCIS and inva-
sive carcinoma showed that extensive changes in gene ex-
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pression occurred in all cell types during cancer progres-
sion. The highest number of differently expressed genes 
was found in myoepithelial cells from normal breast tissue 
and DCIS, confirming dramatic differences in the micro-
environment between normal breast tissue and in situ le-
sions. These investigators also showed that most of the 
differentially expressed genes encode secreted proteins 
and receptors. Two highly overexpressed genes encode 
the chemokines CXCL14 and CXCL12, which, in turn, 
bind to CXCR4 on cancer cells and contribute to their pro-
liferation and migration  [19] . In a similar study, Ma et al. 
 [20]  confirmed that the most significant gene expression 
alterations in the stromal compartment occur in the tran-
sition from normal breast tissue to DCIS. Additionally, 
they also showed elevated expression of several ECM-de-
grading proteases during the transition from DCIS to in-
vasive carcinoma, suggesting that these proteases might 
play a role in the destruction of the normal BM. Since ge-
netic alterations have only been detected in cancer cells 
 [19, 21] , aberrant gene expression in tumor-associated 
stromal cells are at least partly due to epigenetic changes, 
a hypothesis supported by the detection of significant 
changes in DNA methylation patterns of stromal cells in 
breast cancer  [1, 22] . A major proportion of these aber-
rantly methylated genes encode transcription factors im-
portant for development and differentiation  [1] . Since it 
has been postulated that tumor-associated myofibroblasts 
and fibroblasts develop from bone marrow-derived stem 
cells that are specifically recruited to the microenviron-
ment of developing tumors  [23] , their epigenetic changes 
might be directly induced by factors produced by the tu-
mors  [5] . Thus, the tumors are active participants in shap-
ing their microenvironment and ensuring favorable con-
ditions. In addition to epigenetic changes, active cytokine 
and chemokine signaling is of significant importance.

  Comparing gene expression profiles of tumor stroma 
from patients with breast cancer, Finak et al.  [2]  created a 
26-gene prognostic predictor that predicts clinical outcome 
irrespective of the clinical subtype. They identified two dis-
tinct sets of involved genes reflecting hypoxia and angio-
genesis that were linked to a poor outcome or indicated a 
Th1-like immune response linked to a favorable outcome. 
Additionally, a stromal gene expression signature that pre-
dicts response to chemotherapy in breast cancer has been 
identified  [24] , mainly encompassing genes associated with 
reactive stroma. These results strongly suggest that gene 
expression changes in tumor-associated stroma directly in-
fluence disease progression and outcome  [2] .

  In view of the frequent epigenetic modulation in cells 
of the microenvironment, therapies specifically aimed at 

these epigenetic changes, such as histone deacetylase in-
hibitors, are currently under clinical investigation for the 
treatment of breast cancer in order to ‘normalize’ the al-
tered tumor stroma and impede its tumor-supporting 
role  [15] .

  Components of the Microenvironment and Their 

Interplay with Breast Cancer 

 Fibroblasts 
 The most abundant cell type in breast cancer stroma 

are fibroblasts, also called cancer-associated fibroblasts 
(CAF)  [4] . They are known to secrete a variety of soluble 
factors, such as chemokines or growth factors, which 
modulate the tumor stroma and lead to enhanced tumor 
growth and invasion  [4, 25] . Despite their regular mor-
phology, several studies have revealed that CAF have dis-
tinct mRNA and protein expression profiles that distin-
guish them from fibroblasts in adjacent normal breast tis-
sue  [4] . For example, they show increased expression of 
genes related to development and morphogenesis, such 
as NOTCH2  [4, 26] . Additionally, a bidirectional signal-
ing pathway between CAF and cancer cells suggests that 
CAF might influence the transcriptional profile of breast 
cancer cells  [4] . Orimo et al.  [27]  showed that CAF from 
primary human breast cancers significantly enhanced tu-
mor growth and angiogenesis in xenograft models. Re-
cently, a metabolic partnership between catabolic fibro-
blasts and anabolic cancer cells with creation of a nutri-
tion-rich environment has been proposed  [28] .

  A number of origins have been proposed for CAF, in-
cluding bone marrow-derived cells recruited to the tumor 
microenvironment  [29] , normal fibroblasts responding 
to signals generated by cancer cells  [30]  and an epithelial-
mesenchymal transition of cancer cells  [31] . As noted 
previously, it is now thought that the altered phenotype 
of CAF is mainly due to epigenetic modulation of the 
DNA  [1] . Additionally, recent evidence suggests that the 
phenotype of CAF might also be influenced by intrinsic 
genetic variability  [25] . The origin of such a genetic vari-
ability can be single nucleotide polymorphisms (SNP) 
 [25] . SNP have been described for various genes, particu-
larly those encoding metalloproteinases, i.e. enzymes in-
volved in ECM modifications  [32] . Holliday et al.  [33]  
demonstrated that fibroblasts derived from women with 
an SNP genotype leading to high expression of MMP3 
significantly promoted invasion of breast cancer cells 
compared with those from women lacking this SNP ge-
notype.
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  While metalloproteinases produced by CAF seem to 
promote tumor invasion, other factors produced by fi-
broblasts such as caveolin-1 and podoplanin, which are 
associated with wound responses, have been associated 
with decreased nodal metastasis  [4] . Analogously, loss of 
caveolin-1 in the fibroblast compartment of breast can-
cers was shown to be an independent predictor of nodal 
metastasis, early tumor recurrence and poor clinical out-
come  [34] , while increased expression was associated 
with improved survival  [35] .

  CAF may also play an important role in the formation 
of brain metastases in breast cancer patients since they are 
frequently found in brain metastases and also enhance 
the invasion, colony formation and transmigration of 
breast cancer cells in vitro  [36] .

  Dendritic Cells 
 Dendritic cells (DC) play an important role in the in-

duction of antitumor responses due to their ability to 
cross-present antigens to CD4+ and CD8+ T cells, thus 
activating them to attack neoplastic cells  [37] . The matu-
ration of DC depends on the local microenvironment 
wherein various factors influence the formation of either 
tolerogenic or immunosuppressive DC  [37, 38] . Tumor-
associated stroma shows an abundance of immature DC 
with impaired capacity to stimulate antitumor immunity 
 [39] . Additionally, tumor-associated immature DC pro-
duce proangiogenic factors and enhance endothelial cell 
migration, thus actively promoting tumor growth  [39] . 
This proangiogenic property is suppressed by DC matu-
ration  [39] . In fact, it has been shown that infiltration of 
mature DC into primary tumor lesions is associated with 
fewer metastases and a better clinical outcome  [40] . Of 
note, tumor-associated cytokines, such as vascular endo-
thelial growth factor (VEGF), IL-10 and prostaglandin 
E2, can steer DC maturation towards a regulatory pheno-
type, which inhibits T-cell proliferation  [41, 42] . Induc-
tion of DC maturation, for example through molecularly 
defined triggers of DC activation such as Toll-like recep-
tor ligands and CD40 agonistic antibody, is thus a poten-
tial therapeutic strategy in cancer immunotherapy be-
cause it not only augments host immune responses but 
also suppresses angiogenesis  [39, 43] .

  Macrophages 
 Tumor-associated macrophages (TAM) form a major 

cell population in breast cancer and display a character-
istic phenotype oriented towards promoting tumor 
growth and angiogenesis, tissue remodeling and sup-
pressing adaptive immunity  [25, 44] . They originate in 

blood monocytes recruited at the tumor site through fac-
tors secreted by neoplastic and stromal cells, such as che-
mokine (C-C motif) ligand 2 (CCL2). TAM produce 
many tumor-promoting factors such as VEGF and cyto-
kines and enzymes that support invasion, angiogenesis 
and metastasis  [25, 45] . In general, macrophages can be 
categorized as classically (M1) or alternatively (M2) acti-
vated  [45] . During normal immunological responses, 
most macrophages are of the M1 phenotype and involved 
in Th1 cytokine responses to various pathogens. The M2 
phenotype, on the other hand, is associated with Th2
cytokines and is involved in wound healing and tissue
remodeling  [25] . Most TAM belong to the M2 pheno-
type and enable cancer cells to survive and disseminate 
through secretion of IL-10, CCL2, CCL17, CCL22 and 
transforming growth factor (TGF)-β  [45, 46] . Via the se-
cretion of chemokines such as CCL22, they also suppress 
antitumor immunity by preferentially attracting T-cell 
subsets devoid of cytotoxic functions, such as T reg   [45] . 
Moreover, TAM have also been implicated in the forma-
tion of metastases. By continuous matrix deposition and 
remodeling, TAM facilitate the invasion of the surround-
ing tissue and also seem to assist in the tumor cell inva-
sion of blood vessels  [45, 47] . Numerous studies have 
linked high TAM levels to a worse prognosis in breast 
cancer  [48, 49] , suggesting that TAM depletion or repro-
gramming could represent a viable therapeutic strategy.

  Lymphocytes 
 Tumor-infiltrating lymphocytes are emerging as one 

of the key players in the tumor microenvironment. The 
majority of tumor-infiltrating lymphocytes are T cells 
 [50]  that can be divided into CD4+ helper cells, T reg  with 
a CD4+, CD25+, FOXP3+ phenotype, and effector cells, 
such as natural killer cells and CD8+ T cells  [25] .

  T reg  normally protect against autoimmune diseases by 
suppressing self-reactive T cells, but in the tumor micro-
environment, this translates into blocking antitumor re-
sponses  [25] . They are able to suppress a wide range of 
immune cells, including CD8+ T cells, natural killer cells, 
B cells and antigen-presenting cells  [9] . Recently, it has 
also been shown that T reg  produce large amounts of 
RANKL, which activate RANK-expressing breast cancer 
cells and promote metastasis  [17] . Accordingly, high 
numbers of T reg  are associated with a worse prognosis in 
breast cancer  [51, 52] . It is believed that the tumor itself 
recruits T reg  through prostaglandin E2 secretion as well 
as TGF-β signaling, and suppresses the functions of ef-
fector cells through the secretion of IL-10 and TGF-β to 
create an immunosuppressive microenvironment  [53, 
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54] . This process is called immunoediting  [55]  and has 
recently been recognized as another hallmark of cancer 
 [54, 56] . Conversely, infiltration by CD8+ effector T cells 
is associated with longer breast cancer-specific survival, 
independent of other prognostic factors such as tumor 
grade, lymph node stage, tumor size, vascular invasion 
and HER2 status  [50] . However, the effect of CD8+ cy-
totoxic T cells is regulated by the balance between co-
stimulatory and co-inhibitory signals at so-called im-
mune checkpoints  [54, 57] . Immune checkpoint mole-
cules such as programmed death-1 (PD-1), cytotoxic 
T-lymphocyte antigen 4 or B- and T-lymphocyte attenu-
ator inhibit T-cell function, thus preventing inappropri-
ate immune reactions and limiting the extent and dura-
tion of immune responses. PD-1 is the most extensively 
studied immune checkpoint receptor and is increasingly 
recognized as having a crucial role in immunoediting 
 [58] . PD-1 is a co-inhibitory receptor which, through 
binding of its ligands PD ligand (PD-L) 1 and PD-L2, in-
hibits T-cell function  [57] . However, this pathway can 

also be used by tumor cells to attenuate or escape antitu-
mor T-cell immunity and create an immunosuppressive 
microenvironment, a phenomenon termed ‘molecular 
shield’ that facilitates tumor progression. PD-1 expres-
sion on tumor-infiltrating lymphocytes as well as PD-L1 
expression by tumor cells has been demonstrated in mul-
tiple human tumors, including breast cancer  [59–62] , 
where it is associated with a worse prognosis. The use of 
this pathway by cancer cells might also explain why tu-
mor growth is seldom controlled despite the induction of 
cancer-specific T cells in many trials of adoptive cell ther-
apy, with concomitant infiltration of tumor sites  [63] . 
Targeting PD-1 or its ligand PD-L1 with antibodies ca-
pable of inhibiting this pathway thus represents an 
emerging therapeutic option in breast cancer  [57] .

  For an overview over the various cellular components 
of the breast cancer microenvironment and their inter-
play with cancer cells, see  figure 1 .
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  Fig. 1.  Interplay between components of the tumor microenvironment and breast cancer cells. APC = Antigen-
presenting cells; CTLA-4 = cytotoxic T-lymphocyte-associated protein 4; NK = natural killer. 
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  Extracellular Matrix 
 The ECM is a complex network of proteins that sur-

rounds and stabilizes cells. It consists of three main types 
of proteins: structural proteins (e.g. collagen/elastin), gly-
coproteins (e.g. fibronectin) and proteoglycans (e.g. 
chondroitin sulfate)  [64] . While initially regarded as a 
stable structure solely providing support, newer studies 
indicate that the ECM is surprisingly dynamic and versa-
tile, and represents a key player in cellular processes such 
as cell growth, proliferation and migration  [64, 65] . The 
ECM is often disorganized and deregulated in cancer, 
leading to abnormal behavior of cells through feedback 
regulatory mechanisms  [65] . The most important con-
tributors to altered ECM metabolism in cancer are CAF 
and immune cells  [65] .

  The main protein component of the ECM is collagen. 
Its integrity plays a key role in cancer development, since 
degradation of collagen IV by proteases leads to cancer 
cell invasion through the BM  [66] . In addition to struc-
tural roles, the ECM also guides the passage of cytokines 
and growth factors between cells, thus enabling intercel-
lular communication  [64] . Extracellular proteinases such 
as MMP maintain homeostasis of the ECM and are a sec-
ond important key player in the tumor microenviron-
ment. Altered proteinase activity is prevalent in cancer 
and shows an association with patient outcome  [65] . In 
view of this, several extracellular proteinase inhibitors are 
in development for use in human cancer  [64] . While syn-
thetic MMP inhibitors have shown efficacy against ma-
lignant tumors in preclinical studies, the outcomes of 
clinical MMP inhibitor trials exceeding phase II have 
been disappointing  [67] .

  In addition to changes in its biochemical properties, 
the architecture as well as the physical and biochemical 
properties of the ECM is fundamentally different in can-
cer  [65] . Compared with normal stroma, breast cancer 
stroma is typically stiffer  [65] , which is one of the reasons 
that breast cancers become palpable. This increased tissue 
stiffness can be attributed to lysyl oxidase (LOX), which 
cross-links collagen fibers  [65] . Studies in mouse models 
have shown that overexpression of LOX promotes breast 
cancer progression and invasiveness, whereas inhibition 
of LOX reduces breast cancer incidence  [68] . Further-
more, up-regulation of LOX has been found in metastat-
ic cancer sites  [69] . Increased mechanical force as result 
of LOX activity presumably facilitates colonization of the 
metastatic niche by cancer cells  [65] . These altered bio-
chemical properties also play an essential role in tumor 
angiogenesis by facilitating vessel growth  [65] .

  Finally, aberrant ECM also promotes tumor growth by 
preventing T cells from undergoing their normal differ-
entiation and maturation, thus sabotaging the immune 
system in its efforts to control tumor cells  [65] . For ex-
ample, hyaluronan can induce T reg  differentiation from 
effector memory T-cell precursors  [70] .

  In summary, abnormal ECM not only promotes can-
cer cell transformation and tissue invasion, but also helps 
to create a tumorigenic microenvironment that further 
facilitates cancer progression  [65] . Determining whether 
abnormal ECM can be used as a therapeutic target is thus 
an important issue of future cancer research.

  Breast Cancer Microenvironment as a Therapeutic 

Target 

 In the past few years, considerable effort has been 
made to therapeutically target different components of 
the tumor microenvironment. Since stromal cells are ge-
netically stable and thus unlikely to develop chemoresis-
tance, they represent promising therapeutic targets  [71] . 
Currently, three types of therapies targeting the breast 
cancer microenvironment are in clinical practice: aroma-
tase inhibitors (blocking the aromatase enzyme expressed 
in the stroma and elsewhere), angiogenesis inhibitors 
(e.g. VEGF inhibitors) and HER2 inhibitors (blocking 
HER2 signaling on cancer cells triggered by stromal 
growth factors)  [72] . While aromatase inhibitors and 
HER2 inhibitors are considered standard therapies in 
breast cancer, the effectiveness of angiogenesis inhibitors 
is less clear  [72] .

  VEGF inhibitors have been shown to extend progres-
sion-free survival in breast cancer when combined with 
other chemotherapeutic drugs  [73]  but have also been as-
sociated with significant adverse reactions  [74] , and stud-
ies in animal models have raised concerns that they may 
even enhance tumor progression and metastasis  [75] . 
Thus, while targeting the breast cancer microenviron-
ment is an exciting possibility, highly deleterious side ef-
fects due to disruption of homeostatic functions are fre-
quently encountered  [15] .

  Components of the immune system have also been in-
vestigated as possible therapeutic targets. One theory is 
that reestablishing an antitumor inflammatory milieu 
might control tumor growth. For example, tumor necro-
sis factor-α antagonists induce stabilization and partial 
response in breast cancer  [76] . Other work has aimed at 
reprogramming TAM from the M2 to the M1 phenotype 
 [77, 78] , or at inhibiting TAM recruitment to the tumor 
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site, which improves the efficacy of chemotherapy  [79] . 
In breast cancer mouse models, blockade of macrophage 
recruitment with colony-stimulating factor-1 receptor 
(CSF1R) antagonists, in combination with paclitaxel, led 
to improved survival by slowing primary cancer develop-
ment and reducing pulmonary metastasis  [79] . In hu-
mans, the combination of a CSF1R inhibitor with chemo-
therapy is currently being tested in a phase Ib/II study in 
metastatic breast cancer patients (NCT01596751). Fur-
thermore, trabectedin, a drug with selective cytotoxic ef-
fects on TAM that spares the lymphoid subset, has shown 
encouraging results in a phase II trial in breast cancer pa-
tients  [45, 80] . An intriguing recent discovery is that over-
expression of histidine-rich glycoprotein by tumor cells 
induces TAM conversion from the M2 to the M1 type in 
murine syngeneic tumor models, leading to decreased tu-
mor growth and fewer pulmonary metastases  [78] . Con-
sidering conventional chemotherapy, it seems that ad-
ministration of doxorubicin leads to depletion of TAM as 
well as a shift in myeloid cell infiltration from immuno-
suppressive TAM to inflammatory monocytes in mice 
 [81] . Additionally, since TAM infiltrate breast cancers 
spontaneously, recent studies have focused on these cells 
as natural vectors to deliver therapeutic substances into 
the tumor  [45] .

  Multiple agents to target the CXCL12/CXCR4 axis
are currently being developed. Among these, the anti-

CXCR4 drug AMD3100 (Plerixafor ® ) is the most stud-
ied and has been shown to decrease the metastatic poten-
tial of different types of tumors, including breast cancer, 
in animal models  [10, 82] . AMD3100 is currently being 
tested in phase I/II trials as a therapeutic option in acute 
myeloid leukemia, but has not yet been tested in breast 
cancer patients  [83] . Another CXCR4 inhibitor, MSX-
122, is currently being tested in a phase I trial for ad-
vanced malignant diseases  [10, 83] , but potential side ef-
fects on the stem cell compartment in normal tissue may 
prevent successful clinical use  [10] . Another strategy tar-
geting immune cells is blockade of the PD-1/PD-L1 
pathway. Multiple recent phase I clinical trials investi-
gated the effects of fully human anti-PD-1 and anti-PD-
L1 antibodies in patients with various types of advanced 
solid cancers  [84–87] . Of note, success was documented 
in cancers that have long been considered resistant to im-
munotherapy, such as non-small cell lung cancers. In ad-
dition, some of these responses were durable, suggesting 
that targeting the PD-1/PD-L1 signaling pathway is like-
ly to develop into an important treatment modality for 
patients with advanced malignancies. Interestingly, pre-
liminary results of an ongoing Phase Ia trial testing an 
anti-PD-L1 antibody (MPDL3280A) in a small cohort of 
metastatic triple negative breast cancer patients showed 
objective responses in 24% and complete response in 
10% of patients, respectively [88]. Therefore, further de-

 Table 1.  Overview of microenvironment components and their therapeutic potential

Component Mechanistics Therapeutic potential Clinical evidence

CAF MP production
TGF-β secretion
VEGF secretion
CXCL12 secretion

MP inhibitors
TGF-β blockers (IN-1130)
VEGF inhibitors (bevacizumab)
CXCR4 antagonists (byrostatin-5, AMD3100, MSX-11)

No conclusive clinical benefit
[93, 94] (mouse models)
[73, 95 – 97]
[82, 98] (in vitro and mouse models)

DC Inhibition of T-cell proliferation
Treg recruitment
Immunosuppression

DC vaccines [99, 100]

TAM M2 polarization
ECM remodeling through MP secretion
Angiogenesis
Treg recruitment

TAM inhibitors (trabectedin)
TAM depletion (doxorubicin)
CSFR1 antagonists

[45, 80]
[81]
[79] (mouse models)

Treg Suppression of immune cells
RANKL production

Anti-CD25 antibodies
Anti-RANKL antibodies (denosumab)

[101]
[102]

Teff T-cell exhaustion through 
PD-1/PD-L1 signaling

Anti-PD-1 antibodies
Anti-PD-L1 antibodies

[84 – 88]

ECM ECM remodeling
Increased stiffness

ECM degradation inhibitors
LOX inhibitors (magnolol, β-aminopropionitrile)

[103]
[90, 91] (in vitro and mouse models)

 Teff = Effector T cells; MP = metalloproteinases.
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fining the importance of the PD-1/PD-L1 signaling path-
way in breast cancer is of significant clinical relevance, 
since it will lead to important insights into whether anti-
body therapies targeting this pathway will be of clinical 
use in selected breast cancer patients.

  Strategies aimed at depleting T reg  are also being inves-
tigated. Since T reg  are highly dependent on IL-2 for their 
survival, neutralization of IL-2 with specific antibodies 
can substantially reduce the number of T reg  and their sup-
pressive activity, a concept that has been proven by Cu-
riel  [89]  in patients with advanced carcinomas, including 
breast carcinoma  [54] .

  Strategies to reduce the stiffness of tumor stroma are 
also being investigated. For example, two tested LOX in-
hibitors have shown promising results in breast cancer 
cell cultures and mouse models  [90, 91] .

   Table 1  gives an overview of the various components 
of the breast cancer microenvironment and their thera-
peutic potential. In addition to drugs being developed 
against novel targets in the microenvironment, the ob-
served antitumor efficacy of several older therapeutic 
agents seem to be mediated through the microenviron-
ment  [72] . For example, it is now recognized that bisphos-
phonates have direct antitumor effects through modula-
tion of angiogenesis and immune cells  [72, 92] . Further-
more, following administration of classic cytotoxic 
chemotherapies, the microenvironment seems to acquire 
an altered phenotype in response to signals derived from 
the killed cancer cells  [72] , and it is speculated that this 
altered phenotype independently inhibits tumor growth. 

For example, cells of the innate immune system can be 
activated by proteins secreted by dying cells, such as
SIN3A-associated protein 130  [45] .

  Concluding Remarks 

 The tumor microenvironment is increasingly recog-
nized as a key player in tumor progression and as a prom-
ising therapeutic target in breast cancer. Composed of 
various cellular elements as well as ECM and soluble 
growth factors, it represents a complex network of cellu-
lar signaling and distinct tissue properties. Suppressive 
immune cells, soluble factors and altered ECM act togeth-
er to impede effective antitumor immunity and promote 
breast cancer progression and metastasis. The surround-
ing inflammation induced during natural tumor progres-
sion is possibly responsible for the failure of the immune 
system to effectively restrain breast cancer expansion. 
Therefore, new therapeutic strategies aim at ‘normaliz-
ing’ the surrounding stroma as well as at modulating the 
immune system and enhancing antitumor activity. To 
achieve this, the identification of protumorigenic signal-
ing pathways is critical and requires further study.

  Acknowledgment 

 This work was supported by the Holcim Foundation for the 
advancement of scientific research. 

 References 

  1 Hu M, Yao J, Cai L, Bachman KE, van den 
Brule F, Velculescu V, Polyak K: Distinct epi-
genetic changes in the stromal cells of breast 
cancers. Nat Genet 2005;   37:   899–905. 

  2 Finak G, Bertos N, Pepin F, Sadekova S, Sou-
leimanova M, Zhao H, Chen H, Omeroglu G, 
Meterissian S, Omeroglu A, Hallett M, Park 
M: Stromal gene expression predicts clinical 
outcome in breast cancer. Nat Med 2008;   14:  
 518–527. 

  3 Coleman RE, Gregory W, Marshall H, Wilson 
C, Holen I: The metastatic microenvironment 
of breast cancer: clinical implications. Breast 
2013;   22(suppl 2):S50–S56. 

  4 Folgueira MA, Maistro S, Katayama ML,
Roela RA, Mundim FG, Nanogaki S, de Bock 
GH, Brentani MM: Markers of breast cancer 
stromal fibroblasts in the primary tumour site 
associated with lymph node metastasis: a sys-
tematic review including our case series. Bio-
sci Rep 2013;   33:e00085. 

  5 Hu M, Polyak K: Microenvironmental regula-
tion of cancer development. Curr Opin Genet 
Dev 2008;   18:   27–34. 

  6 Hu M, Yao J, Carroll DK, Weremowicz S, 
Chen H, Carrasco D, Richardson A, Violette 
S, Nikolskaya T, Nikolsky Y, Bauerlein EL, 
Hahn WC, Gelman RS, Allred C, Bissell MJ, 
Schnitt S, Polyak K: Regulation of in situ to 
invasive breast carcinoma transition. Cancer 
Cell 2008;   13:   394–406. 

  7 Barsky SH, Karlin NJ: Myoepithelial cells: au-
tocrine and paracrine suppressors of breast 
cancer progression. J Mammary Gland Biol 
Neoplasia 2005;   10:   249–260. 

  8 Dvorak HF: Tumors: wounds that do not 
heal. Similarities between tumor stroma gen-
eration and wound healing. N Engl J Med 
1986;   315:   1650–1659. 

  9 Jiang X, Shapiro DJ: The immune system and 
inflammation in breast cancer. Mol Cell En-
docrinol 2014;   382:   673–682. 

 10 Cojoc M, Peitzsch C, Trautmann F, Polish-
chuk L, Telegeev GD, Dubrovska A: Emerg-
ing targets in cancer management: role of the 
CXCL12/CXCR4 axis. Onco Targets Ther 
2013;   6:   1347–1361. 

 11 Balkwill F: The significance of cancer cell ex-
pression of the chemokine receptor CXCR4. 
Semin Cancer Biol 2004;   14:   171–179. 

 12 Jung Y, Kim JK, Shiozawa Y, Wang J, Mishra 
A, Joseph J, Berry JE, McGee S, Lee E, Sun H, 
Wang J, Jin T, Zhang H, Dai J, Krebsbach PH, 
Keller ET, Pienta KJ, Taichman RS: Recruit-
ment of mesenchymal stem cells into prostate 
tumours promotes metastasis. Nat Commun 
2013;   4:   1795. 

 13 Zhang Z, Ni C, Chen W, Wu P, Wang Z, Yin 
J, Huang J, Qiu F: Expression of CXCR4 and 
breast cancer prognosis: a systematic review 
and meta-analysis. BMC Cancer 2014;   14:   49. 

http://dx.doi.org/10.1159%2F000430499


 Soysal/Tzankov/Muenst

 

Pathobiology 2015;82:142–152
DOI: 10.1159/000430499

150

 14 Kakonen SM, Mundy GR: Mechanisms of os-
teolytic bone metastases in breast carcinoma. 
Cancer 2003;   97(3 suppl):834–839. 

 15 Place AE, Jin Huh S, Polyak K: The microen-
vironment in breast cancer progression: biol-
ogy and implications for treatment. Breast 
Cancer Res 2011;   13:   227. 

 16 Duda DG, Duyverman AM, Kohno M, Snu-
derl M, Steller EJ, Fukumura D, Jain RK: Ma-
lignant cells facilitate lung metastasis by 
bringing their own soil. Proc Natl Acad Sci 
USA 2010;   107:   21677–21682. 

 17 Tan W, Zhang W, Strasner A, Grivennikov S, 
Cheng JQ, Hoffman RM, Karin M: Tumour-
infiltrating regulatory T cells stimulate mam-
mary cancer metastasis through RANKL-
RANK signalling. Nature 2011;   470:   548–553. 

 18 Kim MY, Oskarsson T, Acharyya S, Nguyen 
DX, Zhang XH, Norton L, Massague J: Tumor 
self-seeding by circulating cancer cells. Cell 
2009;   139:   1315–1326. 

 19 Allinen M, Beroukhim R, Cai L, Brennan C, 
Lahti-Domenici J, Huang H, Porter D, Hu M, 
Chin L, Richardson A, Schnitt S, Sellers WR, 
Polyak K: Molecular characterization of the 
tumor microenvironment in breast cancer. 
Cancer Cell 2004;   6:   17–32. 

 20 Ma XJ, Dahiya S, Richardson E, Erlander M, 
Sgroi DC: Gene expression profiling of the 
tumor microenvironment during breast can-
cer progression. Breast Cancer Res 2009;  
 11:R7. 

 21 Qiu W, Hu M, Sridhar A, Opeskin K, Fox S, 
Shipitsin M, Trivett M, Thompson ER, Ra-
makrishna M, Gorringe KL, Polyak K, Haviv 
I, Campbell IG: No evidence of clonal somat-
ic genetic alterations in cancer-associated fi-
broblasts from human breast and ovarian car-
cinomas. Nat Genet 2008;   40:   650–655. 

 22 Fiegl H, Millinger S, Goebel G, Muller-Holz-
ner E, Marth C, Laird PW, Widschwendter M: 
Breast cancer DNA methylation profiles in 
cancer cells and tumor stroma: association 
with HER-2/neu status in primary breast can-
cer. Cancer Res 2006;   66:   29–33. 

 23 Direkze NC, Hodivala-Dilke K, Jeffery R, 
Hunt T, Poulsom R, Oukrif D, Alison MR, 
Wright NA: Bone marrow contribution to tu-
mor-associated myofibroblasts and fibro-
blasts. Cancer Res 2004;   64:   8492–8495. 

 24 Farmer P, Bonnefoi H, Anderle P, Cameron 
D, Wirapati P, Becette V, Andre S, Piccart M, 
Campone M, Brain E, Macgrogan G, Petit T, 
Jassem J, Bibeau F, Blot E, Bogaerts J, Aguet 
M, Bergh J, Iggo R, Delorenzi M: A stroma-
related gene signature predicts resistance to 
neoadjuvant chemotherapy in breast cancer. 
Nat Med 2009;   15:   68–74. 

 25 Allen M, Louise Jones J: Jekyll and Hyde: the 
role of the microenvironment on the progres-
sion of cancer. J Pathol 2011;   223:   162–176. 

 26 Del Valle PR, Milani C, Brentani MM, Kata-
yama ML, de Lyra EC, Carraro DM, Brentani 
H, Puga R, Lima LA, Rozenchan PB, Nunes 
Bdos S, Goes JC, Azevedo Koike Folgueira 
MA: Transcriptional profile of fibroblasts ob-
tained from the primary site, lymph node and 

bone marrow of breast cancer patients. Genet 
Mol Biol 2014;   37:   480–489. 

 27 Orimo A, Gupta PB, Sgroi DC, Arenzana-
Seisdedos F, Delaunay T, Naeem R, Carey VJ, 
Richardson AL, Weinberg RA: Stromal fibro-
blasts present in invasive human breast carci-
nomas promote tumor growth and angiogen-
esis through elevated SDF-1/CXCL12 secre-
tion. Cell 2005;   121:   335–348. 

 28 Martinez-Outschoorn UE, Lisanti MP, Sotgia 
F: Catabolic cancer-associated fibroblasts 
transfer energy and biomass to anabolic can-
cer cells, fueling tumor growth. Semin Cancer 
Biol 2014;   25:   47–60. 

 29 Direkze NC, Jeffery R, Hodivala-Dilke K, 
Hunt T, Playford RJ, Elia G, Poulsom R, 
Wright NA, Alison MR: Bone marrow-de-
rived stromal cells express lineage-related 
messenger RNA species. Cancer Res 2006;   66:  
 1265–1269. 

 30 Kalluri R, Zeisberg M: Fibroblasts in cancer. 
Nat Rev Cancer 2006;   6:   392–401. 

 31 Radisky ES, Radisky DC: Stromal induction 
of breast cancer: inflammation and invasion. 
Rev Endocr Metab Disord 2007;   8:   279–287. 

 32 Hinoda Y, Okayama N, Takano N, Fujimura 
K, Suehiro Y, Hamanaka Y, Hazama S, Kita-
mura Y, Kamatani N, Oka M: Association of 
functional polymorphisms of matrix metallo-
proteinase (MMP)-1 and MMP-3 genes with 
colorectal cancer. Int J Cancer 2002;   102:   526–
529. 

 33 Holliday DL, Hughes S, Shaw JA, Walker RA, 
Jones JL: Intrinsic genetic characteristics de-
termine tumor-modifying capacity of fibro-
blasts: matrix metalloproteinase-3 5A/5A 
genotype enhances breast cancer cell inva-
sion. Breast Cancer Res 2007;   9:R67. 

 34 Witkiewicz AK, Dasgupta A, Nguyen KH, Liu 
C, Kovatich AJ, Schwartz GF, Pestell RG, Sot-
gia F, Rui H, Lisanti MP: Stromal caveolin-1 
levels predict early DCIS progression to inva-
sive breast cancer. Cancer Biol Ther 2009;   8:  
 1071–1079. 

 35 Sloan EK, Ciocca DR, Pouliot N, Natoli A, Re-
stall C, Henderson MA, Fanelli MA, Cuello-
Carrion FD, Gago FE, Anderson RL: Stromal 
cell expression of caveolin-1 predicts out-
come in breast cancer. Am J Pathol 2009;   174:  
 2035–2043. 

 36 Choi YP, Lee JH, Gao MQ, Kim BG, Kang S, 
Kim SH, Cho NH: Cancer-associated fibro-
blast promote transmigration through endo-
thelial brain cells in three-dimensional in vi-
tro models. Int J Cancer 2014;   135:   2024–2033. 

 37 da Cunha A, Michelin MA, Murta EF: Pattern 
response of dendritic cells in the tumor mi-
croenvironment and breast cancer. World J 
Clin Oncol 2014;   5:   495–502. 

 38 Steinman RM, Hawiger D, Nussenzweig MC: 
Tolerogenic dendritic cells. Annu Rev Immu-
nol 2003;   21:   685–711. 

 39 Fainaru O, Almog N, Yung CW, Nakai K, 
Montoya-Zavala M, Abdollahi A, D’Amato R, 
Ingber DE: Tumor growth and angiogenesis 
are dependent on the presence of immature 
dendritic cells. FASEB J 2010;   24:   1411–1418. 

 40 Lotze MT: Getting to the source: dendritic 
cells as therapeutic reagents for the treatment 
of patients with cancer. Ann Surg 1997;   226:  
 1–5. 

 41 Korkaya H, Liu S, Wicha MS: Breast cancer 
stem cells, cytokine networks, and the tumor 
microenvironment. J Clin Invest 2011;   121:  
 3804–3809. 

 42 Liu Q, Zhang C, Sun A, Zheng Y, Wang L, Cao 
X: Tumor-educated CD11b high Ia low  regulato-
ry dendritic cells suppress T cell response 
through arginase I. J Immunol 2009;   182:  
 6207–6216. 

 43 Melief CJ: Cancer immunotherapy by den-
dritic cells. Immunity 2008;   29:   372–383. 

 44 Mantovani A, Allavena P, Sica A, Balkwill F: 
Cancer-related inflammation. Nature 2008;  
 454:   436–444. 

 45 Solinas G, Germano G, Mantovani A, Alla vena 
P: Tumor-associated macrophages (TAM) as 
major players of the cancer-related inflamma-
tion. J Leukoc Biol 2009;   86:   1065–1073. 

 46 Mantovani A, Locati M: Tumor-associated 
macrophages as a paradigm of macrophage 
plasticity, diversity, and polarization: lessons 
and open questions. Arterioscler Thromb 
Vasc Biol 2013;   33:   1478–1483. 

 47 Joyce JA, Pollard JW: Microenvironmental 
regulation of metastasis. Nat Rev Cancer 
2009;   9:   239–252. 

 48 Tsutsui S, Yasuda K, Suzuki K, Tahara K, Hi-
gashi H, Era S: Macrophage infiltration and its 
prognostic implications in breast cancer: the 
relationship with VEGF expression and mi-
crovessel density. Oncol Rep 2005;   14:   425–
431. 

 49 Zhang Y, Cheng S, Zhang M, Zhen L, Pang D, 
Zhang Q, Li Z: High-infiltration of tumor-as-
sociated macrophages predicts unfavorable 
clinical outcome for node-negative breast 
cancer. PLoS One 2013;   8:e76147. 

 50 Mahmoud SM, Paish EC, Powe DG, Macmil-
lan RD, Grainge MJ, Lee AH, Ellis IO, Green 
AR: Tumor-infiltrating CD8+ lymphocytes 
predict clinical outcome in breast cancer. J 
Clin Oncol 2011;   29:   1949–1955. 

 51 Bohling SD, Allison KH: Immunosuppressive 
regulatory T cells are associated with aggres-
sive breast cancer phenotypes: a potential 
therapeutic target. Mod Pathol 2008;   21:   1527–
1532. 

 52 Ohara M, Yamaguchi Y, Matsuura K, Mu-
rakami S, Arihiro K, Okada M: Possible in-
volvement of regulatory T cells in tumor onset 
and progression in primary breast cancer. 
Cancer Immunol Immunother 2009;   58:   441–
447. 

 53 Linehan DC, Goedegebuure PS: CD25+ 
CD4+ regulatory T-cells in cancer. Immunol 
Res 2005;   32:   155–168. 

 54 Jiang X: Harnessing the immune system for 
the treatment of breast cancer. J Zhejiang 
Univ Sci B 2014;   15:   1–15. 

 55 Schreiber RD, Old LJ, Smyth MJ: Cancer im-
munoediting: integrating immunity’s roles in 
cancer suppression and promotion. Science 
2011;   331:   1565–1570. 

http://dx.doi.org/10.1159%2F000430499


 Role of the Tumor Microenvironment Pathobiology 2015;82:142–152
DOI: 10.1159/000430499

151

 56 Hanahan D, Weinberg RA: Hallmarks of can-
cer: the next generation. Cell 2011;   144:   646–
674. 

 57 Muenst S, Soysal SD, Tzankov A, Hoeller S: 
The PD-1/PD-L1 pathway: biological back-
ground and clinical relevance of an emerging 
treatment target in immunotherapy. Expert 
Opin Ther Targets 2014;   1–11. 

 58 Pedoeem A, Azoulay-Alfaguter I, Strazza M, 
Silverman GJ, Mor A: Programmed death-1 
pathway in cancer and autoimmunity. Clin 
Immunol 2014;   153:   145–152. 

 59 Muenst S, Schaerli AR, Gao F, Daster S, Trel-
la E, Droeser RA, Muraro MG, Zajac P, Zanet-
ti R, Gillanders WE, Weber WP, Soysal SD: 
Expression of programmed death ligand 1 
(PD-L1) is associated with poor prognosis in 
human breast cancer. Breast Cancer Res Treat 
2014;   146:   15–24. 

 60 Muenst S, Soysal SD, Gao F, Obermann EC, 
Oertli D, Gillanders WE: The presence of pro-
grammed death 1 (PD-1)-positive tumor-in-
filtrating lymphocytes is associated with poor 
prognosis in human breast cancer. Breast 
Cancer Res Treat 2013;   139:   667–676. 

 61 Chapon M, Randriamampita C, Maubec E, 
Badoual C, Fouquet S, Wang SF, Marinho E, 
Farhi D, Garcette M, Jacobelli S, Rouquette A, 
Carlotti A, Girod A, Prevost-Blondel A, 
Trautmann A, Avril MF, Bercovici N: Pro-
gressive upregulation of PD-1 in primary and 
metastatic melanomas associated with blunt-
ed TCR signaling in infiltrating T lympho-
cytes. J Invest Dermatol 2011;   131:   1300–1307. 

 62 Dong H, Strome SE, Salomao DR, Tamura H, 
Hirano F, Flies DB, Roche PC, Lu J, Zhu G, 
Tamada K, Lennon VA, Celis E, Chen L: Tu-
mor-associated B7-H1 promotes T-cell apop-
tosis: a potential mechanism of immune eva-
sion. Nat Med 2002;   8:   793–800. 

 63 Blank C, Gajewski TF, Mackensen A: Interac-
tion of PD-L1 on tumor cells with PD-1 on 
tumor-specific T cells as a mechanism of im-
mune evasion: implications for tumor immu-
notherapy. Cancer Immunol Immunother 
2005;   54:   307–314. 

 64 Roy DM, Walsh LA: Candidate prognostic 
markers in breast cancer: focus on extracel-
lular proteases and their inhibitors. Breast 
Cancer 2014;   6:   81–91. 

 65 Lu P, Weaver VM, Werb Z: The extracellular 
matrix: a dynamic niche in cancer progres-
sion. J Cell Biol 2012;   196:   395–406. 

 66 Tanjore H, Kalluri R: The role of type IV col-
lagen and basement membranes in cancer 
progression and metastasis. Am J Pathol 
2006;   168:   715–717. 

 67 Vihinen P, Kahari VM: Matrix metallopro-
teinases in cancer: prognostic markers and 
therapeutic targets. Int J Cancer 2002;   99:   157–
166. 

 68 Levental KR, Yu H, Kass L, Lakins JN, Egeblad 
M, Erler JT, Fong SF, Csiszar K, Giaccia A, 
Weninger W, Yamauchi M, Gasser DL, 
Weaver VM: Matrix crosslinking forces tu-
mor progression by enhancing integrin sig-
naling. Cell 2009;   139:   891–906. 

 69 Erler JT, Bennewith KL, Nicolau M, Dornhofer 
N, Kong C, Le QT, Chi JT, Jeffrey SS, Giaccia 
AJ: Lysyl oxidase is essential for hypoxia-in-
duced metastasis. Nature 2006;   440:   1222–1226. 

 70 Bollyky PL, Wu RP, Falk BA, Lord JD, Long 
SA, Preisinger A, Teng B, Holt GE, Standifer 
NE, Braun KR, Xie CF, Samuels PL, Vernon 
RB, Gebe JA, Wight TN, Nepom GT: ECM 
components guide IL-10 producing regula-
tory T-cell (TR1) induction from effector 
memory T-cell precursors. Proc Natl Acad Sci 
USA 2011;   108:   7938–7943. 

 71 Criscitiello C, Esposito A, Curigliano G: Tu-
mor-stroma crosstalk: targeting stroma in 
breast cancer. Curr Opin Oncol 2014;   26:   551–
555. 

 72 Nwabo Kamdje AH, Seke Etet PF, Vecchio L, 
Muller JM, Krampera M, Lukong KE: Signal-
ing pathways in breast cancer: therapeutic tar-
geting of the microenvironment. Cell Signal 
2014;   26:   2843–2856. 

 73 Miller K, Wang M, Gralow J, Dickler M,
Cobleigh M, Perez EA, Shenkier T, Cella D, 
Davidson NE: Paclitaxel plus bevacizumab 
versus paclitaxel alone for metastatic breast 
cancer. N Engl J Med 2007;   357:   2666–2676. 

 74 Ranpura V, Hapani S, Wu S: Treatment-relat-
ed mortality with bevacizumab in cancer pa-
tients: a meta-analysis. JAMA 2011;   305:   487–
494. 

 75 Ebos JM, Lee CR, Cruz-Munoz W, Bjarnason 
GA, Christensen JG, Kerbel RS: Accelerated 
metastasis after short-term treatment with a 
potent inhibitor of tumor angiogenesis. Can-
cer Cell 2009;   15:   232–239. 

 76 Madhusudan S, Foster M, Muthuramalingam 
SR, Braybrooke JP, Wilner S, Kaur K, Han C, 
Hoare S, Balkwill F, Talbot DC, Ganesan TS, 
Harris AL: A phase II study of etanercept (En-
brel), a tumor necrosis factor alpha inhibitor 
in patients with metastatic breast cancer. Clin 
Cancer Res 2004;   10:   6528–6534. 

 77 Hagemann T, Lawrence T, McNeish I, Charles 
KA, Kulbe H, Thompson RG, Robinson SC, 
Balkwill FR: ‘Re-educating’ tumor-associated 
macrophages by targeting NF-kappaB. J Exp 
Med 2008;   205:   1261–1268. 

 78 Rolny C, Mazzone M, Tugues S, Laoui D, Jo-
hansson I, Coulon C, Squadrito ML, Segura I, 
Li X, Knevels E, Costa S, Vinckier S, Dresse-
laer T, Akerud P, De Mol M, Salomaki H, 
Phillipson M, Wyns S, Larsson E, Buysschaert 
I, Botling J, Himmelreich U, Van Ginder-
achter JA, De Palma M, Dewerchin M, Claes-
son-Welsh L, Carmeliet P: HRG inhibits tu-
mor growth and metastasis by inducing mac-
rophage polarization and vessel normalization 
through downregulation of PlGF. Cancer Cell 
2011;   19:   31–44. 

 79 DeNardo DG, Brennan DJ, Rexhepaj E, 
Ruffell B, Shiao SL, Madden SF, Gallagher 
WM, Wadhwani N, Keil SD, Junaid SA, Rugo 
HS, Hwang ES, Jirstrom K, West BL, Cous-
sens LM: Leukocyte complexity predicts 
breast cancer survival and functionally regu-
lates response to chemotherapy. Cancer Dis-
cov 2011;   1:   54–67. 

 80 Delaloge S, Wolp-Diniz R, Byrski T, Blum JL, 
Goncalves A, Campone M, Lardelli P, Kahatt 
C, Nieto A, Cullell-Young M, Lubinski J: Ac-
tivity of trabectedin in germline BRCA1/2-
mutated metastatic breast cancer: results of an 
international first-in-class phase II study. 
Ann Oncol 2014;   25:   1152–1158. 

 81 Hannesdottir L, Tymoszuk P, Parajuli N, 
Wasmer MH, Philipp S, Daschil N, Datta S, 
Koller JB, Tripp CH, Stoitzner P, Muller-
Holzner E, Wiegers GJ, Sexl V, Villunger A, 
Doppler W: Lapatinib and doxorubicin en-
hance the Stat1-dependent antitumor immune 
response. Eur J Immunol 2013;   43:   2718–2729. 

 82 Smith MC, Luker KE, Garbow JR, Prior JL, 
Jackson E, Piwnica-Worms D, Luker GD: 
CXCR4 regulates growth of both primary and 
metastatic breast cancer. Cancer Res 2004;   64:  
 8604–8612. 

 83 Ramsey DM, McAlpine SR: Halting metasta-
sis through CXCR4 inhibition. Bioorg Med 
Chem Lett 2013;   23:   20–25. 

 84 Brahmer JR, Drake CG, Wollner I, Powderly 
JD, Picus J, Sharfman WH, Stankevich E, 
Pons A, Salay TM, McMiller TL, Gilson MM, 
Wang C, Selby M, Taube JM, Anders R, Chen 
L, Korman AJ, Pardoll DM, Lowy I, Topalian 
SL: Phase I study of single-agent anti-pro-
grammed death-1 (MDX-1106) in refractory 
solid tumors: safety, clinical activity, pharma-
codynamics, and immunologic correlates. J 
Clin Oncol 2010;   28:   3167–3175. 

 85 Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, 
Topalian SL, Hwu P, Drake CG, Camacho 
LH, Kauh J, Odunsi K, Pitot HC, Hamid O, 
Bhatia S, Martins R, Eaton K, Chen S, Salay 
TM, Alaparthy S, Grosso JF, Korman AJ, 
Parker SM, Agrawal S, Goldberg SM, Pardoll 
DM, Gupta A, Wigginton JM: Safety and ac-
tivity of anti-PD-L1 antibody in patients with 
advanced cancer. N Engl J Med 2012;   366:  
 2455–2465. 

 86 Brahmer JR, Horn L, Antonia S, et al: Clinical 
activity and safety of anti-PD1 (BMS-936558, 
MDX-1106) in patients with advanced non-
small-cell lung cancer (NSCLC) (abstract). 
Proc Am Soc Clin Oncol 2012;   30(suppl):7509. 

 87 Topalian SL, Hodi FS, Brahmer JR, Gettinger 
SN, Smith DC, McDermott DF, Powderly JD, 
Carvajal RD, Sosman JA, Atkins MB, Leming 
PD, Spigel DR, Antonia SJ, Horn L, Drake 
CG, Pardoll DM, Chen L, Sharfman WH, An-
ders RA, Taube JM, McMiller TL, Xu H, Kor-
man AJ, Jure-Kunkel M, Agrawal S, McDon-
ald D, Kollia GD, Gupta A, Wigginton JM, 
Sznol M: Safety, activity, and immune corre-
lates of anti-PD-1 antibody in cancer. N Engl 
J Med 2012;   366:   2443–2454. 

 88 Gibson J: Anti-PD-L1 for metastatic triple 
negative breast cancer. Lancet Oncol 2015;
16:e264 

 89 Curiel TJ: Regulatory T cells and treatment of 
cancer. Curr Opin Immunol 2008;   20:   241–
246. 

http://dx.doi.org/10.1159%2F000430499


 Soysal/Tzankov/Muenst

 

Pathobiology 2015;82:142–152
DOI: 10.1159/000430499

152

 90 Bondareva A, Downey CM, Ayres F, Liu W, 
Boyd SK, Hallgrimsson B, Jirik FR: The lysyl 
oxidase inhibitor, beta-aminopropionitrile, 
diminishes the metastatic colonization poten-
tial of circulating breast cancer cells. PLoS 
One 2009;   4:e5620. 

 91 Chen LC, Tu SH, Huang CS, Chen CS, Ho CT, 
Lin HW, Lee CH, Chang HW, Chang CH, Wu 
CH, Lee WS, Ho YS: Human breast cancer cell 
metastasis is attenuated by lysyl oxidase inhibi-
tors through down-regulation of focal adhesion 
kinase and the paxillin-signaling pathway. 
Breast Cancer Res Treat 2012;   134:   989–1004. 

 92 Holen I, Coleman RE: Anti-tumour activity of 
bisphosphonates in preclinical models of 
breast cancer. Breast Cancer Res 2010;   12:   214. 

 93 Park CY, Min KN, Son JY, Park SY, Nam JS, 
Kim DK, Sheen YY: A novel inhibitor of 
TGF-β type I receptor, IN-1130, blocks breast 
cancer lung metastasis through inhibition of 
epithelial-mesenchymal transition. Cancer 
Lett 2014;   351:   72–80. 

 94 Chen X, Yang Y, Zhou Q, Weiss JM, Howard 
OZ, McPherson JM, Wakefield LM, Oppen-
heim JJ: Effective chemoimmunotherapy 
with anti-TGFbeta antibody and cyclophos-
phamide in a mouse model of breast cancer. 
PLoS One 2014;   9:e85398. 

 95 Redondo A, Martinez V, Zamora P, Castelo B, 
Pinto A, Cruz P, Higuera O, Mendiola M, 
Hardisson D, Espinosa E: Continuation of 
bevacizumab and addition of hormone thera-
py following weekly paclitaxel therapy in 
HER2-negative metastatic breast cancer. 
Onco Targets Ther 2014;   7:   2175–2181. 

 96 Kontopodis E, Kentepozidis N, Christophyl-
lakis C, Boukovinas I, Kalykaki A, Kalbakis K, 
Vamvakas L, Agelaki S, Kotsakis A, Vardakis 
N, Georgoulias V, Mavroudis D: Docetaxel, 
gemcitabine and bevacizumab as salvage che-
motherapy for HER-2-negative metastatic 
breast cancer. Cancer Chemother Pharmacol 
2015;   75:   153–160. 

 97 Fang Y, Qu X, Cheng B, Chen Y, Wang Z, 
Chen F, Xiong B: The efficacy and safety of 
bevacizumab combined with chemotherapy 
in treatment of HER2-negative metastatic 
breast cancer: a meta-analysis based on pub-
lished phase III trials. Tumour Biol 2015;   36:  
 1933–1941. 

 98 He X, Fang L, Wang J, Yi Y, Zhang S, Xie X: 
Bryostatin-5 blocks stromal cell-derived fac-
tor-1 induced chemotaxis via desensitization 
and down-regulation of cell surface CXCR4 
receptors. Cancer Res 2008;   68:   8678–8686. 

 99 Baek S, Kim CS, Kim SB, Kim YM, Kwon SW, 
Kim Y, Kim H, Lee H: Combination therapy 
of renal cell carcinoma or breast cancer pa-
tients with dendritic cell vaccine and IL-2: re-
sults from a phase I/II trial. J Transl Med 2011;  
 9:   178. 

 100 Qi CJ, Ning YL, Han YS, Min HY, Ye H, Zhu 
YL, Qian KQ: Autologous dendritic cell vac-
cine for estrogen receptor (ER)/progestin re-
ceptor (PR) double-negative breast cancer. 
Cancer Immunol Immunother 2012;   61:  
 1415–1424. 

 101 Rech AJ, Mick R, Martin S, Recio A, Aqui 
NA, Powell DJ Jr, Colligon TA, Trosko JA, 
Leinbach LI, Pletcher CH, Tweed CK, 
DeMichele A, Fox KR, Domchek SM, Riley 
JL, Vonderheide RH: CD25 blockade de-
pletes and selectively reprograms regulatory 
T cells in concert with immunotherapy in 
cancer patients. Science Transl Med 2012;   4:  
 134ra162. 

 102 Wang X, Yang KH, Wanyan P, Tian JH: 
Comparison of the efficacy and safety of de-
nosumab versus bisphosphonates in breast 
cancer and bone metastases treatment: a
meta-analysis of randomized controlled tri-
als. Oncol Lett 2014;   7:   1997–2002. 

 103 Berkenblit A, Matulonis UA, Kroener JF, 
Dezube BJ, Lam GN, Cuasay LC, Brunner N, 
Jones TR, Silverman MH, Gold MA: A6, a 
urokinase plasminogen activator (uPA)-de-
rived peptide in patients with advanced gy-
necologic cancer: a phase I trial. Gynecol 
Oncol 2005;   99:   50–57. 

  

http://dx.doi.org/10.1159%2F000430499

