1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Cell Endocrinol. Author manuscript; available in PMC 2016 June 23.

-, HHS Public Access
«

Published in final edited form as:
Mol Cell Endocrinol. 2014 January 25; 382(1): 673-682. doi:10.1016/j.mce.2013.06.003.

The immune system and inflammation in breast cancer

Xinguo Jiang®" and David J. Shapiro?”
aDepartment of Medicine, VA Palo Alto Health Care System/Stanford University School of
Medicine, Stanford, CA 94305, USA

bDepartment of Biochemistry, University of lllinois at Urbana-Champaign, Urbana, IL 61801, USA

Abstract

During different stages of tumor development the immune system can either identify and destroy
tumors, or promote their growth. Therapies targeting the immune system have emerged as a
promising treatment modality for breast cancer, and immunotherapeutic strategies are being
examined in preclinical and clinical models. However, our understanding of the complex interplay
between cells of the immune system and breast cancer cells is incomplete. In this article, we
review recent findings showing how the immune system plays dual host-protective and tumor-
promoting roles in breast cancer initiation and progression. We then discuss estrogen receptor a
(ERa)-dependent and ERa-independent mechanisms that shield breast cancers from
immunosurveillance and enable breast cancer cells to evade immune cell induced apoptosis and
produce an immunosuppressive tumor microenvironment. Finally, we discuss protumorigenic
inflammation that is induced during tumor progression and therapy, and how inflammation
promotes more aggressive phenotypes in ERa positive breast cancers.
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1. Introduction

Despite significant therapeutic achievements in recent years, in industrialized countries,
breast cancer remains the most common cancer in women. It causes about 40,000 deaths in
the United States each year (Basu et al., 2012). Estrogen receptora (ERa) positive breast
cancers represent more than 70% of breast tumors and endocrine therapies such as selective
estrogen receptor modulators (SERMs) and aromatase inhibitors are still the standard
adjuvant treatment for these tumors. However, the majority of patients will develop
resistance to hormonal therapy and will need alternative therapies (Clarke et al., 2001;
Clarke et al., 2003; Osborne and Schiff, 2011).
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For over a century, the idea that the immune system can control cancer has been a subject of
debate. Only very recently has it become generally accepted that the immune system has the
ability not only to prevent tumor growth but also to promote it through a process called
immunoediting. This process is comprised of three phases: elimination, equilibrium and
escape (Schreiber et al., 2011; Vesely et al., 2011). Elimination is achieved through
identification and destruction of nascent transformed cells by acute tumor-inhibiting
inflammation, characterized by infiltration of effector cells of the innate and adaptive
immune system as well as production of tumor-inhibiting cytokines. The escape phase is
sustained by chronic tumor-promoting inflammation, which mainly involves
immunosuppressive cells and soluble factors (Vesely et al., 2011). Evading immune
destruction has recently been recognized as a hallmark of cancer (Hanahan and Weinberg,
2011). In general, use of immunosuppressants following organ transplantation or HIV
infection increases the risk of tumors such as skin cancer, non-Hodgkin’s lymphoma or lung
cancers, but not cancers of organs such as breast, brain, prostate and ovary (Kirk et al., 2007,
Jiang et al., 2010). These studies suggest that breast cancer cells may be less immunogenic
or simply take longer to develop (Vesely et al., 2011). Historically pre-existing inflammation
or infection was not considered to be an underlying risk factor for the development of breast
cancer. However, it is now clear that the infiltration of leukocytes, in the correct context, can
either eliminate or promote the development of breast cancers (DeNardo and Coussens,
2007; Coussens and Pollard, 2011). Several studies have shown that immunity and
inflammation-associated gene expression signatures are able to predict or classify
tamoxifen-resistant breast cancers (Jansen et al., 2005; Chanrion et al., 2008; Vendrell et al.,
2008). This supports the notion that endocrine resistance is associated with a dysregulated
immune response and/or excessive inflammation in the tumor microenvironment (Osborne
and Schiff, 2011). A recent study suggests that the immune response profile and
inflammatory signature in breast cancer may provide useful information on patient prognosis
and treatment (Kristensen et al., 2012). These studies suggest that research associated with
inflammation and the immune system may enhance therapeutic possibilities for breast
cancers, especially for those resistant to endocrine therapies. To better understand the battle
and interplay between breast cancer cells and cells of the immune system, in this review we
discuss following topics: (1) anti-breast cancer effector cells of the immune system, (2)
mechanisms of breast cancer resistance to antitumor immunity, (3) protumorigenic
inflammation in breast cancer and (4) inflammation promotion of aggressive phenotypes of
ERa positive breast cancer.

2. Anti-breast cancer effector cells of the immune system

Breast cancer is often initiated by genetic and epigenetic changes in genes that regulate the
function of the mammary epithelial cells (Coussens and Pollard, 2011). To prevent the
development of breast cancer, diverse intrinsic tumor-suppressor mechanisms induce
senescence or apoptosis of neoplastic cells (Lacroix et al., 2006; Xu et al., 2011; Nicholls et
al., 2012). In parallel, the immune system is recognized as an extrinsic tumor-suppressor that
can eliminate epithelial cells that have transformed to breast cancer cells and limit their
growth when they have escaped intrinsic tumor suppression mechanisms (Schreiber et al.,

Mol Cell Endocrinol. Author manuscript; available in PMC 2016 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiang and Shapiro

Page 3

2011; Vesely et al., 2011). The contribution of the immune system to breast cancer
progression and inhibition is summarized in Fig. 1.

2.1. Cytotoxic T lymphocytes (CTLs) as anti-breast cancer effector cells

The primary effector immune cells that eliminate breast cancer cells are CD8+ CTLs and
natural killer (NK) cells. Numerous studies have revealed that CTLs can be induced to target
specific antigens expressed on breast cancer cells (Disis et al., 1994; Peoples et al., 1995;
Kontani et al., 2001; Neidhardt-Berard et al., 2004; Treilleux et al., 2004; Wang et al., 2006;
Mine et al., 2009; Mittendorf et al., 2012). CD8+ T lymphocyte infiltration is associated
with better overall patient outcomes, independent of other prognostic factors such as tumor
grade, lymph node stage, size, vascular invasion and HER2 status. Morever, CD8+ T cell
infiltration is associated with better breast cancer-specific survival in subgroups of patients
with ERa-negative, HER2-negative or basal phenotype (Mahmoud et al., 2011). Consistent
with this finding, another study showed that CD8+ T cell infiltration was associated with
better patient survival in basal-like but not in non-basal triple negative breast cancers; on the
contrary, CD8+ T cell infiltration was not prognostic in ER* populations. These observations
may suggest that the ER* subgroup of breast cancer is less immunogenic than other subtypes
(Liu et al., 2012). Combined chemotherapy with immunotherapy increases cytolytic activity
of CTLs, which results in substantial enhancement of the antitumor effect (Ramakrishnan et
al., 2010). The effect of vaccines against breast cancers is at least partly achieved through
enhanced recognition and destruction of breast cancer cells by CTLs (Rech et al., 2012,
Schlom, 2012, Wang et al., 2012). Together, these studies strongly suggest that CD8+ T cells
have clinically significant antitumor activity against human breast cancer, and that the
prognostic role of tumor infiltrated CTLs is dependent on the breast cancer subtype.

2.2. NK cells as anti-breast cancer effector cells

NK cells are cells of the innate immune system that kill tumor cells without MHC restriction
(Waldhauer and Steinle, 2008). Decreased NK cell activity has been reported in patients with
familial breast cancer as well as in their clinically asymptomatic first degree relatives
(Strayer et al., 1986). NK cell activity was significantly reduced in different stages of breast
cancers, with stage IV tumors showing reduced NK cell activity compared with stage I-I11
tumors (Konjevic and Spuzic, 1993). NK cell dysfunction is associated with human breast
cancer progression (Mamessier et al., 2011). Unsupervised gene expression profiling of
breast cancer-associated stroma revealed a gene signature that was functionally enriched in
the expression of genes associated with CTLs and NK cells and was predictive of better
clinical outcomes (Finak et al., 2008). Immunization against Stat3 in a mouse breast cancer
xenograft model elicits strong antitumor immunity through memory CD4+ T cell dependent
NK cell mediated cytotoxicity (Tkach et al., 2012). IL-2 or IL-15-activated NK cells
potentiate the activity of cetuximab against triple negative breast cancer (Roberti et al.,
2012). Stimulation of NK cells with a CD137-specific antibody enhances antibody-
dependent cellular cytotoxicity (ADCC) and results in enhanced efficacy of trastuzumab
against HER2+ breast cancer cells (Kohrt et al., 2012). These studies suggest that NK cells
not only suppress human breast cancer development, but also act as an antitumor factor in
breast cancers treated with chemotherapy or immunotherapy. NK cells are also critical in
preventing breast cancer metastasis. When breast cancer cells are transplanted into NOD/
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SCID mice (which lack adaptive immunity), these mice develop non-invasive tumors. When
the same cells are transplanted into NOD/SCID/y-c"U!l mice (which lack both adaptive
immune cells and NK cells), they develops invasive tumors that metastasize rapidly (Dewan
et al., 2005). Consistent with this, the presence of NK cells in a breast tumor is negatively
associated with metastasis (Olkhanud et al., 2009). Therefore, both CTL and NK cells
appear to be strong antitumor effectors.

Why are CTL- and NK cell-mediated responses not effective enough to eliminate or
suppress the development of overt breast cancer? Some possible mechanisms include
autonomous modifications made by tumor cells that allow them to evade immune detection
and destruction as well as the fact that tumor cells can induce an immunosuppressive
microenvironment that diminishes the function of effector cells.

3. Tumor cell-autonomous modifications that enable breast tumors to

evade immune detection and destruction

Breast cancer cell have developed several ways to avoid immune cell-mediated killing
thereby allowing the development of overt tumors.

3.1. Evasion through avoiding recognition by immune cells

In a cohort of 212 patients, downregulation of HLA class | expression was found in >30% of
breast cancer samples and those patients with preserved HLA class | expression had better
disease-free survival (Kaneko et al., 2011). Breast cancer cells can gain resistance to NK
cell-mediated killing by expressing lower levels of the NK cell receptor ligand, MICB,
whose expression is regulated by the metastasis-associated microRNA, miR-10b
(Tsukerman et al., 2012). These data suggest that breast cancer cells can evade immune cell-
mediated cytotoxicity by avoiding tumor cell recognition by CTLs and NK cells.

3.2. Evasion through altered expression of apoptosis-associated molecules

3.2.1. Estrogen-induced proteinase inhibitor 9 (PI-9) protects breast cancer
cells against immune cell-mediated killing—In human hepatoma cells expressing
ERa, human liver biopsy specimens and breast cancer cells, we identified P1-9 as a primary
estrogen-regulated gene (Kanamori et al., 2000; Jiang et al., 2007). P1-9 is the only known
human intracellular inhibitor of granzyme B, the main granzyme that CTL and NK cells use
to induce apoptosis of target cells (Kaiserman and Bird, 2010). Robust induction of PI-9
MRNA and protein inhibits CTL and NK cell induced apoptosis of ERa positive cells (Jiang
et al., 2006, 2007). RNAI knockdown of PI-9 abolished estrogen’s ability to protect MCF-7
cells against NK cell-induced apoptosis (Fig. 2). Thus, estrogen’s ability to block NK cell-
induced cytolysis derives from its ability to induce PI-9. Using a tetracycline-regulated
expression system, we showed that tetracycline-induced expression of P1-9 in stably
transfected cells was sufficient to protect the cells from NK cell induced apoptosis
(Cunningham et al., 2007). At high levels, intracellular P1-9 shields cells from both
granzyme B mediated cytolysis and Fas/Fas ligand death receptor mediated apoptosis
(Cunningham et al., 2007; Kummer et al., 2007). We also identified enhancers in the
promoter that are associated with P1-9 transcriptional regulation. Chromatin
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immunoprecipitation (ChIP) assays show that estrogen-ERa induces P1-9 transcription
through direct binding of 2 ERa dimers to an unusual estrogen responsive unit containing an
imperfect estrogen response element (ERE) immediately adjacent to a direct repeat of 2 ERE
half sites separated by 13 nucleotides (Krieg et al., 2001, 2004). Modulators of
inflammation, including IL-1p and lipopolysaccharide (LPS), also induce PI-9 expression
through an upstream activator protein 1 (AP-1) site and 2 NF-«B sites (Kannan-
Thulasiraman and Shapiro, 2002).

A subset of breast cancers contains very high levels of ERa (Riera et al., 1999; Gritzapis et
al., 2003). These tumors exhibit increased incidence of recurrence and often show a reduced
response to tamoxifen (Sancho-Garnier et al., 1995; Hupperets et al., 1997; Clarke et al.,
2003). In a model for these tumors in which additional ERa is expressed in MCF-7 cells
under the control of a tetracycline regulated promoter (MCF-ERaHA cells), 4-
hydroxytamoxifen (OHT), the active form of tamoxifen, also robustly induced PI-9 and the
high levels of PI-9 in these cells effected a nearly complete inhibition of NK cell induced
apoptosis, which suggests a possible mechanism for resistance to tamoxifen therapy in some
ERa™* breast cancers (Jiang et al., 2007). Moreover, EGF activation of the Erk1/2 signaling
pathway greatly reduces the concentration of estrogen required to induce PI-9 and shield the
cells from NK cell mediated cytolysis (Jiang et al., 2007).

We went on to evaluate the effect of several weak xenoestrogens and the soy phytoestrogen
genistein on induction of P1-9. While the xenoestrogens required high micromolar
concentrations to induce even moderate levels of P1-9, genistein robustly induced PI-9 at
nanomolar concentrations (Jiang et al., 2008). Genistein induction of PI-9 shielded MCF-7
cells from NK cell mediated cytolysis. The in vivo relevance of genistein induction of PI-9
was confirmed using a mouse xenograft model. In mice fed a soy-rich diet or genistein, PI-9
levels were strongly elevated in MCF-7 tumors (Fig. 3) (Jiang et al., 2008). Our studies
suggest that expression of the estrogen inducible PI1-9 may promote breast cancer growth by
enhancing resistance to NK cell and CTL mediated immunosurveillance in vivo.

3.2.2. Altered expression of other apoptosis-associated molecules in breast
cancers—Increased expression of the anti-apoptotic molecule, survivin, is common in
breast cancers, and elevated expression of survivin is associated with a poor prognosis (i.e.
the presence of lymph node metastasis, higher tumor grade, HER2 overexpression and loss
of hormone receptor expression) (Ryan et al., 2006). Weak or no expression of the
apoptosis-promoting molecule, BAX-a, is found in breast cancer cells while this protein is
expressed in high levels in normal mammary epithelia. Induction of BAX-a expression
restores sensitivity of breast cancer cell to Fas/FasL induced apoptosis and reduces tumor
xenograft growth in mice (Bargou et al., 1996). Mutations in the death receptors, TRAIL-R1
and TRAIL-R2, are associated with more advanced breast cancer (Shin et al., 2001). These
studies suggest that tumor cells can become resistant to immune cell-mediated cytotoxicity
by overexpressing anti-apoptotic or downregulating pro-apoptotic molecules (Fig. 4A).
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3.3. Breast cancers actively subdue immune responses

Breast cancer cells can also take a more active and direct role in subduing the immune
response, through expression of immune inhibitory ligands such as B7-H1 (PD-L1), HLA-E
or HLA-G (de Kruijf et al., 2010; Hasan et al., 2011) (Fig. 4A), or through actively inducing
apoptosis of Fas-expressing antitumor lymphocytic cells (Gutierrez et al., 1999). Using a
metastatic 4T1 breast cancer model, it was recently discovered that suppression of interferon
regulatory factor (Irf7) signaling in breast cancer cells promotes tumor metastasis, and that
restoration of Irf7 signaling either by over-expressing Irf7, or by treatment with type |
interferon, IFN-a1, enhanced immune activity, significantly suppressed bone metastases and
prolonged survival (Bidwell et al., 2012). Thus breast cancer can also evade
immunosurveillance through disabling cell-autonomous IFN signaling pathways.

4. Immunosuppressive microenvironment of breast cancer

It is now widely accepted that tumor cells are able to induce a suppressive microenvironment
that supports tumor growth, and that the suppressive microenvironment is comprised of
immunosuppressive cells and soluble factors (DeNardo and Coussens, 2007, Coussens and
Pollard, 2011, Vesely et al., 2011). Major immunosuppressive cells that are often found in
breast tumors include regulatory T (Treg) cells and myeloid-derived suppressor cells
(MDSCs).

4.1. Treg cells in the immunosuppressive microenvironment

FOXP3-expressing Treg cells are potent mediators of peripheral immune tolerance. Tregs
can suppress a wide range of immune cells including CD4+ and CD8+ T cells, NK cells,
NKT cells, B cells and antigen presenting cells (APC) through suppressing target cell
activation, proliferation as well as effector functions (Shevach, 2009; Sakaguchi et al.,
2010). Infiltration of FOXP3-positive Treg cells into breast cancers has been observed in
numerous studies (Liyanage et al., 2002; Bohling and Allison, 2008; Ohara et al., 2009). The
quantification of FOXP3-positive Treg cells has been found to be valuable in assessing
breast cancer progression and prognosis. High numbers of FOXP3-positive Tregs identify
patients with non-invasive ductal carcinoma in situ (DCIS) who are at an increased risk of
relapse, and identify patients with invasive tumors who have shorter relapse-free and overall
survival (Bates et al., 2006). FOXP3-expressing Treg cells are recruited from the circulation
to primary breast cancer site through the CCL22/CCR4, CXCL12 (SDF-1)/CXCR4 and
CCL5 (RANTES)/CCR1 axes (Gobert et al., 2009; Tan et al., 2011; Yan et al., 2011). Breast
cancer cells can also produce PGE2 and recruit Treg cells to tumor sites through EP2 or EP4
receptors (Karavitis et al., 2012). These studies suggest that Tregs can be recruited to breast
cancer sites through distinct chemotactic mechanisms (Fig. 4A). Additionally, tumor-evoked
regulatory B cells can directly convert resting CD4+ T cells into FOXP3-expressing Treg
cells in a TGF-B-dependent manner (Olkhanud et al., 2011). Moreover, impaired production
of IFN-a by plasmacytoid dendritic cells favors expansion of Tregs infiltrated into breast
tumor sites (Sisirak et al., 2012), suggesting that the tumor microenvironment may play an
active role in the differentiation and expansion of Treg cells. A recent study showed that
FOXP3-positive Tregs produce large amounts of receptor activator of nuclear factor-«xB
(RANK) ligand (RANKL), which in turn acts on RANK-expressing breast cancer cells and
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promotes lung metastasis (Tan et al., 2011), suggesting Tregs can promote metastasis
through acting on breast cancer cells in a paracrine fashion. An ex vivo culture study showed
that tamoxifen is able to induce FOXP3 expression in tumor infiltrating lymphocytes, which
may represent a mechanism for endocrine resistance through Treg-mediated
immunosuppression (Joffroy et al., 2010). In concert with the large body of studies showing
that Tregs are a strong promoter of breast cancer development and metastasis, anti-CD25
antibody-mediated Treg depletion leads to a stronger antitumor immune response and better
outcomes (Rech et al., 2012, Weiss et al., 2012), further confirming that Treg is a potent
negative regulator of the antitumor immune response and represents an attractive therapeutic
target in breast cancer.

4.2. Myeloid-derived suppressor cells (MDSCs) in the immunosuppressive
microenvironment

MDSCs are a heterogeneous population of cells of myeloid origin that expand during cancer,
inflammation and infection. MDSCs have strong T cell-suppressing function and in mice,
are mainly GR1*CD11b* cells and in humans, CD14-CD11b™ cells (Gabrilovich and
Nagaraj, 2009). Factors that induce MDSC expansion include GM-CSF, PGE,, IL-6, stem
cell factor (SCF) and VEGF, while IFN-y, ligands of toll like receptors, IL-13, IL-4 and
TGF-p are associated with MDSC activation (Gabrilovich and Nagaraj, 2009). Among these
factors, GM-CSF is considered one of the primary breast cancer-derived soluble factors
involved in the differentiation of monocytic/granulocytic progenitor cells into MDSCs (Fig.
4A). This finding suggests caution in the use of GM-CSF for ex vivo expansion of dendritic
cells for cell-based immunotherapy or as an adjuvant for vaccines (Morales et al., 2010).
MDSCs can suppress T cell proliferation and activity through production of reactive oxygen
species (ROS), arginase and nitric oxide (NO) in an antigen-independent manner
(Gabrilovich and Nagaraj, 2009). MDSCs can also directly disrupt the binding of specific
peptide-MHC dimers to CD8 expressing T cells through nitration of tyrosines in the TCR-
CD8 complexes. This makes CTLs unable to bind to the peptide-MHC complex and
therefore inhibits antitumor activity (Nagaraj et al., 2007). MDSCs also induce nitration of
MHC class | molecules on breast cancer cells, making them unable to effectively present
specific peptide, and thus rendering tumor cells resistant to antigen-specific CTLs (Lu et al.,
2011). In addition to acting as a potent T cell suppressor, MDSCs can reduce NK cell
activity and increase breast cancer metastasis during gestation (Mauti et al., 2011). MDSCs
also suppress antitumor response through induction of Treg cells (Huang et al., 2006).
Effective immunosurveillance against meta-static breast cancer requires reduction of MDSC
activation (Sinha et al., 2005), and altering the immunosuppressive function of MDSC is
required for IL-12-induced anti-breast cancer immune response (Steding et al., 2011). These
studies further demonstrate that MDSCs negatively regulate antitumor immune responses
and that MDSC suppression may enhance immunosurveillance against breast cancer
development and metastasis.

4.3. Immunosuppressive soluble factors

Soluble factors produced by the tumor as well as surrounding stromal cells also contribute to
the formation of the immunosuppressive tumor microenvironment. Breast cancer cells can
block NK cell function through secretion of soluble forms of ligand MICA (sMICA), which
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induces NKG2D degradation (Groh et al., 2002). Overproduction of the enzyme IDO by
cancer cells suppresses CD8+ T cell activity (Uyttenhove et al., 2003), and IDO inhibition
potentiates responses of breast cancer to chemotherapy (Muller et al., 2005). While TGF-p-
mediated signaling in breast cancer cells may play opposite roles during different stages of
tumor development (Padua et al., 2008; Araki et al., 2010; Drabsch and ten Dijke, 2011), it
is widely recognized as one of the strongest immunosuppressive cytokines in the tumor
microenvironment (Wrzesinski et al., 2007). TGF-B-dependent, anti-estrogen treatment-
induced immunosuppressive tumor microenvironment may contribute to the development of
estrogen resistance in breast cancer (Joffroy et al., 2010). The role of 1L-10, which is an
important immunosuppressive cytokine in breast cancer, is reviewed elsewhere (Hamidullah
etal., 2012). Also, PGE; is another important immunosuppressive mediator found in the
tumor microenvironment and suppresses antitumor immune responses through various
mechanisms, including enhancement of the suppressive function of Tregs and MDSCs (Chen
and Smyth, 2011). In addition, tumor associated fibroblasts (TAF) often contribute to the
immunosuppressive microenvironment through mechanisms such as production of
tolerogenic cytokines, abrogation of antitumor function of immune effector cells and
promotion of the recruitment of immunosuppressive cells (Bernhard et al., 2008; Tchou and
Conejo-Garcia, 2012; Phan-Lai et al., 2013). In summary, suppressive immune cells and
soluble factors act together to diminish effective antitumor immune responses and promote
breast cancer progression and metastasis (Fig. 4A).

5. Protumorigenic inflammation in breast cancer

The main types of inflammation in tumorigenesis and cancer include: Chronic inflammation
that precedes tumor development, tumor-associated inflammation and therapy-induced
inflammation. Inflammation induces an angiogenic switch (Grivennikov et al., 2010). The
roles of proinflammatory cytokines and chemokines, such as IL-1, IL-6, IL-8, TNF-q,
MCP-1, CCL5 and CXCL12 in breast cancer have been reviewed previously (Ben-Baruch,
2003, Goldberg and Schwertfeger, 2010, Baumgarten and Frasor, 2012). Here we focus on
tumor-associated and therapy-induced inflammation and discuss the most recent findings
that may lead to novel therapeutic targets.

5.1. Protumaorigenic inflammation in breast cancer development and therapy-resistance

The transient induction of IL-6 by monocyte-derived MCP-1 has recently been shown to
drive a feed-forward inflammatory signaling pathway (or cascade) that leads to constitutive
IL-6 production and breast cancer cell transformation and tumorigenesis (Rokavec et al.,
2012), revealing a novel mechanistic link between IL-6 and breast cancer initiation. Breast
cancer stem cells (CSC) represent a population of cells associated with treatment resistance
and relapse following therapy (Kakarala and Wicha, 2008). IL-6 is able to enhance
recruitment of bone marrow-derived mesenchymal stem cells (MSCs) to sites of growing
breast tumors as well as production of CXCL7 in MSCs, which promotes the proliferation of
the breast CSC population (Liu et al., 2011). Another recent study revealed that IL-6 drives a
feed-forward inflammatory loop, which leads to expansion of breast CSC populations and
resistance to trastuzumab in HER2+ breast cancer (Korkaya et al., 2012). These studies
again suggest that IL-6 is one of the most important cytokines associated with breast cancer
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progression and treatment. Blockade of 1L-8/CXCR1 signaling significantly reduces the
breast CSC population as well as systemic metastasis, suggesting that inhibition of this
signaling pathway may enhance traditional chemotherapy by simultaneously targeting the
CSC population (Ginestier et al., 2010). Therefore, inflammatory cytokines and chemokines
promote breast cancer development and metastasis by acting on the CSC population, and
interruption of relevant signaling pathways in CSC may represent attractive therapeutic
targets (Korkaya et al., 2011).

Using both syngeneic and xenograft breast cancer preclinical models, one recent study
revealed that chemotherapy-induced inflammation is one of the main contributors to chemo-
resistance and metastasis. Profiles of cytokines and chemokines in the tumor
microenvironment further showed that chemotherapy strikingly induces endothelial cell
production of TNF-a. This enhances tumor cell CXCL1/2 production through NF-xB
activation, which, in turn, facilitates recruitment of CD11b*Gr1* MDSCs. These cells
release S100A8/9, an inflammatory modulator that activates the p70S6K and ERK1/2
signaling pathways and provides a survival advantage for both primary and metastatic tumor
cells. Disruption of the CXCL1/2-S100A8/9 axis by CXCR?2 inhibition increases the
effectiveness of chemotherapy (Acharyya et al., 2012). TNF-a can also promote breast
cancer metastasis by inducing the epithelial-mesenchymal transition (EMT) through the NK-
xB-mediated transcriptional activation of Twistl (Li et al., 2012). Additionally, the
microRNA miR-520/373 family has been revealed to be a tumor-suppressor in ERa™ breast
cancers by diminishing IL-6 and IL-8 production through negatively regulating NF-«xB-
mediated transcription and TGF-B-activated signaling pathway (Keklikoglou et al., 2012).
Lastly, IL-18 was recently identified as a cytokine that contributes to doxorubicin resistance
in breast cancer treatment (Yao et al., 2011). These data together suggest that enhancing
proliferation and survival of breast cancer cells as well as breast CSC by networks of
cytokines and chemokines are the main mechanisms by which inflammation promotes breast
tumor development, metastasis, therapy-resistance and relapse.

5.2. Inflammation-promoted angiogenesis in breast cancer progression

Inflammation also accelerates breast cancer progression through promoting tumor
angiogenesis. Several types of immune cells and associated mediators are involved in this
process. Among these, the tumor associated macrophage (TAM) is recognized as one of the
most prominent cell types associated with increased tumor angiogenesis as well as reduced
disease-free survival (Leek et al., 1996; Lin et al., 2001; Lin and Pollard, 2007; Laoui et al.,
2011). Blockade of CSF1R signaling, which diminishes TAM infiltration following
chemotherapy, significantly increases treatment efficacy. Another study showed that
combining the inhibition of IL-1f, SDF-1 and integrin-a4p1 also enhances the efficacy of
breast cancer chemotherapy by limiting infiltration of TAMs (Schmid et al., 2011). These
findings suggest that altering the immune response from immunosuppressive to antitumor is
a promising strategy for improving standard breast cancer treatments (De Palma and Lewis,
2011; DeNardo et al., 2011). Other cells, such as bone marrow-derived Tie2 expressing
monocytes (TEMSs), tumor associated neutrophils (TANS), immature dendritic cells (DCs)
and mast cells all plays roles in breast cancer angiogenesis (Yu and Rak, 2003; De Palma et
al., 2005; Fainaru et al., 2010; Gregory and Houghton, 2011). Tissue hypoxia and HIF-1a-
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induced proangiogenic factors also contribute to pathogenic angiogenesis during breast
cancer progression (Kimbro and Simons, 2006). These findings suggest that the angiogenic
switch during breast cancer development is regulated by proangiogenic immune cell
infiltration as well as hypoxia resulting from rapid expansion of tumor mass (Fig. 4A).

6. Inflammation as a promoter for more aggressive ERa* breast cancer

Epidemiologic studies showed that regular use of nonsteroidal anti-inflammatory drugs
(NSAIDS), such as aspirin, reduce the risk of ERa* but not ERa™ breast cancers (Terry et
al., 2004, Wang and Dubois, 2010). Recent research strongly suggests that a
proinflammatory tumor microenvironment is an important factor contributing to resistance
to endocrine therapy (Osborne and Schiff, 2011). Numerous studies have shown that ERa*
breast cancers are more responsive to proinflammatory cytokines. For instances, 1L-6
promotes proliferation as well as aggressive phenotype of ERa™ breast cancer cells (Sasser
et al., 2007, Sullivan et al., 2009); IL-1p reverses the suppression of estrogen target genes by
SERM (Zhu et al., 2006), suggesting IL-18 may be directly associated with resistance to
endocrine therapy; IL-10 also induces P1-9 expression (Kannan-Thulasiraman and Shapiro,
2002); TNF-a induces expression of genes associated with invasion, proliferation and
metastasis in ERa™* breast cancer cells (Yin et al., 2009). Taken together, these works
suggest that inflammation and inflammatory cytokines may induce more aggressive
phenotypes of ERa* breast cancer.

How inflammation and ERa synergistically promote aggressiveness is not completely
understood. The NF-xB family transcription factors are recognized as the essential link
between inflammation and cancers (Ben-Neriah and Karin, 2011). Zhou et al. linked the NF-
kB signaling pathway to endocrine-resistant breast cancer (Zhou et al., 2005). More recently,
Frasor et al. proposed that crosstalk between ERa and inflammation-activated NF-xB
modulates gene expression in breast cancer cells and promotes this aggressive phenotype
(Baumgarten and Frasor, 2012). It has long been known that ERa represses NF-xB activity
(Quaedackers et al., 2007; Wang et al., 2007; Gionet et al., 2009). ERa suppression of NF-
kB may act as an underlying mechanism that helps to explain why Luminal A subtype breast
cancers exhibit a better prognosis. Those tumors are characterized by high ERa expression,
lower NF-xB activity and low production of proinflammatory cytokines (Baumgarten and
Frasor, 2012). Therefore, activation of NF-xB by inflammation may negate the effect of its
suppression by ERa, which ultimately induces a more aggressive breast cancer phenotype. It
has also been shown that NF-xB can suppress ERa activity in several experimental models
(Bodine et al., 1999; Feldman et al., 2007; Wang et al., 2009). NF-xB and ERa can also
synergistically induce expression of target genes which are involved in inflammation (Frasor
et al., 2008), apoptosis (Stanculescu et al., 2010; Pradhan et al., 2012), proliferation (Tu et
al., 2006) and drug-resistance (Pradhan et al., 2010). These studies in total suggest that NF-
kB activation by a proinflammatory tumor microenvironment can promote an aggressive
breast cancer phenotype through activating or suppressing ERa target gene expression in a
context-dependent manner (Fig. 4B).
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7. Concluding remarks

Breast cancer progression is not an entirely cell-autonomous process. Development and
metastasis of breast tumors are influenced and even driven by cells of the immune system
and associated inflammatory mediators in the tumor microenvironment. The balance
between antitumor immunity and tumor-promoting inflammation determines whether the
tumor will progress or be controlled or eliminated. Inflammation induced during the natural
tumor progression is probably one of the main reasons that the immune system cannot
effectively indefinitely restrain the expansion of breast cancer. Moreover, inflammation
induced during breast cancer therapy is often protumorigenic and responsible for treatment
resistance, and preliminary evidence suggests that it might also be involved in treatment-
induced metastasis and relapse. Indeed, improved outcomes have been observed in patients
receiving anti-inflammatory treatment in combination with standard breast cancer
treatments. Therefore, the complete identification of protumorigenic inflammatory mediators
and their related signaling pathways is critical for designing effective therapies to reverse the
tumor-promoting microenvironment and enhance overall therapeutic efficacy. Identification
of natural genetic variations that affect inflammation and immunity may also be useful for
designing new preventive approaches for populations with a high risk of developing breast
cancer, and provide better therapeutic targets for diagnosed breast cancer patients. Several
early-phase clinical trials of immunotherapy against breast cancers have achieved safety and
some demonstrate significant beneficial effects (Geller et al., 2011; Hardy et al., 2011; Clive
etal., 2012; de la Torre et al., 2012; Hamilton et al., 2012; Marchini et al., 2013). More
clinical trials are being carried out, including trials of therapeutic vaccines GVAX

(Clinical Trials.gov, NCT00971737) and NeuVax (ClinicalTrials.gov, NCT01479244) and
anti-OX40 antibody (ClinicalTrials.gov, NCT01642290). In summary, there is compelling
data showing that immunity and inflammation shape the development of breast cancer.
Knowledge gained from basic and clinical researches can soon be used to implement
immunotherapy as a treatment modality for many breast cancer patients.
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Normal breast tissue

Intrinsic tumor
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Fig. 1.
Immunosurveillance and inflammation in breast cancer. Inherited genetic mutation and

epigenetic modifications cause premalignant transformation of mammary cells. Transformed
cells can be eliminated by intrinsic or extrinsic tumor suppression mechanisms. Immune
selection and immune evasion result in the development of advanced breast tumor.
Immunosurveillance inhibits or reverses tumor development through killing the tumor cells.
Protumorigenic inflammation accompanied advanced breast tumor promotes immune
evasion and suppresses effective immunosurveillance.
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Fig. 2.
RNAI knockdown of PI-9 blocks estrogen protection against NK cell-mediated cytotoxicity.

(A and B) MCF-7, human breast cancer cells were transfected with the control pGL3
luciferase siRNA, or with the PI-9 siRNA. After 24 h, ethanol vehicle or E» was added and
the cells were maintained for an additional 24 h and either harvested for Western blotting
using antibodies to PI-9 and the internal standard calnexin (A) or incubated with the
indicated ratios of effector NK92 cells to MCF-7 target cells and assayed for cytoxicity
using the time-resolved fluorescence assay (B) (filled and open bars, pGL3 siRNA — and +
E,, respectively; hatched bars, PI-9 siRNA + E2). For example, at a ratio of 8 NK cells to 1
MCEF-7 cell, in MCF-7 cells in which P1-9 was not induced with E, (E/T ratio 8, black bar),
and in MCF-7 cells treated with E; and PI-9 was knocked down with P1-9 siRNA (E/T ratio
8, hatched bar) there was substantial NK cell induced cytotoxicity (~18% and 27%,
respectively). In contrast, in MCF-7 cells in which P1-9 was induced with E, and the cells
were transfected with the control siRNA (open bar), the cells were protected and NK cell
induced cytotoxicity was minimal (<5%) (From Jiang et al., 2007, reprinted with
permission).
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Fig. 3.
Dietary genistein induces PI-9 in MCF-7 tumors in mice. (A) Growth rates of MCF-7

tumors in ovariectomized athymic mice. At week 0, the estrogen pellets were removed, and
the mice were divided into three treatment groups: PC (positive control, E2), GEN 500
(genistein 500 ppm), and NC (negative control, regressing tumor) that were fed AIN-93G
diet alone. Tumor size was then measured weekly for 23 week. Data are expressed as means
+ sem cross-sectional tumor area for all tumors in each group. (B) Dietary genistein and soy
induce P1-9 in MCF-7 solid tumors. Mice were exposed to high (2 mg) E, in implanted
cholesterol pellets for ~11 weeks and tumors harvested (black bar) and frozen. Mice were
fed diets containing genistein (500 ppm) or soy flour (diet containing 20% soy protein, ~400
ppm genistein) (black bars). Tumors were harvested at about 23 week when they reached the
same size as the E; tumors. Control MCF-7 cells were maintained in medium lacking
hormones, or in 10 nm E2, or 10 nM genistein for 24 h and harvested (open bars). RNA was
extracted and analyzed for PI-9 mRNA by quantitative RT-PCR. Data represent the mean +
sem for at least three samples (From Jiang et al., 2008; reprinted with permission).
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Model showing how the immune system and inflammation eliminate or promote breast
cancer. (A) Scheme showing the mechanisms by which breast cancers evade
immunosurveillance. Major immunosuppressive cells including Treg and MDSCs are
recruited or expanded and activated by proinflammatory mediators produced in the breast
tumor microenvironment. Activated Treg and MDSCs suppress CTL and NK cells which are
potent antitumor effector cells. Breast cancer cells also produce soluble factors such as IDO,
IL-10, TGF-B and sMICA to suppress the activity of CTL and NK cells. Breast cancer cells
evade immunosurveillance by changing the expression levels of apoptosis-associated
intracellular proteins (PI-9, Survivin and BAX-a) and immune recognition- or activation-
associated membranous proteins (MICB, HLA-class I, TRAIL-R1, TRAIL-R2, PDL-1,
HLA-E, HLA-G). HIF-1a and proinflammatory cells such as TAM, TEM, TAN, immature
DC and mast cells promote tumor angiogenesis. (B) Inflammation promotes an aggressive
phenotype in ERa* breast cancers. ERa and NF-xB activated by estrogens and
proinflammatory mediators promote breast cancer cell survival, proliferation, and drug
resistance. Crosstalk between ERa and NF-xB is context-dependent and can result in
synergistic activation or mutual suppression. Abbreviations: Treg, regulatory T cells;
MDSC; myeloid-derived suppressor cell; GM-CSF, granulocyte—-macrophage colony-
stimulating factor; PG, prostaglandin; CCL, CC chemokine ligand; CXCL, chemokine (C-
X-C motif) ligand; CTL, cytotoxic T lymphocyte; NK, natural killer; IDO, indoleamine-
pyrrole 2,3-dioxygenase; GrB, granzyme B; FasL, Fas ligand; IFN, interferon; IL,
interleukin; TGF, transforming growth factor; SMICA, soluble Major Histocompatibility
Complex class I related chain A; TRAIL, TNF-related apoptosis-inducing ligand; PI-9,
proteinase inhibitor 9; PDL-1, programmed death ligand 1; HLA, human leukocyte antigen;
TAM, tumor associated macrophage; TEM, Tie2 expressing monocyte; TAN, tumor
associated neutrophil; DC, dendritic cell; HIF, hypoxia-inducible factor.
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