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Abstract The generation, survival, and differentiation of

breast cancer stem cells (BCSC) in immunocompetent hosts

remain elusive. Some investigators have shown that BCSC

can be induced from epithelial tumor cells by the pathologic

epithelial to mesenchymal transition (EMT). Emerging evi-

dence suggests that the induction of EMT among epithelial

tumor cells originates from signals produced by the non-tumor

cells that constitute the tumor microenvironment, including

the immune effectors that infiltrate the tumors. Thus, this

suggests that the immune system not only has anti-tumor

function, but also paradoxically immunoedits tumors, facili-

tating tumor escape and progression. Indeed, many studies in

human breast cancers show both positive and negative asso-

ciations between the infiltration of various immune effectors

(e.g., CD4 and CD8 T cells) and the propensity to relapse with

metastatic disease. These observations suggest that distinct

types of immune effector cells may induce or inhibit tumor

relapse. This review focuses on recent advances in identifying

components of the immune system that may directly induce

tumor escape and relapse. We propose that levels of interferon

(IFN)-c production or levels of the expression of IFN-c
receptor a on tumor cells may determine whether tumor

inhibitory or relapse-promoting effect of IFN-c may prevail.
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Abbreviations

EMT Epithelial to mesenchymal transition

BCSC Breast cancer stem cells

CTL Cytotoxic T cells

MMC Mouse mammary carcinoma

DCIS Ductal carcinoma in situ

IRF IFN-c regulatory factor

Cancer Immunotherapy and a Double-Edged Function

of IFN-c

A body of experimental and clinical evidence has emerged

over the last decade showing that the immune system can

prevent the development of cancers (Bui and Schreiber

2007; Dunn et al. 2002; Ljunggren 2008; Sauer et al. 2008).

This one-sided view has recently been challenged. Two

relevant publications are worth mentioning from the early

papers on this topic. Daniel et al. (2003) reported that HPV16

transgenic mice deficient in CD4? cells had a delay in tumor

progression, albeit small, associated with decreased

inflammation. These findings suggest a role for CD4? T cells

in tumor progression, an observation that makes sense from

the perspective of CD4? T cell or NKT cell contribution in

inflammatory responses. In a second relevant study, tumor-

specific CD8? T cells were shown to cause mutation in

cytotoxic T cell (CTL) epitopes within the tumor antigen that

led to tumor progression (Singh and Paterson 2007). In

recent years, there has been more compelling evidence in

both pre-clinical and clinical studies that challenge the one-

sided view on the role of interferon (IFN)-c producing T cells

in protecting the host against cancers.

Pre-Clinical Studies

CTL adoptive immunotherapy has been reported to medi-

ate tumor regression and tumor escape concurrently (Liu
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et al. 2006). For example, IFN-c was shown to promote

immunoediting and subsequent tumor escape in the CT26

colon carcinoma by down-regulation of the expression of

gp70 immunogenic tumor antigen (Beatty and Paterson

2000). Berner et al. (2007) showed that tumor-specific IFN-

c was essential for successful initial immunotherapy, but it

also impaired subsequent secondary or durable anti-tumor

immune responses. Farrar et al. (1999) showed that IFN-c-

producing T cells can establish and maintain cancer dor-

mancy. Along this line of evidence, Wu et al. (2011)

showed that a highly aggressive variant of the UV-induced

4102 tumor cells was resistant to IFN-c in spite of the

expression of MHC class I molecule and an intact STAT-1

phosphorylation. In fact, progression of cancer from

indolent to aggressive tumors occurred in the presence of

IFN-c-inducible genes (Wu et al. 2011). Romieu-Mourez

et al. (2010) also showed that treatment of HER-2/neu

positive cells with IFN-c resulted in the suppression of

protective anti-tumor immune responses. We reported that

immunotherapy of rat neu overexpressing mouse mammary

carcinoma (MMC) elicited neu-specific IFN-c-producing

CD8? T cells that in turn facilitated breast cancer recur-

rence of neu antigen negative variant tumors following

initial rejection of MMC tumor cells in immunocompetent

mice (Kmieciak et al. 2007; Worschech et al. 2008). The

tumor antigen loss was due to hypermethylation of the neu

promoter and loss of neu both at mRNA and protein levels

(Kmieciak et al. 2007; Santisteban et al. 2009), resulting in

escape of the tumor from further neu-specific immune

responses. It is likely that DNA methylation may also

impact HER-2/neu gene amplification in humans, as sug-

gested by others (Terada et al. 2009). Subsequent studies

showed that such tumor-editing function of CD8? T cells

induced epithelial to mesenchymal transition (EMT) of

MMC, and as a result induced neu antigen loss and gen-

erated breast cancer stem cells (BCSC)-like tumor clones

(Santisteban et al. 2009). Recently, it was demonstrated

that lack of expression of IFN-c receptor by forcing the

expression of dominant negative IFN-c receptor reduced

the ability of renal carcinoma cells to metastasize (Hall

et al. 2007). This may suggest the involvement of IFN-c/

IFN-c receptor a axis in tumor invasion.

Clinical Studies

HER-2/neu-targeted immunotherapies have been employed

against breast cancers where IFN-c has been used as key

marker for the efficacy of anti-tumor T cell responses.

However, tumor progression occurs despite the presence of

tumor-specific IFN-c-secreting T cells (Rosenberg et al.

2005). Matkowski and Sheu both showed in cohorts of 88

and 24 patients with operable breast cancer, respectively,

that relapse or disease progression was associated with

strong CD8? T cell infiltration (Matkowski et al. 2009;

Sheu et al. 2008). In uveal melanoma patients, elevated

serum levels of IFN-c correlate with the spread of metas-

tasis and represent a negative prognostic marker

(Hallermalm et al. 2008). A prospective randomized trial

showed that tumor relapse in melanoma patients who were

immunized with NY-ESO-1 vaccine was associated with

down-regulation of NY-ESO-1 and HLA class I in their

tumor. This suggests immunoediting and escape of the

tumor under pressure from NY-ESO-1-specific immune

responses (Nicholaou et al. (2011). In patients with ductal

carcinoma in situ (DCIS), HER-2/neu-targeted vaccination

induced HER-2/neu-specific IFN-c-producing T cell

responses and resulted in HER-2/neu antigen loss (Czer-

niecki et al. 2007). Although the authors considered this

HER-2/neu loss a positive outcome of the immune

response, no follow-up studies have been performed to

determine whether patients with HER-2/neu loss in their

tumors might end up with recurrence of more invasive

tumors. Very recently, we reported that patients with HER-

2/neu negative breast cancer had HER-2/neu-specific IFN-

c-producing T cell responses which were associated with

nuclear translocation of IFN-c receptor a in the tumor site

(Kmieciak et al. 2011). This suggests that patients with

HER-2/neu negative breast cancer might have had unde-

tectable HER-2/neu positive premalignant tumors in the

past that had lost HER-2/neu expression and progressed to

invasive carcinoma under immune pressure. The fact that

55–75 % of patients with premalignant DCIS overexpress

HER-2/neu in their tumor lesions and 75 % of breast can-

cers are HER-2/neu negative may suggest the progression

of HER-2/neu positive DCIS to HER-2/neu negative breast

cancer only in the tumor clones that express variable levels

IFN-c receptor a. This possibility is also supported by the

observation that overexpression of HER-2/neu in DCIS

lesions are usually accompanied by invasive foci (Roses

et al. 2009). In fact, the low frequency of HER-2/neu

expression (20–25 %) in invasive breast cancer implies that

HER-2/neu loss is an epiphenomenon of disease progres-

sion (Hoque et al. 2002). Evaluation of HER-2/neu

expression in tumor lesions of patients with breast cancer

revealed overexpression of HER-2/neu in primary tumors

and its loss in synchronous metastasis (Santinelli et al.

2008) as well as gain of HER-2/neu overexpression in

metastatic tumors (Houssami et al. 2011). Such discordance

between primary and metastatic tumors in the expression of

HER-2/neu suggests that HER-2/neu loss in vivo may be

associated with distant recurrence or metastasis only in

certain tumor clones. In prostate cancer, HER-2/neu posi-

tive tumors, DU145 and PC-3, which responded to IFN-c
(probably because of the expression of IFN-c receptor a),

showed down-regulation of HER-2/neu expression,

whereas another prostate tumor line, LNCaP, which failed
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to respond to IFN-c did not show any change in the

expression of HER-2/neu (Kominsky et al. 2000). Such

failure of LNCaP was later shown to be due to the lack of

JAK1 gene expression (Dunn et al. 2005).

IFN-c and Epigenetic Modulation of Cancer

Despite the presence of pre-existing tumor-specific immune

responses, breast cancer patients often do not benefit from

immunotherapy (e.g., vaccines, antibodies). For example,

although trastuzumab (in combination with chemotherapy)

prolongs the survival of women with advanced HER-2/neu?

breast cancer, the vast majority of women will develop

resistance within 1 year of treatment initiation and 15 % of

patients are de novo resistant (Pohlmann et al. 2009). Sim-

ilarly, in the phase II E75 HER-2/neu peptide vaccine

studies conducted by Peoples and colleagues, the benefit

(i.e., prevention of recurrence) was minimal and nonsig-

nificant despite the generation of high level of HER-2/neu-

specific CD8? T cell responses (Holmes et al. 2008).

Although the reason for the resistance or lack of benefit is

unclear, it could be related to the recent findings of Reim

et al. (2009), who showed that trastuzumab associated with

IFN-c-producing NK cells expanded tumorigenic

CD44highCD24lowHER-2/neulow BCSC in vitro. IFN-c sig-

nal transduction in the target cells, including breast tumors,

involves early response genes such as IFN-c regulatory

factor 1 (IRF1) and late IFN-c negative feedback regulatory

responses such as IRF2 (Blanco et al. 2000; Connett et al.

2003; Doherty et al. 2001; Yim et al. 2003). IRF1 induces

apoptosis (Harada et al. 1990) and IRF2 is an IFN-c negative

regulatory feedback response that has been shown to render

the tumor cells refractory to apoptosis (Taniguchi et al.

2001). IRF2 can repress IRF1-induced transcriptional acti-

vation (Harada et al. 1990; Hida et al. 2000). The IRF1

protein is very unstable (half-life, *30 min), whereas IRF2

protein is apparently stable (half-life, *8 h) (Watanabe

et al. 1991). In addition, evidence has also been provided

that IRF2 functions as a transcriptional activator for vascular

cell adhesion molecule-1 (VCAM-1) (Jesse et al. 1998).

Elevated VCAM-1 is associated with poor prognosis and

breast cancer recurrence (Silva et al. 2006) as well as cancer

stem cell (CSC) characteristics (Levina et al. 2008). Very

recently, IRF2 was shown to support the self-renewal and

multilineage differentiation capacity of stem cells (Sato

et al. 2009). Oncogenic activity of IRF2 that represses the

tumor suppressor activity of IRF1 may also result in the

repression of other tumor suppressor genes. For example, it

was shown that IFN-c can interfere with the p53-mediated

transactivation of p21 (Koeppel et al. 2009), which may lead

to alterations in p53 function. In fact, IFN-c may contribute

to the induction of methylation of several genes that are

altered by hypermethylation of their promoter region during

tumor relapse. For example, loss of E-cadherin during EMT

and silencing of p53 during tumorigenesis have been shown

to be associated with DNA methylation (Dumont et al. 2008;

Kang et al. 2001). The p53 alteration in turn induces sym-

metrical division in BCSCs that accelerates their renewal

(Cicalese et al. 2009), leading to breast cancer recurrence.

We have observed such epigenetic effects of IFN-c during

neu antigen loss and tumor relapse in our mouse model of

mammary carcinoma (Kmieciak et al. 2007). Therefore,

levels of IFN-c production or of the expression of IFN-c
receptor a on tumor cells may determine whether tumor

inhibitory or relapse-promoting effect of IFN-c may prevail.

High levels of IFN-c and/or IFN-c receptor a expression or

lack of the expression can induce a robust tumor rejection

via IFN-c-dependent or -independent mechanisms, whereas

intermediate levels of IFN-c and/or IFN-c receptor a
expression may facilitate tumor escape and relapse

(Table 1). This hypothetical model which is suggested by

our recent observations (unpublished data) may also predict

the direction of discordance between primary and metastatic

breast cancers in the expression of HER-2/neu such that

tumor clones with low levels of IFN-c receptor a that

escaped anti-tumor immune responses may retain HER-2/

neu expression during metastasis. However, gain of HER-2/

neu expression in metastatic tumor cells remain unknown.

The role of microenvironment in inducing epigenetic

changes in tumor cells which may drive HER-2/neu

expression is yet to be determined. Advances in our

understanding of the role of anti-tumor immune responses in

epigenetic modulation of cancer may improve our ability to

develop highly tailored immunotherapeutic strategies that

can overcome tumor escape and relapse.

Tumor Relapse and BCSC

Tumor dormancy remains a major hurdle in the treatment

of cancers. The exact identity of cells that contribute to

tumor dormancy and subsequent relapse of cancers remain

poorly understood. Despite conventional therapies of breast

cancer, most of the US deaths are attributed to relapse

(Benson et al. 2009), which is likely due to the failure of

current treatment regimens to eliminate BCSC, a subset of

Table 1 Levels of IFN-c and/or IFN-c receptor a expression deter-

mine T cell-mediated tumor inhibition or tumor escape

Levels of IFN-c production

and/or IFN-c receptor a expression

High Intermediate Low

Tumor inhibition Yes No Yes

Tumor escape and relapse No Yes No
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cells with potent tumorigenicity and a profound resistance

to apoptosis. In fact, an association between CSC and

tumor recurrence has been observed (Joung et al. 2010;

Kusumbe and Bapat 2009; Vesuna et al. 2009), thus

implicating CSCs as facilitators in relapse. What remain

unknown about BCSC are the generation, survival, and

heterogeneity of these transformed tumor-initiating cells in

the immunologically hostile microenvironment. Currently,

the major hypothesis describing the origin of BCSC is that

transformed resident tissue stem cells undergo asymmet-

rical division, occasionally renewing a copy of themselves,

but most often generating proliferative epithelial daughter

progeny with limited tumorigenicity (Santisteban et al.

2009). An alternative hypothesis is that BCSC are derived

from transformed, differentiated epithelial cells by acqui-

sition of stem cell properties through EMT (Mani et al.

2008). These two hypotheses were derived from observa-

tions implying that heterogeneous BCSC phenotypes may

exist in breast cancer patients.

Inflammatory cytokines, IL-1, IL-6 and IL-8 in partic-

ular, have been suggested to support CSC through

activation of STAT3 and NF-jB pathways (Korkaya et al.

2011). These cytokine pathways mimic those involved in

wound healing. Two key publications that highlight the

role of these inflammatory cytokines in supporting BCSC

include: (i) Wicha’s group, which showed that blockade of

the IL-8 receptor CXCR1 can selectively target BCSC and

reduce tumor growth and metastasis (Ginestier et al. 2010);

(ii) Struhl’s group, which showed that IL-6 was sufficient

to convert human breast and prostate tumor cells to CSC

(Iliopoulos et al. 2011). IL-6 secreted by breast tumor cells

has also been reported to be involved in the activation and

recruitment of mesenchymal stem cells to the tumor site

(Rattigan et al. 2010). IL-6-mediated induction of EMT has

also been reported (Xie et al. 2012).

It was reported that expression of the HER-2/neu onco-

gene regulates BCSC in driving tumor invasion and

metastasis (Korkaya et al. 2008). Along this line of evi-

dence, Magnifico et al. (2009) reported that, in breast cell

lines, CD44?CD24-/low BCSC clones that were capable of

mammosphere formation also had increased HER-2/neu

expression. Expression of HER-2/neu increased sensitivity

of BCSC to trastuzumab and lapatinib (Korkaya and Wicha

2009; Magnifico et al. 2009). On the other hand, Reim et al.

(2009) showed that treatment with trastuzumab and poly-

clonal NK cells resulted in the preferential survival of

individual sphere-forming cells that displayed a

CD44?CD24-/low ‘‘cancer stem cell-like’’ phenotype and

expressed significantly less HER-2/neu compared with non-

stem cells. This suggested that the induction of antibody-

dependent cell cytotoxicity by trastuzumab and NK cells

may spare the actual tumor-initiating cells, leading to tumor

relapse. The CD44?CD24-/low population was also found

to be more immunoresistant in SK-BR3, MDA-MB231, and

BT474 breast cancer cell lines. Such contradictory reports

may be because some groups focused merely on trast-

uzumab as an antibody therapy that relays signals

downstream of HER-2/neu receptor, whereas others inclu-

ded NK cells, which are associated with IFN-c production

and its interaction with IFN-c receptor a.
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