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Abstract: The IL-6 cytokine family is a group of signaling molecules with wide expression and
function across vertebrates. Each member of the family signals by binding to its specific receptor
and at least one molecule of gp130, which is the common transmembrane receptor subunit for the
whole group. Signal transduction upon stimulation of the receptor complex results in the activation
of multiple downstream cascades, among which, in mammary cells, the JAK-STAT3 pathway plays
a central role. In this review, we summarize the role of the IL-6 cytokine family—specifically IL-6
itself, LIF, OSM, and IL-11—as relevant players during breast cancer progression. We have compiled
evidence indicating that this group of soluble factors may be used for early and more precise breast
cancer diagnosis and to design targeted therapy to treat or even prevent metastasis development,
particularly to the bone. Expression profiles and possible therapeutic use of their specific receptors in
the different breast cancer subtypes are also described. In addition, participation of these cytokines in
pathologies of the breast linked to lactation and involution of the gland, as post-partum breast cancer
and mastitis, is discussed.
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1. Introduction

The interleukin-6 (IL-6)/glycoprotein130 (gp130) cytokine family is a group of sig-
naling molecules that are expressed widely and play multiple physiological roles across
vertebrates [1,2]. They are involved in processes as diverse as hematopoiesis, inflammation,
tissue remodeling, neuroprotection, cell differentiation, and cancer [3]. Each member of the
family signals by binding to its specific receptor and at least one molecule of gp130, which
is the common transmembrane receptor subunit for the whole group of cytokines [4]. In
breast cancer, the most studied members of this family are interleukin-6 (IL-6), leukemia
inhibitory factor (LIF), oncostatin M (OSM), and interleukin-11 (IL-11). In this review, we
focus on the role of these cytokines in breast cancer development and their putative use as
therapeutic targets.

The first studies on the IL-6 cytokine family date back to the 1970s, when the impor-
tance of factors involved in B lymphocyte activation was highlighted for the first time.
One of those soluble proteins, first cloned in 1986, was interleukin 6 (IL-6), which induced
immunoglobulin production and therefore was initially named “B-cell stimulatory factor-
2”7 [5]. It was later discovered that this molecule had been studied under many different
names in multiple human and mouse tissues, where it showed pleiotropic functions [6-8].
IL-6 binds to the IL-6 receptor (IL-6R) and gp130 in a cooperative manner to form a com-
petent signaling complex consisting of the hexamer [IL-6/IL-6R/gp130] x 2 [9]. Whereas
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gp130 is expressed in every human and mouse cell [10], IL-6R has only been detected in
a few tissue types, which includes the mammary gland [11]. Only the binary complex of
IL-6/IL-6R can interact with gp130 to form the signaling-competent complex, since gp130
alone has no measurable affinity for IL-6, and IL-6R alone does not bind gp130. It is worth
noting that IL-6R exists not only as a transmembrane protein, but also as a soluble factor
(sIL-6R), which also binds IL-6 with high affinity [12]. The complex formed by IL-6 and
sIL-6R can interact with gp130 on cells that do not express IL-6R, thus triggering specific
signaling events in cells which would be otherwise unresponsive to this cytokine [13]. This
process is called trans-signaling and has been related to IL-6 pro-inflammatory effects,
whereas the classic IL-6 signaling, via the membrane bound IL-6R, has been associated
with regenerative or anti-inflammatory activities exerted by the cytokine [14] (Figure 1A).
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Figure 1. IL-6 cytokine pathway activation in breast cancer cells. IL-6 is secreted by tumor and stroma
cells, such as cancer associated adipocytes (CAAs), cancer associated fibroblasts (CAFs), lymphatic
endothelial cells (LECs), and myeloid derived stem cells (MDSCs). IL-6 binds to either transmembrane
(mIL-6R) or soluble (sIL-6R) IL-6 receptor and to gp130 inducing ‘classic signaling” through mIL-6R
or ‘trans-signaling’ through sIL-6R (A). LIF binds to transmembrane LIF receptor (mLIFR) and gp130
inducing downstream signaling. LIF binding to soluble LIF receptors (sLIFR) blocks interaction with
gp130 inhibiting LIF pathway activation (B). At the surface of target cells, secreted IL-6 cytokine family
members bind to their specific receptors and gp130 to activate intracellular signaling cascades (C).
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LIF was first cloned in 1987 and was studied as an inducer of macrophage differen-
tiation [15]. The murine and human LIF genes show 75% homology [16] and the mouse
protein is known for maintaining self-renewal and pluripotency of embryonic stem cells,
besides playing other relevant biological functions [17]. On target cell membranes LIF
binds to a heterodimeric high-affinity complex composed by the LIF receptor 3 (LIFR(3) and
gp130 [18]. LIF mRNA is subjected to alternative splicing, resulting in two isoforms that
originate the transmembrane receptor (LIFR) and a secreted protein [19,20]. The soluble iso-
form of LIFR (sLIFR) binds LIF, but is unable to form the signaling competent complex with
gp130. Then, sLIFR sequesters LIF in the extracellular microenvironment preventing its
binding to LIFR and therefore inhibiting the intracellular signaling [21] (Figure 1B). On the
other hand, the transmembrane complex LIFR3-gp130 can also interact with secreted OSM,
ciliary neurotrophic growth factor (CNTF), cardiotrophin 1 (CT1), and cardiotrophin-like
cytokine (CLC) leading each of these factors to specific cell responses [22] (Figure 1C).

OSM was initially identified as a melanoma and other tumor cell growth inhibitor [23].
However, accumulated evidence now shows that this factor exhibits many different bi-
ological activities in development, inflammation, hematopoiesis, and cancer [24]. OSM
receptor (usually found in literature as OSMRp) is recruited after the initial interaction of
OSM with gp130, completing the formation of the active complex that triggers intracellular
signaling [25]. Alternatively, in humans, OSM can also induce cell responses by binding to
LIFR/gp130 [26] (Figure 1C).

IL-11 was initially characterized in bone marrow-derived stromal cells as a hematopoi-
etic cytokine with thrombopoietic activity [27]. In recent years, numerous studies have
shown that IL-11 has a relevant role in breast cancer bone metastasis development [28].
IL-11 binds to IL-11 receptor « (IL-11Rx) and the subsequent interaction of this complex
with gp130 triggers downstream signaling [29]. Cleavage of IL-11Rx produces a soluble
form (sIL-11Re), which is also able to bind IL-11 and activate trans-signaling specific
responses [30] (Figure 1C).

For IL-6, LIE, OSM, and IL-11, cytokines binding to their membrane receptors leads to
the activation of three main downstream pathways: JAK-STAT, Ras-Raf MEK/ERK, and
PI3K/AKT signaling [31]. However, depending on the cell type, IL-6 family can trigger
more than one cascade even simultaneously, affecting different functions. For example,
these pleiotropic effects have been reported for LIF and OSM in trophoblast cells [32]
and for another member of this family, the ciliary neurotrophic factor (CNTF), in human
multipotent adipose-derived stem (hMADS) cells [33]. The multiplicity of their activities
may explain the complex and sometimes contradictory effects that this family of proteins
exerts on tumor and stromal cells and the difficulties to target them and/or their receptors
for cancer treatment.

In 2020, breast cancer (BC) was the most commonly diagnosed cancer, with an es-
timated 2.3 million new cases worldwide, and the leading cause of cancer death for
women [34]. Therefore, finding new therapeutic strategies for increasing survival rate
of this illness is of utmost importance. Five intrinsic molecular BC subtypes have been
described: Luminal A, Luminal B, HER2-enriched, Basal-like, and Claudin-low [35]. How-
ever, the last one is not analogous to the other four subtypes, but is a complex phenotype
that can be found within the other categories [36]. Most Luminal A and B tumors express
estrogen receptor (ER+) and often show good response to endocrine therapy, particularly
the Luminal A subtype, when treated early. Most tumors in the HER2-Neu subtype are
HER2+ and do not express high levels of neither ER nor progesterone receptors (ER— PR—).
HER2-Neu breast cancers tend to grow fast and be invasive; however, specific anti-HER2
therapeutics, as trastuzumab, have improved survival rates of patients with this tumor
subtype [35]. Finally, the Basal-like are triple-negative (ER— PR— HER2—) breast cancers
(TNBC) that commonly display a very aggressive behavior. This subtype has less specific
therapeutic options than the others and the worst prognosis among all BC categories [37].

Metastasis is the spread of neoplastic cells beyond the tissue of origin and, for breast
cancer patients, is the main cause of mortality. The most common secondary sites for
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mammary tumor development are bone, lung, liver, and brain, and the capacity to invade
these organs is not only due to cancer cell intrinsic features, but also to signals provided by
the new microenvironment [38]. Epithelial to mesenchymal transition (EMT) of tumor cells
facilitates their migration and invasiveness, and stromal cells, such as cancer associated
fibroblasts (CAFs) and cancer associated adipocytes (CAAs) significantly contribute to the
malignant phenotype in the primary and secondary sites by releasing specific signals [39],
which include the IL-6 family of cytokines [40].

2. IL-6 in Breast Cancer

IL-6-induced signaling in breast tumors mainly triggers STAT3 activation. A positive
correlation between phosphorylated STAT3 (pSTAT3) and IL-6 expression in primary breast
tumors was first reported by Berishaj and collaborators, who also demonstrated that in vitro
blockade of gp130 or IL-6 sequestration led to a decrease of pSTAT3 levels [41]. This report
also demonstrated the capability of IL-6 containing conditioned media to stimulate STAT3
phosphorylation. Therefore, taking into account the dramatic role that this transcription
factor plays in breast cancer progression [42], it was indubitable the significant participation
of IL-6 in the development of this illness.

Involvement of IL-6 in breast cancer has been extensively reported over the years.
Several groups from the 1980s to 2000s reported higher levels of this cytokine when sera
from breast cancer patients and healthy women were compared [43]. Circulating IL-6
levels could be considered an independent prognostic marker given that higher IL-6 levels
correlated with the stage of the disease [44]. Furthermore, in patients with untreated
metastatic breast cancer, higher circulating IL-6 levels detected at the moment of diagnosis
correlated with worse survival rates [45]. Conversely, a recent study shows that high levels
of IL-6 and IL-10 detected in early stages of invasive breast cancer could be linked with
good prognosis [46].

Several reports indicate that breast cancer cell lines produce and secrete IL6-family
cytokines. Nevertheless, ER+ secrete lower IL-6 levels than ER— cells [47]. The first
report on this observation goes up to 1996, when detectable levels of IL6 were found in
the conditioned media of ER— but not ER+ human breast cancer cell lines [11]. It has
been determined that ER inhibits IL-6 expression by disrupting NF-kB transactivation [48].
Furthermore, Chiu et al. had also shown that ER+ breast cancer cells express and secrete the
soluble IL-6R, while ER— cells mainly express the receptor transmembrane isoform [11].

The role of IL-6 as a promoter of malignancy in breast cancer has been well established
in different models and conditions. In 1989, a report was published demonstrating for the
first time that IL-6 addition to cell culture medium enhanced motility as well as transition
from cuboidal to fibroblastoid-like morphology of ER+ breast cancer cells. Importantly,
these effects reverted upon cytokine removal [49]. A few years later another group shed
some light on the involved mechanism demonstrating that incubation with IL-6 decreased
E-cadherin expression in these cell lines [43]. Later studies confirmed that IL-6 increases
migration and invasion capability of ER+ cells [50,51]. Therefore, it can be argued that even
if ER+ breast cancer cells express low levels of IL-6, these cells can be highly susceptible to
the presence of this cytokine in the microenvironment.

The association of IL-6 expression and breast cancer bad prognosis would not only be
due to its relevance in tumor cell motility and epithelial-to-mesenchymal transition (EMT),
but also to its essential role in cancer stem cell (CSC) self-renewal. It has been reported
that IL-6 is upregulated in tumorspheres generated from patients” aggressive ductal breast
carcinomas and from ER+ cell lines. Addition of this cytokine to those organoids promoted
hypoxia-resistance, self-renewal, and invasiveness [51]. Stem phenotype induction upon
ectopic IL-6 addition has been also demonstrated in TNBC cell lines and in primary cultures
from human breast samples [52].

The role of the microenvironment on tumor initiation and progression has been
increasingly studied in the last years. IL-6 is not only expressed and secreted by breast
cancer cells, but also by diverse cell types that are part of the tumor microenvironment, such
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as myeloid-derived suppressor cells (MDSCs) [53], fibroblasts [38,47], lymphatic endothelial
cells [54], and adipocytes [55] (Figure 1A). Evidence of IL-6 release from a wide range of cell
types and its association with breast cancer progression has been confirmed over the years
and it has been described in different review articles [31,56]. Particularly, the contribution of
adipose tissue has called the attention of various authors, since IL-6 serum levels positively
correlated with body mass in obese breast cancer patients [57]. This finding is especially
relevant considering that survival rates of obese women with breast cancer are lower
than those of non-obese breast cancer patients with similar tumor grades [58]. Besides,
more advanced and higher-grade tumors exhibited increased IL-6 levels in the peritumoral
adipose tissue [55]. In vitro studies support these clinically observed correlations, and it
has now been established that adipocyte secreted IL-6 promotes migration of ER+ and ER—
tumor cells [59].

Endocrine therapy (ET)—based on the use of tamoxifen, fulvestrant, and aromatase
inhibitors—is the standard treatment for patients with ER+ breast tumors. However, in
spite of its initial benefit, later resistance is very common and represents a hard clinical
challenge [60]. Over the years, IL-6 has been increasingly linked to the acquisition of ET
resistance in breast cancer patients [61]. Interestingly, ET resistant self-renewing CSCs from
luminal tumors were characterized by the display of CD133hi/ERlo/IL6hi markers. These
cells were IL-6/Notch dependent, and inhibition of these pathways induced re-expression
of the ER and recovery of ET sensitivity [51].

IL-6 has been also implicated in resistance to trastuzumab treatment for women with
HER-2/Neu breast cancer subtype. In these tumors it has been reported the induction of an
IL-6 inflammatory feedback loop that leads to the expansion of CSCs, which in turn secrete
high levels of this cytokine. Importantly, addition of tocilizumab, an anti-IL-6R antibody, is
sufficient to revert this effect in vivo leading to tumor and metastasis inhibition [62]. Based
on these data, a treatment that combines trastuzumab with tocilizumab is currently in a
Phase I clinical trial for patients with metastatic trastuzumab-resistant HER2+ breast cancer
(NCT03135171).

TNBC is defined by the lack of ER and PR, as well as low HER2 expression. Con-
sequently, treatments for this BC subtype are limited to radiation therapy or chemother-
apy [63]. In TNBC cell lines, inhibition of IL-6 and IL-8 expression dramatically reduced
colony formation and cell survival in vitro and prevented tumor engraftment and growth
in vivo [64]. Growth of TNBC xenografts has been inhibited by tocilizumab [54]. Interest-
ingly, patients with TNBC showed increased presence of tumor associated macrophages
and higher expression levels of IL-6 after surgery [65].

3. LIF in Breast Cancer

It has been shown that LIF and OSM display higher expression levels in advanced
breast cancer compared with benign or in situ lesions. Therefore, it has been proposed that
higher levels of these cytokines, secreted either by mammary parenchyma or stromal cells,
promote tumor growth [66]. Similarly to what was indicated above for IL-6 [47], ER— PR—
cells, as MDA-MB231, have shown higher LIF expression levels than luminal tumor cell
lines, as MCF7, MDA-MB468, or T47D [67]. It has been demonstrated that LIF promotes
breast cancer cell proliferation in culture and in vivo [68], as well as EMT in MCF-7 and
T47D tumor cells, and knockdown of endogenous LIF have reversed EMT in MDA-MB231
cells [67].

It has been reported that LIF oncogenic activity is mediated by STAT3 phosphory-
lation and translocation to the nuclei, and our group has reported that activation of this
transcription factor in mammary tumor cells is dependent on paracrine/autocrine LIF
secretion [69]. Interestingly, the rise of LIF in tumor microenvironment would be due to
the presence of transforming growth factor 3 (TGF-{3) that induces LIF production in both
stroma and parenchyma cells. In turn, this would trigger the JAK/STAT signaling pathway
that is able to activate tumor cell invasiveness [70]. In addition, it has been proposed that
LIF activation of the JAK/STAT3 pathway also leads to tumorigenic miR-21 expression [67].
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However, other cascades have been reported to mediate LIF activity in tumorigenesis and
metastasis development, as the AKT/mTOR signaling pathway [68].

In spite of the data indicating the pro-oncogenic role of LIF, a whole genome RNAi
screening identified LIFR as a mammary tumor suppressor [71]. Data analysis from a cohort
of non-metastatic breast tumors has revealed that high LIFR expression levels correlate
with increased metastasis-free, recurrence-free, and overall survival rates. Furthermore,
LIFR expression restoration in malignant tumor cells triggered the Hippo signaling that
led to functional inactivation of oncogenic YAP [72]. Besides, LIFR has been shown to be
downregulated in patients with poorer prognosis among a cohort of breast cancer patients
with bone metastasis [73]. Supporting these findings, it has been reported that breast cancer
cells with low metastatic potential, such as MCF-7, express functional LIFR, but breast
cancer cells that aggressively colonize the lung or bone, like MDA-MB231, lack a functional
LIFR [31]. Finally, LIFR signaling blockade by hypoxia may allow breast cancer cells to exit
dormancy in the bone marrow to proliferate and give rise to metastasis [73].

Specific inhibition of LIF/LIFR interactions has been proposed as a promising target
for breast cancer therapy [74-76]. For treatment of solid tumors, such as breast cancer, the
efficacy of histone deacetylase inhibitors (HDACs) has been suggested to be limited by
LIFR expression induction and the consequent pro-oncogenic activation of the JAK/STAT3
signaling pathway. Therefore, combining HDAC with JAK1 or BRD4 (which is recruited at
LIFR gene promoter in cells under HDAC treatment) blockers has been proposed for breast
cancer treatment [74]. In addition, it has been shown that rapamycin, an inhibitor of the
mTOR pathway, suppresses the promoting effect of LIF on tumorigenesis and metastasis
in breast cancer cells [64] and that combined immunization against LIF and LIFR inhibits
tumor formation from mammary CSCs in BALB/c mice [77]. Additionally, a humanized
anti-LIF antibody, MSC-1, has recently been developed and is being tested as a cancer
therapy in a phase I clinical trial for advanced metastatic solid tumors (ClinicalTrials.gov:
NCT03490669) [75].

4. OSM in Breast Cancer

OSM has been reported to induce migration, invasiveness [78,79], and loss of hor-
mone receptor expression in human breast cancer cells [80]. Furthermore, high expression
of OSM and its receptor (OSMR) was associated with poor prognosis for breast cancer
patients [81,82]. This cytokine has also promoted CSC plasticity through STAT3 activa-
tion [83]. OSM treatment have induced EMT and stemness associated features in luminal
breast cancer cell lines [82], as well as acquisition of stem capabilities in TNBC cells through
repression of both autocrine and paracrine IFN-f signaling [84]. In addition, it has been
reported that OSM together with IL-1f3 induces IL-6 in breast cancer cells in culture, and
expression of these three factors correlated with low breast cancer patient survival. There-
fore, breast cancer treatment regimens that simultaneously suppress multiple cytokines
with overlapping functions have been proposed to increase patient survival [81].

In a mouse model, it has been determined that OSM produced by mammary tumor
cells promoted tumor osteolytic bone metastasis through amphiregulin (AREG) induction,
which led to osteoclast activation [85]. It has been reported that in mice bearing human
breast tumor xenografts, peritumoral injection of OSM increased the number of metastases
to the lung, decreased mouse survival, and augmented the quantity of circulating tumor
cells (CTC). All these effects were reduced in OSM-KO mice bearing the same tumors [86].
Therefore, these authors proposed that early treatment of breast cancer patients with OSM
inhibitors may prevent metastatic progression.

Based on the evidence summarized above, the use of OSM monoclonal antibodies that
have been already tested in humans [87] is a promising possibility for breast cancer patients.

5. IL-11 in Breast Cancer

Expression analysis of IL-11 and its receptor in human breast cancers revealed that
their high levels are clinically associated with lower survival [88]. Mechanistically, it has
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been proposed that this link would be due, at least partially, to the decrease of the tumor
suppressor mictoRNA-30c (miR-30c), which prevents tumor chemotherapy resistance by
directly reducing twinfilin 1 (TWF1) levels and its secondary target, secreted IL-11 [89].
Similarly, hsa-miR-206, which inhibits self-renewal and invasiveness of breast cancer
cells, also targets TWF1, which enhances MKL1 and SRF that in turn, promoting IL-11
expression. As it has been demonstrated that the MKL1-SRF/IL-11 signaling is essential for
miR-206 function in regulating breast cancer stem cells and tumorigenesis, analyzing this
pathway may lead to innovative drug development to control cancer growth and prevent
metastasis [90].

High IL-11 expression has been particularly observed in breast cancer patients with
bone metastasis [90-92] and the detection of IL-11 in primary breast cancer has been
proposed as a predictive factor for tumor growth in that secondary site [93]. Besides,
it has been determined that parathyroid hormone-related peptide (PTHrP) secreted by
breast cancer cells invading the bone induces IL-11 by host osteoblasts that sequentially
exerts osteoclastogenic activity through PGE2 increase [94]. However, IL-11 expression by
breast cancer cells would also be relevant in determining bone metastatic ability as it has
been reported that the small group of cells in a human breast cancer line that possessed
that capacity expressed a specific gene profile, which included over-expression of this
cytokine. Interestingly, none of the genes in the bone metastasis signature were part of
those previously described in the poor-prognosis breast cancer profile [95].

Aberrantly activated NRF2 in cancer cells may drive malignant progression and it
has been reported that IL-11 is induced downstream of NRE2. In breast cancer patients, a
positive correlation between IL-11 and NRF2 has been detected, although this association
has not been detected in cultured breast cancer cells. These results imply that a signal
originating from the microenvironment would cooperate with NRF2 to activate IL-11, and
it has been demonstrated that transformed fibroblasts may provide a critical contribution of
IL-11 to NRF2-dependent tumorigenesis. Therefore, these studies suggest that inhibition of
IL-11 signaling would be an effective strategy for inhibiting progression of NRF2-addicted
breast cancers [96].

6. IL-6 Cytokine Family in Post-Partum Breast Cancer

Women diagnosed with breast cancer within 5 to 10 years of childbirth have signifi-
cantly increased risk for metastatic recurrence [97,98]. It has been proposed that the higher
probability of developing a metastatic disease during that period would be caused by
mammary gland involution. During this process, which starts when milk production ends,
either after birth in the absence of nursing or after weaning, dramatic tissue remodeling
occurs in the mammary gland of all female mammals [99,100].

In female mice, expression of IL-6, LIF and OSM is low during lactation, but increases
during involution together with the activation of Stat3 in mammary tissue. It has been
shown that LIF is the cytokine responsible for activation of this transcription factor [101,102],
while IL-6 induced ERK1/2 MAPK phosphorylation, which also plays a significant role dur-
ing mammary regression [103]. Furthermore, OSM and OSMR are upregulated in response
to STAT3 activation and the signaling triggered by this cytokine promoted the expression of
metalloproteinases MMP3, MMP12, and MMP14, that are relevant for remodeling normal
mammary tissue, but would also facilitate mammary tumor invasiveness [104].

Transgenic mice with mammary specific expression of the protease pappalysin-1
(PAPP-A), which is extensively overexpressed in breast cancers [105], have shown that
extended lactation is protective against the oncogenic effect of PAPP-A, while abrupt halt of
nursing increased its tumorigenic impact [106]. Interestingly, during mammary involution,
PAPP-A expression is induced by IL-6 among other cytokines, and sudden interruption
of lactation have triggered an increase in inflammation markers [107]. Therefore, possibly
by ameliorating inflammation in the post-partum mammary microenvironment, extended
lactation may be protective against breast cancer via suppression of PAPP-A [108].



Int. J. Mol. Sci. 2022, 23,1809

8 of 15

7. IL-6 Cytokine Family in Mastitis

Mastitis, an inflammation of the mammary gland, is a worrying condition for nursing
women, which may or may not be accompanied by infection. It is characterized by breast
pain, swelling as well as redness, and can be followed by serious complications such as
abscess and septicemia. Studies in different western countries revealed a relevant impact of
this pathology with incidences of about 10-20% during the first 3 months post-delivery [109].
This pathology has also a great impact on cow milk production, since it causes premature
weaning leading to reduced milk yield and quality. In addition, mastitis increases the
cost of cattle management together with danger of antibiotic residues in commercialized
milk [110]. This is due to the fact that in dairy cows, mastitis is usually caused by different
bacteria including Gram-positive, e.g., Staphylococcus aureus (S. aureus) and Gram-negative,
such as Escherichia coli (E. coli) [111]. The pathogenesis caused by E. coli and other Gram-
negative bacteria is often characterized by an acute inflammation, which, however, may
eventually lead to pathogen clearance [112]. On the other hand, Staphylococci are the
bacteria most commonly isolated from cases of subclinical mastitis [113]. Infection with
these Gram-positive pathogens often causes mild signs of mastitis, but ineffective pathogen
clearance frequently leads to chronic infection [114]. Importantly, infections by S. aureus
are also a serious problem for women, because antibiotic resistance may cause eventual
severity and difficulties to cure the illness [115].

Analysis of the transcriptome of primary bovine mammary epithelial cells after chal-
lenging them with heat-inactivated preparations of E. coli or S. aureus showed that the
first rapidly and strongly induced expression of cytokines and chemokines while S. aureus
elicited a retarded response. The genes that were most strongly upregulated by E. coli
were clustered into a regulatory network with tumor necrosis factor alpha (TNF-«) and
interleukin-1 (IL-1) in a central position. In contrast, the S. aureus response induced a
functional network dominated by IL-6, although this cytokine would be also relevant for
E. coli late response. Therefore, detection of IL-6 in milk has been proposed as a predictor
marker for subclinical mastitis [116].

Interestingly, not only IL-6—but also its receptor, IL-6R—has been reported to be
upregulated in the mammary glands of mastitic cows. This enhanced expression has been
attributed to increased DNA methylation level during inflammation. Specifically, it has
been proposed that the DNA methylation level in exon 2 of IL-6R could also be a potential
biomarker for monitoring bovine mastitis [117]. Furthermore, Zhu et al., demonstrated
an increase in the IL-6 mRNA in infected mammary lobes, but not in the mammary lobes
that did not develop mastitis [118]. Similarly, comparing protein content in breast milk
from human nipple single pores revealed that milk from mastitic lobes contained higher
concentration of IL-6 than milk from healthy glands [119].

Plasma cell mastitis (PCM), also known as mammary ductal ectasia, is a special form
of mastitis that typically occurs in young and middle-aged women at nonpregnant or non-
nursing stages. IL-6/STAT3 signaling is activated in PCM and may play an important role
in the pathogenesis of this illness [120]. Associated with this discovery, it has been proposed
that sinomenine hydrochloride may achieve a therapeutic effect on PCM based on its anti-
inflammatory and immunoregulatory properties, which are exerted by IL-6/JAK2/STAT3
pathway downregulation [121].

8. Concluding Remarks

The data reviewed here clearly show that IL-6 cytokine family plays an important role
in breast cancer progression (Table 1). Several studies have demonstrated the involvement
of these factors in the cross talk between tumor cells and their microenvironment in the
primary as well as in secondary sites, which has a dramatic impact on treatment resistance
and cancer relapse. Targeting the IL-6 cytokine family /JAK/STAT-3 pathway may be a
fruitful approach for early adjuvant breast cancer therapy and/or for preventing aggressive
development of metastasis in secondary sites. This signaling cascade can be targeted in
multiple ways, such as the use of specific monoclonal antibodies against the cytokines or
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their receptors, or by using synthetic/semi-synthetic compounds as specific inhibitors of
downstream signaling molecules. Particularly in TNBC, to which therapeutic approaches
are scarce compared with the other subtypes, high levels of IL-6 have been reported and
pre-clinical analysis of IL-6 inhibition have been published. Therefore, with the approval
of immunotherapy for this subtype [122], it is worth considering the mechanistic link
found between IL-6 and PDL1 [123] to be applied in breast cancer treatment. For the ER+
and HER2-Neu breast cancer subtypes, IL-6 has been increasingly linked to acquisition of
resistance and escape from specific therapies applied in these subtypes. Therefore, strate-
gies combining endocrine therapy or HER2-Neu blockade with IL-6 pathway inhibition
would be plausible therapeutic approaches to significantly improve relapse-free survival of
patients diagnosed with these breast cancer subtypes.

Table 1. Comparative summary. Most relevant studies, cited in this review, about IL-6 cytokine
family role in breast cancer development and treatment.

Topic Cytokines [Refs]

Stat-3 phosphorylation induction IL-6 [41]; LIF [67,69,70]; OSM [83]

High expression and/or circulating levels are associated with
cancer stage or prognosis

IL-6 [44,45]; LIF [66]; OSM [66,81,82]; IL-11 [88]

ER+ breast cancer cells express and/or secrete lower cytokine
levels than ER— cells

IL-6 [11,47 48]; LIF [67]

CSC maintenance, EMT, cell migration and/or invasion induction IL-6 [43,49-52]; LIF [67]; OSM [78,79,82-84]

Expression by diverse cell types in tumor microenvironment IL-6 [31,38,47,53-57,59]; IL-11 [94,96]
Association with Her2 or endocrine therapy resistance IL-6 [61,62]
Induction of TNBC progression IL-6 [54,64,65]
Use in targeted therapy IL-6 [54,62]; LIF [74-77]; OSM [87]
Receptor as tumor suppressor LIF [71-73]
Tumor miRNA modulation LIF [67]; IL-11 [89,90]
Involvement in metastatic progression OSM [85,86]; IL-11 [91-95]
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Abbreviations

BC Breast Cancer

CAAs Cancer Associated Adipocytes,

CAFs Cancer Associated Fibroblasts

CsC Cancer Stem Cells

CTCs Circulating Tumor Cells

EMT Epithelial-to-Mesenchymal Transition
ER Estrogen Receptor

ET Endocrine Therapy

gp130 Glycoprotein130

HER2 Human Epidermal Growth Factor Receptor 2
IL-11 Interleukin-11
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IL-11R  Interleukin-11 Receptor

IL-6 Interleukin-6

IL-6R Interleukin-6 Receptor
LECs Lymphatic Endothelial Cells
LIF Leukemia Inhibitory Factor
LIFR LIF Receptor

MDSCs  Myeloid Derived Stem Cells
miR Micro-RNA

OSM Oncostatin M

OSMR  Oncostatin M Receptor

PR Progesterone Receptor
pSTAT-  Phosphorylated STAT3
TNBC Triple Negative Breast Cancer
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