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Introduction: Interleukin-6 (IL-6) is an important growth factor for estrogen receptor-α (ERα)-

positive breast cancer, and elevated serum IL-6 is associated with poor prognosis.

Methods: The role of the phosphorylated signal transducer and activator of transcription 

3 pathway was investigated in ERα-positive breast cancer. A panel of cell lines was treated with 

exogenous IL-6. An IL-6 specific gene signature was generated by profiling ten ERα-positive 

breast cancer cell lines alone or following treatment with 10 ng/mL recombinant IL-6 or human 

marrow stromal cell-conditioned media, with or without siltuximab (a neutralizing anti-IL-6 

antibody) and grown in three-dimensional tumor microenvironment-aligned cultures for 4 days, 

5 days, or 6 days. The established IL-6 signature was validated against 36 human ERα-positive 

breast tumor samples with matched serum. A comparative MCF-7 xenograft murine model was 

utilized to determine the role of IL-6 in estrogen-supplemented ERα-positive breast cancer to 

assess the efficacy of anti-IL-6 therapy in vivo.

Results: In eight of nine ERα-positive breast cancer cell lines, recombinant IL-6 increased 

phosphorylation of tyrosine 705 of STAT3. Differential gene expression analysis identified 

17 genes that could be used to determine IL-6 pathway activation by combining their expression 

intensity into a pathway activation score. The gene signature included a variety of genes 

involved in immune cell function and migration, cell growth and apoptosis, and the tumor 

microenvironment. Validation of the IL-6 gene signature in 36 matched human serum and 

ERα-positive breast tumor samples showed that patients with a high IL-6 pathway activation 

score were also enriched for elevated serum IL-6 ($10 pg/mL). When human IL-6 was provided 

in vivo, MCF-7 cells engrafted without the need for estrogen supplementation, and addition of 

estrogen to IL-6 did not further enhance engraftment. Subsequently, we prophylactically treated 

mice at MCF-7 engraftment with siltuximab, fulvestrant, or combination therapy. Siltuximab 

alone was able to blunt MCF-7 engraftment. Similarly, siltuximab alone induced regressions 

in 90% (9/10) of tumors, which were established in the presence which were established in the 

presence of hMSC expressing human IL-6 and estrogen.

Conclusion: Given the established role for IL-6 in ERα-positive breast cancer, these data 

demonstrate the potential for anti-IL-6 therapeutics in breast cancer.

Keywords: breast cancer, estrogen receptor, gene signature, paracrine IL-6, siltuximab

Introduction
It is well established that interleukin-6 (IL-6) plays a key role in oncogenic transforma-

tion, invasion, and metastasis, including that of breast cancer cells.1,2 IL-6 also promotes 

cachexia, and weight loss serves as an important prognostic indicator in patients with 

cancer3 and in proliferative diseases where the cytokine is expressed at elevated levels.4 

It has been shown that exogenous IL-6 dose dependently increases the growth rate 

and migration of estrogen receptor-α (ERα)-positive breast cancer cells2,5 and also 
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drives epithelial to mesenchymal transition.6,7 The mechanism 

through which IL-6 exerts its effects on ERα-positive breast 

cancer cells is through the phosphorylation of tyrosine 705 

of signal transducer and activator of transcription (STAT)3 

(STAT3-Tyr705).2 However, studies published to date suggest 

that, in contrast to ERα-negative breast cancer, ERα-positive 

breast cancer cells produce minimal autocrine IL-6 and are 

dependent on paracrine IL-6 from within the tumor microen-

vironment (TME).8,9

There are a number of other cell types that produce IL-6, 

which could influence ERα-positive breast cancer cell activity. 

Indeed, IL-6 produced by breast, lung, and bone fibroblasts 

induces signaling via phosphorylated signal transducer and 

activator of transcription 3 (pSTAT3)-Tyr705 in ERα-positive 

breast cancer cells and, consequently, growth and invasion.2 

In addition, it has been shown that IL-6 produced by bone 

marrow mesenchymal stem cells potently induces growth 

in ERα-positive, but not ERα-negative breast cancer cells.10 

Furthermore, IL-6 secreted by adipose stromal cells has been 

shown to promote the migration and invasion of breast cancer 

cells both in vitro and in murine xenograft models.11

High serum IL-6 concentrations are associated with 

poor prognosis in ERα-positive patients with breast cancer, 

indicated by significantly reduced survival duration in 

patients with metastatic disease relative to patients with 

lower IL-6 levels.12,13 Moreover, higher serum concentrations 

of soluble IL-6 receptor at diagnosis predicted significantly 

shorter relapse-free survival among ER-positive patients with 

breast cancer.14 It has also been reported that certain IL-6 

polymorphisms that increase IL-6 expression are associated 

with shorter disease-free survival and overall survival in 

patients with breast cancer.15–17

Given this role of IL-6 in ERα-positive breast cancer, the 

availability of anti-IL-6 therapies and predictive biomarkers, 

to identify patients with IL-6-dependent disease and those 

with early signs of therapeutic resistance, may be a valuable 

approach to treating certain subgroups of patients. The aim 

of the study presented here was to further characterize the 

effects of IL-6 on breast cancer cell growth and also to deter-

mine a gene signature for potential downstream mediators of 

IL-6 signaling in ERα-positive breast cancer.

Materials and methods
Breast cancer cell line cultures  
and patient samples
Ten ERα-positive breast cancer cell lines (T47D, MDA-

MB-134VI, BT474, BT-483, HCC1428, EFM-19, MCF-7, 

MDA-MB-175-VII, MDA-MB-415, and ZR-75-1) and three 

ERα-negative breast cancer cell lines (BT-549, MDA-MB-231, 

and MDA-MB-468) were used in this study. All cell lines were 

purchased from American Type Culture Collection (ATCC; 

Manassas, VA, USA) except for EFM-19, which was obtained 

from DSMZ (Braunschweig, Germany). The authors advise no 

ethical approval was sought or required for this study as they 

used commercially purchased cell lines. Cell lines were authen-

ticated by short tandem repeat DNA typing by the suppliers. 

All cells were maintained in two-dimensional culture in dishes 

with Roswell Park Memorial Institute (RPMI)-1640 medium 

(Thermo Fisher Scientific, Waltham, MA, USA), containing 

10% fetal bovine serum (Thermo Fisher Scientific), 1% l-glu-

tamine, 100 U/mL penicillin, and 100 µg/mL streptomycin 

(Thermo Fisher Scientific).

IL-6 detection, Western blotting, and molecular analyses 

were performed using three-dimensional (3-D) TME 

aligned cell cultures. Breast cancer cells were embedded in 

3–7 mg/mL laminin-rich basement membrane extract (BME) 

as previously described,18 with medium and BME prepared 

with phenol red-free RPMI-1640 containing 6 mM glucose 

but no l-glutamine at pH 6.8 (Trevigen, Gaithersburg, MD, 

USA). Cultures were then overlaid with serum-free, phenol 

red-free RPMI-1640 containing 6 mM glucose, but without 

l-glutamine at pH 6.8. Cells monitored for growth in 3-D 

tumor growth assays were labeled using dsRed monomer 

retrovirus as previously described.18

Matched formalin-fixed paraffin-embedded (FFPE) 

tissue and serum from 36 ERα-positive breast tumors were 

purchased from Asterand Bioscience (Detroit, MI, USA).

IL-6 detection: panoptic meso scale 
detection assay
IL-6 production from breast cancer cell-conditioned media and 

patient serum was measured with anti-IL-6 capture antibody 

(clone 5IL6; Thermo Fisher Scientific) and anti-IL-6 detection 

antibody (clone 505E223C7; Thermo Fisher Scientific).19,20

Conditioned medium from breast cancer cell lines was 

collected after 24 hours in 3-D cultures and assayed on the 

same day. Serum samples of patients with breast cancer 

were frozen and stored at −80°C until required. Samples 

with ,10 pg/mL IL-6 (the lower limit of detection) were 

designated as paracrine based on published studies in healthy 

individuals and patients with cancer.21–25

Western blotting
The ERα-positive cell lines MCF-7, T47D, and BT474 do not 

produce IL-6, but are responsive to IL-6 produced in the 3-D 

tumor TME-aligned model through phosphorylation of STAT3 
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and tumor cell growth.10 To determine whether IL-6 respon-

siveness is applicable across ERα-positive breast cancer, the 

breast cancer cell lines were characterized for IL-6 production 

and response. For Western blot analyses, 500,000 cells were 

harvested from the 3-D TME-aligned cultures.

For pSTAT3-Tyr705 analysis, cells were treated with 

1) 0 ng/mL, 10 ng/mL, 50 ng/mL, or 100 ng/mL glycosylated 

human recombinant IL-6 (Humanzyme, Chicago, IL, USA); 

2) 0 µg/mL, 10 µg/mL, 50 µg/mL, or 100 µg/mL siltuximab 

(an anti-IL-6 monoclonal antibody approved for the treatment 

of multicentric Castleman’s disease);26 or 3) 50 ng/mL IL-6 

with 0 µg/mL, 10 µg/mL, 50 µg/mL, or 100 µg/mL siltuximab. 

Whole-cell lysates were harvested 24 hours following treat-

ment (the media overlay was removed by aspiration, and the 

cells plus BME were lysed as previously described6).

Although pSTAT3-Tyr705 is a key downstream factor for 

IL-6 signaling, other proteins, such as phosphatidyl-inositol-

3-kinase (PI3K)/serine-threonine kinase (Akt), mitogen-

activated protein kinase (MAPK), extracellular signal 

regulated kinase (ERK) 1/2, and MAPK/ERK kinase (MEK) 

1/2, are also known to be downstream of IL-6 signaling.5,27,28 

These proteins were therefore also investigated by Western 

blot analysis following IL-6 stimulation to determine whether 

these pathways were important for IL-6 activities in ERα-

positive breast cancer.

pSTAT3-Tyr705 was evaluated with rabbit anti-pSTAT3-

Tyr705 and goat anti-rabbit immunoglobulin G-horse radish 

peroxidase (both from Cell Signaling Technology, Danvers, 

MA, USA). Membranes were stripped and probed with 

rabbit anti-STAT3 antibody (Cell Signaling Technology). 

Additional Western blot analysis using anti-phospho-Akt-

Ser473, anti-Akt, anti-phospho-p44/42 MAPK, anti-p44/42 

MAPK, anti-pMEK1/2, anti-MEK1/2, anti-pSTAT3-Tyr705, 

and anti-STAT3 was performed following 24  hours of 

culture. Anti-β-actin (GenWay Biotech, San Diego, CA, 

USA), goat anti-chicken horse radish peroxidase (EMD 

Millipore, Billerica, MA, USA), and all other antibodies 

obtained from Cell Signaling Technology were used for 

blotting. Total STAT3, Akt, MEK1/2, and ERK1/2 were 

controls, and β-actin was used as a loading control.

Generation of the IL-6 pathway activation 
gene signature
Ten ERα-positive breast cancer cell lines were grown in 

TME-aligned 3-D culture as described earlier. After establish-

ment, cells were grown in triplicate for 6 days in the absence 

or presence of 10 ng/mL IL-6 added on day 1. Sampling was 

performed on days 4, 5, and 6. Five additional conditions 

were investigated in duplicate, as internal validation for the 

IL-6 pathway activation signature (PAS) and to evaluate 

treatment with siltuximab: 1) 10 ng/mL IL-6 added on day 0 

plus 50 µg/mL siltuximab added on day 1, 2) 10 ng/mL IL-6 

added on day 1 plus 50 µg/mL siltuximab added on day 1, 

3) 50 µg/mL siltuximab added on day 0, 4) human marrow 

stromal cell-conditioned media (hMSC-CM), and 5) hMSC-

CM plus 50 µg/mL siltuximab. After culturing, the media 

overlay was removed by aspiration, and 150 µL Qiazol was 

immediately added to the cells plus BME to achieve lysis. 

This mixture was combined with an additional 600 µL Qiazol 

and stored at −80°C until RNA isolation. RNA isolation was 

performed using the miRNeasy 96 Kit (Qiagen NV, Venlo, 

the Netherlands). The RNA concentration of all samples was 

determined on a Nanodrop-8000 UV-Vis Spectrophotometer 

(Thermo Fisher Scientific).

Biotin-labeled, amplified RNA (aRNA) was synthe-

sized from 200 ng total RNA using the 3′IVT Express Kit 

(Affymetrix, Santa Clara, CA, USA). The aRNA was then 

purified using Agencourt RNAClean XP beads (Beckman 

Coulter Inc., Pasadena, CA, USA) on the BioMek Fx 

Workstation (Beckman Coulter Inc.). Biotin-labeled aRNA 

was fragmented using the 3′IVT Express Kit. A total of 4.5 µg 

fragmented biotin-labeled aRNA was hybridized on an HT 

human genome (HG)-U219 96-array plate (Affymetrix). The 

plate was washed, stained, and scanned with the GeneTitan 

Instrument (Affymetrix).

The microarray data were normalized with robust 

multiarray analysis29 and summarized with the HG-U219H 

Sentrezg 15.0.0 chip definition files.30 Single outlier arrays were 

set aside upon quality assessment with arrayQualityMetrics.31 

Genes that showed little expression variation across the 

samples were filtered out based on informative/noninformative 

calls,32 omitting 4,442 of the initial 18,567 genes identified. 

Genes that were changed upon treatment were identified 

by comparing the days 4, 5, and 6 untreated samples to the 

IL-6-treated samples using linear models for microarray data 

analysis (Limma).33 A model, Y = cell line + treatment + time +  

treatment:time, was fitted, where cell line was a random factor 

and treatment and time were fixed. This model was run twice, 

once with treatment and time as a factor variable, where the 

most interesting genes were selected based on the three pair-

wise coefficients, and once with treatment as a factor and 

time as numeric.

Genes of interest were extracted based on three coeffi-

cients: 1) the interaction and treatment coefficient together, 

2) the interaction term only, and 3) the treatment term only. 

The thresholds for selecting genes of interest for these 
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parameters were, respectively, an adjusted P=0.01 for the 

former two and P=0.05 for the latter two. For inclusion 

in the signature, genes were required to have an absolute 

(up- or downregulation) change of $1.5-fold in at least six 

conditions. The derived signature consisted of 17 genes that 

were all upregulated in the majority of the samples. The IL-6 

PAS in a given sample was defined as the mean fold change 

relative to the reference sample (which was the internal 

control sample when available, such as the untreated groups 

in this 10-cell line experiment) or to the geometric center 

(centroid) of the genes of all samples in the data set (such 

as the patient screening data set that was used in the evalua-

tion phase of the signature). All data analysis was conducted 

using the R statistics and Bioconductor packages (http://

www.r-project.org/; http://bioconductor.org).

Patient FFPE samples were also utilized for gene expres-

sion profiling. From each block, four 10 µm slices were cut 

and transferred to a 1.5 mL Eppendorf tube. Paraffin was 

removed using deparaffinization solution (Qiagen NV). 

The tissue was then lysed in proteinase K digestion buffer 

(Qiagen NV). RNA isolation was continued using the 

RNeasy FFPE kit (Qiagen NV) according to the manufac-

turer’s instructions. The RNA concentration of all samples 

was determined on a Nanodrop-8000 UV-Vis Spectro-

photometer (Thermo Fisher Scientific). For a selection of 

samples, RNA quality was determined with the RNA 6000 

Nano LabChip on an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA, USA) according to the 

manufacturer’s instructions. SenseRNA was generated from 

200 ng total RNA using the Sensation RNA Amplification Kit 

(Genisphere, Hatfield, PA, USA). A total of 25 µg senseRNA 

was reverse transcribed, and double-stranded complementary 

DNA (cDNA) was generated using the Biotin Labeling Kit 

for ST/Exon Arrays (Genisphere). Using the same kit, 5 µg 

double-stranded cDNA was fragmented and end labeled 

with biotin. Biotin-double-stranded cDNA (3.75  µg) was 

hybridized, washed, stained, and scanned with the Affymetrix 

GeneTitan Instrument on an Affymetrix Human Gene 1.1 

ST array plate. For some samples, 200 ng total RNA, 25 µg 

senseRNA, or 5  µg double-stranded cDNA were not 

available. In that case, all available materials were used. 

Raw Affymetrix gene expression data were preprocessed 

with robust multiarray analysis29 and summarized using the 

HU-gene11stv1hsentrezg 15.0.0.30 Array quality was again 

evaluated with arrayQualityMetrics.31

The PAS was calculated per sample by taking the mean 

of the fold change of the 17 genes in the signature previously 

determined in the cell lines, where the fold change was 

calculated for each gene relative to the centroid of all 

36 patient samples. All data analysis was conducted using the 

R statistics and bioconductor packages (http://www.r-project.

org/; http://bioconductor.org).

STAT3 immunohistochemistry
For the patient with breast cancer, tumor biopsy samples were 

tested using immunohistochemistry for intratumoral pSTAT3-

Tyr705, staining with a rabbit monoclonal antibody (Cell 

Signaling Technology). Slides with 5 µm sections of FFPE 

tissue were dewaxed, and antigen retrieval was performed in 

a pressure cooker in ethylenediaminetetraacetic acid (EDTA), 

pH 8.0 (Abcam, Cambridge, MA, USA). Peroxide block 

was performed followed by protein block in 5% normal goat 

serum. Slides were stained on the BioGenex auto stainer using 

1:50 diluted antibody followed by anti-rabbit secondary (Cell 

Signaling Technology) and 3,3′-diaminobenzidine tetrahydro-

chloride substrate and then counterstained with hematoxylin. 

Washes were performed using EnVision FLEX buffer (Dako 

Denmark A/S, Glostrup, Denmark). Flagship Biosciences, 

LLC (Westminster, CO, USA) utilized digital image analysis 

software to score nuclear pSTAT3-Tyr705 staining in tumor 

epithelial cell regions that excluded necrotic regions, areas 

of heavy inflammation, and tissue artifacts. Stained slides 

were scored utilizing a standard H-score method. In brief, 

staining intensity was scored by integers ranging from 0 to 3. 

The percentage of tumor cells staining at each intensity was 

multiplied by the intensity score so that the H-score equals 

(percentage tumor at 1+) ×1+ (percentage tumor at 2+) ×2+ 

(percentage of tumor at 3+) ×3. Heterogeneity of staining 

across the entire section (HetCell) and regional heterogene-

ity (HetTumor) were calculated using digital image analysis 

algorithms by Flagship Biosciences.

MCF-7 tumor xenografts
All experiments were carried out in accordance with the 

European Communities Council Directives (86/609/EEC) 

and were approved by the local ethics committee of Janssen 

Pharmaceutica N.V., Beerse, Belgium. Four- to 6-week-

old nonovariectomized female NOD-SCID (NOD.CB17-

Prkdcscid/NcrCrl) mice were obtained from Charles River 

Laboratories (Erkrath, Germany) and acclimatized for 1 week 

before use. Xenografts were established by injecting 5×106 

MCF-7 cells in the presence or absence of 0.5×106 hMSC in 

50 mL medium/BME (1:1 ratio) into the mammary fat pad of 

the mice. Prior to cell inoculation, mice were implanted with 

a subcutaneous 0.5 mg, 60-day slow release 17β-estradiol pel-

let (Innovative Research of America, Sarasota, FL, USA).
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hMSCs produce large amounts of paracrine IL-6 and pro-

mote IL-6-dependent growth of ERα-positive breast cancer 

cell lines in 3-D cultures.10 ERα-positive breast cancer cell 

lines are known for limited engraftment in xenograft models 

without estrogen supplementation or matrigel implanta-

tion, although recent studies demonstrated that hMSCs can 

promote xenograft engraftment and growth of MCF-7 cells 

through increased expression of progesterone receptors, 

stromal cell-derived factor-1, its receptor (CXCR-4), and 

other unidentified soluble factors.34,35

Additional xenograft experiments were established using 

MCF-7 plus hMSCs in mice with and without implanted with 

estrogen pellets. For drug efficacy studies, the highest potential 

clinical hurdle was modeled for anti-IL-6 therapy (ie, MCF-7 + 

hMSC (paracrine IL-6) + estrogen supplementation). These 

mice were treated prophylactically 4 days after cell injection 

with siltuximab administered intraperitoneally twice weekly 

(20 mg/kg body weight in Dulbecco’s phosphate-buffered saline 

[PBS]) alone or in combination with fulvestrant (25 mg/mL; 

purchased commercially) administered by subcutaneous injec-

tion once weekly (200 mg/kg body weight in Dulbecco’s PBS) 

for 6 weeks. Each treatment group contained ten mice. In a 

second study, using the same model, tumors were allowed to 

reach a size of 100–150 mm3 (∼3–4 weeks) before the mice 

were randomized. Treatment schedule and dose were the 

same as the prophylactic setting. Fulvestrant (200 mg/kg body 

weight) was administered on day 2, with siltuximab (20 mg/kg) 

administered on days 1 and 4 each week.

In all studies, body weight and tumor size (using the 

commonly accepted formula: tumor volume [mm3] = [a 

× b2/2], where a represents the length and b represents the 

width of the tumor as determined by caliper measurements), 

were monitored twice a week, with mice monitored daily 

for clinical signs of toxicity. Timecourse of tumor growth 

was expressed as mean tumor volumes ± standard error of 

the means (SEMs) for each group. For the prophylactic and 

curative experiments, treatment versus control-treated ratios 

were calculated from the relative tumor volumes (treatment 

volume/tumor volume at start of treatment and expressed as 

mean ± SEM for each group).

Results
ERα-positive breast cancer cells do not 
produce autocrine IL-6
Only three breast cancer cell lines were found to produce 

autocrine IL-6 at levels of 0.4–10 pg/mL per 50,000 cells: 

BT549, MDA-MB-231, and MDA-MB-468 (Table 1 and data 

not shown). These lines were ERα negative, demonstrated 

pSTAT3-Tyr705 at baseline, and were unresponsive to further 

IL-6 stimulation. The remaining cell lines were ERα positive 

and did not produce autocrine IL-6, confirming the results of 

our previous study10 and other published studies.36

Recombinant IL-6 (10 ng/mL) increased STAT3-Tyr705 

phosphorylation in eight of the nine ERα-positive cell lines 

evaluated by Western blot analysis (Figure 1 and Table 1). 

However, IL-6-induced phosphorylation of Akt, MEK1/2, or 

ERK1/2 was not observed (Figure 2). Six ERα-positive breast 

cancer cell lines were also assessed for a growth response to 

human recombinant IL-6 in 3-D TME-aligned models. Of 

these, four cell lines (66%) demonstrated increased growth 

when exposed to IL-6; all demonstrated STAT3 phosphoryla-

tion in response to IL-6 exposure (Table 1).

Table 1 Summary of breast cancer cells lines in 3-D culture

Cell line ERα status IL-6 proteina Baseline  
pSTAT3-Tyr705b

Response to exogenous  
IL-6 (pSTAT3-Tyr705)b

Response to exogenous  
IL-6 (growth in 3-D TME)c

BT474 + - - + +
MCF-7 + - - + +
T47D + - - + +
ZR-75-1 + - - ND ±d

HCC1428 + - - + ND
EFM-19 + - - + ND
BT-483 + - - + ND
MDA-MB-415 + - + + +
MDA-MB-175-VII + - + - -
MDA-MB-134-VI + - + + ND
BT-549 - + + - -
MDA-MB-231 - + + - -
MDA-MB-468 - + + - ND

Notes: aObtained from breast cancer cell-conditioned media using the panoptic IL-6 MSD assay; bby Western blotting; cby 3-D TGA; dinconclusive.
Abbreviations: 3-D, three-dimensional; ER, estrogen receptor; IL-6, interleukin-6; pSTAT3, phosphorylated signal transducer and activator of transcription 3; TME, tumor 
microenvironment; ND, not determined; MSD, meso scale detection; TGA, tumor growth assay.
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BT474

MDA-MB-415

− +

− + − + − + − + − + − +

− + − + − + − + − +

MDA-MB-
175-VII

MDA-MB-
134-VI MDA-MB-231 MDA-MB-468BT-549

MCF7 T47D EFM-19 BT-483 HCC1428

IL-6

STAT3

pSTAT3

IL-6

STAT3

pSTAT3

Figure 1 Effect of recombinant IL-6 on STAT3-Tyr705 phosphorylation in ERα-positive and ERα-negative cell lines.
Notes: Cell lines were treated with IL-6 and analyzed at baseline and 24 hours posttreatment. Each blot represents independent experiments and bands were digitally excised 
without modification and rearranged for presentation.
Abbreviations: IL-6, interleukin-6; pSTAT3, phosphorylated signal transducer and activator of transcription 3; ER, estrogen receptor.

BT474 MCF7 T47D EFM-19
MDA-MB-

415
MDA-MB-

175-VII
MDA-MB-

231
MDA-

MB-468BT-549

IL-6

Akt

P-Akt

MEK1/2

P-MEK1/2

P-ERK 1/2

ERK 1/2

β-actin

− + − + − + − + − + − + − + − + − +

Figure 2 Effect of recombinant IL-6 on Akt, MEK 1/2, and ERK 1/2 phosphorylation in ERα-positive and ERα-negative cell lines.
Notes: Cell lines were treated with IL-6 and analyzed at baseline and 24 hours posttreatment. Each blot represents independent experiments and bands were digitally excised 
without modification and rearranged for presentation.
Abbreviations: IL-6, interleukin-6; Akt, serine-threonine kinase; MEK, MAPK/ERK kinase; ERK, extracellular signal regulated kinase; ER, estrogen receptor.

The IL-6 gene signature consists of 17 
individual genes
To determine what other specific genes and pathways are 

associated with IL-6 signaling in ERα-positive breast cancer 

and to develop a signature to identify IL-6-dependent, ERα-

positive breast tumors that could benefit from anti-IL-6 

therapy, gene expression profiling was performed on ten 

ERα-positive breast cancer cell lines alone or following treat-

ment with 10 ng/mL recombinant IL-6 or hMSC-CM, with 

or without siltuximab, in 3-D TME-aligned cultures for up to 

6 days. hMSC-CM contains high levels of IL-6 and promotes 

ERα-positive breast cancer cell growth mainly through 

IL-6.2 3-D cultures were digested at multiple time points 

and, following RNA isolation, gene expression profiling was 

performed. Differential gene expression analysis of the IL-6-

treated and untreated samples at days 4, 5, and 6 identified 17 

genes that could be used to determine IL-6 pathway activation 

by combining their expression intensity into a PAS (Figure 3 

and Table 2); these data have been deposited in the NCBI’s 

Gene Expression Omnibus (GEO)37 and are accessible 

through GEO Series accession number GSE54329 (http://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE54329). 

Of the ten ERα-positive breast cancer cell lines, five (BT-483, 

MDA-MB-175VII, MDA-MB-415, T47D, and ZR-75-1) 

were highly responsive to IL-6 treatment, with an IL-6 PAS of 

$1; the cell lines were also responsive to hMSC-CM, which 

produce IL-6. The other five ERα-positive breast cancer cell 

lines demonstrated an IL-6 PAS between 0 and 1 (Figure 3). 
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Sampling and treatment day
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Figure 3 Strength of the IL-6 signature in ERα-positive breast cancer cell lines at different time points and under different treatment conditions.
Notes: Bar graphs represent each sampling time point (days 4–6) following administration of additional treatment(s) at either day 0 or day 1. aD4–D1: IL-6: cell lines treated 
with IL-6 on day 1, harvested on day 4. bD5–D1: IL-6: cell lines treated with IL-6 on day 1, harvested on day 5. cD6–D1: IL-6: cell lines treated with IL-6 on day 1, harvested on 
day 6. dD4–D0: siltuximab: cell lines treated with siltuximab on day 0, harvested on day 4. eD4–D0: IL-6 + D1: siltuximab: cell lines treated with IL-6 on day 0, with siltuximab 
on day 1, harvested on day 4. fD4–D1: IL6 + D1: siltuximab: cell lines treated with IL-6 and siltuximab on day 1, harvested on day 4. gD4: hMSC-CM: hMSC-CM harvested on 
day 4. hD4: hMSC-CM + D0: siltuximab: hMSC-CM grown in presence of siltuximab as of day 0, harvested on day 4.
Abbreviations: D, day; IL-6, interleukin-6; ER, estrogen receptor; hMSC-CM, human marrow stromal cell-conditioned media.

For all cell lines, treatment with siltuximab eliminated or 

greatly reduced responsiveness to IL-6.

To further investigate the IL-6 gene signature in human 

ERα-positive breast tumors and to determine whether IL-6 

signature PAS is associated with serum IL-6 levels and 

intratumoral pSTAT3, we acquired FFPE tumor blocks and 

matched serum samples from 36 ERα-positive patients 

with breast cancer. These patients had a median age of 

66 years, a median body mass index of 30.2 kg/m2, were 

Caucasian, and most (86%) were postmenopausal. Most 

(94%) of the patients had a clinical diagnosis of infiltrated 

ductal carcinoma; 3% of patients had grade I disease, 56% 

had grade II, 22% had grade III, and 19% had unknown 

grade; 70% had progesterone receptor-positive disease 

and 11% had progesterone receptor-negative disease 

(19% unknown). According to immunohistochemistry, 17 

(47%) of 36 samples were positive (H-score $100) for 

pSTAT3-Ty705. When patients with elevated serum IL-6 

(.10 pg/mL) were compared with those with low serum 

IL-6 (,10  pg/mL), increased pSTAT3 H-scores were 

associated with elevated serum IL-6 (P=0.04; Wilcoxon 

rank sum test; Figure 4A).

Table 2 The identified IL-6 gene signature in ERα-positive breast cancer cell lines

Gene Full name Function

AKR1C1 Aldo-ketone reductase 1C1 Catalyzes the inactivation of progesterone
AKR1C2 Aldo-ketone reductase 1C2 Catalyzes the inactivation of 5-dihydrotestosterone
C3 Complement factor C3 Triggers inflammation and immune clearance
CEBPD CCAAT/enhancer binding protein, delta Macrophage activation/host defense
CFB Complement factor B Differentiation of preactivated B lymphocytes
GBP2 Guanylate binding protein 2, IFN-inducible IFN inhibition, inhibits tumor cell proliferation
IFITM1 IFN-inducible transmembrane gene 1 Growth inhibition, cell-cycle arrest
IFITM2 IFN-inducible transmembrane gene 2 Growth inhibition, cell-cycle arrest
IFITM3 IFN-inducible transmembrane gene 3 Growth inhibition, cell-cycle arrest
LCN2 Lipocalin 2 Iron trafficking, apoptosis, innate immunity
RARRES3 Retinoic acid receptor responder (tazarotene-induced) 3 Suppression of invasion/migration
S100A7 S100 calcium binding protein A7 (psoriasin) Cell-cycle progression/differentiation
S100A8 S100 calcium binding protein A8 (calgranulin B) Induces neutrophil chemotaxis
S100A9 S100 calcium binding protein A9 Induces neutrophil chemotaxis
SerpinA3 Serpin peptidase inhibitor, clade A  

(α-1 antiproteinase, antitrypsin), member 3
Plasma protease inhibitor

TMC5 Transmembrane channel-like protein 5 Unknown
TUBB3 Tubulin β3 Associated with drug resistance, activation of the survival pathway

Abbreviations: IL-6, interleukin-6; ER, estrogen receptor; IFN, interferon.
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($10  pg/mL). Similarly, 12 (71%) of 17 patients with a 

low IL-6 gene PAS also had low serum IL-6 (,10 pg/mL). 

These results support the hypothesis that IL-6 is biologically 

relevant in ERα-positive breast cancer. Notably, IL-6-induced 

phosphorylation of Akt, MEK1/2, or ERK1/2 was not 

observed, confirming results of a previous study and showing 

that STAT3 phosphorylation is the primary IL-6-responsive 

pathway in ERα-positive cell lines.36

The IL-6 PAS was determined for each patient and 

compared with the serum IL-6 level from the same patient 

(Figure 4B); these data have also been deposited in the 

NCBI’s GEO and are accessible through accession number 

GSE54330 (http://www.ncbi.nlm.nih.gov/geo/query/acc.

cgi?acc=GSE54330). High IL-6 PAS was associated with 

increased serum IL-6 levels. Fourteen (74%) of 19 patients 

with a high IL-6 gene PAS also had elevated serum IL-6 
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Figure 4 The relationship between elevated serum IL-6 and increased intratumoral phosphorylated STAT3-Y705 in human breast cancer samples.
Notes: (A) Elevated IL-6 versus nonelevated IL-6 serum levels were analyzed using the Wilcoxon rank sum test. pSTAT3 was analyzed using immunohistochemistry (IHC); serum 
IL-6 was analyzed using a panoptic IL-6 meso scale detection (MSD) assay, P=0.04. Seven of 36 breast cancer samples were not profiled for pSTAT3 immunohistochemistry; and 
therefore, only 29 samples are represented in the figure. (B) Waterfall plot of IL-6 pathway activation score versus serum IL-6 concentration in human breast cancer samples.
Abbreviations: IL-6, interleukin-6; pSTAT3, phosphorylated signal transducer and activator of transcription 3.
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IL-6 blockade retards MCF-7 tumor 
xenograft growth
To determine whether there was additional interplay between 

IL-6 and estrogen in promoting ERα-positive breast tumor 

cell growth, 5×106 MCF-7 cells were coinjected into the 

murine mammary fat pad with either estrogen pellets, 

hMSCs (0.5×106), or both (Figure 5A). Standard estrogen 

supplementation alone resulted in 50% (5/10) engraftment 

and 30% (3/10) of animals obtained an MCF-7 tumor 

size $500 mm3 by a median of 69 days (Figure 5B). MCF-7 

cells coinjected with hMSCs with or without estrogen supple-

mentation resulted in 100% (10/10) engraftment in both 

groups, with all tumors reaching $500 mm3 by a median 

of 33.5 days and 35 days, respectively. This indicates that 
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Figure 5 Summary of findings from MCF-7 murine tumor xenograft model.
Notes: (A) 5×106 MCF-7 cells were coinjected into the murine mammary fat pad with either estrogen pellets (E2), human mesenchymal stromal cells (hMSCs, 0.5×106), or both. 
Top left, neither hMSC nor E2; top right, E2 only; bottom left, hMSC only; bottom right, hMSC + E2. (B) Percentages of animals demonstrating tumor volume $500 mm3.
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human IL-6 promotes superior growth of ERα-positive breast 

tumors and is not further enhanced by exogenous estrogen 

supplementation.

To test whether IL-6 was a key driver of ERα tumor cell 

growth, MCF-7 xenograft models were utilized to evaluate 

the effects of IL-6 inhibition in tumor cell growth. In a 

prophylactic setting, MCF-7 xenografts were treated with 

vehicle, fulvestrant, siltuximab, or combination therapy. 

In this setting, even in the presence of excess estrogen and 

human growth factors (from stromal cells), blocking only 

paracrine IL-6 with siltuximab reduced tumor cell growth 

by 42% as compared to vehicle (Figure 6A). Fulvestrant 

decreased the growth of MCF-7 xenografts by 75%, and 

combination therapy reduced tumor growth by 79%.

In a second MCF-7 xenograft model, established tumor 

xenografts were allowed to reach an average of 122±3 mm3 

before treatment was administered. Vehicle-treated animals had 

tumors that continued to expand through day 48, while siltux-

imab, fulvestrant, and combination treatment all induced tumor 

regression in most (29/30) animals through day 41 (Figure 6B). 

Siltuximab alone demonstrated tumor regressions in 90% (9/10) 

of tumors; six of these tumors initially regressed followed by 

eventual regrowth, demonstrating the tumors’ ability to develop 

IL-6-independent growth, in the presence of exogenous estro-

gen supplementation. Of interest, a similar but delayed escape 

(∼90 days) has been reported for fulvestrant in a similar model 

that lacked human IL-6 support from hMSC.38

Discussion
The findings of this study reinforce the relevance of IL-6 in 

ERα-positive breast cancer. First, the absence of autocrine 

IL-6 and pSTAT3-Tyr705 in ERα-positive breast cancer 

cell lines and their response to paracrine IL-6 expand on the 

results of our previous study10 and another published study.36 

Notably, the absence of IL-6-induced phosphorylation of Akt, 

MEK1/2, or ERK1/2 confirms previous findings showing 

that STAT3 phosphorylation is the primary IL-6-responsive 

pathway in ERα-positive cell lines.36

To identify patients more likely to have IL-6-dependent 

disease and thus who may better respond to anti-IL-6 therapy 

or in combination with antiestrogens, we developed a 17-gene 

IL-6 PAS from 10 ERα-positive breast cancer cell lines treated 

with human recombinant IL-6. This signature enriched for 

patients with intratumoral pSTAT3 signaling; additionally, 

increased IL-6 pathway activity in the samples of ERα-positive 

patients with breast cancer was associated with elevated 

serum IL-6 levels. Functional interpretation of this gene set 

revealed that these 17 genes have been documented as part 

of the Jak-STAT downstream pathway of IL-6 (Figure 7). 

Notably, many of the genes in the IL-6 signature are involved 

in innate immunity, cell-cycle regulation, iron trafficking, and 

immune cell chemotaxis, supporting previous reports of IL-6 

driving a TME that supports breast cancer growth (Table 2 and 

Supplementary material). This gene signature could be utilized 

in the clinical setting to help identify patients with IL-6-driven 

disease who might benefit from anti-IL-6 therapy.

The results of the present study demonstrate that IL-6 

neutralization both delayed engraftment of MCF-7 human-

ized xenograft tumors and elicited tumor xenograft regression 

in tumors, established in nonovariectomized mice and 

supplemented with exogenous estrogen. This model ensured 
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Figure 6 Changes in tumor volume in the MCF-7 murine tumor xenograft model 
over a 6-week period.
Notes: (A) Prophylactic treatment with 1) control (vehicle, ); 2) siltuximab 
20 mg/kg bodyweight twice weekly (); 3) fulvestrant 200 mg/kg bodyweight once 
weekly (); or 4) siltuximab + fulvestrant (). Each treatment group contained ten 
mice. (B) Treatment of established tumors (volume 100–150 mm3) with 1) control 
(vehicle, ); 2) siltuximab 20 mg/kg bodyweight twice weekly (); 3) fulvestrant 
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Abbreviation: SEM, standard error of the mean.
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maximal estrogen exposure and duration, both local and 

systemic. Even in this setting, neutralization of IL-6 alone 

was sufficient to blunt tumor growth (prophylactic) and 

drive tumor regression (therapeutic). Of the four xenograft 

models established (Figure 5A), human bone marrow-derived 

hMSC supplementation and bone marrow-derived hMSC 

plus estrogen demonstrated 100% engraftment with superior 

growth kinetics versus estrogen alone. Taken together, these 

data suggest that IL-6 and estrogen copromote engraftment 

and growth of MCF-7 xenografts.

From a translational perspective, our collective data 

demonstrate that ERα-positive breast tumor models, when 

biased toward estrogen supported growth, demonstrate IL-6 

dependency. Additional experiments, beyond the scope of 

this study, that are designed to reflect a postmenopausal 

setting will be required to better characterize monotherapy 

and combination efficacy and therapeutic durability for both 

siltuximab and fulvestrant. This could be modeled using 

ovariectomized mice challenged with ERα-positive breast 

tumors (cell lines or patient-derived xenografts), which are 

supplemented with hMSC but without exogenous estrogen 

supplementation (ie, IL-6 biased models reflecting the human 

postmenopause tumor environment).

Based on this study and a growing body of published 

evidence, emerging translational implications for women 

diagnosed with ERα-positive breast cancer are 1) IL-6 is a key 

factor in the biology of ERα-positive breast cancer, 2) ERα-

positive breast cancer is most often diagnosed following 

menopause, an environment that rich in IL-6 and localized 

estrogen, and 3) antiestrogen therapy combined with anti-IL-6 

therapy may provide significant benefit for a large proportion 

of these women. Therefore, there is a need for predictive 

biomarkers to determine patients with IL-6-dependent disease 

and to monitor for early signs of therapeutic resistance to IL-6- 

directed therapies. Conversely, identifying patients likely to 

respond to anti-IL-6 therapies must be rigorously explored in 

well-designed clinical studies. This could be accomplished 

through serum IL-6 measurement, pSTAT3 staining in the 

tumor section or potentially using an IL-6 gene signature.
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Summary of role of gene signature 
components in breast cancer
The expression of some of the genes within the IL-6 sig-

nature is known to be altered in breast cancer. The two 

progesterone-metabolizing enzyme genes in the signature, 

aldo-ketone reductases 1C1 and 1C2, may be down-

regulated in some breast tumors. This can lead to reduced 

progesterone catabolism and ultimately persistent activation 

of progesterone receptors.1 CCAAT/enhancer binding 

protein, delta (CEBPδ), a transcription factor, is known 

to exhibit tumor-suppressing properties;2 however, it is 

inactivated in many cases of estrogen receptor (ER)-positive 

breast cancer by methylation, and this is associated with 

relapse, metastasis, and reduced survival.3,4 Conversely, high 

expression of interferon-inducible guanylate binding protein 

2 (GBP2) is associated with a more favorable prognosis in 

ER-positive breast cancer and may be predictive of response 

to anthracycline-based chemotherapy.5

The signature also contains three members of the cal-

cium binding S100 family, S100A7 (psoriasin), S100A8 

(calgranulin B), and S100A9; the expression of psoriasin 

has been observed in ERα-positive breast cancer, but more 

strongly in ERα-negative breast cancer.6 Psoriasin may 

enhance metastasis in ERα-negative breast cancer through 

regulation of matrix metalloproteinase -9 secretion and the 

actin cytoskeleton.7 Interestingly, expression of psoriasin is 

induced by epidermal growth factor in breast cancer cells.8 

Furthermore, overexpression of calgranulin B and SA100A9 

has been observed in ∼50% of invasive ductal breast carcino-

mas, and this was associated with poor tumor differentiation, 

higher pathologic stage, and node metastasis.9 Lipocalin 2 

(LCN2) is also overexpressed in some breast cancers, and 

it has been suggested that this may promote breast cancer 

progression by promoting angiogenesis and may indicate 

poor prognosis10–12; similar findings have been reported for 

β-tubulin isotype III (TUBB3).13 It has also been shown that 

in ER-positive breast tumors that exhibited poor response 

to the aromatase inhibitor letrozole, α-1-antichymotrypsin, 

a serine proteinase inhibitor (SerpinA3), expression was 

significantly reduced.14

The expression of complement factor B is upregulated 

in breast cancer relative to normal breast tissue,15 and has 

previously been identified within a 76-gene signature of 

ER-positive primary node-negative breast tumors that may 

be predictive of metastasis.16 Transmembrane channel-like 

protein 5 is also upregulated in breast cancer,17 most notably 

in breast tumors with mutations in PI3K, which is associated 

with IL-6 downstream signaling.18 To date, no association 

between transmembrane channel-like protein 5 and outcomes 

in breast cancer has been reported.

Interferon-inducible transmembrane protein (IFITM) 

genes 1, 2, and 3 are ubiquitously expressed in humans and 

are induced by the Jak-STAT pathway signaling downstream 

of IL-6 and also oncostatin. While IFITM3 is upregulated 

following viral infection,19 IFITM1, IFITM2, and IFITM3 

are also upregulated specifically in colorectal tumors.20 No 

studies have been published to date that have explored the 

functions of IFITM genes in breast cancer.
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