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SUMMARY

Breast cancer-induced activated fibroblasts support tumor progression. However, the role of normal

fibroblasts in tumor progression remains controversial. In this study, we used modified patient-

derived organoid cultures and demonstrate that constitutively secreted cytokines from normal

breast fibroblasts initiate a paracrine signaling mechanism with estrogen receptor-positive (ER+)

breast cancer cells, which results in the creation of an interleukin (IL)-1b-enriched microenvironment.

We found that this paracrine signalingmechanism is shared between normal and activated fibroblasts.

Interestingly, we observed that in reconstructed tumor microenvironment containing autologous ER+

breast cancer cells, activated fibroblasts, and immune cells, tamoxifen is more effective in reducing

tumor cell proliferation when this paracrine signaling is blocked. Our findings then suggest that ER+

tumor cells could create a growth-promoting environment without activating stromal fibroblasts

and that in breast-conserving surgeries, normal fibroblasts could be a significant modulator of tumor

recurrence by enhancing the proliferation of residual breast cancer cells in the tumor-adjacent breast

tissue.
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INTRODUCTION

Current evidence suggests that cancer initiation and progression is co-mediated by the tissue environment

(niche) and cancer cells rather than being a cell-autonomous-driven process (Guarnerio et al., 2018; Hana-

han and Weinberg, 2011; Plaks et al., 2015). The breast cancer tumor niche consists of stromal and extra-

cellular matrix (ECM) components, which form a complex network enabling tumor cells to maintain growth

and proliferation to develop invasive andmetastatic phenotypes (Acharyya et al., 2012; Lu et al., 2014; Quail

and Joyce, 2013). Fibroblasts, a major stromal component of the tumor niche, have been identified as an

important modifier of tumor progression (Cohen et al., 2017; Erez et al., 2010; Otomo et al., 2014). In normal

breast tissue, the role of fibroblasts is to provide ECM; secrete cytokines and growth factors to support the

proliferation, differentiation, and self-renewal of the epithelial stem and progenitor cells; regulate inflam-

matory responses; and participate in wound healing (Chatterjee et al., 2015, 2018; Makarem et al., 2013). In

the tumor niche, however, a subpopulation of fibroblasts called tumor-associated fibroblasts (TAFs) have

been implicated in promoting tumor cell proliferation and cancer progression (Bussard et al., 2016; Gas-

card and Tlsty, 2016). These TAFs have acquired a modified and activated phenotype that is identified

based on their expression of alpha-smooth muscle actin and the fibroblast activation protein (Allaoui

et al., 2016; Yang et al., 2016). The activated fibroblasts make up about 40%–80% of breast tumor stroma

(Bhowmick et al., 2004; Chatterjee et al., 2018; Karnoub et al., 2007; Orimo et al., 2005). Extensive studies

regarding the interactions between the TAFs and breast cancer cells (BCCs) have revealed a cyclic relation-

ship in which cancer cells stimulate a reactive response in fibroblasts and in turn activated fibroblasts

enhance the proliferation andmigration of cancer cells. In this regard, the secretion of transforming growth

factor (TGF)-b and CXCL12 by the cancer cells has been suggested as one mechanism to confer the

activated phenotype in normal stromal fibroblasts. Activated fibroblasts in turn through secretion of fibro-

blast growth factors, hepatocyte growth factor, interleukin (IL) 6, and TGF-b enhance cancer progression

and tumor metastasis (Boimel et al., 2012; Chatterjee et al., 2018; Hugo et al., 2012; Kuperwasser et al.,

2004; Pickup et al., 2013; Scherz-Shouval et al., 2014; Sharon et al., 2015).

In contrast, much less is known about the nature of interaction between BCCs and normal stromal fibro-

blasts. This interaction is particularly relevant in breast-conserving surgeries, wherein the reciprocal
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communication between tumor cells and the normal-associated fibroblasts (NAFs) could result in locore-

gional tumor recurrence. Initially, it was thought that NAFs prevent the development of a hyperplastic

phenotype in breast epithelial cells and that they need to acquire an activated fibroblast phenotype to sup-

port breast tumor growth and progression (Dumont et al., 2013; Sadlonova et al., 2005; Shekhar et al.,

2001). However, accumulating data now suggest that NAFs, similarly to TAFs, could support tumor cell pro-

liferation (Fleming et al., 2010; Hu et al., 2008, 2009). This is evidenced by the recent reports indicating that

addition of normal fibroblasts to patient-derived xenografts (PDXs) (Eirew et al., 2015) or MDA-MB-231

(Chatterjee et al., 2018) BCCs enhances tumor growth and take rate. These observations suggest that

NAFs and TAFs may share unknown but commonmechanisms to support tumor cell proliferation. In partic-

ular, the role of fibroblasts as a major component of tumor niche in supporting ER+ tumor cell proliferation

remains unexplored due to the lack of protocols to maintain and expand primary human ER+BCCs in vivo

and ex vivo. Recently, it was reported that primary human and mouse BCCs can be maintained in culture as

organoids (Jamieson et al., 2017; Sachs et al., 2018). These assays, however, use a bulk heterogeneous pop-

ulation of cells, which makes the study of different subset of cells found in the tumor microenvironment

difficult.

To address this gap, we developed a robust protocol to create patient-derived organoid cultures

from TAFs and cancer cells separately obtained from primary malignant ER+ human breast tumors

as well as from NAFs obtained from the normal breast tissues. Using these organoid cultures, we un-

covered a pro-tumorigenic paracrine signaling mechanism common to both NAFs and TAFs. We

demonstrate that the constitutively secreted CCL7 (C-C motif chemokine ligand), IL6, and IL8 from

either NAFs or TAFs result in release of platelet-derived growth factor (PDGF)-BB from ER+BCCs,

but not the normal breast cells, and that the PDGF-BB then acts in a paracrine manner causing

IL1b production from NAFs and TAFs alike. IL1b then acts as a pro-proliferative factor, enhancing pro-

liferation of both ER+ cancer cells and fibroblasts. Last, we show that tamoxifen (Tam) is significantly

more effective as first-line therapy for malignant ER+ breast tumors if combined with IL1b and PDGF-

BB receptor blockers.
RESULTS

NAF-Secreted Factors Enhance Primary ER+ Breast Cancer Cell Proliferation in Organoid

Cultures

To investigate the nature of interaction between NAFs and ER+BCCs, we developed a 3-dimensional

(3D) organoid model system initiated with primary malignant human ER+ breast cancer cells (ER+BCCs)

and either stromal fibroblast obtained from the matching original tumors or breast reduction samples

for up to 10 days (Figure 1A). In these cultures, ER+BCCs (the EpCAM+ cells) maintained their low

expression of basal cell markers (CK5, CK14, aSMA, and p63) but high expression of luminal cell

markers (EpCAM, MUC1, CK8+18, and ERa, Figure S1A). Likewise, NAFs and TAFs maintained the

expression of fibroblast markers (CD73, CD90, CD105, CD13, and FSP1, Figure S1B). Moreover, these

organoid cultures allowed the maintenance of ER+BCCs and NAFs for up to 10 days, and for some

samples increase in cell numbers was observed, although the data were variable (Figures S1C and

S1D). These data suggest that our organoid culture provides a suitable in vivo-like environment to

study the interaction between ER+BCCs and fibroblasts. We therefore used this organoid culture sys-

tem to assess NAFs’ influence on ER+BCC proliferation and found that only organoid cultures contain-

ing NAFs and ER+BCCs showed significant increase in ER+BCC numbers (1.97 G 0.2-fold compared

with 1.07 G 0.24-fold, Figure 1B). Interestingly, fibroblast numbers were also increased in these orga-

noid cultures containing NAFs and ER+BCCs (2.2 G 0.08-fold compared with 1.5 G 0.02-fold, Fig-

ure 1C). As another source of primary NAFs we used fibroblasts obtained from tumor-free breast tissue

contralateral to tumor-containing breast tissue (CNTB-Fs) and obtained similar results as NAFs (Figures

1B and 1C). As well, similar data were observed in 2D co-cultures of MCF7 and T47D cells with NAFs or

CNTB-Fs (Figures S1E–S1G). Together, these data indicate that reciprocal interaction between the

normal fibroblasts and cancer cells can induce proliferation of the ER+BCCs.

To identify whether NAF-dependent proliferation of ER+BCCs is mediated by secreted factors, ER+BCCs

were placed in organoid cultures for 2 days and subsequently growth medium was replaced with condi-

tioned media (CM) obtained from NAF-ER+BCC organoid co-cultures or organoid cultures containing

each cell type separately for an additional 8 days when BCC (EpCAM+) and NAF (EpCAM�) cell numbers

were analyzed (Figures 1D and 1E). Interestingly, only CM from the NAF-ER+BCC organoid co-cultures
iScience 19, 388–401, September 27, 2019 389



Figure 1. Normal Breast Fibroblasts Induce Proliferation of Primary ER+ Breast Cancer Cells in Organoid Cultures

(A) Experimental outline of organoid co-culture system to study stromal-epithelial interactions in primary tumors.

(B–E) (B) Organoid co-cultures were initiated with EpCAM+ primary human estrogen receptor-positive (ER+) breast cancer

cells (BCCs) and normal breast fibroblasts obtained from either mammoplasty tissue (NAF) or matching contralateral non-

tumor breast tissue (CNTB-F). Viable EpCAM+ BCC (B) or the EpCAM� fibroblast (C) cell numbers were quantified by flow

cytometry at the beginning of the cultures (input) and after 10 days (output). EpCAM+ BCC (D) or the EpCAM� NAF (E)

were placed in organoid cultures and treated with conditioned media (CM) collected from NAF and ER+BCC organoid

co-cultures, and after 10 days total cell numbers were obtained via flow cytometry.

For all the experiments, average cell numbers and standard error of the mean (SEM) are based on primary ER+ breast cells

obtained from three individual tumors and represented as bar graphs (**p < .005, ***p < .0005, and ****p < .00005).
significantly increased the proliferation of BCCs (2.58 G 0.3-fold compared with 1.38 G 0.14-fold)

and NAFs (1.87 G 0.2 fold-compared with 1.22 G 0.08-fold) compared with the other CMs (Figures 1D

and 1E). These data suggest that interaction of NAFs with ER+BCCs results in secretion of pro-proliferative

factors, which are not present in the ER+BCCs or NAF-only cultures, and that these secreted factors are suf-

ficient to enhance the proliferation of both cell types in these cultures without the requirement for cell-cell

contact.

IL1b in NAF-BCC Co-culture CM Induces ER+BCCs Proliferation

Secreted cytokines and growth factors present in the CM collected from organoid cultures containing both

NAF and ER+BCCs or single cultures of each cell type were analyzed using a cytokine ELISA array (Figure 2A
390 iScience 19, 388–401, September 27, 2019



Figure 2. Co-culturing ER+BCCs with NAFs Results in IL1b Secretion that Induces Proliferation of both Cell Types

(A) Cytokine ELISA array analysis of conditioned media (CM) obtained from organoid cultures consisting of EpCAM+

ER+BCC only, NAF only, or co-cultures of both cell types identified five cytokines to be significantly upregulated in the

co-cultures (Table S2). Average from three biological replicates and standard error of the mean (SEM) are plotted as bar

graphs where average cytokine levels in BCCs are set to 1.

(B) MCF7 and T47D cells were placed in organoid cultures and treated with different cytokines for 8 days, and average cell

numbers and SEM from three independent experiments are depicted in the bar graphs.

(C and D) (C) ER+BCCs and (D) NAFs were grown separately as organoids in the presence of recombinant IL1b (rIL1b) for

8 days.

Average cell numbers and SEM are based on primary ER+ breast cells obtained from three individual tumors and plotted

as bar graphs. (*p < .05, **p < .005, ***p < .0005, and ****p < .00005).
and Table S1). Eight cytokines were present at significantly higher levels in the CM of NAF-ER+BCC co-

cultures compared with the CM of NAF- or BCC-only cultures (Figure 2A). Of these eight, five cytokines

(TGF-a, MDC, IL1RA, IL1b, and PDGF-BB) were selected for further examination based on their significant

differential secretion (>3- to 5-fold). Interestingly, only recombinant IL1b (rIL1b) significantly increased the

proliferation of MCF7 and T47D BCCs (Figure 2B) and the primary ER+BCCs (Figure 2C), and NAFs

(Figure 2D) grown in organoid cultures compared with the vehicle controls. Although rIL1b induced prolif-

eration of both the cancer cells and fibroblasts, IL1b target genes were significantly upregulated in the

NAFs (Figure S2A), but not in MCF7 (Figure S2B).

In contrast to the pro-proliferative effect of rIL1b on ER+BCCs and NAFs, rIL1b showed an antiproliferative

effect on normal breast epithelial progenitor cells. Recombinant IL1b significantly impaired acinar structure

formation by normal breast epithelial cells in Matrigel (Figure S2C), decreased CD49f and EpCAM progen-

itor marker expression (2.1 G 0.3-fold and 1.64 G 0.2-fold respectively, Figure S2D), decreased total cell

number in Matrigel (3.33 G 0.64-fold, Figure S2E), and significantly decreased the progenitor cell prolifer-

ation (1.73 G 0.25-fold, Figure S2F).

IL1b Is Secreted by Fibroblasts and Not the Breast Cancer Cells in NAF-BCC Co-cultures

To understand the source of IL1b in the organoid cultures, we examined IL1b expression in the co-cultures

of ER+ MCF7 and T47D cells with NAFs. MCF7, T47D, and NAFs express very low levels of IL1b transcripts

and protein compared with the triple-negative MBA-MD-231 cells (Figures 3A and 3B). To ascertain the
iScience 19, 388–401, September 27, 2019 391



Figure 3. Fibroblasts Produce IL1b in Organoid Co-cultures with ER+ Breast Cancer Cells

(A–D) IL1b transcripts (A) and protein (B) levels were measured in MCF7, T47D, NAFs, andMDA-MB-231 cells by qPCR and intracellular flow cytometry. NAFs

were co-cultured with MCF7 (C) and T47D (D) cells and after respective days, breast cancer cells (EpCAM+) and NAFs (EpCAM�) were separated by flow

cytometry and IL1b transcript expression was obtained by qPCR.

(E) IL1b protein expression was measured in NAFs co-cultured with MCF7 and T47D by intracellular flow cytometry.

(F) NAFs were treated with conditioned media (CM) obtained from either breast cancer cell (MCF7, T47D, and primary ER+BCC)-only cultures or from NAFs

and breast cancer cells in co-cultures for 6 h, and IL1b transcript expression was measured by qPCR.

(G) IL1b protein expression was measured in NAFs by intracellular flow cytometry following treatment with CM from ER+BCC-only cultures or NAF and

ER+BCC co-cultures.

All the data are represented as either bar graphs or bold text with mean G SEM and are based on primary ER+ breast cells obtained from three individual

tumors (*p < .05, **p < .005, ***p < .0005, and ****p < .00005).
contribution of each cell type in IL1b production, MCF7 and T47D cells were placed in 2D adherent co-

cultures with NAFs for up to 10 days. The EpCAM+ MCF7 and T47D cells were separated from the

EpCAM� NAFs in these co-cultures using flow cytometry and IL1b transcripts, and protein levels were

quantified. In co-cultures, high levels of IL1b transcripts and proteins were detected only in the NAFs,

but not in the BCCs (Figures 3C–3E), suggesting that the presence of ER+BCCs induces IL1b production

in NAFs. To assess if secreted factors are responsible for the BCC-induced IL1b secretion from fibroblasts,

NAFs were treated with CM obtained from cultures initiated with MCF7, T47D, or primary ER+BCCs only or

in co-culture with NAFs, and IL1b transcript levels and protein expressions were examined. Interestingly,

only the CM from the co-cultures, but not the BCC-only cultures, was able to induce IL1b transcript (after

6-h exposure to CM) and protein levels in NAFs (Figures 3F and 3G). This is in keeping with our observation

that rIL1b enhanced IL1b-target genes’ expression after 6 h (Figure S2A).

To examine, whether different sources of fibroblasts can also secrete IL1b in co-cultures through similar

mechanisms, MCF7 and T47D cells were placed in co-cultures with fibroblasts obtained from primary

ER+ human breast tumor adjacent tissue (TAT-Fs), CNTB-Fs, and NAFs. Fibroblasts isolated from different

sources showed low IL1b transcript levels as in NAFs (Figure S3A). However, when placed in co-cultures with

BCCs (Figure S3B) or exposed to the CM from these co-cultures (Figure S3C), IL1b transcript expression was

significantly increased in all fibroblasts regardless of their origin. Interestingly, TAT-Fs showedmuch higher

expression of IL1b transcripts and induced proliferation of T47D cells when placed in co-cultures or

exposed to CM from T47D co-cultures compared with NAFs and CNTB-Fs (Figures S3B–S3E).
392 iScience 19, 388–401, September 27, 2019



Figure 4. ER+BCC-Induced IL1b Production from Fibroblasts Requires Secreted Factors from Fibroblasts

(A) IL1b transcript levels were quantified in NAFs either in co-cultures with MCF7 or treated with co-cultured conditioned media (CM) for up to 10 days.

(B) NAFs were treated with either IL1RA or vehicle controls for 48 h and then with NAF and MCF7 co-culture CM for 6 h and IL1b transcript level was

measured.

(C) Experimental outline of 2D cultures for (D–F).

(D) IL1b transcript expression was measured in NAFs following treatment with CM1 and CM2 for 6 h.

(E) IL1b protein expression was measured in NAFs by intracellular flow cytometry following exposure to CM2 for 48 h.

(F) Cytokine ELISA array was used to compare cytokine levels in CMs from NAFs, MCF7, T47D, and CM2 (also Table S2). Cytokine expression is represented

as fold changes.

(G) IL1b transcript levels were quantified in NAFs following 6 h treatment with recombinant IL9, PDGF-AA, and PDGF-BB.

(H) IL1b protein levels were quantified in NAFs following 48 h treatment with recombinant PDGF-BB.

(I) Representative western blots showing PDGFRa and PDGFRb expressions in four different NAF samples.

(J) Representative western blot showing total STAT3 and phospho-STAT3 protein expression in NAFs treated with PDGF-BB. Average pSTAT3 expression is

normalized to total STAT3 expression and shown as bar graphs.

(K) IL1b transcript expression was measured in NAFs following treatment with CM2 for 6 h with or without 48-h pre-incubation with SU16f.

All data are represented as bar graphs with mean G SEM from three independent experiments (*p < .05, **p < .005, ***p < .0005, and ****p < .00005).
Fibroblast-Induced PDGF-BB Secretion by Breast Cancer Cells Causes IL1b Secretion from

Fibroblasts

To understand the dynamics of IL1b production by NAFs, we examined IL1b transcript levels in NAFs either

in co-culture with BCCs (MCF7) or treated with co-culture CM for up to 10 days. Interestingly IL1b transcript

levels in NAFs treated with co-culture CM increased as early as 6 h (6.99 G 1.7-fold) and continued to in-

crease up to 24 h (12.5G 1.5-fold), but sharply declined thereafter (Figure 4A). In the co-cultures, however,

IL1b transcript levels in NAFs significantly increased only after 48 h and continued to rise thereafter (Fig-

ure 4A). As MCF7, T47D, and NAFs express IL1b receptor IL1R1 ubiquitously (Figure S4A), it is possible

that IL1b expression is regulated through a feedforward mechanism. However, blocking IL1b receptor

IL1R1 with a receptor antagonist (IL1RA) could not prevent the co-culture CM-induced IL1b transcript
iScience 19, 388–401, September 27, 2019 393



increase in NAFs (Figure 4B), suggesting that secreted factors other than IL1b are responsible for increased

IL1b production in NAFs. To separately assess the contribution of secreted factors from the NAFs and the

BCCs to the elevated IL1b levels, MCF7, T47D, or primary ER+BCCs were exposed to CM obtained from

NAF-only cultures for 48 h to obtain ‘‘primed-CM’’ (CM2, Figure 4C) and IL1b transcript levels were exam-

ined in NAFs exposed to the primed-CM for 6 h (Figure 4D). As controls, NAFs were also exposed to CM

fromMCF7, T47D, or primary ER+BCCs-only cultures. Interestingly, only primed-CM significantly increased

IL1b transcripts and protein levels in NAFs (Figures 4D and 4E), suggesting that secreted factors from both

NAFs and BCCs are required to cause IL1b production from NAFs.

To identify secreted cytokines and growth factors involved in the crosstalk between NAFs and BCCs, CM

obtained from NAF, MCF7, and T47D as well as the ‘‘primed-CM’’ (CM2) were analyzed using cytokine

ELISA arrays. Three cytokines (IL9, PDGF-AA, and PDGF-BB) were identified to be significantly elevated

in CM2 compared with the NAF- or BCC-only CMs (Figure 4F) of which, only recombinant PDGF-BB

induced IL1b transcript (6.5 G 0.79 fold) and protein (2.68 G 0.11 fold) expression in NAFs after 6 and

48 h, respectively (Figures 4G and 4H, Table S2). It is noteworthy that NAF-T47D co-culture CM contained

the highest PGDF-BB level (Figure 4F). Mechanistically, PDGF-BB signaling is conducted through interac-

tion with its cognate cell surface receptors and activation of STAT signaling. Interestingly, NAFs show

strong expression for the b- but not the a-form of the PDGF-BB receptor (Figure 4I) and that PDGF-BB ac-

tivates STAT3 signaling in these cells (Figure 4J). Moreover, activation of PDGF receptors is required for

primed-CM-induced IL1b production from NAFs (Figure 4K), because the response was eliminated by

pre-incubation with the selective PDGF-BB receptor inhibitor SU16f. In contrast to ER+BCCs, the IL1b

and PDGF-BB levels did not increase in 3D co-cultures of normal EpCAM+ primary breast epithelial cells

and NAFs (Figures S4B–S4D). Also, EpCAM+ primary breast epithelial cells treated with recombinant

PDGF-BB for 6 h did not increase IL1b transcript expression in them (Figure S4E). However, similar to

IL1b, recombinant PDGF-BB also induced proliferation of NAFs in cultures (Figures S4F–S4H).

Constitutively Secreted Cytokines from NAFs Induce PDGF-BB Secretion from Breast Cancer

Cells

To further explore the paracrine mechanisms involved in PDGF-BB production from BCCs, we compared

the NAF-CM with the MCF7- and T47D-CM and identified four cytokines (CCL7, IL6, IL8, and GROa) that

were uniquely secreted by NAFs (Figure 5A and Table S2). Interestingly, IL6 and IL8 together, but not alone,

as well as CCL7 stimulated (2.6 G 0.6-fold and 6.6 G 1.5-fold, respectively) PDGFB gene expression in the

primary ER+BCCs; however, CCL7 is the major inducer of PDGF-BB production by ER+BCCs (Figures 5B

and 5C). GROa had no effect on PDGF-BB production. We found that IL6, IL8, and CCL7 are expressed

at significant levels in the normal breast, ER+ breast tumors, and the matching tumor-adjacent breast tissue

(Figure 5D). These data suggest that the secretion of these cytokines does not require the presence of

ER+BCCs. However, the tumor microenvironment consists of activated TAFs that do not show sustained

IL1b secretion (Figure 6A), suggesting that TAFs require the presence of ER+BCCs to maintain IL1b secre-

tion (Figure 6B). Interestingly however, TAFs induced MCF7 and T47D proliferation more significantly than

NAFs in co-cultures (Figures S5A and S5B). To this end we found that similar to NAFs TAF-CM induces

PDGF-BB secretion in MCF7 and T47D cells, which in turn causes IL1b production from TAFs (Figures

6C–6F and S5A–S5F).

TAFs and Infiltrating Immune Cells Create an IL1b-Enriched Microenvironment in ER+ Breast

Tumors

Our data describe a paracrine signaling mechanism between ER+BCCs, NAFs, and TAFs that result in the

secretion of IL1b from fibroblasts without requirement for immune cell response, leading to tumor cell pro-

liferation (Figure 6G). As predicted by our model, PDGF-BB and IL1b can only be detected in the tumor

tissue, indicating that the cross talk between the TAFs and the ER+BCCs and not the normal breast epithe-

lial cells results in PDGF-BB and IL1b production (Figure 6H). Next, we examined if PDGFB and IL1b expres-

sion are predictive of primary ER+ breast cancer prognosis using SurvExpress online database. Interest-

ingly, IL1b and PDGFB expression significantly separated the high-risk group from the low-risk group

(concordance index = 54.9, log rank equal curves p = 0.0052, risk group hazard ratio = 1.6 [confidence in-

terval 1.15–2.27]) and that both IL1b and PDGFB were more significantly expressed in the high-risk group

compared with the low-risk group (Figures S5G and S5H). These observations suggest that the paracrine

signaling described here could take place in the tumor environment and has clinical relevance to tumor

progression. To further explore this possibility, we created the tumor microenvironment in NSG (NOD-scid
394 iScience 19, 388–401, September 27, 2019



Figure 5. NAF-Secreted CCL7, IL6, and IL8 Induce PDGF-BB Production from Primary ER+BCCs

(A) Cytokine array data (Figure 4F) identified CCL7, IL6, IL8, and GROa as cytokines highly secreted by only NAFs, but not by the MCF7 and T47D cells.

(B) PDGFB transcript levels were quantified via qPCR in EpCAM+ primary ER+BCC after 1- and 6-h treatment with recombinant IL6, IL8, CCL7, and GROa

either alone or in combination.

(C) PDGF-BB protein expression in primary ER+BCCs was quantified after 48-h treatment with recombinant CCL7, IL6, and IL8. All data are represented as bar

graphs with mean G SEM from three independent experiments (*p < .05, **p < .005, ***p < .0005, and ****p < .00005).

(D) Representative H&E and immunofluorescent images from three independent experiments showing IL6, IL8, and CCL7 protein expression in ER+ breast

tumor, matched tumor-adjacent, and healthy normal breast tissue sections. Scale bars, 200 mm.
IL2Rgammanull) mice using TAFs and the ER+ MCF7 BCCs and examined the impact of blocking IL1b (Ana-

kinra) and PDGF ( SU16f) signaling on tumor growth in vivo. We observed that xenografts generated inmice

treated with Anakinra alone or with combination of Anakinra and SU16f showed statistically significant but

modestly decreased tumor cell density compared with the xenografts obtained from untreated control

mice (Figures 6I and S5I). SU16f-treated xenografts did not show any significant increase in necrotic or

cell-free areas when compared with the untreated control xenografts. Notably, the intra-nipple injection

model used allowed for confined growth within the mammary ducts. Accordingly, no difference in tumor

weight was observed among the different treatment groups; hence alterations in tumor histology were

not due to dramatic differences in tumor volume (data not shown).

In the tumor microenvironment, however, in addition to TAFs (Figure S6A), the tumor-infiltrating immune

cells and the vascular endothelial cells also contribute to tumor cell proliferation. To examine the contribu-

tion of the immune and blood vessel cells to tumor cell proliferation, we utilized the cytokine ELISA array

platform to analyze the secreted cytokine profile of CD45+CD31+ cells obtained from three primary ER+

breast tumor samples after 10 days in 3D organoid culture (Figures 7A, S6B, and S6C). The analysis iden-

tified that some of the same cytokines secreted by the NAF and ER+BCC co-cultures were also secreted
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Figure 6. Crosstalk between TAFs and ER+BCCs Results in IL1b Production by TAFs

(A) IL1b transcript expression was measured in TAFs and NAFs immediately after isolation (day 0) and after 7 days of 2-

dimensional (2D) adherent cultures.

(B) NAFs and TAFs were treated with conditioned media (CM) from MCF7- and T47D-only cultures or from the 2D co-

culture with NAFs or TAFs for 6 h, and IL1b transcript levels in the fibroblasts were quantified via qPCR.

(C) NAFs and TAFs were treated with CMs fromMCF7 and T47D or (CM2, from Figure 4C) for 6 h, and IL1b transcript levels

were measured.
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Figure 6. Continued

(D) IL1b protein expression was measured in NAFs and TAFs following treatment with CM2 for 48 h by intracellular flow

cytometry.

(E) PDGF-BB protein expression was measured in MCF7 and T47D following treatment with CM from TAFs for 48 h by

intracellular flow cytometry.

(F) IL1b transcript expression was measured in TAFs following treatment with CM2 for 6 h with or without 48-h pre-

incubation with IL1RA or SU16f. All data are represented as bar graphs with mean G SEM from three independent

experiments.

(G) Graphical summary of the crosstalk between fibroblasts and breast cancer cells resulting in IL1b secretion from the

fibroblasts.

(H) Representative H&E-stained sections and immunofluorescent images showing PDGF-BB and IL1b protein expression

from three individual ER+ breast cancer tumors, matched tumor-adjacent, and three healthy normal breast tissues.

(I) Tumor progression was monitored in an orthotopic mouse breast cancer model using TAFs and MCF7 cells. Mice were

either treated with Anakinra (Ana), SU16f (Su), Ana + Su, or vehicle control. Cell-free areas of H&E sections from each

tumor was obtained (Figure S5I), normalized to the total area for each xenograft section, and plotted in dot plots. Scale

bars, 200 mm. *p < .05, **p < .005, ***p < .0005, and ****p < .00005.
at significantly higher levels (Table S3) by the tumor-associated CD45 +31+ cells. Compared with the

ER+BCC-NAF organoid co-cultures, the tumor-associated CD45+CD31+ cells secrete 5.7 G 0.48-fold

more IL1b, 1.5 G 2-fold CCL7, 1.2 G 0.2-fold IL6, and 1.1 G 0.02-fold IL8 (Figure 7A and Table S3). The im-

munophenotyping analysis of the tumor-associated CD45 + 31+ cells revealed a higher presence of T cells

and lower but detectable levels of monocytes, B cells, and natural killer cells (Figure S6D), which matched

the secreted cytokine profile of these cells (Figure S6E).

Disrupting the ER+BCC-TAF Paracrine Signaling Significantly Amplifies Tamoxifen Efficacy

Our data indicate that the paracrine signaling between the ER+BCC and fibroblasts cooperates with the

CD45+CD31+ cells in the tumor microenvironment to create an IL1b-enriched niche that augments tumor

cell proliferation. We therefore examined if the disruption of IL1b production and signaling in the tumor

microenvironment would augment the cytostatic effect of Tam on the ER+BCCs. For this purpose, we re-

constructed the tumor microenvironment in organoid cultures using the primary ER+BCCs, TAFs, and

CD45+CD31+ cells separately obtained from the same original tumor (Figure 7B). Tumor-associated

CD45+CD31+ cells showed a small (20%–30%) decrease in cell number in these organoid cultures over

10 days (Figure S6B). We examined the effective dose of Tam through its ability to decrease MCF7 cell pro-

liferation in organoid cultures (Figure S6F) and found that 100 nM Tam was ineffective in reducing MCF7

cell proliferation, whereas 1 mM Tam significantly reduced proliferation of these, and we therefore chose

these concentrations for our experiments. To examine the contribution of the TAFs and CD45+CD31+ cells

to tumor cell proliferation, we quantified AnnexinV�EpCAM+ cell numbers in organoid cultures

initiated with primary ER+BCCs alone or in co-cultures with TAFs, CD45+CD31+, or all three cell types

together. ER+BCCs expanded 1.3 G 0.1-fold in the organoid cultures. However, ER+BCCs showed further

proliferation in co-cultures with TAFs (1.96 G 0.3) and CD45+CD31+ (1.72 G 0.2), but no additional prolif-

eration was detected in co-cultures consisting of all three cell types (Figures 7C–7F). In contrast to MCF7

cells (Figure S6E), 100 nM Tam prevented the expansion of ER+BCCs in all the cultures. A selective

PDGF-BB receptor inhibitor SU16f and an IL1R1 antagonist IL1RA, showed similar effects as Tam in all

the co-cultures, although the results were variable. However, the ER+BCC proliferation in co-cultures

were significantly curtailed when organoids were treated with Tam, SU16f, and IL1RA, suggesting that

these blockers work synergistically with Tam. In TAF-ER+BCC organoid co-cultures, SU16f and IL1RA

were as effective as Tam in decreasing ER+BCC proliferation.

DISCUSSION

In this report, we describe a fibroblast-initiated paracrine signaling mechanism that enhances ER+BCC

proliferation. We show that cytokines constitutively secreted by NAFs and TAFs alike (CCL7 and/or IL6

and IL8) result in increased expression and secretion of PDGF-BB from primary ER+BCCs but not the normal

breast epithelial cells. In this regard, CCL7 makes the most significant contribution toward the release of

PDGF-BB from ER+BCCs. CCL7 is a ligand for CCR1–3 receptors, among which expression of CCR3 has

recently been shown to be associated with luminal-type breast cancers (Gong et al., 2016). Also, the inter-

action between CCL7 and CCR3 has been shown to promote colon cancer cell metastasis via ERK-JNK

signaling (Lee et al., 2016). The role of IL6 and IL8 in breast cancer progression has been well studied in

that both cytokines increase the invasiveness and the metastatic potential of ER+ and ER� breast cancers
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Figure 7. Deconstruction and Reconstruction of Tumor Microenvironment

(A) Cytokine ELISA array was used to examine cytokines present in the CM obtained from organoid cultures of primary ER+BCCs, matched tumor-associated

CD45+CD31+ cells, NAFs, and NAFs-ER+BCCs co-cultures. Cytokines that were secreted at high concentration by the NAF-ER+BCCs co-cultures, as well by

the CD45+CD31+ cells, are shown (Table S3). Average from three biological replicates and SEM are plotted as bar graphs where average cytokine levels in

breast cancer cells are set to 1.

(B–F) (B) Experimental outline for (C–F). The ER+BCCs (C), ER+BCCs with BCC-associated fibroblasts (TAFs) (D), ER+BCCs with matching BCC-associated

CD45+CD31+ cells (E), and all three cell types together (F) were put into organoid cultures for 2 days and then treated with IL1RA, SU16F, and tamoxifen

(Tam) as indicated for additional 8 days, and the number of viable (AnnexinV�) EpCAM+BCCs was determined by flow cytometry. The data represented as

dot plots from primary ER+ breast cells obtained from five individual tumors, and average cell numbers and SEM are plotted (*p < .05, **p < .005, ***p <

.0005, and ****p < .00005, statistical significance was tested against the input controls).
by activating signaling through their receptors, gp130 and CXCR1 (Ginestier et al., 2010; Iliopoulos et al.,

2010; Korkaya et al., 2011; Sasser et al., 2007; Sheridan et al., 2006; Studebaker et al., 2008). Previous reports

indicate that PDGF-BB increases the expression of IL6 and IL8 in different cell types (van Steensel et al.,

2010). Here we show that increased PDGF-BB levels increases in ER+BCCs due to CCL7, IL6, or IL8 cytokine

signaling. IL6, IL8, and CCL7 presumably increase PDGF-BB expression by activating their cognate recep-

tors, which have been previously shown to be expressed in ER+BCCs. The PDGF-BB secreted from ER+BCC

signals through its receptor PDGFRb to induce IL1b production in the normal and activated fibroblasts

without the requirement for IL1b receptor IL1R1 activation, suggesting that fibroblast secretion of IL1b is

not regulated through a feedforward mechanism. Signaling through the PDGFRb activates the STAT3

and ERK signaling, which have previously been reported (O’Brien et al., 1999; Tian et al., 2017) to induce

IL1b transcripts and protein levels. These signaling pathways therefore are the most likely mechanism of

PDGF-BB-induced IL1b production from NAFs and TAFs. We also show that although IL1b suppresses

the proliferation of normal breast epithelial progenitors, it creates a pro-oncogenic environment by
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activating proliferation signals in ER+BCCs. Therefore, our data suggest that features distinguishing the

ER+BCCs from the normal breast epithelial cells are the ability to take advantage of fibroblast-secreted

factors to produce PDGF-BB and to utilize IL1b signaling as a pro-proliferative signal. Our orthotopic

mouse tumor data suggest that blocking IL1b could potentially decrease tumor volume in xenografts

initiated with TAFs and BCCs; however, additional data are required to provide stronger support for this

observation.

Our findings suggest that in patients with breast cancer undergoing breast-conserving surgeries, any resid-

ual BCCs could take advantage of cytokines constitutively secreted by the fibroblasts and initiate the

paracrine signaling cascade described here to transform the normal breast tissue niche into an IL1b-en-

riched niche that supports their proliferation. Previously it was demonstrated that NAFs are able to support

cancer cell proliferation in vivo; however, they do so at much lower efficiency than TAFs (Chatterjee et al.,

2018; Olumi et al., 1999). It is therefore inviting to hypothesize that in normal breast tissue, epigenetic or

accumulating mutational events could enable the normal epithelial cells to utilize the CCL7 or IL6 and

IL8 signaling pathways to produce PDGF-BB, ultimately inducing IL1b release from fibroblasts. However,

the ability to produce PDGF-BB in the presence of these cytokines, on its own, is not sufficient to promote

the proliferation of breast epithelial cells because we show that IL1b significantly diminishes the prolifera-

tion of normal breast epithelial progenitors.

Using cytokine array platform, we found that in the tumor microenvironment the immune cells, in particular

monocytes/macrophages, are the most significant sources of IL1b when compared with fibroblasts. We

therefore have demonstrated the clinical significance of our findings by assessing the individual contribu-

tions of TAFs and immune cells in tumor response to endocrine therapy. By reconstructing the tumormicro-

environment using ER+BCCs, TAFs, and the immune cells from the same primary tumors, we demonstrate

that the effectiveness of endocrine therapy (Tam) can be significantly augmented in the presence of IL1R1

and PDGFRb blockers. This observation is particularly interesting because examining the contribution of

tumor-infiltrating leukocytes (TILs) to ER+BCC proliferation and response to endocrine therapy cannot

be examined through the other available models to study ER+ tumor microenvironment. Although primary

tumors can be expanded through several passages in immunodeficient mice (i.e., PDX), only 4%–6% of pri-

mary ER+ tumors form xenografts. Moreover, it is unlikely that activated TILs would be propagated in

passaged xenografts. On the other hand, the ER+BCC lines (MCF7 and T47D) can readily form xenografts

in immunodeficient mice. However, these cell lines have been generated frommetastatic breast cancer tu-

mors, which might not be an accurate representation of primary ER+ breast cancer tumors. Also, owing to

major histocompatibility complex molecule incompatibility, TILs cannot be included in these xenografts.

Finally, our results suggest that patients diagnosed with malignant ER+ breast cancer may benefit from

combination therapy consisting of IL1R1 and PDGFRb blockers to enhance the effectiveness of endocrine

therapies such as Tam.
Limitations of the Study

In our study we provide evidence that regularly secreted cytokines from fibroblasts result in creation of an

IL1b-enriched environment that supports ER+BCC proliferation. Such paracrine signaling might be impor-

tant to tumor progression and therapy response. However, there are limitations to our study due to some

experimental constraints. The impact of blocking IL1b and PDGF-BB signaling on tumor growth in vivo was

rather modest. However, the in vivo model we used did not ensure that fibroblasts and tumor cells will be

confined to the xenografted site in the mammary gland. This issue could be addressed by using PDXs

where tumor cells and fibroblasts are present in the primary breast tumor section. Moreover, the use of

combination therapy that includes endocrine therapy along with IL1b and PDGF-BB signaling blockers

might provide more definitive data with respect to decreased tumor cell density.

Second, in our patient-derived organoid cultures, we used CD45+ immune cells and the CD31+ vascular

endothelial cells, which did not allow us to evaluate the contribution of each cell type to tumor cell growth

and response to therapy separately. Owing to the low frequency at which these cells are present in primary

breast tumors, obtaining each of these cell types separately in sufficient numbers proved difficult.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Transparent Methods 
 
Tissue collection and processing 
 
Estrogen receptor positive (ER+) breast tumours (>2cm) and matching tumour-adjacent tissue 
(TAT) samples were obtained from patients undergoing mastectomy surgery without any prior 
treatment. TAT samples were obtained 3-6 cm away from the primary tumour margin and declared 
disease-free and histologically benign by a pathologist. Contralateral tumour-free breast tissue was 
also obtained from patients with ER+ tumours undergoing prophylactic bilateral mastectomy. As 
a source of normal breast tissue, reduction mammoplasty samples were obtained. Samples were 
transported to the laboratory in transport medium as previously described (Basak et al., 2015; 
Chatterjee et al., 2018; Chatterjee et al., 2015) for further processing. All samples were obtained 
with written informed patient consent according to protocols approved by the University of 
Manitoba’s Research Ethics Board. Tissue samples were dissociated enzymatically for 16 hours 
in dissociation media as described previously. Cell pellets were re-suspended in 6% 
dimethylsulfoxide (DMSO)-containing fetal bovine serum (FBS)-supplemented medium for liquid 
nitrogen storage. 
 
Isolation of different subset of cells from the breast tumours 
 
Single cell suspensions from fresh or frozen tumour samples were depleted of immune and 
endothelial cells by magnetically separating CD45+CD31+ (Lin-) cells using EasySep™ Human 
Biotin Selection Kit (StemCell Tech.) and were cryogenically preserved in liquid Nitrogen. 
Subsequently, the EpCAM+ breast cancer cells were isolated using EasySep™ Human EpCAM 
Positive Selection Kit (StemCell Tech.). Isolated EpCAM+ breast cancer cells (BCCs) were either 
cryogenically preserved or used right away. Before freezing, viability for each cell fraction was 
assessed by propidium iodide (PI) staining and flow cytometric analysis. The EpCAM- cell fraction 
was used to generate tumour-associated fibroblasts (TAFs) lines as described previously 
(Chatterjee et al., 2018).  
 
Patient-derived organoid cultures 
 
50 µl of liquid growth factor-reduced matrigel (BD Biosciences) was placed in each well of a 96-
well plate and 50 µl of PBS added on top to prevent evaporation while the gels were allowed to 
polymerize at 37°C for 30 minutes in a humidified chamber. Between 3x104-5x104 cells from the 
primary EpCAM+ BCCs and in vitro expanded fibroblasts were mixed with 200µl organoid media 
(SF7 growth media (Stingl et al., 2001)supplemented with 10µM Y27632 and 10µM SB431542) 
(both from StemCell Tech.) and placed on top of polymerized matrigels either alone or together at 
1:1 ratio with NAFs or TAFs and plates were transferred to a humidified 37°C, 5% CO2 incubators 



at ambient O2. For the purposes of these experiments, we successfully generated 11 patient-derived 
organoids from 17 individual ER+ breast tumour samples. 
The medium was changed every 3 days and after 10 days, gels were dissolved with dispase and 
organoids were made into single-cell suspension as described previously (Chatterjee et al., 2018). 
For some experiments, organoid cultures also contained CD45+CD31+ cell fraction from the 
tumours at 1:1:1 ratio (50,000 of each cell type) with EpCAM+ BCCs and TAFs obtained from the 
same original tumour. In some experiments, organoid media were supplemented with recombinant 
CCL7 (1-10ng/mL), IL6 (1-10ng/mL), IL8 (1-10ng/mL), TGFα (1-10ng/mL), MDC (1-10ng/mL), 
GROα (1-10ng/mL), IL1RA (1-10ng/mL), IL1β (10pg-1ng/mL), and PDGF-BB (500pg-
10ng/mL) (all from Sigma). Some co-cultures were treated with 4-hydroxytamoxifen (Tam, at, 
100nM and 1µM, Tocris Biosciences), IL1RA (IL1R1 receptor antagonist, 100ng/mL, Biolegend) 
and SU16f (selective PDGFRβ blocker, 10µM, Tocris Biosciences) (Cheng et al., 2011; Jiang et 
al., 2017; Lee et al., 2014).  
In some experiments MCF7 cells were placed in organoid cultures with SF7 growth media and 
After 48 hr, media were replaced with fresh media containing different concentrations (50nM-
1µM) of Tam and cultured for an additional 8 days with media changes every 3 days. 
Subsequently, gels were dissolved and made into single-cells as described (Basak et al., 2015; 
Chatterjee et al., 2018) and cell viability determined via PI dye retention using flow cytometry.  
 
Primary fibroblast cultures 
 
Fibroblasts from the Tumour (TAFs), TAT (TAT-Fs), and normal breast reduction (NAFs) 
samples were obtained by expanding the EpCAM- subset of dissociated tumour cells in adherent 
2 dimensional (2D) cultures as described before (Chatterjee et al., 2018). Briefly, EpCAM- cells 
were cultured in DMEM/F12 media supplemented with 10% FBS at 37°C and cultured to 70-75% 
confluency. All fibroblast lines were passaged at least twice to obtain near homogeneity and 
presence of mesenchymal markers (CD73, CD90, CD105, CD13 and FSP1/S100A4) (all from BD-
Biosciences) and absence of epithelial (EpCAM) (StemCell Technologies), endothelial (CD31) (e-
biosciences) and immune (CD45) (BD-Biosciences) cell markers was examined by 
flowcytometry. 
 
Breast cancer cell lines 
 
ER+ breast cancer cell lines MCF7 and T47D and the triple negative MDA-MB-231 cells were 
maintained in 5% FBS containing DMEM or 10% FBS containing RPMI or 10% FBS containing 
DMEM media growth media respectively. MCF7 and T47D cell lines were authenticated recently 
(October, 2016) using STR analyses (Genetica Cell Line Testing, Labcorp, Burlington, NC, 
USA).  All experiments were carried out using stocks between passages 2-5. All cells were grown 
upto 70-75% confluency before passaging. For some experiments, MCF7 and T47D cells were co-
cultured with NAFs, TAT-Fs, TAFs, or contralateral non-tumour containing breast-fibroblasts 
(CNTB-Fs) at 1:1 ratio (5x104-1x105 of each cell type) for up to 10 days in 2D adherent cultures. 



For other experiments, MCF7 and T47D cells were grown in 3D matrigels and treated with 
recombinant TGFα, MDC, IL1RA, IL1β and PDGF-B (all from sigma) for 8 days. 
 
Conditioned media (CM) collection 
 
Primary EpCAM+ BCCs (1x105) were placed in organoid cultures either alone or with NAFs or 
TAFs (1x105) and after 48 hr medium was replaced with 100 µl of fresh medium which was then 
collected either after 48 hr or 8 days (as control for long-term organoid cultures). The collected 
media (conditioned media, CM) were centrifuged for 5 mins at 1200 rpm and supernatants were 
stored at -80°c. Fibroblast-only conditioned media were also collected. For some experiments CM 
were obtained from the CD45+CD31+ cell fraction of breast tumours grown in matrigel for 8 days. 
For some other experiments, MCF7 and T47D cells were cultured in 2D either alone or with 
different fibroblasts for upto 75% confluence when fresh medium was added and CM were 
collected after 48hr.  
 
Cytokine ELISA array 
 
CM collected after 8 days from the EpCAM+ BCCs and NAFs in organoid cultures either alone or 
in co-culture were sent to Eve Technologies for 65-plex human cytokine/chemokine enzyme-
linked immunosorbent assay (ELISA) analysis. For some experiments, cytokine array analysis was 
done on CM collected from the CD45+CD31+ cell fraction of the tumours grown in matrigel for 8 
days. For experiments described in Fig. 4C, MCF7, T47D, and NAF cells were grown in 2D 
adherent cultures and CM were collected from each culture after 48hr (Fig. 4C, CM1). TAF-CM 
was placed on MCF7 or T47D for 48hr (Fig. 4C, CM2). CM1 and CM2 samples were sent for 
cytokine/chemokine ELISA array analysis (Table S2). Each cytokine/chemokine examined was 
accompanied with a standard curve and cytokine expression values are the average of 3 biological 
replicates.  
 
Colony-forming cell assays 
 
Colony-forming cell (CFC) assays were performed as previously described (Basak et al., 2015; 
Chatterjee et al., 2018; Chatterjee et al., 2015). Briefly, 5,000 Lin- cells from breast reduction 
samples or dissociated organoids from matrigels were plated together with 80,000 irradiated mouse 
NIH 3T3 cells in SF7 medium supplemented with 5% FBS. After 7–10 days, colonies were fixed 
with a 1:1 (vol/vol) mixture of methanol and acetone on ice and then stained with crystal violet 
(Sigma). Colony types and numbers were obtained using a bright field microscope. 
 
Flow cytometric analyses 
 



Single-cell suspensions obtained from the EpCAM+, CD45+CD31+ subset of ER+ primary tumours 
were pre-blocked with 2% FBS-containing Hank’s Balanced Salt Solutions (HBSS) supplemented 
with 10% human serum for 15 minutes. The EpCAM+ cells were labelled with anti-human EpCAM 
(StemCell Technologies) and MUC1 (Millipore) antibodies and the CD45+CD31+ cells were 
stained with LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Thermo Fischer) and anti-human 
CD45, CD3, CD19, CD14 and CD56 antibodies (all from BD Biosciences). NAFs and TAFs were 
stained with anti-human CD73, CD90, CD105, CD13 (all from BD Biosciences) and IL1R1 
(Invitrogen) antibodies. For some experiments, single cell suspensions from organoid-enriched 
fractions were labeled with anti-human CD49f (Biolegend) and EpCAM antibodies. To obtain 
MCF7 and T47D cell numbers in fibroblast co-cultures, cells were stained with anti EpCAM 
antibody. For all experiments, propidium iodide (PI, Sigma) exclusion was used to identify viable 
cells. 
Intracellular flow cytometry was performed as described (Basak et al., 2015) to detect CK5, CK14, 
CK8/18, αSMA, p63 and ERα expression in the EpCAM+ BCCs and the expression of FSP1 in the 
fibroblasts. For analyzing cytokine secretion (IL1β, PDGF-BB, CCL7, IL6 and IL8), cells were 
first incubated with Brefeldin A (e-Biosciences) for 6 hr before fixing and stained with different 
primary antibodies. The flow cytometry data were analyzed using the FlowJo software (BD-
Biosciences). 
 
Quantitative real-time PCR 
 
Total RNA was extracted from fresh, FACS-sorted non-cultured or cultured cells using the Trizol 
reagent (Invitrogen). cDNA was prepared from 1 µg of RNA using the Maxima cDNA synthesis 
kit (Thermo Fisher) and then used as a template for PCR. Transcript expression of specific genes 
was obtained using gene-specific primers. Relative expression levels of specific transcripts were 
calculated by normalizing to housekeeping genes (GAPDH, TFRC and HPRT) transcript levels. 
 
Western blot analysis 
 
Fibroblasts were grown in 2D culture to 70-75% confluency and protein extracts were prepared 
using 2% sodium dodecyl sulfate (SDS) buffer with complete protease inhibitor tablets (Roche 
Diagnostics). Western Blots were carried out using standard protocols with 70-90 μg of total 
protein. Protein expression was determined using anti PDGFRα (Santa Cruz Biotech.), PDGFRβ 
(Santa Cruz Biotech.), STAT3 (Cell Signaling Tech.), phosphorylated STAT3 (pSTAT3, Cell 
Signaling Tech.), and beta actin (Sigma) antibodies by chemiluminescence. The expression level 
of each protein was determined using beta actin expression as loading control.  
 
Clinical outcome and gene expression analysis 
 



To assess the relationship between IL1β and PDGFB gene expression and patients' risk/survival 
in The Cancer Genome Atlas (TCGA) invasive breast carcinoma cohorts (962 cases; build July 
2016), we used the SurvExpress tool 
(http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaX.jsp). A prognostic index (PI) was 
generated from the most up-to-date TCGA invasive breast carcinoma data set using IL1β and 
PDGFB gene expression. PI is the linear component of the Cox model, PI = β1x1+ β2x2+...+βpxp, 
where xi is the gene expression value and the βI can be obtained from the Cox fitting. Each βI can 
be interpreted as a risk coefficient. The risk groups are generated by dividing the ranked order PI 
values into 2 groups, low risk and high risk group (i.e. higher PI values). This achieved by using 
the medial PI score to divide the data set into 2 groups. The log-ranked test of differences between 
risk groups, hazard ratio estimate, and gene expression in high and low risk groups was obtained. 
For IL1β and PDGFB, the software determined the prognostic index values which were used to 
divide the dataset into high and low-risk groups; overall Survival was used as clinical endpoint.  
 
 
Animal experiments 
 
ER+ MCF7 breast cancer cells (1x106 cells) and tumour-associated fibroblasts (1x106 cells) were 
mixed and injected intraductally in to 6-8 weeks old non-obese diabetic (NOD)-scid 
IL2Rgammanull (NSG) female mice with estrogen pellet implants (17β-ESTRADIOL pellets (1.7 
mg, 60-day release, Innovative Research of America as in (Quail et al., 2012)). All experiments 
involving animals were approved by the Animal Use Subcommittee at the University of Alberta 
(AUP00001288 and AUP00001685). Two days after injection, mice (6 mice per experimental arm) 
were treated daily with an IL1β receptor blocker Anakinra (400mg/kg of body weight/per day 
injected subcutaneously) or a PDGF receptor blocker SU16F (10mg/ kg of body weight/day via 
gastric gavage) or combination of both drugs or DMSO as vehicle control. After 2 weeks, mice 
were sacrificed, tumour xenografts were excised and weighed, and formalin-fixed sections from 
each tumour was stained with hematoxylin and eosin (H&E). 
 
Cell density quantification of H&E sections 
 
Quantification of cell density (i.e. cell-free areas) in the H&E sections from the tumour xenografts 
was done using QuPath v0.1.2 (https://qupath.github.io/QuPath-v0.2.0) software in conjunction 
with the ImageJ (https://imagej.net) essentially as described (Bankhead et al., 2017). The 
software’s manual annotation tool was used to select the total tumour area and the SLIC superpixel 
segmentation command was applied to subdivide the annotated region into ‘superpixels’ (yellow 
lines, Supplementary Figure 5I). Intensity features were obtained for each superpixels along with 
Haralick texture features(Bankhead et al., 2017). A two-way random trees classifier was trained 
to distinguish between area with cells (superpixel segments) and cell-free area (no cell nucleus). 
The regions with cells and cell-free area were manually curated for each H&E image and 
annotated. This classification was then applied to all H&E images. The ratio of cell-free area to 
total area was calculated and used as a surrogate measure of cell density within each xenograft. 



 
 
Statistical Analysis 
 
The ANOVA and student T-tests were performed using the GraphPad Prism 7.02 program (San 
Diego, CA). 
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Supplementary Figure Legends  
 
Supplementary Figure 1 (A-G) related to Figure 1. Maintenance of primary ER+ breast 
cancer cells in organoid cultures and proliferation of MCF7 and T47D in co-cultures  
(A) Expression of basal and epithelial cell markers was measured in the primary EpCAM+ breast 
cancer cells (BCCs) before and after organoid culture for 10 days. Data from 3 different samples 
are shown as dot plots. (B)  Expression of mesenchymal and fibroblast markers was measured in 
fibroblasts obtained from normal breast reduction tissues after 2 passages. Data from 5 different 
samples are shown as dot plots. (C) EpCAM+ BCCs obtained from 11 different ER+ tumour 
samples were grown in organoid cultures for 10 days and cell numbers are plotted as box and 
scatter plots. (D) Normal-associated fibroblast (NAF) cell numbers before and after 10-day 
organoid cultures are shown as box and scatter plot. Data from 6 samples were plotted. (E) 2D 
adherent co-cultures were initiated with estrogen receptor (ER+) breast cancer cell lines (MCF7, 
T47D) and NAFs or contralateral non-tumour breast tissue (CNTB-F) and number of viable 
EpCAM+ cancer cells (E & F) or the EpCAM- fibroblasts (G) were quantified by flow cytometry 
at the beginning (input) and after 3, 5 and 10 days (output). Average cell numbers and standard 
error of the mean (SEM) from 3 independent experiments are represented in the line graphs. (***P 
< .0005 and ****P < .00005) 
 

Supplementary Figure 2 (A-F) related to Figure 2.  IL1β inhibits normal breast epithelial 
progenitor expansion. Transcript expressions of IL1β target genes were assessed by qRT-PCR in 
(A) normal-associated fibroblasts (NAFs), and (B) MCF7 cells treated with recombinant IL1β 
(rIL1β) for 6 hrs. Average gene expression and standard error of the mean (SEM) from 3 
independent experiments are depicted in the bar graphs. (C) Single-cell suspensions from reduction 
mammoplasty samples were placed in organoid culture and treated with recombinant rIL1β for 8 
days and acinar structure formation was examined and photographed. Scale bars represent 400µm. 
(D) EpCAM and CD49f expression in cells obtained from (C) was examined by flow cytometry. 
A representative plot is shown and the average percentage of cells in each gate and SEM from 4 
independent samples is shown in each quadrant. (E) Total number of viable cells and (F) colony 
forming cell (CFC) yields are depicted in bar graphs. Average cell numbers and CFC yield with 
SEM from 4 independent experiments are depicted in the bar graphs. (*P < .05, **P < .005, ***P 
< .0005 and ****P < .00005) 
 
Supplementary Figure 3 (A-E) related to Figure 3. Fibroblasts from tumour-adjacent tissue 
(TAT-F) and contralateral breast tissue (CNTB-F) show similar mechanism of IL1β 
induction in co-cultures. (A) TATFs and CNTB-Fs express similar to NAFs IL1β transcript level. 
(B) IL1β transcript expression was measured in TATFs, CNTB-Fs and NAFs co-cultured with 
MCF7 or T47D cells for 10 days. (C) TATFs, CNTB-Fs and NAFs were treated with conditioned 
media (CM) obtained from either the co-cultures with MCF7 or T47D cells or breast cancer cells 



only cultures for 6 hr and IL1β transcript levels were measured. The data is represented as bar 
graphs with Mean ± SEM from 3 independent experiments. (D) MCF7 and (E) T47D cells were 
placed in 2 dimensional co-cultures with tumour-adjacent breast tissue-associated fibroblasts 
(TATFs), or matching contralateral none tumour containing breast fibroblasts (CNTB-Fs) or NAFs 
for upto 10 days. Expansion of breast cancer cells in these cultures were measured as the number 
of viable EpCAM+ via flowcytometry at the beginning (input) and on the indicated days (output). 
All the data is represented either as bar graphs or line graphs with Mean ± SEM from 3 independent 
experiments. (*P < .05, **P < .005, ***P < .0005 and ****P < .00005) 
 
Supplementary Figure 4 (A-H) related to Figure 4. Normal breast epithelial cells do not 
produce PDGF-BB in co-cultures with NAFs. (A) IL1R1 expression in NAF, MCF7, and T47D 
was measured by flow cytometry. (B) IL1β protein expression as measured by cytokine ELISA 
array in CM from NAFs, EpCAM+ primary normal breast epithelial cells or organoid co-cultures 
of both cells types. (C) NAFs were treated with CM2 generated from NAFs and EpCAM+ normal 
epithelial cell interaction for 6 hr and IL1β transcript level was measured by qPCR. (D) EpCAM+ 
normal breast epithelial cells were treated with CM from NAFs for 6hrs and PDGFB transcript 
expression was measured by qPCR. (E) Primary ER+ tumour cells treated with recombinant 
PDGF-BB for 6hrs, IL1β transcript expression was measured and plotted. (F) NAFs were treated 
with either recombinant PDGF-BB or vehicle control for 5 days and number of viable (propidium 
iodide negative) cells was obtained by flow cytometry. (G) NAFs were placed in organoid cultures 
and treated with escalating doses of SU16f for 48hrs, followed by the addition of conditioned 
media from primary ER+ breast cancer cells and NAFs (CM2) for 6hrs and IL1β transcript levels 
were quantified. (H) NAFs were placed in organoid cultures for along with escalating doses of 
SU16f and cell numbers were counted after 5 days and plotted. All the data are represented as bar 
graphs with Mean ± standard error of the mean from 3 independent experiments. (*P < .05, **P < 
.005, ***P < .0005 and ****P < .00005) 
 
Supplementary Figure 5 (A-H) related to Figure 6. TAFs induce proliferation of breast 
cancer cells through similar fibroblast-initiated mechanisms. (A, B) 2D adherent co-cultures 
were initiated with EpCAM+ ER+ breast cancer cell lines (MCF7, T47D) and NAFs and/or TAFs. 
Total numbers of viable EpCAM+ tumour cells were measured by flow cytometry at the beginning 
(input) and on indicated days. (C) Total numbers of viable EpCAM- fibroblasts were also measured 
at the beginning (input) and after 5 days of cultures. (D) TAFs were treated with either recombinant 
PDGF-BB or vehicle control for 5 days and numbers of viable cells were measured by flow 
cytometry. (E) IL1R1 expression in TAF was measured by intracellular flow cytometry. (F) 
Expression levels of CCL7, IL6 and IL8 were measured in TAF through intracellular flow 
cytometry and immunofluorescence analysis. Scale bars represent 200µm. All the data are 
represented as bar graphs with Mean ± SEM from 3 independent experiments (*P < .05, **P < 
.005, ***P < .0005 and ****P < .00005). (G) Cox fitting and prognostic indicators were used to 



generate risk groups from The Cancer Genome Atlas (TCGA) by the SurvExpress online tool. 
Kaplan-Meier curves of risk group prediction across the TCGA data set are shown. Red line 
represents high risk and green line represents the low risk group. (H) PDGFB and IL1β expression 
in the high risk and low risk group based on prognostic index is shown. (I) Mixture of MCF7 and 
TAFs were used in an orthotopic mouse tumour model to generate tumours. Mice were either 
treated with Anakinra (Ana), SU16F (Su), Ana+Su, or vehicle control. Cell-free areas of H&E 
sections from each tumour was obtained and analyzed as described in the supplementary materials 
and methods section. Representative areas of analysis from each xenograft section is shown. Areas 
containing cells (MCF7 and TAFs) are selected (yellow lines) and the ration of cell-free area in 
each xenograft section was normalized to the total tumour area.  
 
Supplementary Figure 6 (A-F) related to Figure 7. Characterization of ER+BCC-associated 
CD45+CD31+ cells. (A) Tumour-associated fibroblasts (TAFs) or (B) CD45+CD31+ cells from the 
primary estrogen receptor positive breast tumours were put into organoid cultures and the number 
of viable (propidium iodide negative, PI-) cells after 10 days were obtained by flow cytometry. 
Line graphs from 3 independent samples are shown. (C) Cytokine ELISA array analysis identified 
65 different cytokines secreted by ER+BCC-associated CD45+CD31+ cells (also, Table S3). 
Average from 3 biological replicates and standard error of the mean (SEM) are plotted as bar 
graphs. (D) Flow cytometric analysis of the ER+BCC-associated CD45+ cells revealed presence of 
different immune cells (CD3+ T, CD19+ B, CD14+ Monocytes and CD56+ NK cells) in the tumour 
microenvironment. Data from 5 independent samples were plotted as dot plots. (E) pi-chart 
showing different cytokines secreted by different immune cell subsets in the ER+BCC-associated 
CD45+CD31+ cells. (F) MCF7 cells were grown as organoids and treated with different 
concentrations of tamoxifen (Tam) for 8 days and viable (PI-) cell numbers were determined by 
flow cytometry. The data are represented as bar graphs from 3 independent experiments as Mean 
± SEM. (*P < .05, **P < .005, ***P < .0005 and ****P < .00005) 
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