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Abstract

Background: Oestrogen receptor-positive (ER+) breast cancer is commonly treated using endocrine therapies such
as aromatase inhibitors which block synthesis of oestradiol, but the influence of this therapy on the immune compo-
sition of breast tumours has not been fully explored. Previous findings suggest that tumour infiltrating lymphocytes
and immune-related gene expression may be altered by treatment with aromatase inhibitors. However, whether
these changes are a direct result of impacts on the host immune system or mediated through tumour cells is not
known. We aimed to investigate the effect of oestrogen deprivation on the expression of chemokines and immune
infiltration in vitro and in an ER+ immunocompetent mouse model.

Methods: RT-gPCR and a bead-based Bioplex system were used to investigate the expression of chemokines in
MCF-7 breast cancer cells deprived of oestrogen. A migration assay and flow cytometry were used to measure the
migration of human peripheral blood mononuclear cells (PBMCs) to MCF-7 cells grown without the main biologi-
cally active cestrogen, oestradiol. Using flow cytometry and immunohistochemistry, we examined the immune cell
infiltrate into tumours created by injecting SSM3 ER+ breast cancer cells into wild-type, immunocompetent 129/SvEv
mice.

Results: This study demonstrates that oestrogen deprivation increases breast cancer secretion of TNF, CCL5, IL-6, IL-8,
and CCL22 and alters total human peripheral blood mononuclear cell migration in an in vitro assay. Oestrogen dep-
rivation of breast cancer cells increases migration of CD4+ T cells and decreases migration of CD11c+ and CD144
PBMC towards cancer cells. PBMC migration towards breast cancer cells can be reduced by treatment with the
non-steroidal anti-inflammatory drugs, aspirin and celecoxib. Treatment with endocrine therapy using the aromatase
inhibitor letrozole increases CD4+ T cell infiltration into ER+ breast cancer tumours in immune competent mice.

Conclusions: These results suggest that anti-oestrogen treatment of ER+ breast cancer cells can alter cytokine
production and immune cells in the area surrounding the cancer cells. These findings may have implications for the
combination and timing of anti-oestrogen therapies with other therapies.
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approximately 80% of breast cancer cases [2, 3]. Aro-
matase inhibitors (Als) block synthesis of oestradiol,
the main biologically active oestrogen and ligand for
the ER, and are frequently used in treatment of ER+
breast cancer in postmenopausal women [4]. Treatment
with Als such as anastrozole and letrozole, or cultur-
ing ER+ cells in vitro in media deprived of oestrogen
reduces tumour cell proliferation [5, 6]. However,
clinical benefit rates are only 50-75% in the neoad-
juvant setting and may be lower in advanced disease
[6-9]. The risk of recurrence is highest during the first
five years after diagnosis [10], but remains at 10-41%,
depending on the tumour and nodal status [11]. Conse-
quently, there is significant need for improved therapies
and understanding of the mechanisms through which
ER+ cancers resist treatment with Als.

Accumulating evidence suggests that oestrogen affects
immune responses at both a systemic and tissue-specific
level. Differences in the rates of autoimmune diseases
[12], CD4+ T cell counts [13] and antibody responses
[14] between males and females are likely to be driven
at least in part by sex hormones [15]. Oestrogen recep-
tors are broadly expressed in many cell types involved in
the immune response [16]. Recently, infiltrating immune
cells have been shown to increase in tumours from
patients treated with Als, compared to pre-treatment
levels of the same patients [17].

In the pre-surgical setting, lymphocytic infiltration in
breast tumours and expression of immune-related genes
are associated with poorer anti-proliferative response
to Al treatment in ER+ tumours [18-20], suggesting
a link between immune infiltration and response to Al
treatment in breast cancer patients. The mechanism(s)
by which immune cells are recruited to breast tumours
and how this recruitment is affected by Als is unknown.
Chemokine-driven chemotaxis represents a key mecha-
nism through which immune cells can be recruited to
tissues [21]. Chemokines are chemotactic cytokines that
control the migration and positioning of immune cells
in tissues and are critical for the function of the innate
immune system [22]. Chemokines can also play many
roles in cancer progression, including promotion of angi-
ogenesis, tumour proliferation and metastasis [23, 24].

In this study, we used in vitro and in vivo models of
Al treatment alongside analysis of gene expression data
from patients treated with Als. We demonstrate that
oestrogen-deprived breast cancer cells produce elevated
levels of chemokines compared to non-deprived cells and
that this differential expression of chemokines leads to
enhanced immune cell migration in vitro. Effects of aro-
matase inhibition on immune cell composition were also
observed in tumours from an allogenic ER+ breast can-
cer mouse model treated with letrozole.
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Methods

Analysis of gene expression data

Pre- and on-treatment (14 day) core biopsies were avail-
able from postmenopausal women recruited into the
anastrozole (1 mg/day)-only arm of a multicenter, ran-
domised, double-blind, phase II neoadjuvant trial of anas-
trozole alone or with gefitinib in early breast cancer [25].
Sample acquisition, storage, and RNA extraction were
conducted as previously described [18]. Following exclu-
sions, paired samples were available from 81 patients.
Gene expression profiles were generated on the Illumina
HumanWG-6 v2 Expression BeadChip. Illumina raw data
were extracted using the BeadStudio software and were
transformed and normalised using variance-stabilising
transformation and robust spline normalisation method
in the Lumi package in R [26]. Gene expression data from
this study were deposited by the authors of reference [18]
and are available at [27]. Genes differentially expressed
between baseline and 2-week samples were identified
using a multivariate permutation test implemented in
BRB-Array Tools [28]. Immune response genes were
identified using GATHER analysis [29].

Cell culture

MCF-7 or SKBR3 breast cancer cells (obtained from
ATCC) were cultured for three days in phenol-free RPMI
media supplemented with 10% dextran coated charcoal
(both from Sigma, North Ryde, NSW, Australia) stripped
bovine serum (DCC) (Gibco, Carlsbad, CA, USA) [5].
Cells were then seeded in triplicate for each sample into
six well plates (Greiner Bio-One, Monroe, NC, USA) in
hormone-depleted medium with or without 1 x 10~ M
B-oestradiol (Sigma, North Ryde, NSW, Australia). Cell
lines were shown to be free of mycoplasma by routine
testing, and the identity of cell lines was confirmed by
STR genotyping.

RT-qPCR

Total RNA was extracted at specified time points using
the Quick-RNA MiniPrep Kit (Zymo Research, Irvine,
CA, USA), and 500 ng of RNA of each sample was
reverse-transcribed in 10 pL total volume using the Pri-
meScript " RT reagent kit (Takara Bio, Mountain View,
CA, USA) following the manufacturer’s protocols. RNA
was assessed for quality and concentration using a Nan-
oDrop (Thermo Fisher Scientific, Waltham, MA, USA).
RT-qPCR was performed using TagMan Gene expres-
sion assays (Applied Biosystems or PrimeTime qPCR
Assay, IDT, Coralville, IA, USA) for three chemokines,
CCL5 (Hs.PT.58.40305992), CCL22 (Custom probe
from IDT, sequence 5'/56-FAM/TGCGCGTGG/ZEN/
TGAAACACTTCTACT/3IABKFQ/-3’) and CXCLI6
(Hs.PT.58.28311933.gs), as well as three reference
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genes, FKBPI5 (Hs.PT.49a.2552313), PUMI (Hs.
PT.56a.1997572) and TBP (Hs00427620_m1). RT-qPCR
was run on an ABI PRISM 7900 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). The stand-
ard curve method was used for analysis. All determina-
tions were performed in triplicate, and the expression
levels for each gene were normalised with respect to the
geometric mean of the endogenous reference genes.

Cytokine assay

MCE-7 or SKBR3 cells were cultured for three days in
RPMI media with hormone-depleted bovine serum as
described above. 80,000 cells were then seeded into 6
well plates in hormone-depleted medium with (+E2) or
without (—E2). 1x 10™° M oestradiol and cell superna-
tant were collected at indicated time points and stored
at— 80 °C. Supernatant was concentrated with Microcon
YM-3 columns (Millipore, Burlington, MA, USA) before
cytokine concentrations were simultaneously meas-
ured using a selection of 12 analytes (Flt-3 ligand, CCL2,
CCL3, CCL4, CCL5, CCL7, CCL22, IL-1, IL-6, IL-8,
IL-10 and TNF) from the Milliplex Human Cytokine/
Chemokine panel (HCYTOMAG-60 K, Millipore, Burl-
ington, MA, USA). The assay was carried out according
to manufacturer’s instructions with the following modifi-
cation of 50 L of sample loaded instead of 25 pl. Samples
were run in triplicate and protein levels determined using
the Bio-Plex Luminex System (Bio-Rad, Hercules, CA,
USA). The arrays were quantified using Bio-Plex Man-
ager V 4.0 (Bio-Rad, Hercules, CA, USA). Raw data were
normalised by dividing the chemokine measurement by
the cell number in each well to account for the differ-
ences in growth between the two treatments.

Transwell chemotaxis assay

Chemotaxis assays were performed with 24-well Tran-
swell ™ supports (Corning, New York, USA) with 8-um
pore membranes. Briefly, MCF-7 cells were grown with
or without 1 x 107 M oestradiol, such that both treat-
ments resulted in equal cell numbers at 72 h. Human
peripheral blood mononuclear cells (PBMCs) were iso-
lated from fresh blood using a Ficoll-Paque (GE Health-
care, Parramatta, NSW, Australia) gradient. Ethical
approval for blood collection was obtained from the
Human Ethics Committee of the University of Otago.
Blood donors were healthy and gave informed consent
according to the University of Otago Human Ethics
guidelines. 1 x 10° PBMCs were added to the top cham-
ber of the transwell in a total volume of 100 pL. In the
bottom chamber, MCF-7 cells were cultured in RPMI
media with DCC serum with or without oestradiol.
RPMI media with DCC serum were used as a negative
control. Phytohemagglutinin (PHA)-conditioned media,
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used as a positive control to induce cell migration, were
prepared from PBMCs stimulated with 50 pg/ml gen-
tamicin, 50 pM hydroxyurea (both from Sigma, North
Ryde, NSW, Australia), 3 mM lithium chloride (Scharlau,
Barcelona, Spain) and 2.5 pg/ml phytohemagglutinin P
(Gibco, Carlsbad, CA, USA) in a total volume of 600 uL
[30]. After 4-h incubation at 37 °C, transmigrated PBMCs
were counted with a hemocytometer, incubated with spe-
cific antibodies (Table 1) and analysed by flow cytometry.
For the blocking assay, parapoxvirus chemokine binding
proteins PVNZ 112.3 and 112.6 [31] were added to the
media in the lower chamber of the transwell assay at the
indicated concentrations.

Orthotopic breast cancer tumour model

All animal experiments were approved by the Animal
Ethics Committee of the University of Otago. Adult
female 129/SvEv wild-type mice were purchased from
Animal Resources Centre (Perth, Australia). Animals
were fed an oestrogen-free diet for the duration of the
study (Speciality Feeds, Perth, Australia). Mice were
anaesthetised with a ketamine/domitor/atropine combi-
nation and the area sterilised before 5 x 10> SSM3 cells
were injected into the 4th inguinal mammary gland.
When the tumour reached approximately 250 mm?, mice
received either an ovariectomy or sham operation, and
the tumour was biopsied with an 18G TruCore II Biopsy
instrument (Argon Medical, Frisco, TX, USA). Daily
treatment commenced on the same day for a total of
25 days. Letrozole (Sigma, North Ryde, Australia, 1 mg/
kg) or the control (5% ethanol) was administered subcu-
taneously. Tumours were measured daily at two perpen-
dicular diameters and the area calculated as V=(W? x

Table 1 Panel for flow cytometry

Antigen Human PBMC Mouse tumours

Fluorophore Laser Fluorophore Laser channel
channel

CD3 APC Cy 7 R780/60 FITC B530/30
(@) PacBlue V450/50 APC+H7 R780/60
CD8 V 500 V525/50 APC R670/14
CD11b  n/a n/a AF700 R730/45
CD11c APC R670/14 BV421 V450/50
D14 FITC B530/30 n/a n/a
CcD19 PE YG586/15 BB700 B710/50
CD25 n/a n/a BV510 V525/50
CD45 PerCP/Cy5.5  B710/50 BV605 V610/20
CD127  n/a n/a PE YG586/15
F4/80 n/a n/a PECy5 YG670/30
L/D Texas red Y610/20 Texas red Y610/20
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L)/2. Ulceration of tumours required early euthanasia of
20% of the mice at various time points for humane rea-
sons. These mice were excluded from the analysis. At the
end of the experiment, the mice were killed, tumours col-
lected and used for either immunohistochemistry (IHC)
or fluorescence activated cell sorting (FACS).

IHC

A subset (Additional file 1, n =25) of the tumour biopsies
were preserved in 10% neutral buffered formalin (NBF)
for 24 h, paraffin embedded, and sections cut at 4 pm.
Sections were stained with the following antibodies,
ERa (1:300 dilution, ab3575) and CD3 (1:150 dilution,
ab5690) (Abcam, Cambridge, UK). For CD3 evaluation,
areas of stroma were identified and as many 40X fields of
view were examined as possible (range 3-7 fields of view,
average of 4.33). The number of CD3+ cells in each 40X
field of view were counted and the average number cal-
culated for each tumour. To determine the ER status of
the tumours, the total number of unstained and stained
nuclei was counted, and amount of ER staining expressed
as a percentage. Samples were considered ER+ if>1% of
tumour cells showed positive nuclear staining.

Tumour processing

To examine the SSM3 tumour immune infiltrate, a sub-
set (Additional file 1, n=15) of tumours was used. A
small biopsy was taken from the tumour for IHC, and
the tumours were transferred into petri dishes with 7 mL
of RPMI and disassociated between two pieces of gauze
using a 1-mL syringe. Tumour cells were resuspended in
3 mL of FACS buffer (PBS, 0.5% FCS, 0.01% sodium azide,
Prolab, Geldenaaksebaan, Germany) through a 70-pm fil-
ter. Cells were frozen at — 80 °C in freezing media (90%
ECS and 10% DMSO) for at least 24 h before being trans-
ferred to liquid nitrogen. Cells were defrosted in warm
RPMI media before use in flow cytometry experiments.

Flow cytometry

For the PBMC migration assay, migrated cells were col-
lected from the bottom of the 24-well plate and incu-
bated with the following anti-human antibodies; CD3,
CD4, CD8, CD11c, CD14, CD45 (Table 1; BioLegend,
San Diego, CA, USA) and Texas Red live/dead fixable
cell stain (Life Technologies, Carlsbad, CA, USA) at
optimised concentrations for 30 min on ice in the dark.
The gating strategy is shown in Additional file 2. For
the mouse tumour analysis, cells were incubated with
the following anti-mouse antibodies; CD3, CD4, CDS,
CDl1c, CD11b, CD19, CD25, CD45, CD127 and F4/80
(Table 1; BioLegend, San Diego, CA, USA) and Texas
Red live/dead fixable cell stain (Life Technologies,
Carlsbad, CA, USA) at optimised concentrations for
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30 min on ice in the dark. The percent of CD3+ (Addi-
tional file 3F, CD3+ CD19- gate) and CD19+ (Addi-
tional file 3F, CD3- CD19+ gate) cells was calculated as
a percent of Live/Dead CD45+ single cells and the per-
cent of CD4+ cells (Additional file 3E, CD4+ gate) cal-
culated as a percent of Live/Dead CD45+4 single CD3+
cells.

Antibody concentrations were determined by titra-
tion using either healthy human PBMCs or mouse
spleen cells. Fluorescent minus one (FMO) controls
were used for all experiments. Samples were resus-
pended in 300 pL of 1% paraformaldehyde (Sigma-
Aldrich, St Louis, MO, USA) and incubated for 30 min,
washed and resuspended in FACS buffer and stored
at 4 °C for no longer than 3 days. One Comp eBeads
(eBiosciences, San Diego, CA, USA) were used for com-
pensation. Acquisition of events was performed on a
LSR-FORTESSA using FacsDIVA (version 8.0, BD).
Data were exported as Flow cytometry standard 3.1
files and analysed using FlowJo (version 10.0.7, Tree
Star, Ashland, OR, USA) software.

Statistical analysis

Statistics were calculated using GraphPad Prism Soft-
ware (San Diego, CA, USA). At least three independent
experiments were performed, and statistical significance
between groups was determined by unpaired t-tests.
p <0.05 was considered statistically significant.

Results

Investigation of potential mediators of immune migration
in aromatase inhibitor-treated tumours

To identify potential mediators of immune cell recruit-
ment in ER+ breast tumours, we analysed data from 81
patients treated with Als in a neoadjuvant study [18, 25].
Eighteen genes linked to immune response were identi-
fied with a false discovery rate of less than 0.05 and a fold
change of greater than 1.5 between baseline and 2 weeks
after treatment (Table 2). Interestingly, several genes
encoding chemokines were identified as being upregu-
lated in response to Al treatment. These genes included
C-C chemokine ligand 5 (CCLS5) and C-C chemokine
ligand 22 (CCL22) which have been shown to attract sup-
pressive immune cells to tumours [32-34]. This result
led us to hypothesise that withdrawal of oestradiol may
stimulate chemokine production which could in turn
lead to immune cell recruitment. However, the tumour
microenvironment of human tumours is complex and,
as this analysis did not reveal which cells produced these
chemokine transcripts, we proceeded with further inves-
tigation in cultured tumour cells.
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Table 2 Immune response genes differentially expressed between pre-treatment and 2 weeks samples from 81 patients treated with
anastrozole (18) with a false discovery rate of less than 0.05 and a fold change of greater than 1.5 which included “immune response”as

a Gene Ontology category

Genbank accession Gene symbol Gene name FDR Fold change
number

NM_032962 CCL14 Chemokine (C-C motif) ligand 14 2.89E—-05 1.84
NM_006288 THY1 Thy-1 cell surface antigen 0.00161 1.73
NM_000609 CXcL12 Chemokine (C-X-C motif) ligand 12 0.000507 1.71
NM_001251 CD68 CD68 antigen 0.001068 1.71
NM_002990 ccL22 Chemokine (C-C motif) ligand 22 0.009704 1.69
NM_001623 AIFT Allograft inflammatory factor 1 (AIFT) 0.00178 1.67
NM_001025159 CD74 CD74 antigen 0.000583 1.65
NM_004271 LY86 Lymphocyte antigen 86 0.000734 1.65
NM_002123 HLA-DQBI1 MHC, class Il, DQ beta 1 0.001781 1.65
NM_001290 LDB2 LIM domain binding 2 0.000211 1.63
NM_005516 HLA-E MHC, class |, E 0.001244 1.63
NM_004512 ILT1RA Interleukin 11 receptor, alpha 0.001573 1.63
NM_002985 CCLs Chemokine (C-C motif) ligand 5 0.023538 161
NM_033554 HLA-DPAT MHC, class Il, DP alpha 1 0.008347 1.61
NM_022555 HLA-DRB3 MHC, class II, DR beta 3 0.008369 1.61
NM_000616 CD4 CD4 antigen (p55) 0.001385 1.59
NM_001242 TNFRSF7 Tumour necrosis factor receptor superfamily 7 0.01003 1.59
NM_022059 CXClL16 Chemokine (C-X-C motif) ligand 16 0.008121 1.56

Oestrogen deprivation upregulates chemokine secretion

in MCF-7 human breast cancer cells.

To assess the effect of oestrogen deprivation on
chemokine gene expression in ER+ MCEF-7 breast cancer
cells, we used RT-qPCR to measure the mRNA expres-
sion of chemokines CCLS5, CCL22, and CXCL16 from
nine biological replicates from three independent experi-
ments. mRNA levels of all three chemokines increased
in oestrogen-deprived cells relative to cells treated with
physiological levels of oestradiol. CCL5, CXCL16 and
CCL22 were significantly higher (» =0.002, p=0.001 and
p=0.01, respectively) in oestrogen-deprived cells 24 h
after seeding, with a fold change of 3.73, 1.39 and 2.89,
respectively (Fig. 1). At 72 h, all three chemokines showed
significant upregulation (fold changes of CCL5=144,
CCL22=16.9, p<0.0001 for both, and CXCL16=1.8,
p<0.0005) which was sustained until 120 h (fold changes
of CCL5=7.0, CCL22=7.6 and CXCL16=1.9, p<0.0001
for all) in oestrogen-deprived cells compared to cells
supplemented with oestradiol. No significant changes in
chemokine gene expression were observed in ER-SKBR3
oestrogen-deprived cells (Additional file 4).

To investigate whether oestrogen deprivation also
induces changes in secreted protein levels, a multiplex
chemokine/cytokine immunoassay was used to assess
protein levels in the media of MCF-7 cells cultured in
the presence and absence of oestradiol. Levels of several

cytokines were significantly higher in oestradiol-deprived
cells (Fig. 2) compared to cells receiving oestradiol
at 72 h (CCL5 p=0.008, IL-6 p=0.03, IL-8 p=0.02,
TNF p=0.02 and CCL22 p=0.002) and at 120 h (IL-8
p=0.009 and CCL22 p=0.04). The greatest fold change
was CCL22 (30.3), followed by CCL5 (24.3). CXCL16 was
not available in the multiplex assay. ER-SKBR3 cells did
not show consistent increases in levels of the analysed
proteins in response to oestrogen deprivation (Additional
file 5).

Oestrogen deprivation of MCF-7 cells alters PBMC
migration in vitro

To determine whether oestradiol deprivation and con-
sequent increases in chemokine expression affect
migration of immune cells towards tumour cells, oestra-
diol-deprived MCE-7 cells were co-cultured with human
peripheral blood mononuclear cells (PBMCs) in a Tran-
swell assay. Tumour cells were cultured on the bottom of
each well, and PBMCs were added to the upper chamber.
Conditioned media from PBMCs stimulated with PHA
were used as a positive control for migration [30]. After
four hours, significantly higher numbers of PBMCs were
present in the bottom chamber of wells where MCEF-7
cells deprived of oestradiol were cultured compared to
cells grown in the presence of oestradiol (p=0.002, fold
change 1.3; Fig. 3a).
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Fig. 1 Oestrogen deprivation upregulates expression of chemokines
a CCL5, b CXCL16 and € CCL22 in MCF-7 cells. MCF-7 cells were
cultured with (+E2) or without (—E2) 1 x 10~° M oestradiol, and
MRNA expression of three chemokines was determined by RT-qgPCR
at 0,24, 72 and 120 h. Data are normalised to the mean of three
reference genes, FKBP15, TBP and PUM 1. Error bars are SEM based
on nine biological replicates performed across three independent

experiments. P-values were calculated using unpaired t-tests

To assess whether the migration to the tumours was
mediated by the chemokines identified in Table 2 and
Fig. 2, chemokine blocking peptides were tested. Both
PVNZ 112.3, which binds mainly to CXC chemokines,
and PVNZ 112.6, which strongly binds CCL5 as well
as other CC chemokines [31], reduced the number of
PBMCs migrating towards oestrogen-deprived MCF-7
cells. Addition of the peptides led to a reduction of 36.9%
and 25.8%, respectively, for PVNZ 112.3 and PVNZ 112.6
compared to oestrogen-deprived cells only (PVNZ 112.3
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p=0.001 and PVNZ 112.6 p =0.009, Fig. 3a). This repre-
sented a mean of 23.4% and 26.4% of the one million cells
added to the upper chamber migrating to the bottom
chamber for PVNZ 112.3 and PVNZ 112.6, respectively,
compared with 37.0% in the oestrogen-deprived vehicle
control.

To assess which subsets of PBMCs migrate in response
to oestrogen deprivation, we used flow cytometry to
study the proportions of CD4+ T cells, CD11c+ (den-
dritic cells and macrophages), and CD14+4 (monocytes)
that had migrated to the bottom compartment of the
Transwell assay described above. Significantly higher
numbers of CD4+ T cells migrated towards oestrogen-
deprived cells compared to cells cultured with oestradiol
(p=0.04, Fig. 3b). In contrast, oestrogen deprivation of
MCE-7 cells significantly reduced the number of CD11c+
(»p=0.05) and CD14+ (p =0.007) cells migrating through
the transwell compared to CD1llc+ or CD14+ cells
migrating to MCF-7 cells receiving oestradiol (Fig. 3c—e).
Collectively, these results suggest that oestrogen depriva-
tion leads to increased production of chemokines which,
in our in vitro model, appear to preferentially recruit
CD4+ T cells relative to CD11c+ or CD14+ cells.

Treatment with the NSAID aspirin reduces expression

of chemokine CCL5 and reduces migration of PBMCs
towards oestrogen-deprived MCF-7 cells

CCL5 and CCL22 are strongly associated with the pro-
gression of breast cancer [35]. Our data showed that
oestrogen-deprived cells produced higher levels of these
chemokines and that this was associated with increased
immune cell recruitment in a transwell assay. To assess
whether common anti-inflammatory agents could
alter chemokine expression and/or associated PBMC
migration, the non-steroidal anti-inflammatory drugs
(NSAIDs) aspirin and the second generation NSAID
celecoxib were tested. Gene expression analysis revealed
that CCLS expression significantly increased following
oestrogen deprivation, but this effect was significantly
reduced when cells were treated with aspirin (Fig. 4a,
p=0.0009 and p<0.0001, 2.1 and 2.8-fold reduction at
72 and 120 h, respectively) or with celecoxib at 120 h
(Fig. 4b, p=0.002, fold reduction of 1.8). Aspirin treat-
ment did not significantly reduce CXCL16 and CCL22
expression in oestrogen-deprived cells relative to vehicle,
although celecoxib slightly reduced CCL22 expression at
72 h (p=0.02, 2.4-fold reduction, Additional file 6).

To assess whether the drugs affected PBMC migration
in vitro, aspirin and celecoxib, a specific COX2 inhibi-
tor, were tested in the assay in the PBMC migration assay
described above. Both aspirin (1 mM) and celecoxib
(10 uM) significantly reduced PBMC migration to
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Fig. 2 Oestrogen deprivation upregulates cytokine secretion in MCF-7 human breast cancer cells.a CCL5, b TNF, ¢ IL-18, d CCL22 and e IL-6. MCF-7
cells were cultured with (+E2) or without (—E2) 1 x 10~° M oestradiol, and cell supernatant was collected at 0, 24, 72 and 120 h and analysed with
a multiplex assay. Data are normalised to the number of cells in each well. Error bars are SEM based on nine biological replicates performed across

three independent experiments. P-values were calculated using unpaired t-tests

oestradiol-deprived MCEF-7 cells compared to the vehi-
cle control (Fig. 4c and d, p<0.0001 and p=0.004, 1.5
and 1.8-fold reduction, respectively). These data indicate

that immune cell migration towards oestrogen-deprived
tumour cells is affected by NSAIDs and could be a result
of a reduction in chemokine expression.

(See figure on next page.)

Fig. 3 Oestrogen deprivation of MCF-7 cells alters PBMC migration in vitro. a A transwell assay was used to measure migration of PBMCs towards
oestrogen-deprived MCF-7 cells treated CXC-chemokine binding protein (PVNZ 112.3) or CC-chemokine binding protein (PVNZ 112.6). Migration
towards oestrogen supplemented (4+E2) MCF-7 cells and control media with MCF-7 cells (— E2) was also measured. Data were normalised by
dividing values from each experiment by the mean of that experiment. PHA = conditioned media from PBMCs treated with phytohaemagglutinin,
a T-cell mitogen. Media =complete media only. Cells from part A were analysed by FACS for expression of immune markers CD4 (b), CD11c (c)
and CD14 (d). Representative flow cytometry plots are shown in (e). Error bars are SEM based on nine biological replicates performed across three
independent experiments. P-values were calculated using unpaired t-tests
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the complete media only control (Media). Error bars are SEM based on nine biological replicates performed across three independent experiments.
P-values were calculated using unpaired t-tests

Endocrine therapy increases tumour immune cell infiltrate
in an orthotopic model of ER+ breast cancer in immune
competent mice

Our in vitro experiments demonstrated that the number
of PBMCs migrating to the bottom chamber in a migra-
tion assay could be influenced by oestrogen deprivation
of MCEF-7 cells. However, these in vitro assays do not
include other cells present within the tumour microen-
vironment and are carried out over a relatively short time
frame; hence, they do not fully recapitulate the tumour
microenvironment. Therefore, we examined immune

infiltration into tumours in a mouse model of ER+
breast cancer treated for 25 days with the Al letrozole.
In this model, immunocompetent 129/SvEv wild-type
female mice were implanted with the syngeneic ER+ cell
line SSM3 in the mammary fat pad [36]. After tumours
reached a size of approximately 250 mm?, mice were ova-
riectomised and therapy with daily letrozole commenced
to deprive the tumours of oestrogen. Letrozole treatment
significantly suppressed the growth of tumours com-
pared to the vehicle control as reflected in the tumour
volume (Fig. 5a, p=0.02).

(See figure on next page.)

Fig.5 Endocrine therapy increases tumour immune cell infiltrate in an immune competent ER+ breast cancer model. a 129/SvEv wild-type female
mice received daily treatment of 1 mg/kg letrozole for 25 days, and tumour volume was measured daily. b Immunohistochemistry (IHC) CD3+
staining cell counts from mammary tumours of vehicle and letrozole-treated mice. Cell counts are shown as average number of CD3+ cells in 3-7
fields at 40X magnification. c-e Representative images (40X) of low, medium and high levels CD3+ staining in stromal areas of mammary tumours.
f—h FACS analysis of CD3+ (f), CD4+ (g) and CD19+ (h) from tumours of vehicle and letrozole-treated mice. Representative flow cytometry plots
are shown in (i). Data are shown as percent total CD45+ lymphocytes/tumour sample. Error bars represent the mean and SEM. P-values were
calculated using unpaired t-tests
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To determine whether letrozole affected infiltration of
T cells, we used immunohistochemistry to quantify the
number of CD3+ T cells in the tumour after 25 days of
treatment. There was a significant increase in the num-
ber of CD3+ T cells in the letrozole treatment group
compared to the vehicle group (mean fold change=1.9,
p=0.03) (Fig. 5b). The range across both treatment
groups was an average of 0—31 CD3+ T cells per field of
view. Figure 5¢, d and e shows examples of low, medium
and high levels of CD3 staining. This suggests that letro-
zole treatment may increase T cell infiltration into the
tumour microenvironment.

Given the observed differences in cell populations
migrating to oestrogen-deprived cells in Fig. 3, we
explored additional immune populations in the tumours
in response to letrozole treatment. We used flow cytom-
etry to analyse the tumour infiltrate of broad immune cell
groups of B (CD19+) and T cell (CD3+, CD4+, CD8+)
lymphocytes, and myeloid cells (CD11b+, CD11c+) in
a subset of the tumours (Additional file 1) from Fig. 5a.
The gating strategy for these analyses is shown in Addi-
tional file 3, and representative flow cytometry plots are
shown in Fig. 5i. Consistent with the IHC data, we found
a significant increase in CD3+ cells in letrozole-treated
samples compared to vehicle samples (fold change =3.34,
p=0.03, multiple testing corrected) (Fig. 5f). In addition,
the percentage of CD4+ cells was higher (p=0.02, fold
change =3.15) (Fig. 5g) and percentage CD19+ cells was
lower (p=10.002, fold change =0.45) (Fig. 5h) in tumours
treated with letrozole compared to vehicle-treated
tumours. While there were more CD8+ T cells and
CD4+ CD25+ CD127+ T-regulatory cells in letrozole-
treated tumours, this was not statistically significant, and
there were no significant differences between letrozole
and vehicle mice in the percentages of other cells ana-
lysed (Additional file 7).

These data suggest that Al treatment of ER+ murine
mammary tumours can lead to alterations in the immune
composition of the tumour microenvironment. The num-
ber and percentage of CD3+ and percentage CD4+ T
cells increased significantly in Al-treated samples com-
pared to vehicle-treated samples, while a decrease in
CD19+ B cells was observed.

Discussion

In this study, we investigated the effects of oestrogen
deprivation on chemokine production and immune
infiltration in ER+ cancers in vitro and in vivo. Anti-
oestrogen therapy is the mainstay of treatment for ER+
breast cancer, but its influence on the immune compo-
sition of breast tumours has not been fully explored.
The increasing use of immunotherapies in the clinic
raises the possibility that patients may receive both
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hormonal therapy and immunotherapy in the course
of their treatment, warranting further investigation
into the effects of endocrine therapy on the immune
microenvironment and the potential implications for
response to immunotherapy. This study provides novel
data demonstrating that anti-oestrogen treatment alters
immune composition in vivo and in vitro, and this can
be manipulated using anti-inflammatory drugs.

Oestrogen deprivation of MCE-7 cells in vitro signifi-
cantly increased production of a number of chemokines
including CCL5, IL-6, IL-8 and TNF. These molecules
have previously been linked to progression of breast
cancer and outcome and act as chemoattractants for a
diverse range of immune cells [35, 37, 38]. In addition,
IL-6 has been shown to stimulate MCF-7 cells to pro-
liferate in vitro and in vivo [39] while TNF is linked to
increased invasiveness [40]. These data are consistent
with our analysis of gene expression in Al-treated ER+
breast cancers from postmenopausal women where
the three chemokines analysed by RT-qPCR in vitro
were also upregulated in patient tumours (Table 2) and
the gene expression profiles were suggestive of a broad
inflammatory response to Al treatment [18]. These
results suggest that oestrogen deprivation of ER+ breast
cancer cells induces chemokine expression.

Oestrogen deprivation of MCEF-7 cells increased migra-
tion of total PBMCs and, specifically, CD4+ T cells
towards tumour cells and slightly reduced CD11c+ and
CD14+ cells. Total PBMC migration was reduced by
addition of either a CXC-chemokine binding protein or
a CC-chemokine-binding protein indicating that migra-
tion towards tumour cells is at least partially chemokine-
mediated. The effectiveness of both peptides in reducing
migration suggests that a broad range of chemokines
could mediate chemotaxis. However, it should be noted
that both peptides have some binding to CCL5 [31].
CCLS5 transcript levels were increased in human tumours
treated with Als and protein levels of CCL5 increased
35-fold 120 h after oestrogen deprivation in cultured
cells, placing CCLS5 as a likely key mediator of the migra-
tion response. Elevated CCL5 levels are correlated with
progression of breast cancer [35] as well as increasing the
metastatic potential of MDA-MB-231 cells in vivo [41].
CCL5 is a ligand for C-C chemokine receptors CCR1,
3, 4 and 5 in both mice and humans and hence has the
potential to recruit both monocytes and macrophages
[24]. In addition, high CCL5 expression has been associ-
ated with recruitment of CD8+ T cells, CD4+ activated
T cells, NK activated cells and macrophages M1 [42, 43].

The immune alterations observed in vitro were broadly
recapitulated in our murine model of ER+ breast can-
cer where the total number of CD3+ cells and the pro-
portion of CD4+ T cells was higher in letrozole-treated
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tumours when compared to vehicle-treated tumours
(Fig. 5). A related observation has recently been made in
ER-+ patient tumours where an increase in tumour-infil-
trating lymphocytes (TILs) was observed after treatment
with letrozole [17]. We also observed a non-significant
trend for higher levels of CD4+ CD25+ CD127- (Tregs)
and CD8+ cells in letrozole-treated SSM3 tumours
(Additional File 7). High levels of Tregs in ER+ have pre-
viously been shown to confer reduced overall survival
and relapse-free survival suggesting that these cells could
have a negative impact on outcome [44]. Taken together,
these results support the concept that oestrogen depriva-
tion of tumours induces changes in infiltrating immune
cells in the tumour microenvironment. However, the
specific consequences of these changes in the context
of endocrine-therapy treated breast cancer are not well
understood. While numerous studies have demonstrated
that increased TILs are associated with improved out-
comes in patients with triple-negative and Her2-positive
breast cancer, no significant prognostic value has been
found for TILs in ER+ Her2- disease [45], particularly in
patients who do not receive chemotherapy [46]. Similarly,
CD8+ T-cells have been associated with a significantly
reduced relative risk of death from breast cancer in ER-
and in HER2-enriched tumours, but not in ER+ cases
[47, 48]. In addition, higher numbers of naive CD4+ T
cells have been associated with poor prognosis in human
breast cancer and these CD4+ cells are likely the main
source of immunosuppressive Tregs in breast cancer
[49]. The lack of clarity surrounding this issue is the ER-
cohorts used in these studies which have been largely
derived from patients treated with adjuvant chemother-
apy. Given the well-established direct effects of chemo-
therapy on the immune system, it seems likely that the
immune modification and long-term outcome will differ
in patients treated with endocrine therapy alone when
compared to patients who receive additional adjuvant
treatments, particularly chemotherapy.

There are a number of potential mechanisms
through which oestrogen deprivation could lead to the
chemokine production which appears to drive immune
cell infiltration in this study. Oestrogen deprivation
and aromatase inhibitor treatment are associated with
alterations in the expression of thousands of genes [18,
20, 50] which may reflect the many potential cellular
pathways that mediate the effect of these treatments
on chemokine expression. More specifically, oestradiol
has also been shown to repress mRNA expression of
chemokines in other tissues including CCLS in a mouse
model of autoimmune encephalomyelitis [51] and a
range of inflammatory cytokines in Myasthenia gravis
[52]. The mechanism driving the effect in these systems
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is poorly understood, but type 1 interferon produc-
tion appears to be controlled by oestrogen in some cell
types [52]. Additional drivers of the pro-inflamma-
tory phenotype in response to oestrogen deprivation
could come through induction of apoptosis, a well-
established precipitant of inflammation [53]. Also, the
effectiveness of the specific cyclooxygenase 2 (COX2)
inhibitor celecoxib—which directly inhibits COX2
which produces inflammatory prostaglandins [54]—
in suppressing chemokine production suggests that
its main product prostaglandin E2 may play a role in
driving or potentiating this process. High COX2 activ-
ity and PGE2 levels are associated with TNF and IL-6
[10] which could generate a proinflammatory environ-
ment driving the production of a range of chemokines.
COX-2 is expressed in approximately 70% of breast
cancers [55] and can be elevated by cytokines, growth
factors and is involved in inflammatory processes.
Prostaglandins in turn have been demonstrated to
elevate cCAMP causing upregulation of aromatase and
increased local production of oestrogen [56]. Stromal
and immune cells also express ER and aromatase [16].

Oestrogen deprivation may also have a more direct
effect on immune cells. ERa is expressed in most cells
of the immune system, including hematopoietic cells,
bone marrow, murine splenic DC and peritoneal mac-
rophages [15]; hence, it is possible that some of the
immune effects seen in human patients and our murine
model are the result of direct regulation of immune
cells in response to oestrogen withdrawal. Supporting
a direct effect are recent findings examining the effect
of selective ER downregulators (SERDs) in an ER-4T1
murine model [57]. This study showed increased num-
bers of CD8+ cells by IHC and decreased CD4+ CD25-+
FoxP3+ Tregs in ER-tumours in mice treated with
SERDs. While our study showed small non-significant
increases in CD8+ T cells and CD4+ CD25+ CD127+
T-regulatory cells in ER+ tumours, it is possible that the
tumour-independent effects seen in the ER-model may
interact with the tumour chemokine-mediated effects
via chemokine recruitment that we have demonstrated
in vitro. What implications the effects on different cell
types could have for other types of endocrine therapy is
also unknown. A previous study involving treatment of
murine tumours with tamoxifen suggested tamoxifen
abrogated macrophage influx by reducing CCL2/CCL5
levels and reversed macrophage activation [58]. However,
differences in the ER expression levels in the models used
make it difficult to assess how generally applicable these
findings are.

Irrespective of the mechanism through which
immune cell recruitment is mediated, this work has
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implications for treatment selection for patients
receiving endocrine therapy. Our previous work has
suggested that patients with high levels of immune
involvement have poorer responses when treated
with aromatase inhibitor monotherapy compared to
patients with lower immune involvement [18, 19].
Large analyses have also revealed that immune infil-
tration does not predict better outcome in the ER+
Her2-subgroup [45, 47, 48]. While there is little doubt
that endocrine therapy confers a net benefit for the
ER+ patient group, the most appropriate way to man-
age the immune infiltration generated by endocrine
monotherapy remains to be determined. In retrospec-
tive analyses, aspirin intake has been associated with a
reduction in risk of disease recurrence and breast can-
cer-related death [59-62] suggesting that anti-inflam-
matory therapy may have some benefits in breast
cancer patients. However, in patients receiving addi-
tional therapy such as immunotherapy, it is possible
that the additional immune infiltration could improve
outcomes if the immunosuppressive, inflammatory
response could be re-directed to an anti-tumour one.
Further pre-clinical studies and clinical trials need to
be carried out to assess which is most appropriate for
specific patient groups.

Conclusions

Our findings demonstrate that withdrawal of oestro-
gen increases chemokine production by ER+ breast
cancer cells. The chemokines produced drive migra-
tion of immune cells towards tumour cells in vitro, and
tumour infiltration after withdrawal of oestrogen is also
seen in our murine model of ER+ breast cancer. These
observations are supported by our analysis of gene
expression data from aromatase inhibitor-treated ER+
breast cancer patients and previously published work
demonstrating that TILs increase following aromatase
inhibitor treatment [17]. Further characterisation of
the immune response to endocrine therapy in patients
is required to inform the timing and combination of
treatments to achieve the best outcome for patients.
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Additional file 1. Venn diagram showing overlap of sample groups used
for SSM3 Mouse tumour analysis. Insufficient tumour material was avail-
able for both flow analysis and IHC, requiring separate samples.

Additional file 2. Flow Cytometry Gating Strategy for human PBMC
Analysis. Plots show (A) Live/Dead, (B) Single cells, (C) Lymphocytes, (D)
CD45+4, (E) CD3+, (F) CD114, (G) CD14+, (H) CD194 and () CD4+ and
CD8+ gates.

Additional file 3. Flow Cytometry Gating Strategy for Mouse Tumour
Analysis. Plots show (A) CD45+ Live/Dead, (B) Single cells, (C) Lympho-
cytes and innate cells, (D) CD25+4/CD127-, (E) CD4+ and CD8+, (F) CD3+
and CD19+, (G) CD114 and CD11c+ gates.

Additional file 4. Chemokine expression of oestrogen receptor negative
cell line SKBR3 is not altered by oestrogen deprivation. SKBR3 cells were
cultured with (4 E2) or without (-E2) 1 x 107 M oestradiol and mRNA
expression of three chemokines (A) CCLS5, (B) CXCL16 and (C) CCL22 was
determined by RT-gPCR at 0, 24, 72 and 120 h. Data are normalised to
three reference genes, FKBP15, TBP and PUM1. Error bars are SEM based on
three biological replicates performed across one experiment.

Additional file 5. Cytokine secretion in SKBR3 human breast cancer cells
is not altered by oestrogen deprivation. (A) CCL5, (B) TNF, (C) IL-18, (D)
CCL22 and () IL-6. SKBR3 cells were with cultured with (+E2) or without
(—E2) 1 x 1077 M oestradiol and cell supernatant was collected at 0, 24,
72 and 120 h and analysed with a multiplex assay. Data are normalised to
the number of cells in each well. Error bars are SEM based on six biological
replicates performed across three independent experiments. P-values
were calculated using unpaired t-tests.

Additional file 6. Aspirin does not alter expression of (A) CXCL16 or (B)
CCL22 in MCF-7 cells without oestrogen. MCF-7 cells were plated with

(4 E2) or without (—E2) 1 x 10~° M oestradiol and treated with aspirin

(1 mM). mRNA expression of CCL22 and CXCL16 was determined by RT-
gPCRat 0, 24,72 and 120 h and normalised to reference genes FKBP15 and
PUMT. Error bars are SEM based on nine biological replicates performed
across three independent experiments. P-values were calculated using
unpaired t-tests.

Additional file 7. Analysis of remaining immune cell types in SSM3 Mouse
tumours as determined by Flow Cytometry. (A) % CD45+4 cells, (B) %
CD8+, (C) % of CD11b+, (D) % of CD11c+, (E) % of CD11b-/CD11c+ and
(F) % of CD4+ CD25+ CD127- cells. Error bars are the mean and SEM, and
all cell types were non-significant as determined by unpaired t-test.
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