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Abstract

Purpose—The conversion of tumor cells from an epithelial to a mesenchymal-like phenotype,
via a process designated as the epithelial-mesenchymal transition (EMT), is known to mediate
tumor resistance to a variety of cell death inducers, including cytotoxic effector immune cells. The
goal of this study was to identify and potentially repurpose FDA-approved compounds capable of
reducing mesenchymal features of human lung carcinoma cells, which could be used in
combination with immunotherapies or chemotherapeutic strategies to improve clinical responses.

Experimental Design—In the present report we have utilized a quantitative high throughput
screening (QHTS) of a pharmaceutical collection of more than 2,000 compounds to identify
clinically approved drugs capable of augmenting the sensitivity of mesenchymal-like, lung cancer
cells to immune- and chemotherapy-mediated lysis, both /7 vitroand in vivo.

Results—The estrogen receptor antagonist fulvestrant was shown to reduce mesenchymal
features of lung carcinoma cells, resulting in tumor sensitization to the cytotoxic effect of antigen-
specific T cells, natural killer (NK) effectors cells and chemotherapy both 7n vivoand in vitro.

Conclusions—To our knowledge, this is the first report defining a potential role for estrogenic
signaling in promoting tumor resistance to immune-mediated cytotoxicity and chemotherapy in
lung cancer. Our data demonstrates a robust association between the acquisition of mesenchymal
attributes, therapeutic resistance of lung carcinoma cells, and the expression of estrogen receptor 1
(ESR1), supporting further investigations on the role of estrogen signaling in lung cancer
progression via the induction of EMT.
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Introduction

As we improve our understanding of how epithelial tumors progress toward metastatic
disease, there are new opportunities for development of therapeutic modalities aimed at
countering cancer progression. One of the recently proposed mechanisms utilized by
carcinoma cells to disseminate and to metastasize involves the conversion of tumor cells
from an epithelial to a mesenchymal-like phenotype, via a process designated as the
epithelial-mesenchymal transition (EMT) (1-3). It has now been recognized that in addition
to becoming prone to metastasize, carcinoma cells undergoing EMT become resistant to
cytotoxic treatments, including chemotherapy (4, 5), radiation (6) or small molecule-targeted
therapies (7, 8). Interfering with, or reversing the process of EMT represents an attractive
therapeutic modality against tumor dissemination and, perhaps more importantly, to
minimize the occurrence of therapeutic resistance (9-11).

In a recent series of reports, the association between EMT and tumor resistance to therapies
has been extended to immunotherapy, as mesenchymal-like tumor cells have also been
shown to be less susceptible to the cytotoxic effect of adaptive or innate immune effector
cells than their epithelial counterparts (12, 13). Data from those reports suggest that tumor
EMT could have a negative impact on the various immune-based interventions against
cancer that are currently being investigated in the clinic, all of which ultimately rely on the
ability of effector immune cells to efficiently lyse cancer cells. We thus hypothesize that the
efficacy of cancer vaccines approaches, adoptively transferred anti-tumor lymphocytes, or
monoclonal antibodies against checkpoint inhibitors or those that mediate antibody-
dependent cell cytotoxicity (ADCC) could all be potentially improved when used in
combination with approaches that reduce tumor resistance imparted by the EMT
phenomenon.

In the present work, a quantitative high-throughput screening (qHTS) assay was used to
identify compounds capable of enhancing immune-mediated lysis of mesenchymal-like lung
carcinoma cells. The primary screening was performed by assessing the susceptibility of a
clonal population of lung carcinoma cells to the surrogate immune effector TNF-related
apoptosis inducting ligand (TRAIL), following exposure to a comprehensive collection of
small-molecule compounds available from the National Institutes of Health (NIH) Chemical
Genomics Center (NCGC), including the NCGC Pharmaceutical Collection (NPC) (14). By
using this approach, we have identified the estrogen receptor antagonist fulvestrant as being
able to render mesenchymal-like lung cancer cells significantly more susceptible to immune
effector cells, as well as chemotherapy. Further studies demonstrated a robust association
between the acquisition of mesenchymal features by lung carcinoma cells and the expression
of estrogen receptor 1 (ESR1, ER-alpha), and blockade of estrogen signaling via fulvestrant
was shown to revert tumor phenotype while significantly augmenting their susceptibility to
NK cells, tumor-reactive cytotoxic T cells and chemotherapy.

Although the role of estrogen signaling in lung cancer remains controversial (15), the
findings from this study support further investigations on the association between active
estrogen signaling and lung cancer progression via the induction of EMT. These findings
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also form the rationale for the potential use of combinations of fulvestrant and immune-
mediated therapies for the management of advanced lung cancer patients.

Materials and Methods

Cell lines and culture conditions

H460 and H1703 cells were originally purchased from the American Type Culture
Collection (ATCC) and propagated as recommended. The cells lines were authenticated by
short tandem repeat (STR) analysis (Bio-Synthesis Inc. or IDEXX BioResearch) in Jan
2013, May 2014 and Dec 2015. Two single cell-derived clonal populations of H460 cells,
designated as H460-M and H460-E were expanded from the parental H460 cell line. Chemo-
resistant H1703 cells were generated by repeated (4-6 cycles) weekly exposure of parental
cells to culture medium containing 500 ng/mL cisplatin (APP Pharmaceuticals) and 40
ng/mL vinorelbine (Tocris) for six hours. Chemo-resistant H460 cells were generated by
continuous growth in the presence of 10 ng/mL cisplatin and 1 ng/mL vinorelbine.

Compound library

The NPC collection, consisting of 2816 small molecule compounds, was assembled as
previously described (14). Approximately, 50% of compounds in the collection are approved
for human or animal use by the United States Food and Drug Administration (FDA).

Quantitative High-Throughput Screen (qQHTS)

H460-M cells were dispensed in two sets of 1536-well plates (Greiner Bio-One) at 1000
cells/well. After overnight incubation, compounds were added at multiple doses beginning at
46 umol/L and diluted 3-fold with DMSO. After 48 hours, each set of plates received 1 pL
of PBS or recombinant TRAIL (30 ng/mL final concentration, Enzo Life Sciences). Cell
viability was assessed at four hours post-TRAIL addition (PBS for vehicle set) using
CellTiter-Glo reagent (Promega) and luminescence (RLU) was quantified using a ViewLux
(PerkinElmer). A more detailed description of the gHTS is provided as Supplemental
Material and Methods.

qHTS data analysis

Activity of the hits from the qHTS screen was analyzed using the Curve Response Class
(CRC) classification, in which normalized data is fitted to 4-parameter dose response curves
using a custom grid-based algorithm to generate CRC score for each compound dose
response (16, 17). CRC values of -1.1, -1.2, -2.1 and -2.2 are considered highest quality hits;
CRC values of -1.3, -1.4, -2.3, -2.4 and -3 are inconclusive hits; and CRC values of 4 are
inactive compounds. Additional parameters obtained from gHTS and used for hit selection
were the Maximum Response, which is the % activity at the maximum concentration of
compound tested (46 umol/L) and the ACsq, which is obtained from the curve fitting
obtained using the CRC algorithm.
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Cytotoxic assays

Plasmids

Peripheral blood from healthy donors and cancer patients was obtained under appropriate
Institutional Review Board approval and informed consent. Natural Killer (NK) cells were
isolated from the peripheral blood of hormal donors using a CD56 positive selection kit
(Miltenyi Biotec.). HLA-Ap4-restricted mucin-1 (MUC-1) reactive CD8* T cells were
expanded from the peripheral blood of cancer patients as previously described (18). For
immune-mediated lytic assays, target cells were labeled with 20 pCi 11Indium oxine (GE
Healthcare) for 15 minutes in serum-free medium at room temperature, washed and plated at
3,000 targets per well in 96-well round-bottom plates, followed by the addition of effector
cells at indicated effector-to-target ratios. Following an overnight incubation at 37°C, culture
supernatant (100 pul) was collected from each well and the 111In released was measured
using a WIZARD2 gamma counter (Perkin EImer). Spontaneous lysis was determined by
incubating target cells with medium alone; complete lysis by incubating targets with 2.5%
Triton X-100. Percentage lysis was calculated by the following formula: [(counts test well -
counts spontaneous release)/(counts complete lysis - counts spontaneous lysis)] x100 (12,
18). Where indicated, target cells were incubated with compounds (Sigma) or DMSO for
48-72 hours prior to the cytotoxic assays. Cultures were also treated with 1umol/L -
estradiol (Sigma) 24 hours prior to the addition of fulvestrant. For chemotherapy-mediated
cytotoxicity, cultures were exposed to cisplatin and vinorelbine for six hours; media was
replaced and cells were allowed to grow for three days, followed by cell survival analysis by
the MTT assay. Survival for treated wells was calculated as a percentage of the values
representing wells of untreated cells.

The plasmids encoding the full-length human brachyury and ESR1, along with empty
vectors were purchased from Origene Technologies. Brachyury and GAPDH promoter
reporter plasmids were purchased from SwitchGear Genomics. Brachyury promoter activity
was normalized to GAPDH promoter activity. A firefly luciferase reporter vector encoding a
minimum promoter with a single palindromic brachyury-binding element
(AATTTCACACCTAGGTGTGAAATT) (19) was generated by the Protein Expression
Laboratory, NCI.

RNA interference

ON-TARGET plus SMART pool siRNA for Brachyury (L-011399-00-0020), ESR1
(L-003401-00-0005) and non-targeting control siRNA and DharmaFECT-2 transfecting
reagent were purchased from GE Dharmacon. Cells were transfected with 25 nmol/L siRNA
using the manufacture's recommended protocol. Assays were performed 72 hours post-
transfection.

RNA expression

RNA isolation and real time PCR assays were performed as previously described (20)
utilizing recommended probes (Life Technologies). Estrogen signaling gPCR array was
purchased from SA Biosciences. Expression was normalized to GAPDH. ESR1/2 expression
in association with various markers of EMT in lung cancer was assessed using a TCGA
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dataset containing data from 490 lung adenocarcinomas and 58 histologically normal lung
tissues (http://cancergenome.nih.gov/; downloaded April 2014). Data were analyzed
utilizing the Nexus Expression 3 analysis software package (BioDiscovery); classification of
samples in high vs. low ESR1 groups was performed by comparison to the mean expression
level observed in normal tissues plus or minus two standard deviations.

Western blot and immunofluorescence

Western blots were performed as previously described (12) using the following antibodies:
pan-actin (clone Ab-5, Thermo Scientific), fibronectin, vimentin, ZO-1 (BD Biosciences)
and brachyury (MAb 54-1). For immunofluorescence analysis, tumor cells grown on glass
coverslips were rinsed with PBS and fixed for 10 minutes using 3% paraformaldehyde
(Electron Microscopy Sciences). Following permeabilization using 0.05% Triton X-100 in
PBS, coverslips were blocked in PBS supplemented with 1% BSA and 10% goat serum,
incubated with anti-ESR1 antibody (GTX62423, GeneTex) overnight at 4°C, and
subsequently stained with AlexaFluor-647 labeled goat anti-rabbit 1IgG (Thermo Fisher
Scientific) for one hour at room temperature, according to the manufacturer's instructions.
Nuclei were stained using DAPI; where indicated, coverslips were stained with phalloidin
Alexa Fluor-488 (Thermo Fisher Scientific). Images were captured using a Leica
Fluorescent microscope (Leica Biosystems Inc.).

Tumor xenografts

Results

Studies involving the use of animals were carried out in accordance with the Association for
Assessment and Accreditation of Laboratory Animal Care guidelines, and under the
approval of the NIH intramural animal care and use committee. Five-week old female
immune-compromised mice were implanted subcutaneously with 2x108 H460 cells; when
tumors became palpable, mice were treated with intraperitoneal injection of either HBSS or
20 mg/kg docetaxel every three days for three cycles. Fulvestrant-treated animals were given
a single subcutaneous dose of 250 mg/kg fulvestrant five days prior to tumor collection. In
the combination study, animals were implanted subcutaneously with 1x10% H460 cells;
fulvestrant (250 mg/kg) was given on days 4 and 11 and docetaxel (20 mg/kg) on days 7 and
10 after tumor implantation. Tumor sections were stained using primary antibodies against
ESR1 (ab32063, Abcam), brachyury (MAb 54-1) and fibronectin (GTX112794, GeneTex),
and counterstained with haematoxylin (Sigma).

Mesenchymal-like carcinoma cells are resistant to immune attack

We have previously demonstrated that acquisition of mesenchymal features by carcinoma
cells can impart tumor resistance to immune-mediated attack (12). As established cell lines
are comprised of cells with varying epithelial and mesenchymal features, in the present
study we have isolated homogenous populations of epithelial vs. mesenchymal-like cancer
cells by single cell-derived culture of lung carcinoma H460 cells. As shown in Fig. 1A, two
clones were selected based upon their differential expression of mesenchymal and epithelial
markers. H460-E cells were characterized by low levels of expression of mesenchymal
brachyury and fibronectin and high levels of epithelial ZO-1; in contrast, clone H460-M was
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considered mesenchymal-like, with high levels of brachyury and fibronectin and very low
levels of ZO-1 (Fig. 1A). As predicted, the mesenchymal H460-M clone exhibited a 2.4-fold
greater I1Csq in response to treatment with cisplatin than the epithelial H460-E clone (ICsq
H460-E: 0.37 pg/mL; ICsq H460-M: 0.90 pg/mL, Fig. 1B). H460-M also demonstrated
decreased sensitivity to both brachyury-specific CD8* cytotoxic T cells and effector NK
cells, at all effector-to-target ratios evaluated (Figs. 1C and D, respectively). H460-M cells
also exhibited a marked resistance to a range of concentrations of TRAIL (Fig. 1E). As one
of the known mechanisms of resistance to immune-mediated cytotoxicity is the loss of cell
surface death receptors and/or the gain of corresponding decoy receptors, expression of
TRAIL receptors TRAIL-R1 and TRAIL-R2, FAS and the decoy receptors DcR1, DcR2 and
DcR3 were evaluated in both clones. As shown in Fig. 1F, no changes were observed that
could explain the loss of immune-mediated cytotoxicity observed with H460-M cells.

Identification of compounds that enhance immune-mediated lysis via gHTS

Utilizing the H460-M clone as a model and a gHTS assay, the NCGC Pharmacological
Collection was screened to identify clinically relevant compounds that could enhance the
susceptibility of resistant lung cancer cells to immune-mediated lysis. The screen was aimed
at identifying compounds that were cytotoxic for TRAIL-treated cells but were devoid of
cell toxicity when used alone. Using these criteria, 53 hits were identified corresponding to
51 unique compounds (Fig. 2A, larger dots). These 51 hits were subsequently ranked based
on 1) A%MaxResponse= [(MaxResponsetraiIL+compound)-(MaxResponsepgs+compound)] <
-50%; 2) ACgq < 20 umol/L for TRAIL-treated cells; and because the objective of this
screen was to identify drugs that could be rapidly translated into clinical studies, the focus
was on compounds that are 3) approved and available for clinical use in the US; 4) have
well-known pharmacological, pharmacokinetic and toxicity profiles; and 5) show activity
within a range of concentrations attainable /n vivo. Based on these criteria, fulvestrant,
selegiline and midazolam were selected for further analysis (Fig. 2A colored dots and Fig.
2B). As midazolam has been replaced in the clinic by newer generations of benzodiazepines,
clonazepam, diazepam and lorazepam were further evaluated in secondary assays; only
fulvestrant was confirmed to enhance susceptibility to TRAIL (Fig. 2C), thus being chosen
as the lead compound for further studies.

Unlike tamoxifen, a widely used estrogen receptor blocker that retains agonistic activity in
certain tissues, fulvestrant is a pure estrogen receptor antagonist that induces receptor
degradation. To assess whether the ability of fulvestrant to enhance the sensitivity of
mesenchymal-like lung tumor cells to TRAIL might be a consequence of its ability to
downregulate estrogen receptor levels, we compared its activity with that of 4-
hydroxytamoxifen, the active metabolite of tamoxifen, which is another FDA-approved
estrogen receptor antagonist. H460-E and H460-M cells were pre-treated for 3 days with
various concentrations of fulvestrant vs. 4-hydroxytamoxifen prior to the addition of TRAIL.
Intriguingly, both antagonists failed to modify the cytotoxic response of the epithelial H460-
E cells, while fulvestrant (and not 4-hydroxytamoxifen) was able to significantly augment
the susceptibility of the mesenchymal H460-M cells to TRAIL-mediated lysis (Fig. 2D),
thus suggesting that the effect observed with fulvestrant might be due to receptor
downregulation. The analysis of ESR1 expression at the mRNA level demonstrated a 3.4-
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fold increase in ESR1 in the H460-M vs. H460-E cells, while no difference was observed
with ESR2 (Fig 2E). Increased levels of ESR1 protein were also observed in the H460-M vs.
H460-E cells (Fig 2F).

Fulvestrant enhances immune cytotoxicity of mesenchymal-like tumor cells

The ability of fulvestrant to improve the susceptibility of carcinoma cells to immune-
mediated lysis was confirmed with additional cell line model systems. As shown in Fig. 3A,
NK effector cells lysed parental H460 cells pre-treated with 50 or 500 nmol/L fulvestrant
more efficiently than control H460 cells. Based on these results, all subsequent experiments,
unless indicated, were conducted with 50 nmol/L fulvestrant, a dose that is comparable to
the plasma Cpax (~40 nmol/L) for multiple dose steady state observed in patients treated
with the drug (21). To confirm the observations in another human lung carcinoma cell line,
we generated isogenic H1703 lines stably transfected with either a control (pCMV) or a
brachyury expressing (pBr) vector, from which we expanded two clonally-derived cell
populations characterized by low (pBr-CI1) or high (pBr-CI2) levels of brachyury (Fig. 3B).
As expected from our previous observations, pBr-ClI2 with the highest expression of
brachyury also exhibited mesenchymal features, including high expression of fibronectin
(Fig. 3C) and increased ESR1 at the mRNA and protein levels (Fig. 3D and E, respectively).
When evaluated for cytotoxicity, only H1703 cells with mesenchymal features (pBr-Cl2)
exhibited resistance to TRAIL (Fig 3F) or NK-mediated lysis (Fig. 3G, left panel), a
phenomenon that could be alleviated by tumor pre-treatment with fulvestrant (Fig. 3G, right
panel). These results demonstrated that fulvestrant treatment of mesenchymal-like (and not
epithelial) lung carcinoma cells could increase immune-mediated lysis potentially by
repairing defective cell death mechanisms driven by the EMT (12). Furthermore, these
observations suggested that estrogen signaling might play an important role in protecting
mesenchymal-like lung carcinoma cells to immune-mediated attack.

Upregulation of ESR1 signaling in chemo-resistant lung cancer cells

Several studies have shown that exposure of carcinoma cells to chemotherapeutic agents /n
vitro or in vivo can select for a population of chemo-resistant cells with mesenchymal-like
features (4). As shown in Fig. 4A, H1703 cells selected /n vitro in the presence of a
combination of cisplatin and vinorelbine exhibited enhanced expression of T, SNAI2, FN1
and OCLN mRNA (encoding for brachyury, slug, fibronectin, and occludin protein,
respectively), and had a 672-fold increase in ESR1 mRNA levels, compared to control
H1703 cells, the latter confirmed at the protein level (Fig. 4B). The chemo-resistant cells
were also highly resistant to immune-effector mechanisms, including lysis by TRAIL and
effector NK cells (Fig. 4C). However, pre-treatment with fulvestrant effectively restored
their TRAIL or NK-mediated lysis to levels observed with control H1703 cells (Fig. 4C).
Interestingly, the sensitivity of the H1703 chemo-resistant cells to a combination of cisplatin
and vinorelbine was also reconstituted when the tumor cells were exposed to fulvestrant
prior to, and during the cytotoxic assay (Fig 4D).

To investigate the relevance of estrogenic signaling upregulation /7 vivo in the context of
chemotherapy, ESR1 expression was examined by immunochistochemistry in H460
xenografts of mice treated with repeated doses of docetaxel. The performance of the anti-
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ESR1 antibody and staining technique were first validated utilizing human invasive ductal
carcinoma tissues with known ER status, as well as control 1gG (Supplemental Fig. 1A and
B). Utilizing this antibody, a marked increase in ESR1 protein was observed in tumors of
docetaxel-treated vs. control mice (Fig. 4E), mostly in the cytoplasm of the tumor cells
(Supplemental Fig. 1B).

H460 cells grown in vitro in the presence of cisplatin and vinorelbine also demonstrated
increased ESR1 protein expression (Fig. 4F), along with the upregulation of T, SNAI2, FN1,
and OCLN mRNA and an eight-fold increase in the expression of ESR1 mRNA (Fig. 4G,
left panel), compared to control H460 cells. Further analysis of an array of 84 genes
involved in estrogen receptor activation and response demonstrated that estrogenic signaling
is active in these cells, as the expression of 20 out of the 84 genes analyzed was upregulated
> 2-fold (Fig. 4G, right panel) in chemo-resistant vs. parental H460 cells. Noteworthy,
upregulation of ESR1 but not ESR2 mRNA was observed in these cells. As shown in Fig.
4H, the ability of MUC1-specific CD8* T cells to lyse H460 chemo-resistant cells was
markedly reduced compared to control cells, but their lysis was fully reconstituted by pre-
treatment with fulvestrant prior to the cytotoxic assay. To ascertain a role for brachyury and
ESR1 in mediating this increased resistance, we silenced each gene using specific SIRNA
pools in both control and chemo-resistant H460 cells. While silencing of brachyury (T)
resulted in a modest but significant increase of cell death in response to TRAIL, silencing of
ESR1 was able to fully reconstitute the susceptibility of the chemo-resistant cells to TRAIL-
mediated lysis (Fig. 41), confirming the central role of ESR1 signaling in the resistant
phenotype of these cells.

Overexpression of ESR1 drives resistance to immune-mediated cytotoxicity

To ascertain whether ESR1 could have a direct role in the phenomenon of resistance to
immune attack exhibited by mesenchymal-like lung cancer cells, H460 cells were stably
modified to overexpress ESR1. As shown in Fig. 5A, high expression of ESR1 significantly
decreased the response of H460 cells to NK cells. Moreover, single clonal populations of
H460 selected based on the expression of ESR1 (Fig. 5B) demonstrated the direct
association between ESR1 levels and resistance to immune-mediated lysis, with the H460
ESR1-High clone being completely resistant to TRAIL, compared to the H460 ESR1-Low
clone (Fig. 5C). Similar results were observed in response to NK cells where the H460
ESR1-Low clone was lysed more efficiently than the ESR1-High clone, an effect that was
exacerbated when using NK effector cells devoid of perforin/granzyme activity (Fig. 5D).

As induction of EMT was shown to associate with expression of ESR1 in lung cancer cells,
we also investigated whether mesenchymal markers were differentially expressed in clonal
H460 cells with High vs. Low levels of ESR1. The ESR1-High clone (Fig. 5E) had
significantly higher levels of expression of mesenchymal SNAI1, SNAI2, T, FN1 and VIM
mMRNA (encoding for snail, slug, brachyury, fibronectin and vimentin, respectively), as
compared with the ESR1-Low clone. These results prompted us to analyze whether the
association between estrogen receptor expression and markers of EMT is also present in
lung tumor tissues. An initial analysis of mMRNA data from the lung adenocarcinoma TCGA
dataset demonstrated over-expression of ESR1 and ESR2 mRNA in 18% (88/490) and 11%
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(53/490) of tumors, respectively, compared to normal lung tissues (Figs. 5F, and G). Further
analysis of tumor samples segregated into Low vs. High ESR1 groups demonstrated
statistically significant higher levels of mRNA for the mesenchymal markers FN1, VIM,
ZEB1, ZEB2, SNAI2, and T in the High vs. Low ESR1 group, while the expression of the
epithelial marker JUP mRNA (encoding for plakoglobin) was higher in the ESR1 Low vs.
High group (Fig. 5H). No correlation, however, was observed between the levels of ESR2
and mesenchymal or epithelial markers (data not shown).

of estrogen signaling and EMT of lung carcinomas

The role of fulvestrant in EMT modulation was first evaluated with H460 cells treated with
fulvestrant /n vitro. As shown in Fig. 6A, fulvestrant markedly reduced the expression of the
mesenchymal proteins brachyury, fibronectin and vimentin in a dose-dependent manner. To
more directly assess the effects of fulvestrant treatment on the transcriptional activity of the
brachyury protein, a luciferase reporter vector was generated containing a promoter with a
single brachyury-binding site. This construct was transfected into the H460 cell line, and the
effect of fulvestrant treatment on brachyury transcriptional activity was measured, resulting
in a dose-dependent decrease in brachyury activity in response to fulvestrant (Fig. 6B).
Further, fulvestrant was also able to reduce, on a dose-dependent fashion, the activity of a
brachyury promoter reporter construct (Fig. 6C), thus demonstrating that estrogen signaling
directly or indirectly regulates the transcription of the EMT transcription factor brachyury in
lung cancer cells.

In subsequent experiments, the effect of fulvestrant was evaluated /77 vivo by administration
of a single dose fulvestrant to mice bearing lung H460 xenografts. To assess changes on
tumor phenotype, expression of estrogen receptor 1, brachyury and fibronectin were
evaluated by immunohistochemistry (Fig 6D). Overall, fulvestrant was able to decrease the
intensity of staining of all three proteins in tumor cells (Supplemental Table 1), with the
most significant reductions of fibronectin and brachyury taking place in tumors where the
highest decrease of ESR1 levels (tumors T-4 and T-6, Fig. 6D) took place. As previously
shown in Fig. 4F, estrogen receptor 1 staining was primarily localized in the cytoplasm of
the H460 tumor cells.

The potential effect of fulvestrant-mediated reduction of mesenchymal features on tumor
sensitivity to cytotoxic treatment was evaluated /n vivo. Athymic nude mice bearing H460
xenografts were treated with either docetaxel or fulvestrant alone, or a combination of both.
As shown in Fig. 6E, neither treatment alone had any measurable impact on tumor growth,
however, when fulvestrant was administered three days prior to docetaxel, a marked
reduction of tumor volume was observed compared to single treatments (Fig. 6E, right
panel). Expression of estrogen receptor 1 and fibronectin were also assessed in these tumors,
with representative images from each group being shown in Fig. 6F. Fulvestrant alone
markedly reduced the expression of estrogen receptor 1 and fibronectin, while docetaxel
associated with increased expression of estrogen receptor 1, compared to untreated tumors.
When expression of estrogen receptor 1 and fibronectin were analyzed in tumors from the
combined treatment group, a marked reduction of estrogen receptor and fibronectin were
observed in treatment-responsive vs. progressive (non-responsive) tumors, thus

Clin Cancer Res. Author manuscript; available in PMC 2017 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamilton et al. Page 10
demonstrating that fulvestrant can reduce mesenchymal features in lung carcinoma cells /in
vivo, and that reduction of mesenchymal features associates with tumor sensitization to the
cytotoxic effect of chemotherapy.

Discussion

The acquisition of therapeutic resistance associated with tumor progression is a barrier to the
effective treatment of patients with advanced, metastatic tumors. In particular, carcinoma
cells acquiring a mesenchymal-like phenotype via the EMT are thought to represent a
population of cells with increased resistance to a variety of cytotoxic therapies. In the
present study, utilizing a qHTS functional assay with a clonal population of mesenchymal-
like lung carcinoma cells, the estrogen antagonist fulvestrant was identified as able to
modulate tumor phenotype and sensitize mesenchymal lung cancer cells to chemotherapy
and immune-mediated lysis. Activation of ESR1 signaling was also demonstrated here to
associate with mesenchymal and resistant features in lung cancer cells. To our knowledge,
this is the first report defining a potential role for estrogenic signaling in promoting tumor
resistance to both immune-mediated cytotoxicity and chemotherapy in lung cancer.

Several reports have shown that tumor cells undergoing EMT also acquire features typically
associated with cancer stem cells (CSCs), particularly resistance to cell death (3, 22).
Targeting carcinoma cells with mesenchymal-like features could be an efficient strategy to
prevent tumor recurrence post-therapies mediated by CSCs. Previous reports, however, have
shown that EMT can negatively impact tumor susceptibility to immune-mediated lysis (12,
13, 23). Our group, for example, has shown that very high levels of expression of the EMT
driver brachyury induce tumor resistance to antigen-specific CD8" T lymphocytes or innate
NK cells (12), where the defective lysis is associated with a faulty tumor caspase-mediated
nuclear apoptosis. The screen performed here was designed to identify drugs capable of
improving immune-mediated lysis of tumor cells undergoing EMT. To this end, a highly
homogeneous population of mesenchymal-like, brachyury-high lung carcinoma cells was
first exposed to a library of compounds and subsequently lysed in the presence of TRAIL.
The approach utilized here, which allowed for the identification of fulvestrant as an
enhancer of immune-mediated lysis of lung cancer cells, is different to other screening
assays against EMT previously reported. For example, a cell-based small molecule screening
was used for identification of compounds that could inhibit the initiation of EMT by EGF,
HGF or IGF-1 in carcinoma cells, based on the ability of the drugs to inhibit spot cell
migration (24). In another study, human mammary epithelial cells induced into an EMT via
E-cadherin knockdown were used for identification of salinomycin as a compound capable
of preferentially killing tumor cells that underwent EMT vs. their epithelial counterparts
(25). Our study sought instead to identify compounds which themselves are not directly
cytotoxic to mesenchymal-like cells, but render tumor cells more sensitive to the cytotoxic
activity of TRAIL.

Fulvestrant is an FDA-approved, selective estrogen receptor antagonist used in the treatment
of hormone receptor-positive breast cancer, with well-known pharmacokinetics,
pharmacological and toxicity profiles (21, 26). Interestingly, we have observed here that
tamoxifen, a widely used estrogen receptor modulator with agonistic activity, is unable to
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recapitulate the sensitizing effect observed with the pure antagonistic fulvestrant. In lung
cancer, the role of estrogens remains unclear, with variable levels of expression of ESR1 or
ESR2 being reported in lung cancer tissues and cell lines, particularly in adenocarcinoma,
depending on the method and reagents used for the detection (15, 27, 28). It has been
demonstrated for example that estrogens stimulate lung cancer cells proliferation /in vitro
and progression /n vivo (29), an effect that can be blocked by fulvestrant.

The possible involvement of estrogen in the development of lung cancer has been suggested.
For example, in one report, post-menopausal women with NSCLC have been shown to live
longer than similarly aged men (30), while younger pre-menopausal women commonly
presented a more aggressive form of lung cancer disease (31). Also in support of a potential
role for estrogens in NSCLC tumor progression, hormone replacement therapy has been
associated with a more rapid disease progression (32, 33), while the use of estrogen
antagonists has been shown to reduce disease mortality (34). Furthermore, it has been
reported that ESR1 expression is associated with poorer overall survival (15), and that low
ESR1 mRNA levels predict responsiveness to chemotherapy in resected non-small cell lung
cancer (35). Estrogen receptor signaling is also known to interact with the epidermal growth
factor receptor (EGFR) pathway (36, 37), and based on this knowledge clinical trials have
been conducted for the treatment of NSCLC in post-menopausal women using fulvestrant in
combination with EGFR-blockade (38, 39). Our observations suggest that fulvestrant
treatment of lung cancer could also be expanded to combinations with chemotherapy or
immunotherapies.

In this report we have observed a marked increase in ESR1 (but not ESR2) levels as lung
cancer cells acquired resistance to chemotherapy /n vitroand in vivo. This elevated
expression of ESR1 was concomitant to the acquisition of mesenchymal-like features by
carcinoma cells, which is a known mechanism of resistance to cytotoxic drugs. Treatment
with fulvestrant not only reconstituted the sensitivity of the tumor cells to chemotherapy /n
vitroand in vivo, but also improved their lysis by immune effector mechanisms, including
TRAIL, NK cells and antigen-specific T cells. When the expression of mesenchymal
proteins in lung cancer cells treated with fulvestrant was analyzed, it was observed that
blockade of estrogenic signaling efficiently decreased expression of the mesenchymal
markers fibronectin, vimentin and the EMT driver brachyury, therefore suggesting that
fulvestrant is able to revert tumor EMT which, in turn, could result in sensitization to a
variety of cytotoxic insults.

In agreement with a potential role for ESR1 signaling in lung cancer EMT, a positive
correlation between higher levels of ESR1 (but not ESR2) and expression of mesenchymal
markers was observed here, supporting further investigations on the association between
active estrogen signaling and lung cancer progression via the EMT. Interfering with, or
reversing the process of EMT represents an attractive therapeutic modality against tumor
dissemination and resistance to therapies. The findings reported here support the
development of future combinations of fulvestrant with chemotherapy or immune-mediated
therapies for the management of advanced NSCLC cancer patients.
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Translational Relevance

The acquisition of therapeutic resistance associated with tumor progression is a barrier to
the effective treatment of patients with advanced, metastatic tumors. In particular,
carcinoma cells acquiring a mesenchymal-like phenotype via the EMT are thought to
represent a population of cells with increased resistance to a variety of cytotoxic
therapies. In the present study, estrogen receptor alpha signaling is shown to correlate
with mesenchymal tumor features and with increased resistance to cell death inducers.
The estrogen receptor antagonist fulvestrant was identified as being able to not only
decrease mesenchymal features of lung cancer cells, but also to increase tumor sensitivity
to chemotherapy and immune-mediated lysis. Our findings provide rationale for the
potential use of fulvestrant in combination with immunotherapy or chemotherapy for the
management of advanced lung cancer patients.
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Figure 2. Fulvestrant renders mesenchymal cells more sensitive toimmune-mediated lysis
(A) Graphical depiction of compounds having measurable activity in the gHTS assay. The )~

axis represents the A%MaxResponse= [(MaxResponsetraL+compound)-
(MaxResponseps+compound)], Where Maximum Response is the % activity at the maximum
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(blue), selegiline (green) and midazolam (red). (B) Maximum response (%) of the top three
ranked compounds when used in combination with TRAIL vs. PBS. (C) Secondary
screening of top compounds showing dose response curves when used in combination with
TRAIL vs. PBS in H460 cells. (D) Dose response curves of H460-E and H460-M cells
treated with indicated doses of fulvestrant, 4-hydroxytamoxifen (active metabolite of the
FDA-approved estrogen receptor antagonist tamoxifen) or DMSO to TRAIL-mediated lysis.
(E) ESR1 and ESR2 mRNA expression levels in the H460-E and -M clones, relative to
GAPDH. (F) Immunofluorescent analysis of ESR1 (pink signal) expression in the H460-E
and -M clones (100x magnification). Green signal corresponds to phalloidin staining; blue
corresponds to DAPI. [* p<0.05, ** p<0.01, *** p<0.001].

Clin Cancer Res. Author manuscript; available in PMC 2017 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hamilton et al. Page 19
A B C D
FN1 ESR1
v 501eDMSO ~ 2.0 f P N
2 050 nmolll Brachyury [N o7 .
= 4070500 nmol/l Actin - S 154 £9
o = oZ o= 1.0 -
5 30+ S OO v 5 0§
i) O & & 2% 1.0 1 =
£ * 1 Bl 3 2 3 2 0.5 -
. © m m gsa ! 2a™
hv4 104 ~N O O < 0.5 <
= o~ ~ ) (0]
ok T o
X 0 , i L L 0 - 0 -
1 10 100 >N >N
Effector:target ratio 5%8 LZ)EL:
omm omm
mao maoo
omm omm
~NOO ~NOO
NN~ =~~~
T I
T IT
E F G
" DMSO Fulvestrant
‘» 601mDMsOo » 60- 1
> " OH1703 pCMV
> S [Modmmoll 2 ®H1703 pBr-CI2
5 g | =
Qo © 401 9 40+ = .
- © *k
2 5
E I o (O]
| - 207 £ 20- |
o| O § Hok v
M~ - =2
T|a@ » X
oD o\O 0- [S) 0 - -
=2 =2 o ©c2ogooaogo
& ¢ 2 "85 1318
I 2 m m
O m 2 o Effector:target ratio
& o m m
3 5 8 B
Q I — —
I T

Figure 3. Fulvestrant renders mesenchymal cells more sensitive to immune-mediated lysis
(A) Susceptibility of parental H460 cells treated with two doses of fulvestrant vs. DMSO to

lysis by NK cells at various effector-to-target ratios. (B) Brachyury protein levels and
expression of MRNA encoding for fibronectin (C) and ESR1 (D), relative to GAPDH, in
clonally-derived H1703 cells transfected with pCMV vs. pBr (Clones 1 and 2). (E)
Immunofluorescent analysis of ESR1 (pink signal) protein expression in H1703 pCMV, pBr-
CI1 and pBr-CI2 cells (100x magnification). Green and blue correspond to phalloidin and
DAPI staining, respectively. (F) Susceptibility to TRAIL-mediated lysis in cells pre-treated
with fulvestrant (grey bars) vs. DMSO (black bars). (G). Susceptibility of H1703 pCMV and
H1703 pBr-CI2 cells treated with fulvestrant (right panel) vs. DMSO (/eft panel) to lysis by
NK cells at various effector-to-target ratios. Error bars indicate the standard error of the
mean (SEM) of triplicate measurements. [* p<0.05, ** p<0.01].
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Figure 4. Fulvestrant revertsimmuneresistance of chemo-resistant lung cancer cells
(A) Fold change in expression levels of indicated mMRNA in chemo-resistant vs. control

H1703 cells. (B) Immunofluorescent analysis of ESR1 (pink signal) in control and cisplatin/
vinorelbine-resistant (Cis/Vin) H1703 cells. Blue signal corresponds to DAPI staining. (C)
Susceptibility of control H1703 vs. Cis/Vin-resistant H1703 cells to lysis by either TRAIL
(feft panel) or NK cells (right panel). Chemo-resistant cells were treated with DMSO or
fulvestrant for 72 hours prior to the cytotoxic assay. (D) Sensitivity of control vs. Cis/Vin-
resistant H1703 cells to a combination of indicated concentrations of vinorelbine and
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cisplatin; tumor cells were treated with DMSO (/eft panel) or fulvestrant (right panel) for 72
hours prior to exposure to chemotherapy. (E) Immunohistochemical analysis of ESR1
expression in H460 xenografts from mice treated with either HBSS or docetaxel (20x
magnification). (F) Immunofluorescent analysis of ESR1 expression (pink signal) in control
and Cis/Vin-resistant H460 cells (100x magnification). Green and blue correspond to
phalloidin and DAPI staining, respectively. (G) Fold-change in expression levels of indicated
MRNA in Cis/Vin-resistant vs. control H460 cells (H) Susceptibility of parental vs. chemo-
resistant H460 cells to lysis by MUC1-specific CD8* T cells. Chemo-resistant cells were
treated with DMSO or fulvestrant for 72 hours prior to the cytotoxic assay. (I) TRAIL-
mediated lysis of parental H460 vs. chemo-resistant H460 cells previously transfected with a
control non-targeting Con siRNA vs. a pool of siRNAs targeting either brachyury (T siRNA)
or the estrogen receptor 1 (ESR1 siRNA). Error bars indicate the standard error of the mean
(SEM) of triplicate measurements. [* p<0.05, ** p<0.01].
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Figure 5. Estrogen receptor mediates resistance to immune attack
(A) H460 cells stably transfected with pCMV or a vector encoding the ESR1 gene were

assessed for their sensitivity to NK-mediated lysis. (B) Immunofluorescent analysis of ESR1
expression (pink signal) in single cell clones of H460 cells with High vs. Low ESR1
expression. Blue signal corresponds to DAPI staining. (C) Clones were evaluated for their
susceptibility to lysis by TRAIL (C) or NK cells that were either untreated or pre-treated
with CMA to inhibit perforin-dependent lytic pathways (D). (E) Relative expression of
indicated mRNA in clonal H460 ESR1-High vs. ESR1-Low cells. (F) ESR1 and (G) ESR2
MRNA in normal lung vs. lung adenocarcinoma (LUAD) tissues. Shaded areas correspond
to the normal range of expression for each gene, calculated as the mean expression in normal
lung tissues (£ two standard deviations). (H) mRNA expression of indicated genes in lung
samples categorized as either ESR1 Low or High, based on the expression in normal lung
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tissues. Error bars indicate the standard deviation of the mean. [* p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001].
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Figure 6. Fulvestrant treatment reduces EMT markersand increases sensitivity of lung
xenogr afts to docetaxel

(A) Western blot analysis of brachyury, fibronectin and vimentin protein in H460 cells
treated in culture for six days with indicated concentrations of fulvestrant vs DMSO. (B)
Brachyury transcriptional activity in H460 cells stably transfected with a brachyury-reporter
vector treated for 48 hours with indicated doses of fulvestrant and normalized to DMSO-
treated cells. (C) Brachyury promoter activity in H460 cells transiently transfected with a
brachyury promoter vs. a GAPDH promoter reporter vector, after treatment for six days with
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indicated concentrations of fulvestrant. (D) Estrogen receptor 1, brachyury and fibronectin
expression in H460 tumor xenografts five days after a single injection of either HBSS or
fulvestrant. (E) Tumor volume of H460 xenografts treated as indicated, with fulvestrant (250
mg/kg) given on days 4 and 11 and docetaxel (20 mg/kg) on days 7 and 10. (F) Estrogen
receptor 1 and fibronectin expression in H460 tumor xenografts, treated as indicated. Error
bars indicate the standard error of the mean (SEM) of triplicate measurements. [* p<0.05, **

p<0.01].
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