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Abstract: Lung cancer (LC) is the leading cause of cancer death in men worldwide and has significantly
increased in women. Differences in non-small cell lung cancer (NSCLC) behavior, prognosis, and response
to treatment have been reported by sex and hormonal status, with premenopausal women presenting
the worst prognosis compared to postmenopausal women and men. Additionally, the use of hormonal
replacement therapy significantly increases NSCLC mortality; supporting the role of estrogen signaling
in the pathogenesis of LC. The mechanisms by which estrogen promotes lung carcinogenesis have not
been fully elucidated. Estrogen, through its receptor, can stimulate LC cell proliferation, death resistance,
angiogenesis, migration and metastasis. Estrogen also induces expression of pro-inflammatory proteins and
ligands that promote tumor evasion, suggesting that estrogen might modify the microenvironment and anti-
tumor immune response. Recent reports have shown an interaction between the epidermal growth factor
receptor (EGFR) pathway and estrogen signaling in lung adenocarcinoma, whence, combined treatment
based on tyrosine kinase inhibitors (TKIs) and antiestrogen therapy is beginning to be evaluated. This review
focuses on the differences in NSCLC behavior by sex and hormonal status, highlighting the role of estrogen
and its receptors in lung carcinogenesis and LC prognosis. Due to the importance of estrogen in NSCLC
development and progression we finally discuss the potential of antiestrogen therapy in LC treatment and

show the results from preclinical and clinical trials.
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Epidemiology of non-small cell lung cancer
(NSCLC)

Differences by sex and hormonal status

Lung cancer (LC) remains the leading cause of cancer-
related deaths worldwide. NSCLC is the predominant type,
accounting for approximately 85% of all newly diagnosed
cases, with adenocarcinoma being the most common

subtype of NSCLC. Although LC was an important
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health problem predominantly among men, in the past
three decades LC incidence rates have declined about
twice as fast in men as compared to women. Similarly,
while LC mortality rates have decreased among men, they
have increased among women. Interestingly, in 2013 LC
surpassed breast cancer as the leading cause of cancer death
among females in more developed countries (1,2).

It has been suggested that the increase in NSCLC
incidence among women can be explained by the increased
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number of smoker women in developed countries (3).
However, this explanation is not entirely satisfactory
given that up to 53% of women who develop NSCLC
were never-smokers while only 15% of men who develop
NSCLC were never-smokers. Moreover, there are studies
showing that among women and men with similar tobacco
exposure, the onset of LC occurs earlier in women (4,5).
"This indicates that, in addition to smoking, there are other
factors influencing the development of NSCLC in women.
Furthermore, the clinical characteristics of female and
male patients are very different. For instance, in females:
(I) the median age at the time of diagnosis is lower than
that of males; (I) there is generally no history of tobacco
exposure; (III) the predominant histological subtype is
adenocarcinoma; (IV) outcomes are generally better at all
diagnosis stages; (V) a positive epidermal growth factor
receptor (EGFR) mutation status is more common (6,7).

Several studies have shown that response to
chemotherapy and survival is better in women compared
to men, however these studies included almost exclusively
postmenopausal women. Interestingly, when female patients
are analyzed by hormonal status, premenopausal women
are more commonly diagnosed with advanced stage-
disease, have less differentiated tumors, a higher number of
distant metastases and worse prognosis than both men and
postmenopausal women (8-11).

Controversy has surrounded the issue regarding the
differential incidence, clinical presentation and mortality
of LC in women as compared to men. This is partly due
to the difficulty in discriminating between differences that
are strictly related to sex and those related to gender. Sex is
a biological variable defined by differential chromosomes,
genetic polymorphisms, reproductive organs, sex steroid
levels, metabolism and immune responses, all of which
play an important role during carcinogenesis. In contrast,
gender refers to social and cultural differences in behavior
and activities that can also have an effect on the course of
the disease such as differential access to healthcare, health-
seeking behavior, exposure to specific risk factors like
smoking (12), as well as differential environmental and
occupational exposures, like wood-smoke (13). In spite of
this controversy, it is now beginning to be recognized that
LC is a different disease in women and men, partly because
of the influence of estrogen.

Influence of estrogen in outcome of NSCLC

Estrogens are pleiotropic steroid hormones involved in
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many physiological processes including the development
of the female reproductive system, the maintenance
of secondary sex characteristics as well as metabolism
regulation. In addition, estrogen has also been shown to
be involved in lung development and functioning in both
women and men through activation of its receptor, which
is widely expressed in lung epithelium (14). More recently,
it has been shown that 17-B-estradiol (E2), the most potent
form of estrogen, plays an important role during lung
carcinogenesis.

For instance, high endogenous levels of circulating
estrogen have been associated with poor survival in
premenopausal women (15). Moreover, among male
patients with advanced NSCLC, those with high serum
levels of free B-estradiol have a significantly worse survival
than those with lower B-estradiol levels (16). Therefore,
estrogen status is now recognized to be associated with LC
outcome in women, but interestingly, also in men.

Similarly, the association between estrogen
administration and LC incidence and mortality has also
been investigated. The role of hormone-replacement
therapy (HRT) in development of LC is still controversial.
Some studies have shown an association between HRT use
and an increased incidence in LC (17-19). A prospective
cohort of 36,588 peri- and postmenopausal women found
that the use of combined therapy based on estrogen plus
progestin increased the risk of LC in a duration-dependent
manner, with an approximate 50% increased risk for
10 years of use, or longer (even after adjusting for smoking,
age, and other potential confounders) (18). Nevertheless,
other studies report no association between HRT use
(estrogen or estrogen plus progestin) and the incidence
of LC (20-22). The Women’s Health Initiative (WHI)
randomized controlled trial that included 16,000 women
treated with combined HRT (estrogen 0.62 mg plus
progestin 2.5 mg) did not demonstrate a significant increase
in LC incidence, but did show a significant increase in
the number of deaths from LC compared to placebo and
an absolute increase in mortality in current smokers at
baseline was observed. Poorly differentiated tumors and
distant metastasis were also reported in women who use
combined HRT (23). The effect of combined hormone
therapy on death from LC was not modified by age at
screening, pervious hormone treatment, or smoking status.
The increase in mortality is attenuated after cessation of
hormonal therapy (24). Moreover, worse survival outcomes
have been observed in women who used HRT prior to
diagnosis compared to women who had never received
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Table 1 Hormonal markers and their relationship with NSCLC clinical outcome

Hormonal marker Condition Outcome in NSCLC References

Circulating estrogen High levels Worse survival in women and men Rodriguez-Lara et al., 2014
Poor differentiated tumors, advanced stages in Rose et al., 2007
premenopausal women Oton et al., 2006

Aromatase Overexpression Poor survival in postmenopausal women Mah et al., 2011

Tumor progression

Estrogen receptor (ERB) Overexpression

Aggressive tumor behavior in metastatic cancer

ERP and aromatase Co-expression

ERp and EGFR Co-expression

and TKils

Worse prognosis in females and good prognosis in men

Factor predictor of poor survival in women and men

High survival when patients are treated with ER inhibitors

Mah et al., 2007
Stabile et al., 2011
Mah et al., 2011
Stabile et al., 2011
Denetal., 2017
Garon et al., 2013
Collins et al., 2010

NSCLC, non-small cell lung cancer; EGFR, epidermal growth factor receptor; TKis, tyrosine kinase inhibitors.

HRT (39 vs. 79 months) (25). All these findings together
support the role of estrogen in lung carcinogenesis and in
LC outcome.

Aromatase expression in NSCLC and its Clinical
Implication

Aromatase (ARO) is a cytochrome P-450 enzyme
(CYP19A1) that mediates the final and rate-limiting step in
estrogen synthesis, catalyzing conversion of testosterone to
estrogen. High aromatase expression has been reported in
several NSCLC cell lines and in about 44 to 86% of female
and male NSCLC tissues (26-28). Niikawa and coworkers
reported higher aromatase expression in lung tumor tissues
compared to adjacent non-neoplastic tissues, and showed
that E2 levels are higher in tumor tissue compared to
healthy lung tissue, revealing that the majority of intratumor
estradiol is produced locally by the activity of aromatase.
Aromatase expression has not only been associated with
higher estrogen levels, but also with a higher expression of
estrogen receptor beta (ERP), also known as ESR2 (29).

Moreover, aromatase expression has been detected in
NSCLC metastases and, compared with primary tumors,
metastatic lesions have a higher expression of aromatase,
suggesting that locally synthesized estrogen may promote
malignant progression, which could be controlled with
aromatase inhibitors (26,30).

Further demonstrating the important role of estrogen
in LC progression, aromatase overexpression has been
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associated with worse prognosis and poor survival in
male and female patients with LC (Table 1) (27,28,31).
In contrast, lower levels of aromatase are associated with
greater survival in older women (>65 years old) (32), while
higher intratumoral aromatase expression is associated
with tumor progression via an estrogen signaling pathway
in postmenopausal females with wild type EGFR lung
adenocarcinoma (33). Combined ERP and aromatase
expression has been associated with poor clinical outcomes
in NSCLC patients (9,31,34). For instance, compared
to high aromatase expression alone, high expression of
aromatase and ERP predicted worse survival in both female
and male patients, an effect that was more pronounced in
women >65 years old (31).

Estrogen receptor and its impact on NSCLC
prognostic

It is now recognized that NSCLC, particularly
adenocarcinoma, is an estrogen receptor (ER) positive
cancer. Estrogen receptor alpha (ERa) and beta (ERP)
have been identified in both NSCLC cell lines and tissues
(27,35). ERP is the predominant type of ER in NSCLC
and is overexpressed in 60-80% of LC tissues. ER protein
has been found at higher levels in lung tumors compared
to normal lung tissue from the same patients, indicating its
up-regulation in LC (35-37). Although ERP expression has
been observed in lung tumors from women and men (38),
differences in its expression related to hormonal status have
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been reported. Recently, our group reported that tumors
from premenopausal women have higher ERB expression
than tumors from postmenopausal women and men,
suggesting that ERP expression in LC is partially regulated
by circulating estrogen (11). ERP expression has also been
shown to inversely correlate with the extent of tumor
differentiation and with disease stage (31,39).

Further pointing to an important role of ERP during
lung carcinogenesis, several studies have shown that
ERP overexpression correlates with poor prognosis in
LC patients (Table 1). Whereas ERB expression in men is
associated with good prognosis, in women it is associated
with a worse prognosis (28,40,41). High expression of both
aromatase and ERP has been associated with poor survival
predominantly in women >65 years old (31). In addition, a
recent meta-analysis has shown that ERP overexpression is
significantly and consistently associated with poor survival
outcomes in NSCLC patients (42).

Five ERP isoforms have been identified (ERB1 to 5)
however ERB-1 is the only fully functional isoform, capable
of associating with its ligand (43). High cytoplasmic ERp-
1 staining has been identified as an independent negative
prognostic factor for LC. In addition, the negative effect
of ERB-1 on survival has been observed in both male and
female patients (9). ERB-1 expression has been associated
with more aggressive tumors and poor survival in metastatic
LC, but not in early stage LC patients (44). Although the
association between ER and poor prognoses in NSCLC
is well documented, other studies have shown that ER-1
decreases the survival and induces apoptosis of NSCLC
cells by regulating oncogenic RAS signaling and recently
the involvement of ER-1 on NSCLC chemosensitivity to
doxorubicin and etoposide has also been reported (45).

Future studies are needed to clarify the role of this ER
isoform in lung carcinogenesis and the opposing function in
the chemosensitivity to certain drugs.

Other isoforms of ERP have been linked to better
outcomes in LC but the mechanistic basis for this effect
remains unknown (46).

On the other hand, ERa expression is less frequent
in lung tumors (than that of ERP) and it seems to be
restricted to specific subsets of lung tumors such as those
from patients with an EGFR mutation (47). In contrast
to ERB, ERa expression has been usually associated with
good prognosis (48) particularly in patients with advanced
stage disease (49). Staining of lung tumor tissues and cell
lines have revealed that ERa is predominantly localized in
the cytoplasm and on the cell membrane but rarely in the
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nucleus (50). Interestingly, while both ERB and aromatase
expression are correlated with worse prognosis and poor
survival, expression of aromatase and ERa do not correlate
with survival, suggesting that aromatase and ERp, rather
than ERa, are involved in lung carcinogenesis and tumor
progression (40). Furthermore, microarray data have
revealed that tumor expression of ERP is associated with
alterations in nearly 500 genes, (while ERa affected only
20 genes) which highlights the importance of ERB in LC

intracellular transformations (51)

Role of estrogen signaling in lung carcinogenesis

Recently there has been an increasing interest in
establishing the underlying mechanisms by which estrogen
promotes lung carcinogenesis. Upon activation with
estrogen, ERs can activate signaling pathways leading to
carcinogenesis through two main paths. ERs can translocate
to the nucleus to regulate the transcription of genes (through
the genomic pathway), or alternatively, they can translocate
to the cell membrane to mediate the activation of protein
kinases, second messengers and ion channels (through the
non-genomic pathway) (Figure SI1A4).

It has been shown that estrogen induces NSCLC cell
proliferation and tumor growth while anti-estrogen drugs
reduce tumor size and cell proliferation (30,50). Estrogen-
induced cell proliferation results mainly from activation
of cAMP, MAPK and AKT signaling pathways through
the non-genomic pathway. Estradiol also promotes LC
cell proliferation by inducing rapid phosphorylation of
ERK and EGFR. Through the genomic pathway, estradiol
promotes the expression of c-myc, Cyclin D, and Id
proteins, resulting in cell cycle progression and proliferation
(52,53). Furthermore, anti-apoptotic effects of estradiol
have been reported in NSCLC as evidenced by studies of
mitochondrial ERB (54) (Figure S1A).

Angiogenesis plays a key role in cancer cell survival,
localized tumor growth, and metastases and indeed estrogen
signaling has been shown to induce tumor angiogenesis
through vascular endothelial growth factor (VEGF)
secretion, thereby increasing proliferation of vascular
endothelial cells (55). Moreover, treatment with B-estradiol
stimulates VEGFA expression, an important ligand for
VEGFR-2 and the major VEGFR family member found in
endothelial cells. Importantly, VEGFA secretion appears
to be downstream of the estrogen-dependent activation of
EGFR, which suggests that combining agents targeting
EGFR and ER could synergistically inhibit this pathway.
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In agreement, it has been shown that the combination of
fulvestrant and vandetanib successfully inhibited ER and
EGFR crosstalk, which resulted in a greater reduction of
proliferation in NSCLC as well as in the reduction in the
angiogenic activity of the VEGFA-VEGFR2 pathway (56).

Recently, our group has reported the effects of estradiol
on LC cell migration. We determined that estradiol
stimulated CXCR4 expression in a dose- and a time-
dependent manner and promoted the activation of the
CXCL12/CXCR#4 pathway, which increased the migration
of LC cells in vitro. In contrast, treatment with the anti-
estrogenic drug tamoxifen, decreased both the expression of
CXCR4 and cell migration (57).

In addition, estrogen can promote NSCLC through
G-protein-coupled estrogen receptor (GPER).
Cytoplasmic and nuclear GPER signal has been detected
in NSCLC samples and high expression of this protein
has been associated with advanced stages of cancer, poor
differentiation and high expression of ERP. A recent
report shows that G15 a selective inhibitor of GPER
reverses the cell growth induced by E2, thus blocking of
GPER signaling may be considered in the future as a new
therapeutic target in NSCLC (58).

EGFR and ER pathway relationship in NSCLC

EGFR, a receptor tyrosine kinase, is overexpressed or
mutated in up to 89% of NSCLC patients. Constitutive
EGFR activation causes a reduction in cell death with a
concomitant increase in cell survival, proliferation and
migration, leading to increased tumorigenesis, angiogenesis,
invasion and metastasis (59). Activated EGFR signaling
also triggers enhanced expression of growth factors,
particularly vascular endothelial growth factor (VEGF),
fibroblast growth factor, platelet derived growth factor and
interleukin-8 (60).

Interestingly, there is a relationship between the
frequency of EGFR-activating mutations and patient
demographics. EGFR mutations are more frequently
found in patients from Peru (51.1%), East Asia (40%),
Mexico (34.3%), as well as in tumors with adenocarcinoma
histology (15-20%), in never-smokers (51%) and in women
with NSCLC (42%) (61,62).

A functional relation between EGFR and ER signaling
pathways was recently observed in lung adenocarcinoma
(63,64). Stimulation of NSCLC with E2 resulted in a
rapid activation of the EGFR pathway, suggesting a non-
nuclear ER transactivation of EGFR (65) (Figure S1A).
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In addition, EGFR signaling activation increased the
expression and activity of aromatase in NSCLC cells (30).
Estrogen signaling induces epidermal growth factor (EGF)
production, resulting in EGFR signaling activation (66).

Moreover, mutations in EGFR have been associated
with ERP expression; 67% of EGFR mutation positive
tumors exhibit a high expression of nuclear ERp versus
37% in EGFR wild-type tumors (67). Taken together, these
data support the functional relationship between these
two signaling pathways in NSCLC. Estrogen, through
its receptor, activates downstream mediators of EGFR
signaling such as MAPK and PI3K/AKT. Therefore,
therapy based on anti-estrogen drugs might block
downstream mediators from both ER and EGFR signaling
pathways (68). The combined treatment with gefitinib
and fulvestrant showed a synergic inhibitory effect on
the proliferation and secretion of VEGF in NSCLC cells
in vitro (69).

In addition, it has been reported that ERP expression
and EGFR mutations are prognostic factors for survival
in patients with advanced NSCLC (70). Results from
TORI L-03, a randomized multicenter phase II clinical
trial using erlotinib plus fulvestrant, showed that patients
with EGFR wild type tumors treated with this combination
exhibited a higher clinical benefit rate than patients
treated with erlotinib only (71). Furthermore, Collins and
coworkers reported the clinical case of a female patient
diagnosed with ER+, PR-, TTF-1+, EGFR+ stage IV
adenocarcinoma treated with chemotherapy (based on
cisplatin and vinorelbine) in combination with cetuximab
and bisphosphonate. The patient showed a partial response
and subsequently progressed. After 3 weeks of exemestane
(aromatase inhibitor) treatment, the symptoms of the
patient significantly improved, which corresponded with
a 58% decrease in tumor size. This partial response
was maintained for 6 months (72), suggesting that the
exemestane-induced disruption of ER signaling affects
EGFR signaling. Taken together these findings show that
anti-hormonal therapy could be a new promising alternative
for the treatment of LC.

Antiestrogenic therapy in NSCLC treatment

The evidence presented thus far, highlights the importance
that aromatase, estrogen and ERs have in the development,
progression and survival outcomes in LC. Consequently,
the estrogen pathway represents an important source of
actionable molecular targets for the development of new
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therapies for the treatment of LC patients. It has been
suggested that blocking estrogen signaling, by inhibiting its
synthesis, enhancing its degradation or blocking its putative
receptors, could represent a novel and successful strategy in
the treatment of several malignancies (Figure S1B). Indeed,
such strategies are currently being developed and tested,
particularly for NSCLC patients with adenocarcinoma
histology, which as we have previously exposed is largely
influenced by estrogen.

Levels of estrogen in the LC microenvironment are
controlled 7z situ by the activity of aromatase, which produces
17-B-estradiol, and by estrogen sulfotransferase, which
regulates estrogen metabolism by catalyzing the conversion
of estrone to estrone 3-sulfate. These two enzymes have been
the targets of antiestrogenic therapies in LC.

To date, there are ten clinical trials studying the effect
and efficacy of cancer therapies targeting estrogen signaling,
alone or in combination with other standard of care drugs
as part of a multidrug-treatment therapy. Table 2 presents
a comprehensive summary, showing a list of clinical trials
targeting estrogen-signaling. Results from preclinical and
clinical trials are summarized in Table 3.

Aromatase inbibitors

Aromatase inhibitors are divided in two classes: (I)
irreversible steroidal inhibitors, which form a strong bond
with the aromatase and include drugs such as exemestane
(Aromasin); (IT) non-steroidal inhibitors, which reduce
estrogen synthesis via reversible competition inhibition
with the aromatase activity domain and include drugs such
as anastrozole (Arimidex) and letrozole (Femara).

It has been suggested that patients with lung
adenocarcinoma, mainly postmenopausal women with high
aromatase expression, could be candidates for aromatase
inhibitors. For instance, there is currently an ongoing phase
I clinical trial evaluating the regimen limiting toxicity of
exemestane (an aromatase inhibitor) in combination with
chemotherapy for the treatment of postmenopausal women
with advanced stage LC (NCT01664754). Additionally,
treatment with exemestane showed suppressed NSCLC
growth (30), decreased proliferation and increased apoptosis
mainly in cells with higher aromatase levels (73). Other
effects of exemestane include decreased cell migration and
invasion, affecting mechanic cell properties (74). Similarly,
treatment with anastrozole has been shown to reduce tumor
growth both in i vive and in vitro models of LC (26) and
letrozole treatment reduces cell proliferation in ER positive
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LC cell lines, but a phase II study demonstrated that
treatment with everolimus (mTOR inhibitor) combined
with letrozole (aromatase inhibitor) in NSCLC caused
grade 4 and 5 pulmonary toxicity, so combined treatment
with letrozole must be approached with precaution (75).

Estrogen metabolism regulators

Genetic target activation of estrogen sulfotransferase
has been successfully used in the treatment of hormonal
dependent cancers. Activation of sulfotransferase by
dexamethasone has been reported in A549 LC cells,
resulting in decreased estrogen levels suppression of
tumor growth. A recent preclinical study showed that
dexamethasone, one of the most widely used synthetic
glucocorticoids, exhibited promising anticancer properties

in LC (76).

Estrogen receptor inbibitors

Fulvestrant is a selective estrogen receptor degrader
(SERD), binds to the ER causing its destabilization and
subsequent degradation. Recently, fulvestrant was tested
in NSCLC preclinical studies. Treatment with estradiol
promotes tumor growth, while treatment with fulvestrant
(Faslodex) results in approximately 32% tumor growth
inhibition in a mice model (65) and decreased ERp
expression (77).

Using NSCLC cells and a NSCLC xenograft model, it
was demonstrated that co-treatment with fulvestrant and
vandetanib (a multi-target inhibitor of VEGFR and EGFR)
causes a synergic decrease in cell growth, an increase in
apoptosis and a greater degree of tumor growth inhibition,
indicating that fulvestrant enhances the anti-tumor effects
of vandetanib in NSCLC through a mechanism that blocks
estrogen-driven activation of the EGFR pathway (56).
More recently, Hamilton and coworkers found that ERp
signaling correlates with both mesenchymal tumor features
and with increased resistance to cell death inducers. In this
study, it was shown that fulvestrant decreased mesenchymal
features and increased tumor sensitivity to chemotherapy
and immune-mediated lysis of LC cells (78).

Selective estrogen-receptor response modulators (SERMs)

Several studies have shown antitumor activity of SERMs,
such as tamoxifen, raloxifene or toremifene, in both iz vitro
and in vivo assays. Recently, it was reported that estrogen
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Number Clinical trial Intervention Phase Status
NCT01556191 Lung Cancer in Women Treated With Anti-oestrogens and Inhibitors of Gefitinib 2 Ongoing
EGFR (LADIE) Erlotinib
Fulvestrant
NCT00592007 Study Evaluating the Addition of Fulvestrant to Erlotinib in Stage llIB/IV Erlotinib 2 Concluded

Non-Small Cell Lung Cancer

Fulvestrant

NCT00100854  Erlotinib With or Without Fulvestrant in Treating Patients with Stage IlIB or Erlotinib 2 Ongoing

Stage IV Non-Small Cell Lung Cancer

Fulvestrant

NCT00932152 Fulvestrant and Anastrozole as Consolidation Therapy in Postmenopausal Fulvestrant (Faslodex) 2 Concluded

Women with Advanced Non-Small Cell Lung Cancer

Anastrozole (Arimidex)
Bevacizumab (Avastin)

Best supportive care

NCT01594398 Study to Assess Food Effect on Pharmacokinetics of Entinostat in Entinostat 1 Completed
Subjects with Breast Cancer or Non-Small Cell Lung Cancer (ENCORE110) Erlotinib
Exemestane
NCT02666105 Exemestane in Post-Menopausal Women With NSCLC Exemestane 2 Ongoing
NCT01664754 Exemestane, Pemetrexed Disodium, and Carboplatin in Treating Post- Exemestane 1 Ongoing
Menopausal Women with Stage IV Non-Small Cell Lung Cancer
Pemetrexed
Disodium
Carboplatin
NCT02751385 Investigation of the Effect of Nintedanib on the Pharmacokinetics of a Microgynon 1 Ongoing

Combination of Ethinylestradiol and Levonorgestrel in Patients with Non-  (Ethinylestradiol and

small Cell Lung Cancer levonorgestrel)
Nintedanib
NCT00576225 CT-2103/Carboplatin vs. Paclitaxel/Carboplatin for NSCLC in Women with CT-2103/carboplatin 3 Ongoing
Estradiol >25 pg/mL Paclitaxel/carboplatin
NCT03099174 This Study in Patients with Different Types of Cancer (Solid Tumours) Aims Xentuzumab 1 Ongoing
to Find a Safe Dose of Xentuzumab in Combination with Abemaciclib Abemaciclib
With or Without Hormonal Therapies. The Study Also Tests How Effective
These Medicines Are in Patients with Lung and Breast Cancer Letrozole

Anastrozole

Fulvestrant

treatment induced CXCR#4 overexpression and increased
cell migration trough the CXCR4/CXCL12 pathway.
In contrast, tamoxifen treatment decreased CXCR4
expression and cell migration in NSCLC cell lines (57).
Other preclinical studies have suggested that SERMs could
enhance the effectiveness of platinum chemotherapy and

overcome platinum resistance through PKC inhibition,
which in turn downregulates c-FOS expression (79).
Furthermore, there is evidence showing that treatment
of breast cancer patients with tamoxifen reduced the risk
of developing additional primary LC tumors (80,81).
Results from phase I and phase II clinical trials showed
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that tamoxifen and toremifene treatment potentiated
platinum toxicity by PKC inhibition in NSCLC. High
doses of toremifene and tamoxifen plus cisplatin had a
good efficacy with safe and tolerable profiles in NSCLC
patients previously treated with platinum compounds (82).
In this study, the efficacy was better in the tamoxifen plus
cisplatin arm (partial responses were observed in 4/10) (79).
In contrast, in another study no significant differences were
found with regards to response or survival rates (83).

Another recent trial evaluated the efficacy and safety
of combined treatment with docetaxel and tamoxifen
in advanced NSCLC patients who had received first
line platinum-based chemotherapy. Results from this
study showed that the overall response rate and disease
control rate in the tamoxifen/docetaxel arm were
significantly higher than those in the docetaxel group.
Combined treatment, effectively reversed expression of
P-glycoprotein-mediated-multidrug-resistance in tumors
and provided a significant survival benefit in advanced
NSCLC patients as compared to docetaxel treatment
alone. Patients who exhibited reversed P-glycoprotein in
the combined treatment group had a significantly better
median progression-free survival and overall survival than
non-reversal patients (84). In contrast, others studies have
reported an opposite effect for SERMs, these compounds
can act as both agonists and antagonists on ERs. The exact
mechanism of action of SERMs in LC ERs is not yet clear,
which warrants the need for an exhaustive characterization
of the expression of ERs in normal tissue and LC. Thus
further preclinical studies are necessary before SERMs can
transition into clinical trials exploring their therapeutic
potential in ER-expressing LC patients.

EGFR and ER targeting pathways

Antiestrogen therapy, combined with tyrosine kinase
inhibitors (TKI) in EGFR positive lung tumors, has caused
promising responses in patients with LC. Preclinical studies
have shown that simultaneously targeting of ER and EGFR
(I pmol/L fulvestrant plus 1 pmol/L gefitinib) causes a
90% decrease in cell proliferation and a 2-fold increase in
apoptosis. Furthermore, tumor growth was decreased by
60% in groups treated with the combination as compared to
groups receiving single-agent treatment (65). Additionally,
it has been shown that fulvestrant increases sensitivity to
gefitinib in H1975 cells through the up-regulation of let-
7¢, which results in repression of RAS and inactivation

of PI3K/AKT and MET/ERK signaling pathways (85).
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In another study, it was shown that inhibiting ER with
anastrozole, and EGFR with gefitinib has a synergic effect
on the inhibition of proliferation and induction of apoptosis
of NSCLC cell lines as compared to the use of single-agent
treatments (86).

Combined gefitinib and fulvestrant treatment has been
applied to non-small LC cells with acquired resistance
mutation to gefitinib (T790M). Combined treatment causes
a significant decrease in the proliferation of T790 NSCLC
cells, compared with separated treatments. A functional
interaction between ERs and EGFR signaling pathways in
a gefitinib-resistant cell line was observed (86). Thus, this
type of combined therapy strategies could be used in lung
tumors with acquired resistance mutations.

In a phase I clinical trial, gefitinib and fulvestrant co-
treatment showed a good safety profile and significant
anti-tumor activity in female patients with advanced or
recurrent (stage IV) NSCLC, regardless of the prior lines
of therapy they had received. In this study, 3/20 patients
had partial responses with a 15% response rate, the median
progression-free survival was 12 weeks and the median
OS was 38.5 weeks. However, high ERP expression in
tumor specimens was associated with an overall survival of
65.5 weeks compared with 21 weeks in low ERP expressing
tumors, which indicates that patients with high ERP
expression would benefit the most, in terms of survival,
from this combined treatment (87).

In a recent phase II trial, examining the efficacy of
erlotinib and fulvestrant co-treatment vs. erlotinib treatment
alone, it was found that among patients with EGFR wild-
type tumors, the clinical benefit rate (which included partial
responders and those with stable disease) was significantly
higher among patients treated with both agents than among
patients treated with erlotinib alone. Furthermore, in this
study there was also a trend towards improved survival in
the erlotinib-fulvestrant arm (88). Taken together, these
studies support the notion that endocrine therapy, in
combination with EGFR-TKI therapy, could be beneficial
for both wildtype and EGFR mutation adenocarcinoma.

Estrogen influence on immune response in
NSCLC

Cancer immunotherapy has recently emerged as the
fifth and most successful strategy for the treatment of
LC, along with surgery, radiation, chemotherapy and
TKIs. The previous section explored the advantages
of combined antiestrogen therapies with standard of
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care chemotherapeutic agents or TKIs. This section
will highlight the importance and advantages of
testing antiestrogen therapies in combination with
immunotherapies. Perhaps the most compelling evidence
for this is that steroid hormones are potent regulators
of the immune system and key elements of the immune
profile of patients, which together determine the efficacy of
immunotherapeutic approaches for the treatment of LC.

It is now widely accepted that the immune system plays
a key role in preventing or promoting the development and
progression of several types of cancer, including LC, by a
process known as “cancer immunoediting” (89). Similarly, it
has been conclusively shown that males and females differ in
their immunological responses (90,91). It is thus conceivable
that cancer immunoediting is also different between males
and females. Despite the burgeoning body of literature on
the cellular and molecular mechanisms underlying each
phase of the immunoediting process, very few studies
analyze data by sex. Determining sex-based differences
with regards to how the immune system interacts with the
tumor, and vice versa, will form the basis for novel and truly
personalized cancer immunotherapies.

Epidemiological studies have shown that adult females
mount stronger innate and adaptive immune responses than
males, which is a factor influencing their high susceptibility
to develop inflammatory and autoimmune diseases.
Interestingly, although chronic inflammation has been
shown to initiate and promote cancer (92), females have
a lower incidence and mortality rate for the majority of
cancers than males.

EREs and androgen response elements (AREs) are found
in the promoter regions of several innate immunity genes,
indicating that sex hormones can differentially regulate
innate immune responses. Estrogens also regulate adaptive
immunity, as made evident by the fact that ERa and ERp
are up regulated in T-cells and B-cells, respectively (93).
Furthermore, it has been shown that after chronic
stimulation of male and female T-cells, the latter exhibit
a higher degree of genetic up-regulation, particularly in
immune response genes. Half of these up-regulated genes
in female T-cells had EREs in their promoter regions.

It has been shown that that E2 treatment of female mice,
previously infected with influenza A virus, increases the
levels of CCL3 and CXCL1 (chemokines associated with
neutrophil recruitment) as well as the frequency of lung
infiltrating neutrophils. Similarly, a previous study showed
that estrogen administration to healthy male volunteers
causes a 2.3-fold increase in the frequency of circulating
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neutrophils. Taken together these studies provide evidence
suggesting that estrogen levels can have a profound impact
in the recruitment and the number of neutrophils, which is
of particular relevance for LC studies, where neutrophilia
is commonly reported. In the context of LC, neutrophils
are recruited into the lung by the action of cytokines
(94,95) where they exert a pro-tumorigenic effect (96,97).
In NSCLC patients there is a strong correlation between
poor clinical outcomes and high neutrophil content, both
locally (98) and systemically (99-104). We have recently,
reported that in addition to the known effects of IL-8
on neutrophil recruitment and expansion (95), CD47
overexpression on the surface of neutrophil causes a delay
in their apoptosis and a reduction in their phagocytic
clearance by macrophages, which may represent an
important mechanism leading to neutrophilia in NSCLC
patients (105). These findings highlight the importance of
evaluating the clinical efficacy of antiestrogenic therapies in
controlling neutrophil accumulation in NSCLC.
Interestingly, a new link has been found between
estrogen and the activity of Natural Killer (NK) cells.
NK cells exhibit natural cytotoxicity against a broad
range of human solid tumors even in the absence of major
histocompatibility complex molecules on the surface of
target cells. Consequently, they play an important role in
anti-tumor immunity (106). However, it is evident that
clinically apparent tumors develop and progress even in the
presence of NK cells, which indicates that malignant cells
acquire mechanisms that allow them to evade or withstand
the attack of NK cells (107). One such mechanism is the
shedding of MICA and MICB, which impairs NKG2D
function on NK cells, resulting in reduced antitumor
responses. Interestingly, a recent study demonstrated
that estradiol increased the mRNA levels of MICA and
MICB as well as their secretion in NSCLC cells (A549
and LTEP-a2). This highlights once again the potential
beneficial effects that antiestrogen drugs could have in
stimulating innate anti-tumor immune responses.

Immunotherapies

Adverse effects to vaccination are more commonly reported
among women than among men, which could reflect
stronger immunogenic responses in females than in males
or, alternatively, a case of reporting bias. In support of
stronger immunogenic responses in women, it has been
shown that following vaccination with inactivated influenza;
females exhibit equivalent antibody titers to males with
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half the dose than that administered to males. These
findings indirectly support the notion that immunogenicity
to immunotherapies might also differ among the sexes.
Although it is recognized that sex is a patient-associated
factor of antibody immunogenicity, most clinical trials
to date fail to report the rate and grade of adverse effects
according to their occurrence among male and female
patients.

There is a lack of information on potential sex-based
differential responses (efficacy and dose-limiting toxicities)
to anticancer immunotherapies (tumor targeting mAbs,
peptide-based cancer vaccines, immunomodulatory mAbs).
Antibody blockade of programmed death-1 (PD-1) or
its ligand, PD-L1 has led to unprecedented therapeutic
responses in NSCLC patients. Interestingly, there is
preclinical evidence suggesting that antibodies against
PD-L1 might elicit a stronger anti-tumor response in female
patients than in male patients, due to a greater reduction in
regulatory T cells (Treg) immunosuppressive function in
females following anti-PD-L1 treatment. In this study it was
shown that PD-L17" Tregs are highly sensitive to estrogen
induction of their immunosuppressive activity (108),
which indicates that responses to PD-L1 blocking therapies
may differ between males and females, or between tumors
with differential production of estrogen.

More recently it has been shown that estrogen promotes
the progression of several estrogen-insensitive tumor
models iz vivo by impairing myelopoiesis and increasing
the recruitment and immunosuppressive activity of myeloid
derived suppressor cells (MDSCs) (109), which further
supports the notion that combining antiestrogen drugs with
immunotherapies may have a synergic effect in a variety
of cancers, regardless of ER expression. These recent
developments will surely bring with them the advent of a
new plethora of cancer research trials, this time, evaluating
the efficacy of antiestrogen drugs alone or in combination
with immunotherapies.

Conclusions

A large and growing body of literature has accumulated
highlighting the important role that estrogen and ERs
have on the development and progression of LC. In
particular, tumoral ER-B and aromatase expression
have emerged not only as important prognostic factors
associated with poor survival in NSCLC patients, but also
as actionable molecular targets for the treatment of this
malignancy. Anti-estrogenic drugs have been successfully
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used for the treatment of breast cancer; consequently, the
information that is already available on these drugs (such
as pharmacodynamics, pharmacokinetics, bioavailability,
toxicities and dosing protocols alone or in combination with
chemo/radiotherapy regimens) makes them ideal candidates
to be repurposed for the treatment of LC patients. Despite
the recent advancements on all fronts of thoracic oncology,
the prognosis for patients with LC remains dismal. Indeed,
only a small percentage of NSCLC patients are candidates
to receive targeted therapies or immune checkpoint
inhibitors, which offer a survival advantage. Antiestrogen
therapy could be an additional therapeutic strategy that
could result in better response rates in premenopausal
women but also in male patients with ER" and ARO" lung
tumors. Admittedly, there are still many areas of research
on the role of estrogen and ERs that need to be explored
in the context of lung carcinogenesis in order to identify
the best combination of possible treatments. In particular,
it is crucial that the exact molecular mechanisms by which
estrogen and its receptors promote the development
and progression of LC are elucidated. Finally, in the age
of personalized medicine, it is essential that subsequent
studies consider that there may be differences in the
clinicopathological features, therapy response and survival
of NSCLC patients that could be attributed to sex, and to
the expression of hormonal markers. Nonetheless, there are
several ongoing clinical trials evaluating the tolerability and
efficacy of anti-estrogenic drugs alone or in combination
with other standard of care agents for the treatment of
NSCLC patients. The preliminary, updated data from some
of these studies is encouraging and suggest that certain
combinations do afford enhanced antitumor activity but
confirmation of these findings is still awaited.
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Figure S1 Estrogen pathway in lung carcinogenesis and its implications for targeted therapy. (A) Estrogen signaling in lung cancer. Lung adenocarcinoma microenvironment exhibits high levels of estrogen (E2) that come from circulation or are
produced #n situ by aromatase (ARO) which is overexpressed in LC. Estrogen receptor beta (ER) is also overexpressed in LC and dimers when is activated by estrogen. Through a non-genomic pathway it activates EGFR, MAPK and AKT signaling
pathways, resulting in proliferation, cell survival, tumor growth and angiogenesis. In the non-genomic pathway, the E2/ER complex translocates to the nucleus and binds to DNA estrogen response elements (ERE) and through co-activators (Co-
Ac) induces expression of several genes. Several of these have been seen in lung cancer to promote proliferation, cell cycle progression (Cycline-D, Id proteins, c-myc) and angiogenesis (VEGF). It remains under investigation whether CXCL12 is

an estrogen-regulated gene, but CXCR4 is up-regulated by estrogen and CXCR4/CXCL12 signaling promotes proliferation, cell survival, angiogenesis, migration and metastases in lung cancer; (B) antiestrogenic drugs in LC treatment. Use of

aromatase inhibitors, selective estrogen-receptor response modulators (SERMs) and ER-down regulators have shown promising results in lung cancer treatment in preclinical and clinical trials inhibiting ER, MAPK, AKT, EGFR, CXCR4 pathways
signaling. Combined tyrosine kinase inhibitors (TKIs) and antiestrogenic therapy has shown potentiated effects in lung cancer treatment.



