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Background—Estrogen receptor beta (ERP) is expressed by 50-80% of triple negative breast
cancers (TNBC). Agonism of ERp has antiproliferative effects in TNBC cells expressing ERf.
This phase 11 study evaluated single agent high dose estradiol in patients with advanced TNBC.

Patients and Methods—Adult women with measurable advanced TNBC were treated with
estradiol 10 mg oral three times daily given continuously for 28-day cycles. A Simon optimal two-
stage design was used. The primary endpoint was objective response (OR). Secondary endpoints
included progression-free survival (PFS), clinical benefit (CB), and safety. OR, CB and PFS by
ERp status were also examined.

Results—Seventeen evaluable women were enrolled. Median age was 58 (34-90); the median
number of prior systemic therapies was 2 (0-6). One patient had a confirmed partial response (OR
rate of 5.9%) and remained on study for >24 weeks. Three patients had stable disease, one lasting
more than 16 weeks. ER[ expression was detected in 77% (13 patients). The CB rate at 16 weeks
was 15% (2 of 13) in ERp positive patients and 0% (0 of 4) in ERp negative patients (p=1). PFS
was poor (median 1.9 months) and not statistically significantly different between ERp-positive
versus negative patients. No new adverse events from estradiol were identified. The study closed
after the first stage due to limited responses in these unselected patients.

Conclusions—In unselected TNBC, high dose estradiol has limited efficacy. However, further

evaluation of ERp selective agonists in TNBC selected by ER expression may be warranted.

Keywords
Estrogen receptor beta; triple negative breast cancer; estradiol

INTRODUCTION

Breast cancer is a common cause of cancer death worldwide?. Triple-negative breast cancer
(TNBC) is a subtype of breast cancer defined by lack of expression of estrogen receptor
alpha (ERa), progesterone receptor (PgR) and human epidermal growth factor receptor-2
(HER2). Advanced TNBC is associated with a worse prognosis and is challenging to treat
because of the lack of activity of agents targeting these three receptors?3. Thus,
chemotherapy is the only known active systemic therapy, but durable disease control is not
common. Novel targeted approaches are needed for TNBC.

Estrogen receptor beta (ERB) was cloned and identified as an ER homolog in 19964,
Although it is homologous to ERq, it has distinct biologic functions, causing inhibitory
effects on growth and invasion. Whereas ERa has pro-proliferative effects in classic
estrogen-responsive tissues, such as breast, bone, and uterus, ERp activation attenuates
proliferation and promotes differentiation. ER—/— mice reveals a role of this receptor in
diverse tissues, including ovary, uterus, mammary gland, brain, immune system, and
prostate °. In ERB-knockout mice, proliferation of uterine epithelial cells is exaggerated in
response to estrogen 6. Moreover, such ER-null mice have a propensity for
myeloproliferative disorders in adulthood 7, suggesting ERP plays an important role in
regulating the differentiation of pluripotent hematopoietic progenitor cells. These data
support a role of ERp as a “brake,” modulating proliferation in response to estrogenic drive
or other proliferation signals. This ERf “brake” may also operate in cancer.
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Several isoforms of ERP have been identified in human breast cancers.® The full length
ligand-binding protein is ERB1. The C-terminal truncated variants (ERB2/cx and ERpB5) are
unable to bind ligand. ERB is expressed in 50-80% of TNBC?-11, and this subset has
improved prognosis relative to ERB-negative TNBC?12, Concordantly with these
observations, agonists of ERp can have therapeutic effects in preclinical models!3:14, an
effect that requires both ligand and receptor, providing a strong rationale to test this in
human breast cancer.

The natural ligand for ERp is 17p-estradiol. Although ERp can be expressed in both ERa-
positive and ERa-negative breast cancers, the absence of pro-proliferative signals from ERa
in TNBC makes this an ideal test case for activating this receptor. In TNBC cell lines with
inducible ERB, expression of ERp leads to inhibited cell growth by inducing a G1 cell cycle
arrest, which was further enhanced by 17p-estradiol treatment!®. In xenografts, ERB
expression also inhibited tumor formation and growth and 17p-estradiol treatment resulted in
tumor regression. These preclinical data support ERp as potential molecular target in TNBC.

Oral estradiol (Estrace®) is an approved formulation of estrogen for treatment of metastatic
breast cancer with well-characterized pharmacokinetics and toxicities. The binding affinities
of estradiol to ERB and ERa are equivalent 16, This suggests that high dose regimens
traditionally used in hormone-receptor positive metastatic breast cancer would be sufficient
to target ERP in TNBCY’. Furthermore, /n vitro assays suggest that only 1 nM of estradiol is
sufficient to elicit activation of ERB.18 Estradiol is moderately well tolerated at high doses.
Common side effects include manageable nausea and vomiting, abdominal bloating, weight
gain, and vaginal bleeding, and it is associated with an increased risk for hypercalcemia and
thromboembolism1’. Given the strong preclinical data for ERB in TNBC and a well-
characterized drug (estradiol), we conducted a prospective, open label, single arm, phase 11
trial of estradiol in locally advanced or metastatic TNBC.

MATERIALS AND METHODS

Patients: This multi-center Phase 11 study was conducted through the Wisconsin Oncology
Network. The study was approved by the Institutional Review Board at each site and
conducted in accordance with the Declaration of Helsinki. Written informed consent was
obtained prior to patient enrollment. Eligible patients were women age 18 or older with an
Eastern Cooperative Oncology Group performance status of 0-1 who had measurable locally
advanced or metastatic TNBC. TNBC status was defined based on the most recent biopsy;
ERa and PgR assays were required to be negative (focally positive or weakly positive
tumors were not eligible) and HER?2 negative status was defined as immunohistochemistry
0-1+ or in situ hybridization ratio <2.2. Archived tumor tissue was required for eligibility.
Adequate organ function was required with absolute neutrophil count of >1000/mm3,
platelets >75/ mm3, serum creatinine < 1.5 x upper limit of normal (ULN), serum bilirubin <
1.5 x ULN, and both aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
< 2.5 x ULN. Women of childbearing potential were required to use adequate contraception.
Women who were pregnant or breastfeeding were excluded. Women with brain metastases
were initially allowed on study if treated and documented to be stable for at least 3 months.
A subsequent amendment excluded women with brain metastases after early emergence of
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clinically occult brain metastases led to removal of two of the first six patients from study
for progressive disease. Patients were also excluded if they were unable to take oral
medications, had dysfunctional or post-menopausal vaginal bleeding, uncontrolled hyper- or
hypocalcemia, an active hepatic adenoma, or a history of venous thromboembolism, cerebral
vascular accident or myocardial infarction. At least 3 weeks were required from prior
systemic anti-neoplastic therapy and at least 2 weeks from radiation therapy.
Bisphosphonates or denosumab were allowed for patients with bone metastases.

Statistical Considerations: The primary objective of this open-label, phase I, multicenter
study was to evaluate the objective response (OR). Secondary objectives were to evaluate the
clinical benefit (CB; defined as complete response, partial response or stable disease >16
weeks), progression-free survival (PFS), and overall survival (OS) as well as to determine
the frequency of ERp expression and compare OR, CB, PFS and OS in ERp positive and
negative tumors. The adverse event and safety were also collected. Using a Simon optimal
two-stage design, with a null hypothesis that the probability of OR of 0.01 or less against the
alternative hypothesis that it is 0.1 or more, the first stage involved 17 evaluable patients. If
no response was observed, termination of the study was planned. Otherwise, the trial was to
continue to the second stage with an additional 22 patients enrolled. To compare frequency
of tumor response in ERp positive and ER[ negative tumors, Fisher's exact test was used.
For the PFS comparison between ERp positive and ER[ negative tumors, univariate and
multivariate Cox regression models was utilized. Estimates of the median PFS and
confidence intervals were obtained using Kaplan-Meier method.

Treatment and Assessments: Cycles were 28 days. Estradiol was dosed continuously at 10
mg by mouth three times daily (tid) with dose reductions allowed to 6 mg tid or 2 mg tid.
Dose modifications were required for the National Cancer Institute (NCI) Common
Terminology for Adverse Events (CTCAE) version 3.0 grade 3 or higher hematologic or
non-hematologic events at least possibly related to therapy, with the exception of nausea,
which was deemed grade 3 only if persistent despite treatment with two classes of anti-
emetics. Dose delays of greater than 2 weeks resulted in patient removal from protocol
treatment. Patients were to be removed from protocol treatment for hypercalcemia requiring
intravenous fluids, thromboembolism, transient ischemic attack, stroke, or myocardial
infarction or other life threatening events identified as possibly related to study medication.

All patients who initiated study therapy were evaluable for both toxicity and response.
Patients were required to have baseline imaging within 4 weeks prior to initiation of study
treatment. Toxicity evaluations including history, examination, and laboratory analysis
occurred on day 1 of each cycle. Disease status evaluations with CT or MRI scans occurred
every 2 cycles or 8 (+/- 1) week. Bone scans were also required in patients with baseline
bone metastases or symptoms or signs of bone involvement. Tumor responses were
classified according to the Response Evaluation Criteria in Solid Tumor 1.1 guidelines 1°.
Adverse events were classified using the NCI CTCAE version 3.0, with attribution
determined by the investigator.
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ERP analysis

RESULTS

For each patient, a formalin-fixed paraffin embedded tumor block or 5 unstained slides from
their primary tumor and/or metastatic tumor biopsy were collected. Tissue was shipped to
the University of Wisconsin Translational Initiatives in Pathology laboratory for analysis. At
the completion of the study, all samples were tested for ERf expression using
immunohistochemistry with a polyclonal antibody raised against a peptide corresponding to
the C terminus of ER[.beta]1 (PA1-313; Thermo Scientific, Rockford, IL). Validation of this
antibody was previously reported 29. A blinded pathologist (JH) reviewed the slides and
scored ERp using Allred criteria 2. Prior to analysis, it was predetermined that Allred scores
of 0-4 would be considered negative (correlates with IHC score 0-1+) while Allred scores of
5-8 would be considered positive. When available, the metastatic tumor sample results were
used for the analysis. If more than one block was analyzed, the results were averaged. If a
metastatic biopsy was not available, primary breast tissue was analyzed.

Patient Characteristics

Safety

Efficacy

The study was open to accrual from January 2010 to March 2013 at five sites through the
Wisconsin Oncology Network. The last reported follow up was June 2014. Seventeen
enrolled patients were treated on study in the first stage. Demographics are summarized in
Table 1. The majority of patients (53%) had received two or more lines of prior
chemotherapy for metastatic disease.

All patients started estradiol orally at 10 mg three times daily. Four patient experienced a
potentially drug related serious adverse event (SAE). Grade 3 or higher SAEs included grade
3 dyspnea in two patients and grade 3 vomiting in one patient as well as one grade 4
thromboembolism (pulmonary embolism). Of the 17 patients, 47% experienced a grade 3 or
higher adverse event. One patient experienced grade 5 hemorrhage within 30 days of study
drug, which was unrelated to estradiol and related to intracranial disease progression. Two
(12%) patients were removed from treatment for adverse events and two (12%) decided to
withdraw from the study. Interruption and dose reduction occurred per protocol in 1 (6%)
patient. The most common treatment emergent adverse events reported were grade 1 or 2
and included: fatigue, nausea, abdominal bloating and vaginal discharge. Grade 1-2
hypoalbuminemia was also seen in 41% of patients. (Table 3).

All patients were off study treatment by date of analysis. Death had occurred in 15 (88%) of
patients. Thirteen (77%) were removed from study treatment for disease progression. A
median of three 28-day cycles were administered (range 1-8). Response could be evaluated
in only 15 subjects as two patients were removed from study treatment prior to response
evaluation (Table 2). Progressive disease was the best response observed in 11 (65%)
patients. Partial response was identified in one patient for an OR rate of 5.9% (95% CI
0.2-28.7%). This response was confirmed by independent radiologic review. This patient
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with hepatic metastases remained on study for just over 7 months until she developed
progressive disease. Stable disease (SD) was seen in three (18%) patients, with SD =16
weeks in one (6%) of these patients. Although one objective response was seen in the first
stage, the trial was terminated after completion of the first stage due to limited clinical
benefit among these unselected patients.

ERP expression and outcomes

All 17 patients had tumor tissue submitted for analysis (Figure 1). ERP expression was
evaluated in metastatic biopsy tissue in 12 cases (71%) and from primary tumors in five
cases (29%). Allred scores ranged from 2-7. ER expression was positive in 13 (77%) of
tumors; 10 of 12 (83%) metastatic tumors and three of five (60%) primary tumors. Of these
ERP positive cases, six (46%) had Allred score of 7 (strong ERp expression)). The patient
who experienced a partial response and the patient with stable disease > 16 weeks both had
ERP positive tumors. There was no statistically significant difference in OR between the two
groups (p=0.653) and progression-free survival was similar in both. The CB rate at 16 weeks
was 15% in the ERp positive group and 0% in the ERp negative group (p=1).

DISCUSSION

Metastatic TNBC remains a clinical challenge with poor survival and limited treatment
options23. Identification of novel targets for this disease remains a key challenge in breast
cancer. Recently, molecular profiling has identified multiple subsets of TNBC, although
these have yet to lead to new approved treatments?2. ERB is a logical target in TNBC
because of the high prevalence of expression of this receptor, data demonstrating improved
prognosis in ERP positive TNBC and because of the antiproliferative effects elicited by ERp
activation 1314,

The history of endocrine therapy in breast cancer also supports the idea that targeting ERf
via estrogen is therapeutic. In 1944, Alexander Haddow reported that estrogenic drugs can
yield profound tumor responses 23. In a large study undertaken by the American Medical
Association in the 1950s, the response rate was 37% amongst 364 patients treated with
estrogenic compounds, and a survival benefit was identified 24. As a result, high-dose
estrogen became the standard of care for medical treatment of metastatic breast cancer. Later
randomized trials compared tamoxifen to estrogen in unselected patients with metastatic
breast cancer and found similar efficacy, although tamoxifen had an improved toxicity
profile 2526 Although ERa is widely considered the mediator of the therapeutic effect of
estrogen, a critical unexplained finding is that response to estrogen and tamoxifen occurs in
different patient subsets: crossover in the two randomized studies noted above revealed
response to estrogen in 30% and 20% of patients who did not respond to tamoxifen25:26,
These observations could be explained, in part, if ERp rather than ERa was mediating the
therapeutic effect of estradiol.

To our knowledge, this phase 1l study is the first clinical trial report of an ERp agonist in
TNBC. We observed one PR in response to estradiol among 13 patients with ERp positive
TNBC treated with high-dose estradiol. This observation supports the notion that, in some
circumstances, activating the ERp receptor in human breast cancer can indeed be
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therapeutic. Although the agonist used is non-selective, these tumors lack expression of
detectable ERa, and so observed effects are most likely mediated by ERp. Estradiol was
well tolerated with no new safety or adverse events emerging. Although the trial did not
demonstrate high rates of clinical activity in terms of objective response or PFS, the cases of
objective tumor response and prolonged disease control in unselected TNBC are intriguing.

One limitation of this study is that ERp testing was not required for enroliment. Selecting
TNBC cases for high expression of ER} might improve outcomes. However, detecting ERf
remains a challenge. Although multiple studies have evaluated the prognostic significance of
ERP expression in TNBC8:9:1220.29.30 the results have been inconsistent. This is thought to
be primarily due to limited antibody quality and lack of standardized methods for
analysis31:32, Using our assay, 77% of the enrolled patients had tumors that were ERB
positive, with the majority having Allred scores of 5-6. Improving detection of high ERB
expressing TNBC could potentially identify a subset of patients more likely to benefit from
ERp agonist therapy.

Several patients experienced either intracranial or systemic disease progression within the
first few weeks after study drug initiation. This represents an inherent difficulty of
performing clinical trials with targeted agents in this highly aggressive tumor subtype where
washout times from prior therapy can prove difficult. It is interesting that symptomatic brain
metastases emerged within cycle 1 in two subjects. It is unclear if this is related to estradiol
enhancing vasogenic edema of preexisting tumors, or this was the natural progression of
TNBC. However, after only six patients were accrued, the protocol was amended to exclude
a history of brain metastases and require baseline neurologic exam or imaging.

The signal of possible anti-tumor activity in a small portion of patients in this trial may
support further investigation of ERp as a drug target in more highly selected TNBC
populations. Furthermore, evaluation of ER[ selective agonists such as ERB041 or
LY500307, may be worth considering since clinical trials demonstrate lack of the ERa-
related gastrointestinal and thromboembolic adverse events and edema33:34,

CONCLUSIONS

In patients with advanced TNBC, high dose estradiol has limited efficacy. However, further
studies in ERp positive TNBC may be warranted based on our study results
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CLINICAL PRACTICE POINTS

. Estrogen receptor beta (ERB) is functionally distinct from ERa and is
expressed by the majority of triple negative breast cancers (TNBC).
Preclinical studies demonstrated anti-tumor activity with estradiol as an
ERp agonist in ERp positive TNBC.

. Although the primary endpoint of this phase Il trial was not met,
interestingly, one partial response was noted.

. Future studies of ERp agonists in ERp positive TNBC could be
considered
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Figure 1.
Representative images from ERJ immunohistochemistry. Negative control MDA-MB-468-

ER[.beta]1 breast cancer cells with doxycycline inducible ERp1.20 A) Negative control 40x
B) ERp positive tumor at 40x (Pt 10 with PR). C) Negative control 400x D) ERp positive
tumor at 400x (Pt 10)
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Table 1

Participant demographic and baseline characteristics

| n=17
Age, median (range) | 57.9 (34-90)
Sex, n (%)
Female 17 (100)
Race, n (%)
Caucasian 14 (82)
Asian 2(12)
Unknown 1(6)
Stage at Diagnosis, n (%)
| 3(18)
1 9(53)
I} 4.(24)
\Y 1(6)
Sites of Metastatic Disease, n (%)
Visceral 12 (71)
No visceral disease 5 (29)
Median lines prior therapy#(range) 2(0-6)
Median number of treatment cycles on study (range) 3(1-8)

# . . .
In metastatic setting. Adjuvant therapy excluded.
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Table 2

Tumor responses and progression-free survival

Best overall response, n (%)
Partial response (PR) 1(6)

Stable disease (Sd) 3(18)

Progressive disease (PD) | 11 (65)

Not assessed# 2(12)

Objective Response (OR)
n®) | 1(5.9)
95% Cl | 0.2-28.7

Progression-free survival (PFS)
Median (months) 1.9
95% Cl | 1.3-4.0

# . .
Removed from study prior to response evaluation
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Treatment emergent adverse events occurring in = 10% of patients (n =17)

Table 3

Adverse Event

Grade; n (%)

All grades 1-2 3 4
Fatigue 9 (53) 8(47) |1 1(6) | O
Nausea 7(41) 7(41) 0 0
Abdominal pain or bloating 4 (24) 4 (24) 0 0
Vaginal discharge 4(24) 4(24) 0 0
Dizziness 3(18) 3(18) 0 0
Pain, breast 3(18) 3(18) 0 0
Anorexia 3(18) 3(18) 0 0
Dyspnea 2(12) 0 212) | o
Edema 2(12) 2(12) 0 0
Constipation 2(12) 2(12) 0 0
Pain, musculoskeletal 2(12) 2(12) 0 0
Weight gain 2(12) 2(12) 0 0
Vomiting 2(12) 1(6) 1(6) | O
Headache 2(12) 2(12) 0 0
Hypoalbuminemia 7 (41) 7(41) 0 0
Hypocalcemia 2(12) 2(12) 0 0
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