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Fulvestrant is a dose dependent selective estrogen receptor (ER) down-regulator (SERD)
used in ER-positive metastatic breast cancer (MBC). Nearly all patients develop resistance.
We performed molecular analysis of circulating tumor cells (CTC) to gain insight into ful-
vestrant resistance.

Preclinical studies were performed with cultured breast cancer cells spiked into human blood
and analyzed on the CellSearch® system. Clinical data are limited to a subset of patients with
ER-positive MBC from a previously reported pilot trial whose disease was progressing on ful-
vestrant (N = 7) or aromatase inhibitors (Als) (N = 10). CTCs were enumerated and phenotyped
for ER and B-cell lymphoma (BCL2) using the CellSearch® CXC kit.

In preclinical modeling, tamoxifen and Als resulted in stabilized ER expression, whereas
fulvestrant eliminated it. Five of seven patients progressing on fulvestrant had >5CTC/
7.5 ml WB. Two of these five, treated with 500 mg/month fulvestrant, had no detectable
CTC-expression of ER and BCL2 (an ER regulated gene). Three patients had heterogeneous
CTC-ER and BCL2 expression indicating incomplete degradation of the ER target by fulves-
trant. Two of these patients received 250 mg/month whereas the third patient received
500 mg/month fulvestrant. Her cancer harbored a mutation (Y537S) in the estrogen recep-
tor alpha gene (ESR1). All seven ER positive patients progressing on Als had heterogeneous
CTC-ER expression.

Abbreviations: Al, aromatase inhibitor; BCL2, B-cell lymphoma 2; CCS, charcoal stripped calf serum; CTC, circulating tumor cells; Ep-

CAM, epithelial cell adhesion molecule; ER, estrogen receptor; ESR1, estrogen receptor alpha gene; ETs, endocrine therapies; E2, 17p-
estradiol; HER2, human epidermal growth factor receptor 2; HR, hormone receptor; IM, intramuscular; LBD, ligand binding domain;
MBC, metastatic breast cancer; oSERD, oral selective estrogen receptor down-regulator (SERD); OS, overall survival; pt-DNA, circulating
plasma tumor DNA; SERD, selective estrogen receptor down-regulator; SERMs, selective estrogen receptor modulators; WB, whole blood.
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These results suggest heterogeneous mechanisms of resistance to fulvestrant, including
insufficient dosage, ESR1 mutation, or conversion to dependence on non-ER pathways.
CTC enumeration, phenotyping, and genotyping might identify patients who would benefit

from fulvestrant dose escalation versus switching to alternative therapies.
© 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Multiple endocrine therapies (ETs) are effective in hormone
receptor (HR)-positive metastatic breast cancer (MBC). These
drugs include selective estrogen receptor (ER) modulators
(SERMs: tamoxifen, toremifene, or raloxifene), aromatase in-
hibitors (Als: anastrozole, letrozole, exemestane), and selec-
tive ER down-regulators (SERDs), such as fulvestrant.

Several mechanisms of resistance to ET have been pro-
posed (Osborne and Schiff, 2011), including absence of ER
expression by deletion or suppression, alteration of ER
signaling pathway genes, or upregulation of multiple growth
factor receptor pathways. Another possible mechanism of
resistance includes mutations in the ligand binding domain
(LBD) of estrogen receptor alpha gene (ESR1) (Jeselsohn et al.,
2015; Robinson et al., 2013; Toy et al., 2013), which confers
ligand-independent ER signaling and therefore a relative and
context-specific resistance to ET.

Importantly, simple pharmacokinetic considerations are
also important mechanisms of resistance. Clinical trials
have shown little, if any, evidence of dose response to SERMs
or Als (Hayes et al., 1995; Jonat et al., 1996; Tormey et al., 1976,
1983). In contrast, the activity of fulvestrant is clearly dose
dependent. The initially recommended dose of fulvestrant
was 250 mg intramuscular (IM) once monthly, after a brief
loading period, for all patients (Osborne et al., 2002). In the
CONFIRM trial, Di Leo et al. demonstrated that 500 mg IM is su-
perior to 250 mg IM, and the former has become the standard
dose (DiLeo et al., 2010). Recently, fulvestrant 500 mg has been
shown to improve overall survival (OS) when compared to Al
in patients with HR positive MBC (Ellis et al., 2015). Nonethe-
less, even at the higher dose (500 mg/month), most HR-
positive MBC develop resistance and progress. Currently,
there is no way to predict which patients, if any might benefit
from even higher doses of fulvestrant, or how to monitor if
dose adjustments have been effective. Further, there is also
no means to predict if a patient on a SERD might be better
treated with an alternative form of ET, addition of comple-
mentary treatments to ET, such as everolimus or palbociclib,
or even proceed to chemotherapy for palliation.

ERis clearly the target of ET, and ER is highly predictive of ET
response or not (Davies et al., 2011). While not completely
controlled by ER, BCL2 expression is strongly correlated with
ER, and it is presumed to be, at least in part, an estrogen-
responsive gene (Teixeira et al., 1995). Thus, monitoring ER
and downstream genes such as BCL-2 might provide baseline
and pharmacodynamic monitoring tools to predict response
to any ET and to optimize the dose of fulvestrant, or other,
newly developed SERDs. However, serial biopsies of metastatic

disease to demonstrate loss of ER expression or changing
expression of other markersis invasive, expensive, and logisti-
cally difficult. In this regard, circulating tumor cells (CTC) are
currently being investigated as a type of “liquid biopsy” that
might substitute for cancer tissue biopsy (Alix-Panabieres
and Pantel, 2013). We have recently reported the analytical val-
idity of measuring CTC expression of markers of endocrine
sensitivity (ER, BCL2) or resistance (HER2, Ki-67) using the
CellSearch® system (Janssen Diagnostics, LLC) (Paoletti et al.,
2015). In that study, a subset of patients with ER-positive MBC
were progressing on fulvestrant or an Al, giving us the opportu-
nity to examine expression of these biomarkers when the can-
cer had developed resistance to these agents. We report
variable expression of CTC-ER and CTC-BCL2, suggesting mul-
tiple inter-patient mechanisms of resistance to SERD therapy.

2. Materials and methods

2.1. In vitro preclinical studies of CTC-biomarker
expression

MCF-7 and SKBR3 cells were originally obtained from the Tis-
sue Culture Shared Resource (TCSR) at the Lombardi Compre-
hensive Cancer Center (LCCC; Georgetown University,
Washington, DC) and routinely maintained as previously
described (Rae et al., 2005). For assays in defined hormone-
free conditions, cells were repeatedly washed and grown in
steroid depleted media (phenol red-free IMEM supplemented
with 10% charcoal-stripped calf serum—CCS), and on the fifth
day the cells were treated ex vivo for 24 h with the following ET
drugs: tamoxifen (5 x 10~ M); 17p-estradiol (E2) (10~*° M);
tamoxifen (5 x 10% M) + E2 (10°'° M); fulvestrant
(5 x 1078 M); fulvestrant (5 x 10~ M) + E2 (10~'° M). MCF-7
and SKBR3 cells cultured in steroid hormone-free conditions
were used as positive and negative controls for cellular ER
expression, respectively. Approximately 150 of these treated
cells were then spiked into 7.5 ml of normal human blood
and processed using the CellSearch® System. The identity of
the cells was confirmed by standard Short Tandem Repeat
profiling (February 2011) and cultures were subjected to
routine testing for mycoplasma contamination.

2.2. Patient accrual, blood collection, and processing,
and CTC analysis

Fifty patients with progressive MBC scheduled to start a new
therapeutic regimen of any type (ET or chemotherapy or other)
were enrolled into a prospective single-institution pilot study to
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establish the analytical validity of performing expression of
selected biomarkers on CTC as previously reported (Paoletti
et al., 2015). All patients provided a signed informed consent
approved by the University of Michigan Institutional Review
Board.

Blood specimens were drawn upon enrollment into 10 ml
CellSave tubes, stored at room temperature, and processed
for CTC enumeration and semi-quantitative analysis of expres-
sion of ER, BCL2, HER2, and Ki-67 using the using the CXC
CellSearch® Kit and CellSearch® system within 96 h as previ-
ously reported (Paoletti et al., 2015). The pre-analytical details
follow the BRISQ criteria (Moore et al., 2011). The following
antigen-specific fluorescent-labeled antibodies were used to
characterize ER, HER2, BCL-2, and Ki67 expression on CTC:
ER-¢ monoclonal murine ER-119.3 antibody (Ab) (Janssen Diag-
nostics, LLC), HER2 monoclonal murine Her81 Ab (Janssen Di-
agnostics, LLC), BCL-2, monoclonal murine Ab BCL-2/(100) (BD
Pharmingen), Ki67 monoclonal murine B56 Ab (BD Pharmin-
gen). Only ER and BCL-2 expression are included in this report.
CTC-staining for ER and BCL-2 was determined visually by two
readers. CTC-staining was expressed on an arbitrary scale of
0—3+, as described previously (Paoletti et al., 2015). For each
marker, 0—1+ was considered negative and 2—3+ was consid-
ered positive (Paoletti et al., 2015).

We conducted this retrospective observation of two cohorts
of patients who, when enrolled, were progressing on either ful-
vestrant (n =7 out of 50 enrolled patients) or an Al (n = 10 out of
50 enrolled patients). Each CTC-biomarker analysis requires a
separate 7.5 ml aliquot of blood. Thus, to perform four different
CTC-biomarker analyses, four separate aliquots were pro-
cessed for enumeration and phenotyping. In our prior analyt-
ical publication, we reported the number of CTC/7.5 ml WB as
the mean of the enumeration of all 4 aliquots from a single
blood draw, and we designated a cutoff of mean >5CTC/
7.5 ml as elevated. Of the 17 patients in the current report, 13
had a mean of >5CTC/7.5 ml. Five patients, two in the fulves-
trant and three in the AI group, had a mean <5CTC/7.5 ml
whole blood and were considered to be uninformative for
this analysis due to low/negative CTC. However, one patient
(#21) had 4, 6, 4, and 5 CTC/7.5 ml WB in the ER, BCL2, HER2,
and Ki-67 aliquots, respectively, so that her mean CTC count
was 4.8/7.5 ml WB, and she is included in the current report.
Further, a second patient (#17) had >5CTC/7.5 ml WB in three
aliquots (ER, HER2, and Ki-67), but only 3 CTC/7.5 ml WB in

the BCL2 aliquot. Her mean CTC/7.5 ml WB was 7, and she,
too, is included in the current analysis.

3. Results

3.1 Pre-clinical studies of effect of endocrine
manipulation on CTC-biomarker expression

There is an extensive body of literature studying ER expres-
sion wunder different endocrine therapy conditions
(Wijayaratne and McDonnell, 2001; Wijayaratne et al., 1999).
However, in order to establish analytical validity in the
CellSearch® system of monitoring CTC-biomarker expression
in different hormonal milieus, ER-positive human MCF-7
breast cancer cells were cultured in steroid hormone-free con-
ditions (mimicking patients on Al therapy) or treated with
tamoxifen or fulvestrant, were spiked into normal human
blood, then cell number and ER was expression determined
using the CellSearch® system as previously described
(Paoletti et al., 2015). Examples of CTC-ER staining in
CellSearch® are shown in Supplementary Figure 1. Table 1,
which is representative of three separate experiments, illus-
trates that CTC-ER expression was similar for MCF-7 cells
grown in the absence of estrogen or treated with 5 x 10°8 M
tamoxifen for 24 h (56% + 0.3%). The CTC-ER was slightly
decreased if MCF-7 cells were cultured in both E2 and tamox-
ifen (51%), mimicking the pre-menopausal state. On the other
hand, CTC-ER was substantially suppressed when MCF-7 cells
were treated with E2 (10*° M) alone, fulvestrant (5 x 10 2 M)
alone, and the combination of E2 and fulvestrant (5.8%, 0.7%,
and 2.7%, respectively). The ER-negative SKBR3 cells, were
used as a negative control with 0% of ER expression detected
(Table 1). Together, these data suggest that monitoring ER
expression in CTCs could serve as a useful pharmacodynamic
tool in patients treated with different ETs when analyzed by
CellSearch®.

3.2. Patient results

3.2.1. CTC-biomarker for patients progressing on fulvestrant
Of 50 enrolled and eligible patients, 19 were progressing on ET
at the time of blood draw (Figure 1). Two of these were

Table 1 — In vitro preclinical studies of CTC-ER expression.

Cell line Condition/treatment (dose) % Of CTC-ER positive (2+/3+)
MCEF-7° ccs® 56%

MCE-7 Tamoxifen (5 x 10~8 M) 56%

MCE-7 E2°(10'° M) + Tamoxifen (5 x 10~2 M) 51.2%

MCE-7 E2° (107*° M) 5.8%

MCE-7 Fulvestrant (5 x 10~2M) 0.7%

MCE-7 E2 (107*° M) + Fulvestrant (5 x 10~2M) 2.7%

SKBR3¢ ccs? 0%

a MCF-7 = ER positive.

b CCS = charcoal stripped calf serum.
c E2 = estradiol.

d SKBR3 = ER negative.
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Assessed for eligibility to parent trial
(N=1351)

Excluded: Ineligible (N=1)

Performed CTC-endocrine therapy index
(N=50)

Progressed on Fulvestrant or Al
at the time of enrollment (N=17)

Fulvestrant
(N=T7)

>5CTC/7.5mL (N=5)
* N=2 250 mg/month
* N=3 500 mg/month

Al
(N=10)

>5CTC/7.5mL (N=7)
¢ N=4 Letrozole
¢ N=I Letrozole +PI3K -
¢ N=2 Exemestane

Legend: CTC-£TI= circulating tumor cell-endocrine theraphyind

| Al s
therapy, nibitor.

Figure 1 — REMARK diagram for patient enrollment and distribution.

progressing on tamoxifen and are not included in this report.
Seven were progressing on fulvestrant and 10 were progress-
ing on Als (N = 4 letrozole; N = 1 letrozole and PI3K inhibitor;
N = 3 exemestane; N = 2 anastrozole). Of the seven patients
progressing on fulvestrant, two patients had undetectable
CTCs (#27 and 32), and therefore CTC ER, BCL2, HER2 and Ki-
67 expression could not be determined, whereas five patients
with a mean of >5CTC/7.5 ml of WB were assessed for
biomarker expression (Figure 2).

CTC in two of these five patients (#29, 45), who had 8 and 17
CTC/7.5 mL WB, were all negative for ER expression (0 or 1+)
(Figure 2). Both of these patients were progressing on the
now standard dose of fulvestrant (500 mg/month).

In contrast, CTC in three other patients treated with ful-
vestrant (#2, 17, and 8) were found to express ER, albeit het-
erogeneously within each patient. These patients had 10, 7,
and 8 CTC/7.5 ml WB, with ER expression (2+ or 3+) of 10%,
28%, and 12%, respectively, with the remaining CTC being
ER negative (0, 1+). In all three cases, BCL2 positive CTC
were identified, suggesting intact ER signaling. Two of these
patients (#2 and 17) were treated with the lower, less effective
dose of fulvestrant (250 mg/month dose) (Di Leo et al., 2010).
In contrast, patient #8 was treated with the recently-
established more effective higher dose of fulvestrant
(500 mg/month dose). This patient received her treatment

within a month of the time of blood draw, and yet she still
had positive CTC-ER and BCL2 expression in a portion, but
not all, of her CTC.

3.2.2. CTC-biomarker for patients progressing on Al

To contrast with progression on SERD, we examined CTC-ER
and other markers in 10 patients enrolled in the same pilot
study, but who were progressing on Als. As shown in
Figure 3, three of them did not have CTC and thus the assay
was uninformative. The other seven patients (#15, 21, 28, 34,
41, 16, and 49) had elevated CTC. As expected from our
in vitro pre-clinical data, CTC-ER expression was present in
every patient and, in general, the fraction of ER positive CTC
was higher than in the three fulvestrant patients who had
positive CTC-ER (40%, 50%, 8%, 50%, 25%, 62%, and 8% of cells,
respectively) (Figure 3). CTC-BCL2 could not be performed on
one patient due to technical failure (#15), but it was positive
in all but one (#21) of the other patients, ranging from 14 to
100%.

4. Discussion

In this paper, we investigated the potential use of CTC-ER as
a pharmacodynamic monitoring tool to better personalize
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CTC-ER enumeration and staining intensity for each patient
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1

Figure 2 — CT'C-biomarker enumeration and staining intensity for each patient progressing on fulvestrant. Each bar represents a different patient
and the individual colors within each bar provide the percentage of CTC that stained 0 (m orange), 1+ (m fuchsia), 2+ (@ blue), or 3+ (m green) for
ER and BCL2 expression within each patient. The number of CTC for each aliquot/marker is noted above each bar. The red arrow emphasizes
patient #8. Although she was treated with fulvestrant at the dose 500 mg/month, she still yet had some CTC-ER expression in CTC.

management of patients with previously demonstrated ER
positive MBC who are progressing on fulvestrant, or for that
matter Als. As expected, in our pre-clinical experiment, we
found that a SERM (tamoxifen) and E2 depletion (mimicking
E2 depletion from Al therapy) resulted in stabilized expres-
sion of CTC-ER (51.2%), as determined in a semi-
quantitative fashion using CellSearch®. In contrast, CTC-ER
was decreased in the presence of fulvestrant (0.7%), as
measured in the Cellsearch® system. These data strongly
suggest this assay can be used to monitor CTC-biomarker re-
sults during ET.

We then retrospectively explored CTC-ER within a sub-
group of patients with HR positive MBC who were progressing
on either fulvestrant or an Al at the time of blood draw. Since
the CTC-BCL2 data were available, we investigated whether
there appeared to be a correlation, although not perfect, be-
tween CTC-ER and BCL2. We assumed that since BCL2 is
both an ER-responsive gene and is overexpressed in approxi-
mately 85% of ER-positive breast cancers (Johnston et al.,
1994; Teixeira et al., 1995), its expression would represent
intact ER signaling. Indeed BCL2 is expressed, although less
commonly, in ER-negative breast cancers (Dawson et al.,

2010). Nonetheless, BCL2 was investigated in the parent trial
because several studies have suggested that ER-positive,
BCL2-positive breast cancers are more sensitive to endocrine
therapies than ER-positive, BCL2-negative cancers, and there-
fore BCL2 was incorporated into the CTC-endocrine therapy
index (Paoletti et al., 2015).

Our exploratory data suggest diverse mechanisms of resis-
tance to fulvestrant between and even within patients. Two of
these patients (#2 and 17) were treated with the lower and now
considered less effective dose of fulvestrant (250 mg/month).
They still expressed CTC-ER and BCL2. We hypothesize that
the presence of BCL2 suggests ongoing signaling through ER.
However, these patients also had ER-negative and BCL2-
negative CTC. We speculate that the presence of ER-positive
CTC, with evidence of ER signaling, suggests that higher doses
of fulvestrant might have been more effective. However, the
presence of ER-negative CTC in these patients raises concern
that molecular heterogeneity may be one mechanism of resis-
tance to targeted therapy. In other words, within each patient,
there is evidence of both pharmacologic resistance, as
exhibited by lack of ER downregulation, and molecular resis-
tance, as exhibited by ER-negative CTC.
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CTC-ER enumeration and staining intensity for each patient
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Figure 3 — CTC-Biomarker enumeration and staining intensity for each patient progressing on Al. Each bar represents a different patient and the
individual colors within each bar provide the percentage of CTC that stained 0 (@ orange), 1+ (m fuchsia), 2+ (m blue), or 3+ (m green) for ER
and BCL2 expression within each patient. The number of CTC for each aliquot/marker is noted above each bar.

The other 3 patients (#29, 45, and 8) were all treated with
the higher dose of fulvestrant (500 mg/month). Two of them
(#29 and 45) had elevated CTC but neither of these patients
had CTC that expressed ER. Furthermore, CTC-BCL2 was nega-
tive in those patients, which in this case we interpret to sug-
gest that the ER signaling pathway was absent. We cannot
determine from our data whether ER in these CTC had been
down-regulated by fulvestrant or if they were derived from
ER negative subclones that were selected under ET pressure.
Regardless, their presence, in patients progressing on fulves-
trant, suggests that these cancers were driven by alternative
pathways for growth and metastases.

Patient #8 was a particularly interesting “n of one” case. She
was on the now widely accepted higher dose (500 mg/month),
yet still had measurable ER and BCL2 in a portion, but not all,
of the CTC in her blood, indicating ongoing signaling in at least
some cells in her cancer. Interestingly, this patient was inciden-
tally enrolled in a separate clinical study (Personalized
Oncology Through High-throughput Sequencing) conducted
by the Michigan Oncology Sequencing Center (MI-ONCOSEQ)
at the University of Michigan (Robinson et al., 2013). Her cancer
was found to harbor an ESR1 mutation (Y537S) in her metastatic
tumor. In a separate study, she was also found to have both the
Y537S and a separate ESR1 mutation (D538G) in circulating
plasma tumor DNA (pt-DNA) (Chu et al., 2015; Robinson et al,,
2013). These results raise speculation that she might have

benefitted from even higher doses of a SERD. This speculation
is based on the observation that breast cancer cell lines that
harbor certain ESR1 LBD mutations retain sensitivity, but may
require higher doses, of SERDs to down-regulate ESR1 transcrip-
tional activity (Robinson et al., 2013).

We observed that all the patients progressing on Al still
maintained ER although, again, with enormous intra-patient
heterogeneity. Furthermore, BCL2 was also present in the
CTC of all but one patient. These results suggest that signaling
through ER is taking place despite absence of estrogen due to
Al therapy; such ligand-independent ER signaling is seen with
ESR1 mutation and has been hypothesized through other
mechanisms (Robinson et al., 2013). Furthermore, two pa-
tients (#41 and 49, Figure 3) had more CTC-BCL2 positive
than CTC-ER positive cells, which is consistent with BCL-2 be-
ing expressed occasionally even in the absence of ER (Dawson
et al., 2010). Nonetheless, our data suggest a correlation be-
tween ER and BCL2 expression in CTCs, and further, support
the hypothesis that the patients whose CTC lost ER also lost
ER signaling.

Our study is hampered by the small sample size, and by its
retrospective nature. Ideally, measuring both ER and BCL2
expression in the same cells would have been preferred but
this is unfortunately not possible due to the current configura-
tion of the CellSearch® platform, which does not permit such
an analysis.
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We believe these provocative, albeit preliminary data, pro-
vide insights into the mechanism of resistance to fulvestrant
in ER positive MBC. A larger prospective study, including serial
CTC-expression monitoring, is underway (COMETI P2, Clini-
calTrials.gov: NCT01701050).

These exploratory data suggest widely different mecha-
nisms of resistance to fulvestrant in patients with ER positive
MBC: pharmacologic, genetic, and biologic. However, higher
doses of fulvestrant are impractical due to limitations of large
volume required for intramuscular injection. In this regard,
development of oral SERDs (0SERDs) is ongoing in several
pharmaceutical companies. In the future, CTC-markers,
particularly ER and BCL2, may serve as pharmacodynamic
monitoring tools for dose escalation of fulvestrant or oSERDs,
or combination therapies. Indeed, we are currently studying
the effects of increasing higher doses of an 0SERD (AZD9496)
on CTC-ER and Ki-67 and pt-DNA ESRI mutation status within
a Phase I trial.

5. Conclusions

In this study we have shown exploratory data suggesting het-
erogeneous mechanisms of resistance to fulvestrant,
including insufficient dosage, ESR1 mutation, or conversion
to dependence on non-ER pathways. These data suggest that
more extensive, and serial, genomic and phenotypic evalua-
tion, optimally using the “liquid biopsy” approach with CTC
and circulating ptDNA, is needed in order to have a better un-
derstanding of the bases of resistance to fulvestrant and other
endocrine therapies.
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