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Abstract: 160-['8F]Fluoro-17B-estradiol ([*®F]FES) and 21-[*8F]-Fluoro-16a,17 o-[(R)-(1"-a-furylmethylidene)dioxyl]-
19-norpregn-4-ene-3,20-dione ([*®F]FFNP) are being investigated as imaging biomarkers for breast cancer patients.
Quantitative positron emission tomography (PET) reflects both total receptor content and binding affinity. To study
factors that may alter radiopharmaceutical binding and impact PET accuracy, assays that can separate receptor
amount from binding affinity are needed. The study purpose was to quantify the binding parameters of [**F]FES
and [*8F]FFNP in breast cancer. Estrogen receptor-alpha (ER) and progesterone receptor (PR) positive breast cancer
cell lines (MCF-7 and T47D) were used to measure [*8F]FES and [*®F]FFNP binding parameters via saturation and
competitive binding curves. The equilibrium dissociation constant (K ) and total receptor density (B ) were deter-
mined using nonlinear regression of the saturation binding curves. Half-maximal inhibitory concentration (IC50) was
determined using nonlinear regression of the competitive binding curves. Linear correlation between increasing cell
number and tracer uptake was observed for both [*8F]FES and [*8F]FFNP (R2=0.99 and 0.91, respectively). Using
['8FIFES, the K, for ER in MCF-7 cells was 0.13+0.02 nM with a B of 1901+89.3 fmol/mg protein and IC50 of
0.085 nM (95% Cl: 0.069-0.104 nM). Using [*®F]FFNP, the K  for PR in T47D cells was 0.41+0.05 nM witha B__ of
1984+75.6 fmol/mg protein and IC50 of 2.6 nM (95% Cl: 2.0-3.4 nM). The ligand binding function of ER and PR can
be quantified using [*F]FES and [*®F]FFNP and are comparable to previous studies using tritiated radioligands. [*¢F]
FES and [*8F]FFNP can be used in cell-based assays to quantify receptor-radioligand binding affinity, which cannot
be obtained from a single PET examination.
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Introduction

Advances in early detection and treatment of
breast cancer have led to a steady decrease in
mortality, however recurrent and metastatic
disease continues to be problematic [1]. The
majority of deaths due to breast cancer occur
in women with estrogen receptor alpha-positive
(ER) disease. Endocrine-based therapies are
aimed at directly antagonizing ER function or
reducing endogenous estradiol levels. Due to
the well-recognized diversity and complexity of
ER signaling mechanisms, it is inevitable that
some patients will have disease that has cir-
cumvented the standard methods for blocking
ER function and have become endocrine insen-

sitive [2]. This important shift in receptor func-
tionality cannot be directly measured by current
clinical diagnostic approaches.

Functional imaging provides a useful tool for
detecting biomarkers with predictive power
for therapy response [3]. 160a-[*8F]Fluoro-173-
estradiol ([*®F]FES) is a radiolabeled estrogen
that binds to ER [4, 5]. A recent study showed
that [*8F]FES binds specifically to the ligand
binding domain of ER [6]. Positron emission
tomography (PET) imaging coupled with ['8F]
FES has been studied in patients with ER+ met-
astatic breast cancer and may be useful for pre-
dicting clinical benefit from endocrine therapy
[7, 8].
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Another biomarker for endocrine sensitivity is
the classic estrogen-regulated target gene pro-
gesterone receptor (PR) [9, 10]. A radiolabel-
ed progestin, 21-[*8F]-fluoro-16x,17a-[(R)-(1-a-
furylmethylidene)dioxyl]-19-norpregn-4-ene-3,
20-dione ([*®F]FFNP), has been developed to
image PR [11, 12]. Preclinical data indicate that
[*8F]FFNP PET imaging can quantify changes in
PR expression and distinguish endocrine-sensi-
tive from endocrine-resistant mouse mammary
carcinomas [13, 14]. A small “first-in-human”
feasibility study demonstrated that [*F]FFNP
PET imaging of breast cancer patients is safe
and can identify PR+ tumors as defined by stan-
dard immunohistochemistry [15].

Coupling these investigational radiopharma-
ceuticals with PET imaging is proving to be use-
ful in the clinical setting [16, 17]. In vivo steroid
hormone receptor quantification via a stan-
dardized uptake value reflects a combination of
the amount of receptor protein and the binding
affinity of the receptor for the imaging agent
(i.e. binding potential), as well as pharmacoki-
netic variables such as plasma protein binding
and metabolism of the tracer [18]. To study
mechanistic factors that may alter binding of
these radiopharmaceuticals and impact the
diagnostic accuracy of PET imaging, assays
that can separate receptor amount from bind-
ing affinity are needed. The purpose of this
study was to establish cell-based assays to
quantify the radioligand binding parameters of
[8F]JFES and [®F]FFNP for investigating the
ligand binding function of steroid hormone
receptors in breast cancer.

Materials and methods
Cell culture

Experiments were performed under a protocol
approved by the Office of Biological Safety. ER+
MCEF-7 cells were obtained from the Mallinckrodt
Institute of Radiology Pre-Clinical PET/CT
Imaging Facility (Washington University School
of Medicine). PR+ T47D cells were obtained
from the American Type Culture Collection.
Authentication was performed using short tan-
dem repeat analysis. MCF-7 and T47D cells
were cultured in Dulbecco’s Modified Eagle
medium (DMEM; Corning) and Roswell Park
Memorial Institute (RPMI; Corning), respective-
ly. Media was supplemented with 10% fetal
bovine serum (FBS; Corning) and 1% penicillin/
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streptomycin (Gibco). Cells were maintained at
37°C with either 5% or 10% CO,,.

Radiopharmaceuticals

[*8F]FES and [*®F]FFNP were synthesized by
the UW-Madison Radiopharmaceutical Produ-
ction Facility using modifications of previously
described methods [14, 19]. Briefly, [*®F]FES
was synthesized by adding 1 mg FES precursor,
3-methoxymethyl-16beta,17beta-epiestriol-0-
cyclic sulfone (ABX Advanced Biochemical
Compounds) in 0.3 mL anhydrous acetonitrile
into a vial containing dried mixture of [8F]fluo-
ride ion, 5 mg Kryptofix® 2.2.2 and 1 mg K CO,.
Radiolabeling was performed at 110°C for 10
min. Hydrolysis using 0.1 mL of 1 N HCl and 0.9
mL acetonitrile was conducted at 100°C for 15
min. After neutralization with 0.1 mL of 1 N
NaOH and 1 mL 1 N sodium acetate, the crude
product was purified with HPLC (high-perfor-
mance liquid chromatography) with a Luna
C18(2) 10 x 250 mm (5 um) column (Mobile
phase: aqueous 50% ethanol solution).

[8F]FFNP was synthesized by adding 4 mg
FFNP precursor, 16a,17¢-[(R)-(1-o-furyl methy-
lidene)dioxyl]-21-[[(methyl)sulfonyl]oxyl]-19-nor-
pregn-4-ene-3,20-dione (ABX Advanced Bio-
chemical Compounds), in 0.6 mL anhydrous
acetonitrile into the vial containing dried mix-
ture of [*8F]fluoride ion, 2 mg Kryptofix® 2.2.2
and 0.4 mg K,CO,. Radiolabeling was per-
formed at 85°C for 5 min. After mixing with a
pre-cooled (5°C) solution of 1 mL acetonitrile
and 2 mL H,0, the crude product was purified
with HPLC with a Luna C18(2) 10 X 250 mm (5
pm) column (Mobile phase : aqueous 60% ace-
tonitrile solution).

For both tracers, the HPLC collection was puri-
fied with a C18 cartridge to remove trace
amount of organic solvents. The purified prod-
ucts were formulated in 0.9% sodium chloride
injection containing 10% ethanol injection and
sterilized with a sterile, pyrogen-free sterile
membrane filter into a 30 mL sterile empty vial.

For [*8F]FES, the radiochemical purity of final
product at end of synthesis is >99% and the
specific activity exceeded 55.3 GBg/umol
(1495 mCi/umol). [*8F]FES is stable for 6 hours
at the drug strength no more than 14.6 mCi/mL
and the radiochemical purity at 6 h post syn-
thesis is >98%. For [*®F]FFNP, the radiochemi-
cal purity of the final product at the end of syn-
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OH a 24-well plate. After adher-
ing overnight, cells were
washed with phosphate-bu-
ffered saline (PBS) and phe-
nol-free media containing
10% charcoal/dextran stri-
pped FBS, 2% L-glutamine,
and 1% penicillin/streptomy-
cin (ss-media) was added to
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the cells for 24 h. MCF-7 and
T47D cells were then incu-
bated with either 0.037 MBq
(1 uCi) [* F]FES or 0.074 MBq
(2 uCi) [*®F]FFNP, respective-
ly, for 1 h at 37°C. After the
1 h incubation, cells were
washed twice with 0.5 mL

PBS. Cells were then lysed in
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Figure 1. Chemical structures of 17B-estradiol (A) and [*F]FES (B). Represen-

tative HPLC chromatogram for [*8F]FES (C).

Q

1 mL 1IN NaOH and collected
into gamma counter tubes.
The wells were then washed
twice with 0.5 mL PBS and
each wash was added to the
same tube as the cell lysate
H (2 mL final total volume).
Radioactivity was measured
with a gamma counter (2480
Wizard?, Perkin Elmer) and
data was background- and
decay-corrected.

For saturation binding ass-
ays, MCF-7 or TA7D cells (1 x
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10%) were plated in two
24-well plates. The next day,
cells were washed with PBS
and placed in ss-media.
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Figure 2. Chemical structures of promegestone (R5020) (A) and [*®F]FFNP (B).
Representative HPLC chromatogram for [*8F]FFNP (C).

thesis is >99% with the specific activity ex-
ceeding 74 GBg/umol (2000 mCi/umol). [*8F]
FFNP is stable for 6 hours at the drug strength
no more than 6 mCi/mL and the radiochemical
purity at 6 h post synthesis is >97%. Chemical
structures and representative HPLC chromato-
grams of [*®F]FES and [®F]FFNP are shown in
Figures 1 and 2, respectively.

[*8F]FES and [*8F]FFNP binding assays

For linearity assays, cells were serially diluted
1:2 from 1.50 x 10° to 4.688 x 103 per well in
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Immediately prior to tracer
addition, one plate was treat-
ed with ethanol (EtOH) con-
trol and the other treated
with either 1 x 10% M 17B-
estradiol (E2; Sigma) or 2 x
107 M promegestone (R5020; Perkin Elmer), a
synthetic progestin. Increasing concentrations
of tracer, 0.002-0.22 MBq (0.06-6 uCi) [*8F]FES
or 0.004-0.42 MBq (0.11-11.4 uCi) [*8F]FFNP,
were then administered to the plates. After
incubation for 1 h at 37°C, cells were harvested
and radioactivity measured as above. A stan-
dard curve was prepared using the same tracer
concentrations diluted in 2 mL PBS and radio-
activity counted with the cell lysates. The tracer
concentration (x-axis) was calculated from the
specific activity (mCi/umol) and administered

10 150
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tein). Total protein was mea-
sured using Bradford dye
reagent (Bio-Rad). The equi-
librium dissociation cons-
tant (K,) and total receptor
density (B, ) were deter-
mined using nonlinear re-
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Figure 3. [*®F]FES and [*®F]FFNP uptake correlates with increasing cell num-
ber. Steroid hormone deprived ER+ MCF-7 (A) and PR+ T47D (B) cells were
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100 150 gression (binding one site-
total and nonspecific bind-
ing) with GraphPad Prism

6.05 software.

seeded with increasing cell numbers in 24-well plates and treated with 0.037

MBq (1 uCi) [*®F]FES or 0.074 MBq (2 uCi) [*8F]FFNP for 1 h, respectively.
Counts per minute (CPM) were background- and decay-corrected. Data shown
(meantstandard error) are representative from three independent experi-

ments performed in triplicate.
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Figure 4. Saturation binding curves yield K, and B__
for [*8F]FES and [*®F]FFNP. Steroid hormone deprived
ER+ MCF-7 (A) and PR+ T47D (B) cells were seeded
in identical 24-well plates treated with 0.002-0.22
MBq (0.06-6 uCi) ['®F]FES and 0.004-0.42 MBq
(0.11-11.4 uCi) [*8FIFFNP for 1 h, respectively. Total
binding, non-specific, and specific binding (total bind-
ing minus non-specific binding) are shown. Values
represent the mean + standard error of three inde-
pendent experiments performed in triplicate.

dose (uCi). The receptor amount (y-axis) was
calculated from the standard curve and nor-
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For competitive binding as-
says, cells were plated at a
density of 1 x 10° per well in
24-well plates. The next day,
cells were washed with PBS
and placed in ss-media. Immediately prior to
tracer addition, cells were treated with either
EtOH or increasing amounts of cold hormone.
For the [*8F]FES competitive binding assay,
MCF-7 cells were treated with 1 x 10® to 1 x
1013 M E2. For the [*8F]FFNP competitive bind-
ing assay, T47D cells were treated with 1 x 107
to 1 x 102 M R5020. MCF-7 cells were then
incubated with 0.037 MBq (1 uCi) [*®F]FES and
T47D cells with 0.074 MBq (2 uCi) [*®F]FFNP for
1 h at 37°C. Cells were harvested and radioac-
tivity measured as above. Data is shown as per-
cent maximum uptake values (samples con-
taining tracer with no cold hormone added
=100%). Half-maximal inhibitory concentration
(IC50) was determined using nonlinear regres-
sion (dose response-inhibition) with GraphPad
Prism.

Results

Using ER+ MCF-7 and PR+ T47D breast cancer
cell lines, we found good linear correlation
between increasing cell number and tracer
uptake for both [*8F]FES and [*®F]FFNP (R>=0.99
and 0.91, respectively; Figure 3). The minimum
number of cells used in the linearity assays
(~4,700) showed detectable tracer uptake
above background (mean z standard error
background-corrected CPM 4,438+392 for
[*8F]FES and 29,759+2,686 for [8F]FFNP).

The quantitative binding parameters of [*F]FES
and ['*®*F]FFNP (K, B, and IC50) determined
by saturation (Figure 4) and competitive bind-
ing curves (Figure 5) are summarized in Table
1. The K, value determined using [**F]FES in
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quantitative accuracy of PET
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separate receptor amount
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Figure 5. Competitive binding curves yield IC50 values. Steroid hormone de-
prived ER+ MCF-7 (A) and PR+ T47D (B) cells were treated with either cold E2

A1
R5020 (M)

the ligand binding function
of ER and PR. Using satura-
tion and competitive binding
assays, we measured Kd and
B as well as the IC50 val-
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(10%-10** M) or cold R5020 (107-10%2 M) just prior to the addition of 0.037 max

MBq (1 uCi) [*8F]FES or 0.074 MBq (2 uCi) [*8F]FFNP, respectively. Percent
maximum uptake value was calculated by normalizing background- and de-
cay-corrected counts per minute to wells containing [*®F]FES or [*F]FFNP with
no cold hormone. Values represent the meanzstandard error of three inde-

pendent experiments performed in triplicate.

MCEF-7 cells was 0.13 nM, which is within the
range of equilibrium dissociation constants
reported using [*H]estradiol (0.06 to 0.226 nM)
[20-22]. The B__, value determined using [*°F]
FES was 1,901 fmol/mg protein, which also
falls within the wide range of ER protein content
in MCF-7 cells (100 to 10,000 fmol/mg protein)
measured by [*H]estradiol or Western blot anal-
ysis [20, 23-25]. Prior studies using [*H]R5020
have reported equilibrium dissociation con-
stants for PR ranging from 0.40 to 3.57 nM [26-
29], which is similar to the Kd of 0.41 nM using
[**F]FFNP. The B__ of PR in T47D cells was
1,984 fmol/mg protein using [*®F]FFNP, which
is slightly higher than published PR concentra-
tions ranging from 254 to 1,221 fmol/mg pro-
tein using [*H]R5020 [28, 30]. IC50 values
determined by competing [*®F]FES binding to
ER with cold E2 corresponded closer to its equi-
librium dissociation constant than the IC50 val-
ues determined by competing [*8F]FFNP bind-
ing to PR with cold R5020.

Discussion

[8F]FES and [*®F]FFNP are being investigated
as predictive and pharmacodynamic biomark-
ers for response to endocrine therapy in breast
cancer patients using PET imaging [7].
Standardized uptake values (SUV) obtained
from attenuation-corrected PET images reflect
both total receptor content (B __) and binding

affinity (1/K,) [18]. To study mechanistic fac-
tors that may alter binding of these radiophar-
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ues of representative ligand
agonists (17B-estradiol and
the synthetic progestin, R50-
20). The ligand binding func-
tions of ER and PR quantified
using [8F]FES and [*®F]FFNP
were generally comparable to historical studies
using tritiated steroid hormones.

These results indicate that [*®F]-labeled steroid
hormone radioligands can be used in cell-
based assays to quantify receptor-radioligand
binding affinity, which cannot be obtained from
a single PET imaging examination. As proof-of-
principle, the investigation focused on the most
widely used and well-characterized steroid hor-
mone receptor positive human breast cancer
cell lines, MCF-7 and T47D [31]. To the best of
our knowledge, K, values for [**F]FES and [**F]
FFNP have not been previously reported. Prior
investigations into the binding affinity of [*8F]
FES used ex vivo biochemical competitive
radiometric binding assays with [*H]estradiol
and purified receptor protein or homogenates
of steroid hormone receptor rich tissue, such
as rat uteri, to calculate relative binding affinity
(RBA) [4, 5]. Similarly for [*F]FFNP, previous
reports used [*H]JR5020 and purified PR pro-
tein or rat uterine homogenates to calculate
RBA [27, 32]. Our results advance the existing
literature by providing specific measurements
of binding affinity in the important context of
intact, viable cells.

For comparison, the in vivo assessment of ER
binding in MCF-7 xenograft tumors using [*8F]
FES PET imaging has been previously reported
by our research group and others [6, 33]. In the
study by Salem et al, PET imaging performed 1
hour after injection of 9.25 MBq (250 uCi) [*8F]
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Table 1. Binding Parameters of [*®F]FES and ['F]FFNP

95% Cl
i 0, 2 0, 2
Cell Line/Tracer K, (nM)  95% CI (nM) B__ (fmol/mg) (fmol/mg) R? 1C50 (nM) 95% CI (nM) R
MCF-7 [*!F]FES 0.13+0.02 0.09-0.17 1901+89.3  1723-2079 0.93 0.085 0.069-0.104 0.96
T47D [*8F]FFNP  0.414+0.05 0.31-0.50 1984+75.6  1833-2134 0.98 2.645 2.037-3.436 0.92

FES demonstrated 3.0+0.41 percent mean
injected dose per gram (%ID/g) and 7.2+0.60
tumor-to-muscle ratio in MCF-7 xenografts
grown in female athymic nude mice [6]. Heidari
et al performed PET imaging of MCF-7 tumor
bearing nude mice approximately 1 hour after
intravenous injection with 9.7 MBq (260 uCi)
[*8F]FES and found that the mean standardized
uptake value (SUV___ ) was 0.33+0.02 with a
tumor-to-blood ratio of 4.17+0.41 [33]. To the
best of our knowledge, no previous reports of
the in vivo assessment of PR binding using [*¢F]
FFNP in T47D xenograft tumors have been
published.

There are several potential applications of this
work. New radiopharmaceuticals continue to
be developed for steroid hormone receptor
imaging [27, 34, 35]. Comparison of the binding
parameters of new radiotracers with [*®F]FES
and [*8F]FFNP as reference standards may give
insight into their potential for further clinical
utility in patients. Also of interest is determining
how recently identified somatic hot-spot muta-
tions occurring in the ligand binding domain of
ER in patients with endocrine-resistant meta-
static breast cancer impact the binding affinity
of [*®F]FES [36]. Lastly, [*®F]FES and [*®F]FFNP
binding assays can potentially be modified to a
smaller scale to investigate receptor status and
ligand binding function of ex vivo patient sam-
ples obtained from serial liquid biopsies such
as pleural effusions, ascites, and circulating
tumor cells when quantification via PET imag-
ing may be challenging.
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