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Labeling of Receptor Ligands and Other Compounds with Halogen Radionuclides

Comprehensive report.
A. Major research accomplishments.

Three years ago in our continued application, the research goals were:

1. To continue our studies on the usefulness of fluorine~18 labeled
160-fluoroestradiol-17¢ (18FES) for detecting estrogen receptor
containing tumors and metastases and to attempt to correlate the
uptake of the radiolabeled estrogen with the receptor levels.

2. To attempt to develop new labeling techniques for synthesizing
halogen labeled radiopharmaceuticals in high yield. Of particular
importance is the synthesis of fluorine-18 labeled estrogens designed
for reduced or directed metabolism.

3. To test the new fluorine-18-labeled estrogens using an in vivo rat
medel.

4, To attempt to label estrogens with iodine-123 for single photon
studies.

5. To investigate the synthesis and biologically evaluation of fluo-
rine-18-labeled ligands for the androgen and progestercne receptors.

6. To apply robotics for synthesizing potentially useful compounds.

In the last application, increased budget was requested in order to carry
cut aims 1 and 4. Since the budget was funded at a level that provided no
increase, a NIH grant has been written and funded to carry out the clinically
evaluation of the compounds developed under this grant. UWe have 2lso been
unable to fund area 4. The NIH grant funded April 1, 1989, supports a
physician to carry out clinical studies as well as providing PET time for the
extended clinical studies.

Major advances have been made in all the areas. Specifically in area 1,
patient studies have been carried out {see publications 7,16,24,28). This
work has shown that the uptake of flucorine-18 labeled 16c~fluoroestradicl~iT7e
correlates well with receptor levels measured in vivo and alsc that the
uptake of the tracer is blocked in humans by the administration of the
antiestrogen tamoxifen. An image from this work (presented in publication
15) was designated Image of the Year by Dr. Wagner, Jr., following his
summary of the 1987 Society of Nuclear Medicine Meeting. We have also
evaluated the brain uptake of both estrogen and progesterone, {(publication
19) and this work was awarded the Berson-Yalow Award from the Society of
Nuclear Medicine in 1988. This publication represents a new application of
radiolabeled sex hormones. Hines and coworkers (M. Hines, Psycol. Bulletin
92:56, 1982) have suggested that hormone levels in the brain are important
for sexual differentiation of human behavior. We have shown that both
16a~[F-18]-fluorcestradiol-178 and 21-[F-18]-fluoro-16a-ethyl-19-norproges-
terone (FENP) accumulate in the hypothalamus and pituitary tissues of
primates and humans; and in primates this uptake can be blocked by admini-
stration of nonradioactive competing ligands. This presents an opportunity
for studying sex hormone receptors in mammalian brain.

In research area 2, we have developed new labeling techniques, both for
fluorination and {publications 1,3,17,23) and for radiolabeling with other
halogens (publications 8,10,11,20,21). The labeled estrogens have been




evaluated in en in vivo model to compare their possible clinical potential
with the 16¢~[F-18]-fluorcestradiol-178,

In area 5, we have investigated new ligands for the progesterone,
androgen and glucocorticoid receptor systems {publications 6,12,22,25,27).

We have continued our work in the application of roboties to radiopharma-
ceutical production. A laboratory robot now prepares four cyclotron produced
radiopharmaceuticals and is involved in the preparation of the majority of
fluorine-18-labeled radiopharmaceuticals prepared at Washington University
(publications U4,5).

E. Our plans for the continuation of this work are to proceed as discussed
above. In particular, we will attempt to prepare a new series of labeled
estrogens with very high in vitro binding affinities. Work carried ocut in
the previous year suggests that simply evaluating uterus to blood ratios in
rats is not sufficient to carefully evalute new agents and so a more complete
evaluation will be carried out. We will alsoc attempt to prepare labeled
androgen and glucocorticcid receptor ligands with higher binding affinities
than the ligands studied to date. In the evaluation of these new types of
ligands, dosimetry and toxicity studies will be carried out in order to
prepare the agents for human use.

C. Over the past funding period, Henry vanBrocklin has been supported on
this project and should obtain his Ph.D. degree in early 1990. Dr. James
Brodack has been supported on this project, he is still at Washington
University holding the rank of Research Assistant Professor.
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A1l these publications are included in the progress report as appendixes.

E. The major applications of positron tomography to date have been in the
areas of brain and cardiac imaging. The application of PET to oncology,
could give important information about the status of tumors. The ability to
determine the receptor status of tumors without surgery, should enable the
oncologist to accurately determine the ideal course of therapy. Antiestrogen
therapy is only effective if the tumor being treated has a high level of
estrogen and/or progestin receptors. In a significant number of cases, if a
primary tumor is receptor positive, metastases will be receptor negstive. We
have demonstrated uptake of 16a=-{F~18)~-fluoroestradiol~178 in metastases
prior to antiestrogen therapy and, subsequently, guantitate the blockage of
the estradiocl uptake after the patient has begun antiestrogen therapy. This
could be helpful diagnostically, since at this time patients must wait until
demonstratable evidence of decreasing lesions is noted on x-rays; we hope-
fully will be able to assess the effectiveness of antiestrogen therapy in a
much shorter time frame. By following the patients studied to date and
accumulating more cases we will be able to correlate the clinical outcome
after antiestrogen therapy with the coriginal tracer uptake and the degree of
uptake blockage after antiestrogen therapy. Although 160-(F-18)~fluoro-
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estradiol-178 gives good images, there is still a significant amount of
nonspecific uptake, particularly observed in the posterior chest wall of
patient images. Also the liver uptake of this tracer is such that the
imaging of liver metastases is impossible; additionally the radiation dose to
the liver and intestines limits the amount of material that can be admini-
stered to patients. By continuing to develop improved agents, we hope to be
able to overcome these shortcomings of our current agent.



PRCGRESS REPCRT

Over the past funding period, prcgress has been made in five general
areas. These areas are: .

1. The development of new labeling techniques for use with halogen radio-

nuclides. .

2. The labeling of new receptor ligands, particularly ligands specific for
the estrogen, progestin, androgen, and glucocorticoid receptor systems.

3. The application of rcbotic techniques for the preparation of positron
emitting radiopharmaceuticals to reduce the radiation dose to the
chemist.

4., Evaluation in znimal models of receptor ligands in order to predict the
preferred ligand for future studies.

5. The evaluation of receptor ligands in groups of patients.

The work in these areas is described in detail in the appendixes to this
progress report. The development of new labeling technique has led to a
general method of fluoroalkylation (Appendix 1) which has been specifically
applied to the production of flucroalkyl spiperone derivatives (Appendix 2).
More recently we and others have used this technique to prepare a series of
ligands fcor dopamine (1,2) and copiate receptors (Appendix 143,

In the area of new receptor ligands, we have evaluated a series of
ligands with substituents at the 114 and 17¢ position of fluoro-estradiol in
a rat model (Appendices 13,17,23). The binding affinities of these ligands
are shown in Figure 1 and the method of synthesis in Figure 2. We have
radioclabeled 16o-fluoro-11g-ethylestradiol, 16o-fluoro-i118-methoxyestradiol,
16a~-fluore-17a-ethynylestradiol, 16c~-fluoro-17a-ethynyl-11p~ethylestradicl,
and 16a-fluoro~1T7a-ethynyl-11g-methoxyestradiol. The precursor for the
11g-methoxy and 11¢-ethyl derivatives were prepared 2s described Appendix 13.
Although all of these compounds can be synthesized as shown in Figure 2, the
relative amounts of alpha and beta product vary depending upon the substi-
tuent. The ratios of 17&4-hydroxy to 17~~hydroxy diasterecisomers are shown
in Table 1 (last two compounds are derivatives of FEES). It is seen that
when preparing the ethynyl derivaetive of 118-ethylestradicl, the majcor
preduct is in fact the alpha disstereoiscmer. It is not at first cbvious why
substituents at the 118 position will effect the stereochemistry at the 17
position, but space filling models of estradiol show that the 11¢ substi-
tuents, in fact, zlter the relative confirmation of the molecule.

Table 1

 Ratlo of 173-0OH to
17a -OH Dlastereomers

Compound Bla
FES 35
1180Me 2
11BEt 0.7
FEES 1
118OMe 1-12
1BEt 0.1-0.2




Relative Binding Affinities of Estrogen Ligands
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Figure 1

Figure 2: Schemes for the synthesis of the 118 substituted and 172 ~ethynl

labeled estradiols. The starting materials for the 118 deriva-
tives were prepared as discussed in Appendix 13.
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Comparison of Uterus to Blood Ratios
of Estrogen Ligands
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Metabolism of 118 Substituted
Estrogen Ligands
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We have compared the behaviour of these ligands in several animal models.
Initially we evaluated the absolute target uptake in the uterus, as well as,
the uterus/blocd and uterus/muscle ratio, this data is given in Figures 2-5.
(In these figures the last two compounds on the right are the 11£-0OME and
11¢-ethyl derivatives of 16u-{F-181-fluoro-17c-ethynylestradiol=17¢). Since
radiation dose to clearance organs is important, the levels of activity in
the liver st 1h and 3h is shown in Figure 6. Adding substituents =zt the 118
position and the 17« position should reduce the metabolites; we have,there-
fore, measured the metabolites of these estrogen ligands by the technique
shown in Figure 7. The data for metabolism of these compounds is shown in
Figures 8-11. It is not easy to select the ideal compound for human studies,
depending upon which characteristic one optimizes, any five of the compouncs
studied could be regarded as the best compound (Table 2).

Table 2

Desirable Characteristics for Optimal PET Imaging
of Human Estrogen Target Sites

1) High Absolute Uptake (FEES)

2) High Target to Non Target Ratios (FES, FEES)

3) High Uterus to Blood Ratios (11BEL-FEES, 11pOMe-FEES)
4) Reduced Metabolism (T1BEL-FES)

5) Rapid Clsarance from Critical Organs (11BEL-FEES)
It is also interesting to note that the 17c-ethynyl-117-ethyl compounc
cannot be prepared with high radiochemical yield. We have synthesized the
alpha and beta derivatives cf this compound and comparecd the bicdistributior
of the two isomers (Table 3). It is seen that the 17¢-ethynyl-17c-hydrexy
compound has significant uptake in the target tissue.

Table 3

Blodistribution of Thf-Ethyl-7-a & f-Ethynyl-F-16-0-
Fluoro-Estra-3,17-§ & a-diol in 28 day oid Spregue-Dewiey

Femals Rate
% 1D { gram
17-g-Ethynyt, i7-a-OH 17-a-Ethyayl, 17-8-OH
ned n=4
1w I W 1M 3w
Blood 02041 2 0.0408 012286 = 0.059 006 = 00068 00408 = 0.0071
Lver 22949 = 0.3688 12293 * 03544 0.8779 * 0.1391 09488 = 0.1791
Muscle 05231 2 00742 0289 = 0.1685 0.4387 %= 00815 0.1784 = 0.0501
Bone 08165 = 0.0788 04732 2 0.0468 02992 = 00478 0.1684 = 0.0454
Uterus 8.3441 = 06741 49332 2 0.9881 0.8508 = 12728 6.3047 = 1.838%
Ovarlos 22743 = 0.4884 1.7428 = 0805 32845 2 0.3046 2.4069 = 0.8581
Ut/Blood 4162 523 4425 = 141 189.17 ¢ 45.87 15305 = 29.66
Ut/Musc 15.18 = 2.16 1954 2= 68 23.11 % 6.18 35.14 = 365
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One of the major goals in our renewal application are to compare and
contrast new agents in an animal model. In Figures 3 and 4, two sets of data
are give for fluorocestradiol. In one set of data the compound was injected
into immature female Sprague Dawley rats that were 21 days old and 26 days
old in the other. Significant differences were obtained with these different
age rats, presumably due to the concentration of alphafetoprotein present in
the blood of younger rats. Alphafetoprotein binds only 16a-fluorcestradicl-
17¢ of all of the derivatives studied. We have investigated the effect of
the serum binding on the blood uptake, a preliminary draft of a manuscript is
shown in Appendix 15. It is important to measure the alphafetoprotein level
of the rats when evaluating new estrogen ligands and in the future will be
routinely carried out.

We have extended our animal studies with 16a-fluorcestradiol=17¢ in order
to determine the estrogen receptor capacity and affinity in the target and
non-target tissue. This type of analysis may be needed in order to carefully
compare the 112 and 17c substituted estradiols as discussed above. Since one
of the major uses of radiolabeled estrogens will be to study the effects of
tamoxifen; we have investigated the effects of tamoxifen upon the number of
available receptor sites in the immature rat uterus. In this study increas-
ing amounts of estradiol were added tc the fluorocestradicl in order %o
estimate the binding sites responsible for target tissue uptake. This study
was performed in untreated immeture female rats and in two groups of animals
that have been pretreated with either an intermediate dose or a high dose of
tamoxifen. The effect ¢f these doses of tazmoxifen upcn the biodistribution
of no-carrier-added '8FES are shown in Table 4.

Table &

koo IR " e T WD

Tamoxzifen Tamoxifen

Cantrol 0.57melkg’ L7 mghkg’
Blood 0.113 £ 0.046 0.123 £ 0.069 0,077 £ 0.034
Muscle 0.162 = 0.042 0.088 = 0.029 0.058 = 0.010
Uterus 463 * 0574 166 % 0662 1.34 * 037
Ovaries 123 + 0213 0.726 = 032 0.722 = 0.188
UyBlood 48.92 = 24.94 17.65 = 10.64 2021 = 9.37
Ut/Muscle 2933 = 454 1880 £ 3.27 23.07 x 3.57

* 2 days pretreamment

Tamoxifen not only depresses upiake in target organs but also in non-target
{muscle), Target to non-target ratio s still high after tamoxifen treatment. Very large
(™ 7mgfkg) doses of tamoxifen were required to depress uptake (target to non-target
ratics ~ 3).

14



When the fluorcestradiol is diluted with estradiol the uptake in various
organs behaves as shown in Figures 12 and 132. It is seen that at approxi-
mately 0.5ug ES added per animal the specific receptor binding is blocked.
The extent to which estradicl displaces the F-18-flucroestradiol uptake in
the target can be better appreciated from the uptzke plots {(Figures 14-18).
The uptake is plotted relative to the dose of fluoroestradiol and estradiol
(administered in picamcles). Alternatively the uptake dose ratio is plotted
relative to the uptake to give plots reminiscent to the Scatchard plot for
equilibrium binding, these pseudo Scatchard plots are shown in Figures 16-18,
In these figures "A" are the data for untreated animals, "B" for animals
treated with an intermediate dose (.57 mg/kg) of tamoxifen and "C" for
animals treated with a high dose (1.7 mg/kg) of tamoxifen. From these data
uptake, capacities are determined {(Table 5).

Table 5: Uptake capacity for 18FES in tissues as determined by pseudo
Scatchard plots.

Uterus Ovaries Muscle

Untreated 160 55 |
Intermediate Dose Tamoxifen 60 35 -0
High Dose Tamoxifen -0 0-15 -0

It is seen that specific binding sites exist in the muscle that appear to
be blocked even with leow doses of tamoxifen, and that the available sites ir
the uterus are reduced by tamcxifen administration. In order to measure the
Kp in vive, one needs to make some sssumpticn regarding nonspecific binding.
In the tamoxifen treated animals, no specific binding occurs in muscle so
therefore the muscle uptake is a measure of nonspecific binding. WMzsking thris
assumption and accounting for metabolites in the muscle, a Scatchard plot can
be generated (Figure 19) from which Kp can be calculated. In the example
shown which is with the intermediate dose of tamoxifer Bpsy = 8C picamoles/-
gram and¢ Xp = 0.38 nmoles. This latter value is in good agreement with in
vitro data (reference 3).

We have also evaluated several radiclabeled progestins in animel models
{Appendices 6,12,27) and have carried out preclinical studies on FENP. FENP
has recently been approved for human use and its distribution in one normal
determined Figures 20-21. In this normal subject, the urine was analyzed for
fluorides; very low levels were determined (as can be seen from the images,
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rigers 12 Effect of Added Estradiol (ES) on
Tissue Uptake of ™FES In Untreated Rats
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“EES in Rats Pretreated with Tamoxifen®
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Figure 1%. Uptake of ®FES In 25d Old Female R-
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Figure 15. Uptake of ®*FES in 25d Old
Female Rats Pretreated with
Intermediate Dose of Tamoxifen
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Figure 19. Scatchard plot of bound/free vs bound
for uterus uptake pretreated with
intermediate dose of tamoxifen
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The biodistribution of FENP in a normal human subject. Slices A
and B show the distribution of activity in the brain. Note the
small amount of skull uptake. Slices C show the clearance of
this compound through the liver and gallbladder.

Figure 20:
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Figure 21: Distribution of FENP in brain of a normal human subject. The
specific uptake is in the regions of the hypothalamus.
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little or no uptake is cobserved in bone). This is in contrast to the rat
studies where significant bone uptake is observed. In a different study
(Appendix 14) utilizing a fluoroalkyl derivative of diprenorphine, we have
observed very different biodistribution in male and female rats; extensive
bone uptake occurs in male rats. When this diprenorphine analog wzs studied
in primates, no bone uptake is observed. It appears that extrapolation of
metabolism from rats to primates is difficult and one of our goals in the
future work will be to attempt to evaluate the anticipated metabolites from
higher mammals. The uptake of progesterone in human brzin is very similar to
the uptake of estradiol in both primate (Figure 22) and human brain (Figure
23). In primates the FENP uptake can be blocked (Figure 24) and these agents
have potential for studying sex hormone receptor binding sites in the brain.

Largely supported by NIH, we are continuing to study 18FES in human
subjects. One of our initial human images (selected by Dr. H.N. Wagner as
image of the year) is shown in Figure 25. Qur current protocol involves
patients with metastatic breast carcinoma studied before and during tamoxifen
treatment. Images from a typical patient in this protocol are shown in
Figure 26.
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Figure 22: Uptake and washout of 18F-fluoroestradiol in a baboon brain.
There is specific accumulation in the hypothalamus.
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Figure 23: Distribution of 185‘-1’1l.tor-oesstr-adiol in a normal human brain,
uptake occurs in the regions of the hypothalamus.
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Figure 24. Uptake of FENP in a baboon brain at high (left) and low (right)
specific actitivities, At low specific activities diffuse
uptake is obtained. Significantly more activity was admini-
stered in the low specific acitivity case accounting for the
similar PET numbers.
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Figure 25: Distribution of 18p-fluorcestradiol in a patient with a primary
breast carcinoma, uptake in the breast tumor and lymph node
metastasis as well as the clearance through the liver is
observed.

26



D= T CD =) =T D

]
E
1
1
¢
i
1
' 8

SKILL METASTASIS

1. IETASTASIS BEFORE TWHOXIFEN
2. FETASTASIS AFTER DAYS OF TRROXIFEN
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Figure 26: Uptake of 18p-fluoroestradiol in a patient with skull metastasis
of breast carcinoma. 18F-FES administered before tamoxifen (1),
5 days after the initiation of tamoxifen (2), and 6 weeks after
initiation of tamoxifen (3). The reduction in target to non-
target ratios is clearly observed.
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