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Figure 5.7. microPET images of '®F-FDG at 30 — 90 min in rat breast tumor and
inflammation-bearing rats (T: tumor, I: inflammation). The tumor-to-muscle ratios
(T/Ms), inflammation-to-muscle ratios (I/Ms), and tumor-to-inflammation ratios (T/Is)

are listed below the figure.
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IV. Discussion

The present study investigated the imaging capability of *™Tc-N4-AMT in
breast tumor models in vitro and in vivo. For chemical synthesis, the precursor N4-
AMT was synthesized via an eight-step procedure (Fig. 5.1). Commercially
available a-methyl tyrosine 7 was converted into corresponding acid chloride, then
to ethyl ester by reacting with thionyl chloride in ethanol. The amine in o-methyl
tyrosine ethyl ester 2 was protected as its Boc-derivative N-t-butoxycarbonyl-o-
methyl tyrosine ethylester 3 with triethylamine and di-t-butyldicarbonate in DMF.
The chain at the -OH group was extended when compound 3 was treated with 1, 3-
dibromopropane and obtained as N-t-butoxycarbonyl-O-[3-bromopropyl]-a-methyl
tyrosine ethylester 4. Acylation of 1,4,8,11- tetraazacyclo-tetradecane (N4 cyclam)
with diethyloxalate led to N',N*-dioxalyl 1,4,8,11- tetraazacyclotetradecane (N',N*
cyclamoxamide) 5. Under SN? condition 4 and 5 were efficiently converted to
alkylated compound N-t-butoxycarbonyl-O-[3-(N' N*-dioxalyl-1,4,8,11-
tetraazacyclotetradecane)-propyl]-a-methyl tyrosine ethylester 6. Exposure of 6 to
trifloroacetic acid in CH»Cl, caused qualitative de-t-butoxycarboxylation to yield O-
[3-(N', N*dioxalyl 1,4,8,11-tetraazacyclotetradecane)-propyl]-a-methyl tyrosine
ethylester 7. 10 N NaOH in water at 75 °C promoted the hydrolysis of ester to acid
and a simultaneous deoxalation of 7 to yield the final compound O-[3-(1,4,8,11-
tetraazacyclotetradecan)-propyl]-a-methyl tyrosine (N4-AMT) 8. The total synthesis
yield was 14%, which can be adapted to industrial manufacturing. The structure and
purity of the compounds at each step were validated by 'H- and *C- NMR, mass

spectra, and HPLC. Precursor N4-AMT could be labeled with **™Tc successfully in
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a high radiochemical purity (>96%). Given that *™Tc-N4-AMT is a kit-product and
labeled without any further purification, the radiochemical yield was assumed to be
identical to its radiochemical purity.

In cellular uptake study, ®™Tc-N4-AMT was taken up rapidly by rat mammary
tumor cells, and the %Uptake of **™Tc-N4-AMT was significantly higher than that of
the chelator ®™Tc-N4, suggesting its high specificity in tumor uptake. Besides,
9MTc-N4-AMT has much more uptake than '®F-FDG in this in vitro breast cancer
model. In competitive inhibition study, *™Tc-N4-AMT uptake could be significantly
inhibited by L-tyrosine only at the 150- and 200-time concentrations, which indicates
that **"Tc-N4-AMT and L-tyrosine may be transported via the same transporter
system LAT; however, LAT may not be the only transport route for **"Tc-N4-AMT.
To further investigate other transport routes, different types of amino acid
transporter inhibitors need to be tested in order to block the ®™Tc-N4-AMT uptake
in this breast cancer cell line in future.

For in vivo evaluation, **™Tc-N4-AMT had a relatively fast blood clearance in
normal Fischer 344 rats (Fig. 5.4). Biodistribution study showed that ™ Tc-N4-AMT
had a favorable distribution pattern in normal rats (Table 5.1). The two major organs
for % ™Tc-N4-AMT metabolism are kidneys and liver. In planar imaging studies
shown in Fig. 5.5, tumors were clearly detected by *™Tc-N4-AMT at all time-points.
Although its T/Ms were relatively high, the tumor %IDs were lower than that of other
9MTc-labeled tyrosine derivatives we developed previously. To ascertain whether
9MTc-N4-AMT uptake is mediated specifically by LAT, we then conducted the in

vivo uptake blocking studies using the unlabeled L-Tyrosine as the competitive
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inhibitor (Table 5.3 and 5.4). Upon blocking, %™ Tc-N4-AMT uptake in liver, kidney,
and tumor decreased significantly at all time-points. Although muscle uptake also
decreased at the 30 min time-point, the decreasing rate was not statistically
significant and it may due to the blood flow effect. These results suggest that ™ Tc-
N4-AMT may utilize the same transport system LAT as L-Tyrosine does in vivo. To
test whether *™Tc-N4-AMT can distinguish tumor from inflammatory tissues, we
have established a rat model bearing both mammary tumor and turpentine oil-
induced inflammation. Although T/Is at all time-points were above 1, which indicated
that tumor had higher uptake than the inflammation site, the ratios were similar to
those of '8F-FDG. Nevertheless, since the uptake in inflammatory tissue was
caused by blood flow effect, T/l ratios of *™Tc-N4-AMT increased by time.
Therefore, **™Tc-N4-AMT may be able to distinguish tumor from inflammation in a
later time-point by taking the advantage of using the long half-life radioisotope *"Tc.
In addition, we may need to test *™Tc-N4-AMT in another animal model using
radiation to induce inflammation in future so it can more similarly mimic the patients
undergoing radiation therapy.

In conclusion, efficient synthesis of N4-AMT was achieved. In vitro cellular
uptake and in vivo imaging findings collectively suggest that **"Tc-N4-AMT is a
potential radiotracer for breast cancer imaging. In compliance with the chelating
capability of N4, N4-AMT could be labeled with positron emitting radionuclides such
as Gallium-68 or with short-ranged beta emitters for internal radiotherapeutic

purposes hereafter.
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CHAPTER 6 Overview: comparison of *™Tc-labeled Tyrosine-

based radiotracers in breast cancer imaging

In this dissertation, four %*™Tc-labeled tyrosine derivatives have been
synthesized and evaluated in vitro and in vivo for their imaging potential in breast
cancer models (Fig. 6.1). The detailed methods and results of the synthesis and
evaluation of each radiotracer have already been stated in Chapter 2-5. The studies
designed for each specific aim were listed in Table 6.1. Here, we will compare these
four radiotracers and score them as 1 to 4. Score 1 indicates the best compound
and score 4 is the worst compound for each study. Therefore, the compound with
the least score will be the best radiotracer for imaging breast cancer modeled here

overall.

HzN HzN
OH OH

SH HS SH HS

EC-AMT EC-Tyrosine

) oL
WIN g Yot

N4-AMT N4-Tyrosine

Figure 6.1. Proposed structures of four tyrosine-based precursors.
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Table 6.1. The studies designed to synthesize and evaluate four radiotracers.

EC-AMT EC-Tyrosine N4-AMT N4-Tyrosine

Precursor Synthesis

SA1 | ®*™Tc Labeling

Partition Coefficient

Uptake Kinetics

SA2
Competitive Inhibition using L-Tyrosine

Blood Clearance

Biodistribution

SA3 | PlanarImaging (breast cancer model)

Planar Imaging (in vivo blocking)

Planar Imaging (breast cancer vs. inflammation model)
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l. Specific Aim 1

Table 6.2 summarized the chemical synthesis of four precursors. Since N-t
Butoxycarbonyl-L-tyrosine methyl ester, the starting material of the protected Br-
tyrosine compound was commercially available; the required synthetic steps of EC-
Tyrosine and N4-Tyrosine were fewer than those of their a-methyl derivatives,
hence, the overall synthetic yields were much higher than EC-AMT and N4-AMT,
respectively. As shown in Table 6.2, the best compound with fewest synthesis steps
and highest synthetic yield was EC-Tyrosine. Nevertheless, the other three
compounds also had acceptable synthetic yield.

When label the precursors with **™Tc, the radiochemical purity of four
compounds was all above 95%. Since they are kit-products and labeled without any
further purification, the radiochemical yield is assumed to be identical to their
radiochemical purity. However, EC seemed to have better chelation ability with
9MT¢ than N4 because EC-AMT and EC-Tyrosine can be labeled with *™Tc using

lesser physical amount than their N4 counterpart.
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Table 6.2. Summary of the chemical synthesis of four precursors.

Synthesis Steps Overall Yield

EC-AMT 5 23%
EC-Tyrosine 3 80%
N4-AMT 8 14%
N4-Tyrosine 5 38%

The partition coefficient values (logPs) of four radiotracers were listed in Table
6.3. Since all four compounds are small molecule, the compound with higher
lipophilicity is preferred because they will have better chance to be slowly washed
out from body than the compound with lower lipophillicity. Based on the results,
9MTc-EC-AMT had highest lipophilicity and therefore was the best compound
among these four radiotracers. As expected, the logPs of tyrosine-based
radiotracers were lower than those of their a-methyl derivatives. As we know, the
lower logP indicates the lower lipophilicity of the compound. The result verified our
hypothesis that the lipophilicity of tyrosine-based radiotracer could be increased by
adding a methyl group on its a-carbon. In addition, we found that EC-chelated
radiotracers had higher lipophilicity than their N4 counterpart. When we compared
lipophilicity of chelator EC and N4 using ChemBioDraw Ultra 12.0 software
(CambridgeSoft Corporation, Cambridge, MA), the same result was presented. The

logP of precursor EC was -1.05 whereas that of N4 was -1.3. Although it contains
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two hydrophilic carboxylic groups, the higher logP of EC may be due to its two

lipophilic thiol groups.

Table 6.3. The partition coefficient value (logP) of four radiotracers at pH=5-6 (n=6).

PMTc-EC-AMT  PMTc-EC-Tyrosine  P™Tc-N4-AMT  2*"Tc-N4-Tyrosine

LogP -1.14+0.072 -2.021+0.168 -1.42+0.169 -2.83+0.082

Table 6.4 summarizes the conclusion for Specific Aim 1. From the chemical
point of view, EC-chelated compounds tied for the first place, which suggests that
both EC-chelated compounds have more favorable chemical characteristics than

N4-chelated compounds.

Table 6.4. Conclusion of Specific Aim 1. Score 1 indicates the best compound, and score

4 indicates the worst compound.

EC-AMT EC-Tyrosine N4-AMT NA4-Tyrosine

Precursor Synthesis 3 1 4 2
SA1 | ®°™Tc Labeling 1 1 2 2
Partition Coefficient 1 3 2 4
Conclusions 1 1 2 2
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L. Specific Aim 2

Specific Aim 2 was to investigate the uptake kinetics and transport
mechanisms of **™Tc-labeled tyrosine/AMT-based radiotracer in rat mammary
tumor cell line 13762. This is a well-documented cell line for established in vivo rat
mammary tumor model, as well as for the rat model carrying both tumor and
inflammation employed in differential diagnostic studies. In addition, since we were
evaluating the compounds using planar scintigraphic imaging, rat model would
provide better imaging quality than mouse model in terms of resolution.

Fig. 6.2 demonstrates the cellular uptake kinetics of all four *™Tc-labeled
tyrosine-based compounds in comparison with that of ®F-FDG. All four radiotracers
were taken up rapidly by rat mammary tumor cells and had much higher %Uptake
than that of '®F-FDG, suggesting their higher imaging potentials than '®F-FDG in

vitro.

137



2.000
~+—99mTc-EC-AMT
T -8-99mTc-EC-Tyrosine A

99mTc-N4-AMT
P ==99mTc-N4-Tyrosine T
——18F-FDG 1
1.400
1.200

1.000

% Uptake

0.800

0.600

0.400

0.200

Time (min)

Figure 6.2. Time course of *™Tc-labeled four radiotracers and '®F-FDG uptake in rat
breast tumor cell line 13762 (0— 240 min). Data are expressed in mean x S.D.

percentage of cellular uptake (%Uptake).

In competitive inhibition study using the same cell line, the uptake of both
9MTc-EC-AMT and **™Tc-EC-Tyrosine could be blocked by L-Tyrosine from 10-time
concentration, whereas that of **™Tc-N4-AMT could only be blocked at 150- and
200-time concentrations of precursor. For ®™Tc-N4-Tyrosine, the uptake could not
be inhibited at any concentration and the uptake even increased by adding
unlabeled L-Tyrosine. Taken together, these findings suggest that *™Tc-EC-labeled
compounds most likely share the same transport mechanism as L-Tyrsoine, which
is predominantly transported via LAT system. For *™Tc-N4-labeled compounds,
they most likely do not use LAT as a major transport system.
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Table 6.5 summarizes the conclusion for Specific Aim 2. When evaluating
these four compounds in breast cancer cell line, ®"Tc-EC-AMT shows the most

favorable characteristics in vitro.

Table 6.5. Conclusion of Specific Aim 2. Score 1 indicates the best compound, and score

4 indicates the worst compound.

EC-AMT EC-Tyrosine N4-AMT NA4-Tyrosine

Uptake Kinetics 1 3 2 4
SA2 " o - .

Competitive Inhibition using L-Tyrosine 1 1 2 3
Conclusions 1 2 2 3
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Ml Specific Aim 3

Specific Aim 3 was to assess the kinetics of **"Tc-labeled tyrosine/AMT-based
radiotracer accumulation in tumor and inflammation tissues in mammary tumor-
bearing rat model. The rat tumor model was created using the same rat mammary
tumor cell line as in the in vitro evaluation.

All four radiotracers had relatively rapid blood clearance in normal Fischer 344
rats (Fig. 6.3). Among them, *™Tc-N4-Tyrosine had the fastest clearance for both
distribution phase (T1,20=9.31+£0.759 min) and excretion phase (T2 =90.14+1.901
min), whereas **™Tc-EC-Tyrosine had the slowest but still acceptable clearance for
both distribution phase (T, a=13.68+1.067 min) and excretion phase (T2

B=117.51+5.727 min).
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Figure 6.3. Blood clearance (%ID/g) of four ™ Tc-labeled radiotracers in normal

female Fischer 344 rats up to 240 min (n=3). The data represent the mean

radioactivity expressed as a percentage of the injected dose per gram of blood + S.D.
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For biodistribution study, all four radiotracers had high in vivo stability in
normal Fischer 344 rats. High kidney uptakes of all compounds were observed up
to 4 hr, indicating that the kidneys are the major organ for metabolism and excretion
of these compounds. The high kidney uptake, nevertheless, could be blocked by
intravenously administration of unlabeled L-Tyrosine, which suggested that the four
radiotracers may utilize the same metabolism and excretion route as L-Tyrosine
does in rat kidneys.

In planar imaging studies, mammary tumors were clearly detected by all
radiotracers up to 4 hr. ®™Tc-EC-AMT had the highest T/M ratios, and due to the
washout of non-specific uptake, the T/M ratios increased by time. Therefore, %™ Tc-
EC-AMT is the best compound for imaging mammary tumor in this rat model. The
T/M ratios of the other three compounds also ranged from 4 to 5, and were
promising for tumor imaging, however, *™Tc-N4-AMT may have the least potential
because its low tumor %lID.

To ascertain whether the radiotracers uptakes are mediated specifically by
amino acid transporter system LAT, we conducted the in vivo uptake blocking
studies using the unlabeled L-Tyrosine as the competitive inhibitor. Except for
9MT¢-N4-Tyrosine, all other three compounds were confirmed to transport via the
same LAT system as unlabeled L-Tyrosine does. These findings were consistent
with the in vitro competitive inhibition results. Since the lipophilicity of **™Tc-N4-
Tyrosine was much lower in comparison with the other three compounds, it was
possible that N4-Tyrosine was under some conformational changes when be

labeled with ®™Tc. Thus, *™Tc-N4-Tyrosine could not be recognized as an amino
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acid and then to be transported via LAT system. In order to test this hypothesis, we
need to synthesize the cold reference standard Re-N4-Tyrosine and study its
crystalline structure to confirm the binding site of rhenium in the future.

To test whether the radiotracers could differentiate breast tumor from
inflammation, we performed tumor and inflammation uptake comparison study in
vivo. All radiotracers other than **™Tc-EC-AMT had tumor-to-inflammation (T/1) ratio
above 1, which indicated that tumor had higher radiotracer uptake than
inflammatory site. However, when compared with the clinical gold standard '®F-FDG,
only ®™Tc-EC-Tyrosine had better T/Is up to 4 hr. Therefore, we conclude that
9MT¢c-EC-Tyrosine is the most suitable compound for in differentiating tumor from
inflammatory sites.

Table 6.6 summarizes the conclusion for Specific Aim 3. When evaluating
these four compounds in vivo, *™Tc-EC-AMT shows the most favorable
characteristics overall. However, °*™Tc-EC-Tyrosine will be the most suitable

candidate for differential diagnosis of tumor from inflammation.

Table 6.6. Conclusion of Specific Aim 3. Score 1 indicates the best compound, and score

4 indicates the worst compound.

EC-AMT EC-Tyrosine N4-AMT N4-Tyrosine

Blood Clearance 2 4 3 1

Biodistribution

SA3 | PlanarImaging (breast cancer model)

Planar Imaging (in vivo blocking)

Planar Imaging (breast cancer vs. inflammation model)

3
2
3
3
3
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3
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1
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Conclusions
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IV.  Conclusions and Future Directions

In conclusion, four tyrosine and AMT-based precursors have been successfully
synthesized and radiolabeled with *®™Tc. Table 6.7 summarizes the final
conclusions of the whole project. Base on the score system, we conclude that
9MT¢-EC-AMT is the most suitable radiotracer for breast cancer imaging overall,
however, **"Tc-EC-Tyrosine will be a more preferential choice for differential
diagnosis of tumor from inflammation.

In the future, we will use *"Tc-EC-Tyrosine to evaluate the treatment
response of anti-cancer drugs or radiation therapy since it showed impressive
capability to distinguish the actual tumors from treatment-induced inflammation. In
addition, we will label these four precursors with gallium-68 and investigate their
imaging potentials in breast cancer imaging using PET or PET/CT. Furthermore, we
would like to label precursor EC-AMT with therapeutic radioisotope rhenium-188 or
yttrium-90 for cancer treatment given its high tumor accumulation (tumor %ID) and

T/M ratios.
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Table 6.7. Final conclusions of the dissertation. Score 1 indicates the best compound,

and score 4 indicates the worst compound.

EC-AMT EC-Tyrosine N4-AMT N4-Tyrosine

Precursor Synthesis 3 1 4 2
SA1 | ®*™Tc Labeling 1 1 2 2
Partition Coefficient 1 3 2 4
Uptake Kinetics 1 3 2 4
SA2
Competitive Inhibition using L-Tyrosine 1 1 2 3
Blood Clearance 2 4 3 1
Biodistribution 2 3 1 3
SA3 | Planar Imaging (breast cancer model) 1 2 4 2
Planar Imaging (in vivo blocking) 1 2 1 3
Planar Imaging (breast cancer vs. inflammation model) 4 1 2 3
Conclusions 1 2 3 4
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