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90Y-TA138 is a *Y-labeled nonpeptide integrin a,f; receptor antagonist that binds with high affinity
and specificity to integrin ¢33 receptors overexpressed on both endothelial and tumor cells. Y-TA138
has demonstrated significant therapeutic effects in several preclinical tumor-bearing animal medels.
Since MY is a pure S-emitter, ! In-TA138 has been chosen as the imaging surrogate for dosimetry
determination of %Y-TA138. This report describes the synthesis of "In-TA138 and biological
evaluations of both '"'In-TA138 and #°Y-TA138 in the c-neu Oncomouse model. The HPLC data shows
that '"'In-T'A138 is more hydrophilic with the retention time ~4.5 min shorter than that of *Y-TA138
under identical chromategraphic conditions. Since the only difference between !!'In-TA138 and *0Y-
TA138 is the metal ion, the HPLC retention time difference strongly suggests that indium and yttrium
chelates do not share the same coordination sphere in solution even though they are coordinated by
the same DOTA conjugate. Despite their differences in lipophilicity and solution structure, biodis-
tribution data in the c-neu Oncomouse model clearly showed that *'In-TA138 and *Y-TA138 are
biclogically equivalent with respect to their uptake in tumors and other major organs. Therefore,
Tn-TA138 is useful as an imaging surrogate for *°Y-TA138 and should be able to predict the radiation

dosimetry of ®Y-TA 138, a therapeutic radiopharmaceutical for treatment of rapidly growing tumors. .

INTRODUCTION

There is currently a considerable interest in radio-
labeled biomolecules {BM) as target-specific radio-
pharmaceuticals for diagnosis and treatment of cancers
(/—10). DOTA and its analogues have been used as
bifunctional chelators {(BFCs) for the radiolabeling of a
variety of biomolecules, including antibodies (77— 77) and
small peptides (18—24). While 3Y-labeled DOTA—-BM
conjugates are used for tumoer radiotherapy, 'In-labeled
DOTA—-BM conjugates are often used as imaging sur-
rogates for the purpose of dosimetry determination. This
is largely based on the assumption that *Y- and !In-
labeled DOTA--BM conjugates are chemically and bio-
logically equivalent. However, results from recent litera-
ture have shown differences in biclegical properties
between Y- and "'In-labeled BFC—BM conjugates (25—
27). This causes some concerns about the validity of using
1n-labeled BFC—BM conjugates as imaging surrogates
for their Y analogues.

We have been interested in developing diagnostic and
therapeutic radiopharmaceuticals based on radiolabeled
integrin o,5; receptor antagonists (23, 24, 28-33). Inour
previous communication (32}, we reported synthesis of
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the #Y complex of a DOTA-conjugated nonpeptide inte-
grin o, receptor antagonist (Figure 1: TA138), %0Y-
TA138 has been evaluated as a therapeutic radiophar-
maceutical in preclinical turmor-bearing animal models
(e.g. c-neu Oncomouse, HCT116, and HT460 xenografts}).
In all cases, tumnor growth was significantly inhibited in
mice treated with ®Y-TA138 (30 mCi’kg) on day 7 and
11 after subcutaneous implantation of tumor cells in mice
(23). As a continuation of these studies, we now present
the synthesis of '*'In-TA138. To demonstrate the validity
of 11[n-"TA138 as the imaging surregate for ¥Y-TA138,
we have evaluated biodistribution characteristics of !In-
TA138 and *Y-TA138 in the same ¢-neu Oncomouse
model. Results from this study clearly demonstrated that
WIn-TA138 and %°Y-TA138 are biologically equivalent
with respect to their uptake in tumors and other major
organs despite their differences in lipophilicity and
solution structures.

EXPERIMENTAL SECTION

Materials. Ammonium acetate, diethylenetriamine-
pentaacetic acid (DTPA), and sodium gentisate were
purchased from Sigma-Aldrich (St. Louis, MO} and were
used as received. ®0YCly and "MInCl; (in 0.05 N HCl} were
purchased from Perkin-Elmer Life Sciences, North
Billerica, MA. Synthesis of TA138 (3-sulfon-/N-[[4.7,10-
tris(carboxymethyl)-1,4,7,10-tetraaza-cyclododec-1-yl]-
acetyl]-L-alanyl- N [2-[4-[[[{1.5)-1-carboxy-2[[[1.4-dihydro-
7-[(1 H-imidazoel-2-ylamino]methyl]-1-methyl-4-oxo-3-
quinelinyl]carbenyl]amino]ethyllarming]sulfonyl]-3,5-
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Figure 1. Structure of the DOTA-conjugated integrin o33
receptor antagonist TA138.

dimethylphenoxy}-1-oxobutyl] amino] ethyl] -3-sulfo-L-
alaninamide) has been described in our previous communi-
cation (32).

Analytical Methods. The radio-HPLC method used
a HP-1100 HPLC systemn with an UV/visible detector (1
= 230 nmy}, an IN—-US radio-detector, and a Zorbax Cg
column (4.6 mm x 250 mm, 80 A pore size). The flow
rate was 1 mL/min with a gradient mobile phase starting
from 92% solvent A (25 mM ammonium acetate buffer,
pH 6.8} and 8% solvent B (acetonitrile} to 90% solvent A
and 10% solvent B at 18 min. The mobile phase was
isocratic using 40% of solvent A and 60% solvent B from
19 to 25 min. The TLC method used the C,g reverse phase
glass plates and a mobile phase containing methanol,
acetone, and saline (2:1:1 = v:v:v). By this method, both
0Y-TA138 and '"'In-TA138 migrate to the solvent front
while unchelated radiometal remains at the origin. The
corrected radiochemical purity was calculated by sub-
tracting the percentage of unchelated radiometal ob-
tained by TLC from that cbtained by radio-HPLC.

Synthesis of Y-TA138. To a clean 10 mL vial
containing 775 ug of TA138 were added 15.2 mg sodium
gentisate and 7.6 mL of ammonium acetate buffer (0.5
M, pH = 6.0). The solution was immediately degassed
under vacuum (<1.0 mmHg) for ~2 min. Upon addition
of 175 pL of ¥YCl; (~150 mCi) in 0.05 N HCI, the reac-
tion mixture was heated at 95 °C for 5 min. After radio-
labeling, a sample of the resulting solution was first
diluted 40-fold with the 1.0 mM DTPA seolution contain-
ing sodium gentisate (10 mg/ml) and was then analyzed
by radic-HPLC and TLC. The radiochemical purity was
99.0% for *°Y-TA138. The dose for animal studies was
made by diluting part of the kit formulation to a
concentration of ~50 xCi/ml with saline.

Synthesis of "In-TA138. TA138 (100 #g) and sodium
gentisate {1.0 mg) were dissolved in 1.5 ml of armmonium
acetate buffer (0.5 M, pH = 6.0). The resulting solution
was immediately degassed under vacuum (<1 mmHg) for
~2 min. Upon addition of '""InCl; solution {2.2 mCi) in
0.05 N HCI, the reaction mixture was heated at 100 °C
for 5 min. After cooling to room temperature, a sample
of the resulting solution was analyzed by radic-HPLC and
TLC. The radiochemical purity was 99.5% for '“In-
TA138. The dose for animal studies was made by diluting
the solution above to a concentration of ~15 uCi/mL with
saline.

In Vivo Biodistribution Study. The c-neu Onco-
mouse is a spantaneous fumor-bearing model that carries
an activated c-neu oncogene driven by a mouse mammary
tumor virus (MMTV) promoter. Transgenic mice uni-
formly expressing the MMTV/c-neu gene develop mam-
mary adenocarcinomas (4 to 8 months postpartum) that
involve the entire epithelium in each gland. The mice
used in this study were obtained through an in-house
breeding program and were anesthetized intramuscularly
with 0.1 mL of a ketamine/acepromazine mixture (1.8 mL
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saline, 1.0 mL ketamine, and 0.2 mL acepromazine) prior
to dosing and tissue sampling. Equal volumes of Y-
TA138 (50 uCi/fmL} and 'MIn-TA138 (15 xCi/mL) solu-
tions were mixed before injection. The final concentration
was 25 uCV¥mL for 9Y-TA138 and 7.5 uCi/mL for '!In-
TA138. Doses {0.1 mL) were drawn into 0.5 mL insulin
syringes for injection.

Eighteen mice {~25 g) were divided into three groups
according to the biodistribution time (2, 24, and 48 h)
postinjection. Each group had six mice, and each mouse
was administered a mixture (0.1 ml} containing *°Y-
TAL138 at a dose of 2.5 4Ci/mouse and '''In-TA138 at a
dose of 0.75 uCi/mouse in a single tail vein injection.
Biodistributions were performed at the assigned time
points (2, 24, and 48 h). Blood, eye, muscle, liver, kidney,
bile, spleen, heart, lung, urine, stomach, colon, uterus,
bone marrow, bone, and tumors were sampled and
assayed for radioactivity. Since the c-neu Oncomouse
spontaneously develops tumors in the mammary glands,
most mice have more than one tumor. To assess the
amount of uptake in the tumors, each tumor was sampled
and counted separately. Subsequently, the activity was
averaged to obtain an overall representation of tumor
uptake. All tissue samples and injected dose aliquots
were dissolved in 1 mL of Solvable (Packard Instrument
Co., Meriden, CT) and incubated overnight at 37 °C. Each
sample was then counted for 15 min on a calibrated
Cobra gamma counter (Packard, Instrument Co., Meri-
den, CT) with dual window settings for counting each
isotope. Raw radioactivity data was corrected for back-
ground and tested for quantitation limits according to
the literature method (34). Results are shown in Figures
3—6 and are reported as a percent of the injected dose
per gram of the tissue (%ID/g).

Data Analysis. Comparison of ¥Y-TA138 and *'In-
TAI138 tissue uptake was evaluated for bisequivalence
based on the 2002 bicequivalence guidance document
adopted by the FDA. Briefly, this method describes the
estimation of the difference between the means of the
logarithms of the data, calculation of the 90% confidence
interval for the mean difference, and taking the anti-logs
of the limits of the 90% confidence interval. The test
compounds are considered bisequivalent if the 90%
confidence intervatl for the ratio of the means is between
0.8 and 1.25. "Y-TA138 and "'In-TA138 were adminis-
tered concurrently enabling the ratios of the tissue
uptake (%ID/g) to be determined using paired-data
analyses. For those organs that only had a single time
point available (blood, muscle, bile, bone marrow, and
bone), the comparison used the %ID/g. For those organs
that had more than one time point available, the com-
parison used the area under the %1D/g versus time curve
(AUC). In the single time point analyses, the paired-
difference, log{%ID/g 1In-TA138) — log(%ID/g Y-
TA138), was calculated for each animal. The mean
paired-difference and the 90% confidence limits for the
mean were calculated and the antilogarithms obtained
to provide the mean and 90% confidence lmits for the
ratio %ID/g (*0Y-TA138)/%ID/g (1{In-TA138). The anti-
log data was necessary in order to express the data on
the original scale of measurement. AUCs were estimated
using trapezoidal approximations for the multiple time
point analyses. The paired-difference, log[AUC(®Y-
TA138)] — log[AUC(!*In-TA138)]. was calculated for each
animal. The mean paired-difference and the 90% confi-
dence limits for the mean were calculated and the
antilogarithms obtained to provide the mean and 90%
confidence limits for the ratio AUC (F9Y-TA138)/1!In-
TA138).
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Figure 2. Radio-HPLC chromatograms of Y-TA138 {top) and
In-TA138 (bottom) using a gradient mobile phase {(§—10% B
over 18 min, A = 25 mM ammonium acetate, B = acetonitrile).

RESULTS

Synthesis of *Y-TA138 and 'In-TA138. Y-TA138
was readily prepared in high yield (RCP > 98%) accord-
ing to the procedure described in our previous com-
munication (32. '"In-TA138 was prepared using
a similar procedure with slight maodification. In both
cases, exclusion of oxygen is required for successful
radiolabeling and can be achieved either by degassing
under vacuum or by bubbling nitrogen through the
mixture before the addition of radiometal. Sodium gen-
tisate was used as a radiolytic stabilizer to prevent
radiolysis during the radiolabeling and HPLC analysis.
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In this study, we used ~100 ug of TA138 for 20 mCi of
%Y Cly (TA138:5%Y ~170:1) for the synthesis of *°Y-TA138,
and 2.25 mCi of *'InCl; for preparation of #{In-TA138.
The corrected radiochemical purity for Y-TA138 and
Wn-TA138 was >98% with minimal radiemetal colloid
formation.

HPLC Characterization of %Y-TA138 and !In-
TA138. °0Y-TA138 and !''Tn-TA138 were analyzed by the
same reversed phase HPLC method using a gradient
mobile phase (8—10% B over 18 min, solvent A = 25 mM
ammonium acetate buffer, solvent B = acetonitrile}.
Figure 2 shows typical radio-HPLC chromatograms of
%0Y.TA138 (top) and i'In-TA138 (bottom). There are
some small peaks (the void-volume peak at ~3.0 min and
the wash-peak at ~23 min) due to radioimpurities in %Y-
TA138 and "''In-TA138 preparations. Since these radio-
impurities are less than 1.0%, ne further characterization
was performed. The retention time of 1"'In-TA138 is ~4.5
min shorter than that of %°Y-TA138, suggesting that %°Y-
TA138 is more lipophilic than that of 1In-TAL38. We
also tried other reversed phase HPLC methods. It was
found that the HPLC retention time difference for Y-
TA138 and ''*In-TA138 depends on the gradient of the
mobile phase. Under isocratic conditions (7% B over 30
min, solvent A = 25 mM ammonium acetate buffer,
solvent B = acetonitrile), the HPLC retention time
difference between ¥Y-TA138 and ''In-TA138 was ~10
min.

Biodistributions of **Y-TA138 and '!In-TA138 in
the c-neu Oncomouse Model. *Y-TA138 and !''In-
TA138 showed rapid blood clearance (Figure 3) primarily
via the renal system, and very similar bicdistribution
patterns (Figures 4~6) in the ¢-neu Oncomouse model
over 48 h postinjection. At 2 h pastinjection, the tumor
uptake was ~10% ID/g for *Y-TA138 and '"'In-TA138.
The uptake in the eye and bile were below the limit of
quantification at 2 h postinjection. Activity levels of Y-
TA138 and 'In-TA138 were also below the limit of
quantification in the blood, muscle, bone, and bone
marrow at 24 h postinjection while the uptake in other
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Figure 3. Blood clearance curve for *Y-TA138 and '''In-TA138 in the c-neu Oncomouse model at 0—24 h postinjection. Each time
point is the average + the standard error of the mean {(SEM) {1 = 8).
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Figure 4. Biodistribution data for Y-TA138 (left) and 1In-TA138 (right) in the c-neu Oncomouse model at 2 h postinjection,
Each histogram is the average + the standard error of the mean (SEM) (17 = 6). The data are decay corrected.
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Figure 5. Biodistribution data for ®Y-TA138 (left) and '"'In-TAI138 (right) in the c-neu Oncomouse model at 24 h postinjection.
Each histogram is the average £ the standard error of the mean (SEM) (= 6). The data are decay corrected.
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Figure 6. Biodistribution data for %Y-TA138 (left) and !"'In-TA138 (right) in the c-neu Oncomouse model at 48 h postinjection.
Each histogram is the average J: the standard error of the mean (SEM) (n= 6). The data are decay corrected.
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organs were less than 2% ID/g, except the tumer uptake
of 3—4%ID/g. At 48 h postinjection, the uptake in all
organs except tumor (2—3%) and uterus (1—2%) were less
than 1% for °Y-TA138 and ''In-TA138. At all the time
points, there was no significant difference between Y-
TA138 and "'In-TA138 with respect to their uptake in
all organs of interest. HPLC analysis of blood and urine
samples at 2 and 24 h postinjection showed no significant
metabolism for both Y-TA138 and ''In-TA138,

DISCUSSION

90Y-TA138 has demonstrated significant therapeutic
effects in several preclinical tumor models, including
¢-Neu oncomouse, HCT116, and HT460 xenografts (33.
Since *°Y is a pure f-emitter, '''In-TA138 was chosen as
the imaging surrogate for biedistribution and dosimetry
determination. Is '!In-TA138 chemically and biologically
equivalent to *0Y-TA138? Can "Un-TA138 be used to
accurately predict the biodistribution and dosimetry of
90Y-TA138 in animal models? With these questions in
mind, we carried out the experiments described in this
report.

Difference in Lipophilicity between Y-TA138
and !"In-TA138. Radio-HPLC has become a routine
method for the characterization of radiolabeled com-
pounds. It is alse a powerful tool to compare lipophilicity
of two closely related radiolabeled compounds. In this
study, we used a reversed phase HPLC method with a
gradient mobile phase. It was found that the retention
time of ""In-TA138 is ~4.5 min shorter than that of 2Y-
TA138 by the same HPLC method (Figure 2). Similar
results were obtained for %Y and!"In complexes of
DOTA-BA (BA = benzylamine), a model compound for
DOTA—biomolecule conjugates (35}, Since the only dif-
ference in '"In-TA138 and %°Y-TA138 is the metal ion,
different retention times strongly suggest that indium
and yttrium chelates do not share the same coordination
sphere even though they are coordinated by the same
DOTA conjugate. If indium and yttrium chelates were
to share the same coordination sphere, ''In-TA138 would
have had the same retention time as that of 9°Y-TA138
under identical chromatographic conditions. -

Structural Differences beiween Y and In Che-
lates in Solid State. Recently, Macke and co-workers
(18 36) described the crystal structures of complexes
M{DOTA-p-Phe-NHz) (M =Y and In) and found that both
indium and yttrium in these complexes are eight-
cocrdinated with four amine-nitrogen, one carbonyl-
oxygen, and three carboxylate-oxygen atoms bonding
to the metal center (/8 38). The difference between
these two structures arises from the different conforma-
tion of ethylenic bridges and the orientation of sidearms.
Y (DOTA-p-Phe-INH;) exists in solid state as the m-isomer
{traditionally designated as the minor isomer) while
In(DOTA-p-Phe-NH,)} is observed as the M (major isomer)
isomer. The same M isomer is also seen in In(DOTA-AA)
(AA = p-aminoanitide} (37). Since the metal chelate is
only one-third of the radiolabeled TA138, the slight
difference in solid-state structures of yttrium and indium
chelates hardly explains retention time differences be-
tween ¥Y-TA138 and !'In-TA138 and is not consistent
with solution dynamics of In(DOTA-BA} and In{DOTA-
A%) as observed in our previous communication (35,
37.
Structural Differences between Y and In Che-
lates in Solution. The size of Y% (ionic radius = 0.87
A) fits perfectly to the coordination cavity of the DOTA-
monoamide chelator. It is not surprising that most
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yttrium complexes of DOTA derivatives are able to
maintain their rigid eight-coordinated structure in solu-
tion (78, 35, 38—41). In®* has an ionic radius of 0.75 A,
which is smaller than that of Y3 (42). As a result, the
coordination number for In®* is typically 6 or 7 (43— 46).
Only a few eight-coordinated In%* complexes are known
(36, 37, 47—489). Due to its smaller size, In®" does not fit
to the coordination cavity of the DOTA-monoamide
chelator. Although In®* is eight-coordinated in the solid
state of In(DOTA-monoamide}, the carbonyi-oxygen may
become dissociated in solution. This is particularly true
for 111In-TA138 at the tracer level {107° to 1078 M). This
explanation is consistent with the HPLC retention time
differences between *°Y-TA138 and !"'In-TA138, and the
fluxionality of In{DOTA-BA) and In(DOTA-AA) in solu-
tion (35, 37).

Bioequivalence between %Y-TA138 and "In-
TA138. There are several factors influencing the bio-
equivalence of ¥0Y-TA138 and !1In-TA138. These include
solution structures and dissociation kinetics of radiometal
chelates, specific activity of radiometals, and the amount
of unlabeled TA138 injected into each animal. Since
DOTA and its derivatives form eight-coordinated In{(III)
and Y(I1I) chelates with extremely high thermodynamic
stability and kinetic inertness (/8, 35—41), the dissocia-
tion kinetics may not contribute to the difference, if there
is any, in biological properties of 9Y-TA138 and {!In-
TA138. In this study we chose to administer ¥Y-TA138
and "'In-TA138 concurrently into each animal so that
we can eliminate the effect of specific activity and amount
of unlabeled TA138 on biodistribution properties of 90Y-
TA138 and {1In-TA138. In this way, the only remaining
factor that can influence biodistribution properties of Y-
TA138 and '*'In-TA138 would be their structural differ-
ences between 1Y and !!In chelates in solution.

In the c-neu Oncomouse model, 9°Y-TA138 and M'In-
TA138 showed almost identical biodistribution patterns
(Figures 4—8) over 48 h. Both °Y-TA138 and *'In-TA138
are excreted rapidly from blood circutation {Figure 3) via
the renal system. There was no significant difference
between 0Y-TA138 and !'In-TA138 with respect to their
uptake in tumor and other major organs of interest over
48 h postinjection. These results clearly demonstrated
that *'In-TA138 and #Y-TA138 are biologically equiva-
lent despite their differences in solution structure and
lipophilicity.

CONCLUSION

This report describes the synthesis and HPLC char-
acterization of '''In-TA138. The HPLC data showed that
HTn-TA138 is more hydrophilic, with the retention time
being ~4.5 min shorter than that ®Y-TA138. Since the
oniy difference between 'In-TA138 and ®Y-TA138 is the
metal ion, the HPLC retention time difference strongly
suggests that indium and yttrium chelates do not share
the same coordination sphere in solution even though
they are coordinated by the same DOTA conjugate.
Despite their differences in lipophilicity and solution
structure, biodistribution data in the c-neu Oncomouse
model clearly demonstrated that *'In-TA138 and °0Y-
TA138 are biologically equivalent with respect to their
uptake in tumors and other major organs. Therefore,
MIn-TA138 is useful as an imaging surrogate for %Y-
TAI38 and should be able to accurately predict the
radiation dosimetry of ®Y-TA138, which has the potential
as a new therapeutic radiopharmaceutical for the treat-
ment of rapidly growing solid tumors.
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