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Abstract

Purpose—The favorable pharmacokinetics and clinical safety profile of metal-chelated 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) suggests that it might be an ideal hapten
for pretargeted radioimmunotherapy. In an effort to minimize hapten retention in normal tissues
and determine the effect of various chemical adducts on in vivo properties, a series of DOTA-
based derivatives were evaluated.

Procedures—Biodistribution and whole-body clearance were evaluated for 177 Lu-labeled
DOTA, DOTA-biotin, a di-DOTA peptide, and DOTA-aminobenzene in normal CD1 mice.
Kidney, liver, and bone marrow doses were estimated using standard Medical Internal Radiation
Dose methodology.

Results—All haptens demonstrated similar low tissue and whole-body retention, with 2—-4% of
the injected dose remaining in mice 4 h postinjection. The kidney is predicted to be dose limiting
for all 177Lu-labeled haptens tested with an estimated kidney dose of approximately 0.1 mGy/
MBaqg.

Conclusions—We present here a group of DOTA-based haptens that exhibit rapid clearance
and exceptionally low whole-body retention 4 h postinjection. Aminobenzene, tyrosine-lysine,
and biotin groups have minimal effects on the blood clearance and biodistribution of 177Lu-
DOTA.
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Introduction

Pretargeted radioimmunotherapy (PRIT) strategies for cancer have been investigated for the
past 20 years [1-3]. In PRIT, a nonradioactive bifunctional antibody with specificity for
both a tumor antigen and a small molecule hapten is administered and allowed to localize to
the tumor(s). After sufficient blood clearance of the antibody (or a clearing step to reduce
subsequent hapten binding to residual antibody in the blood), a radiolabeled small molecule
is administered and captured by the pretargeted antibody (Fig. 1). This strategy combines the
high binding specificity of antibodies with the fast blood clearance of small molecules,
resulting in higher tumor-to-blood ratios than directly radiolabeled antibody targeting [4-7].

The first PRIT systems used streptavidin antibody fusions and biotinylated haptens.
However, binding of endogenous biotin to pretargeted streptavidin reduces efficacy [8]. In
addition, streptavidin is immunogenic and exhibits high renal uptake [9] resulting in high
radiation dose to the kidneys. Thus, recent efforts in PRIT have moved away from
streptavidin systems and have focused on the development of bispecific antibodies with
affinity for metal chelates or peptide moieties [10, 11].

One very important step in the development of PRIT approaches is the selection of the
hapten. The hapten must be nontoxic, not endogenous, not metabolized, and must clear
rapidly from the blood with minimal normal tissue retention. While many small peptides and
metal chelates exhibit fast renal clearance, most exhibit significant whole-body retention
[10, 12-19]. This background retention is typically 10-30% injected dose (ID) at 2 to 4 h
postinjection (summarized in Table 1). Significant whole-body retention results in
background activity limiting signal-to-background ratios for imaging and contributing to
nonspecific radiation limiting the maximum tolerated dose for therapy applications.
Identifying small molecules with low whole-body retention is thus necessary for improving
both imaging and therapy with radioisotopes.

The present study focuses on the use of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic

acid (DOTA) as a possible hapten for PRIT because of its ability to chelate a wide variety of
isotopes useful for imaging and therapy [20] and its history of safe use in humans as an MRI
contrast agent (chelated to Gd) [21, 22]. DOTA-Gd is not endogenous, not metabolized, and
exhibits rapid blood clearance.

Recently, we developed a high-affinity antibody-binding fragment to DOTA metal chelates
(Orcutt et al., manuscript in review). The engineered single chain variable domain (scFv)
binds to yttrium and lutetium DOTA-chelates with 100 pM affinity and DOTA-
aminobenzene-chelates with 10 pM affinity. We have engineered this scFv into a novel 1gG-
like bispecific antibody format that retains parental affinities and exhibits 1gG-like in vivo
blood pharmacokinetics and tumor targeting [23].

In the present study, we are interested in investigating the in vivo biodistribution and
clearance of various small molecule haptens to determine the effects of various adducts on
the in vivo properties of DOTA. Currently, it is not known a priori how the addition of
chemical groups will affect the in vivo properties of small molecules. Even small chemical
modifications can drastically change retention and background [24]. Our efforts are 2-fold:
(1) to increase the knowledge base of in vivo behavior of various DOTA-based compounds
in an effort to develop a more comprehensive understanding to aid in the future development
of molecular imaging and therapeutic agents with low background and (2) to determine what
form(s) of the DOTA chelate will result in the fastest blood clearance and lowest whole-
body and kidney retention for PRIT applications. This quantitative analysis is crucial in
moving toward an end goal of minimizing radioisotope retention in normal tissues.
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Materials and Methods

Reagents

DOTA, S-2-(R-aminobenzyl)-1,4,7,10-tetraazacyclododecane tetra-acetic acid (DOTA-Bn),
DOTA-biotin-sarcosine (DOTA-biotin), and 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid mono (N-hydroxysuccinimide ester) (DOTA-NHS) were purchased from
Macrocyclics (Dallas, TX, USA). Tyrosine—lysine peptide was purchased from Anaspec
(San Jose, CA, USA). All other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) or Thermo Fisher Scientific (Waltham, MA, USA).

DOTATyrLysDOTA Synthesis

DOTATyrLysDOTA was synthesized by reacting a 10-fold molar excess of DOTA-NHS
with tyrosine-lysine peptide in dimethyl sulfoxide in the presence of a 20-fold molar excess
of triethylamine. The reaction was vortexed for 3 h at room temperature. To confirm
completion of the reaction, the reaction mixture was analyzed by reverse-phase high-
performance liquid chromatography (HPLC) as described previously [25] using a Waters 4.6
x 150 mm Symmetry C18 column and a linear gradient from 0% to 40% B in 25 min at 1
mL/min with A=water+0.1% formic acid and B=acetonitrile+0.1% formic acid.
DOTATyrLysDOTA eluted at a retention time (R;)=9.6 min as detected by evaporative light
scatter detector (ELSD), with the mass confirmed by electrospray time-of-flight mass
spectrometry, calculated mvz 1,082.53 [M+H]™, found 1,083.19 [M+H]*. Preparative
purification was performed on an HPLC system using a 19x150-mm Symmetry C18 column
with a linear gradient of 0% B to 40% B in 35 min with A=water+0.1% formic acid and
B=acetonitrile+0.1% formic acid. DOTATyrLysDOTA eluted at R=5.6 min using ELSD
detection. Fractions containing product were pooled and lyophilized. Purity was confirmed
by analytical HPLC.

Radiolabeling

The HPLC/mass spectrometry platform used for purification of radioactive small molecules
and peptides has been described in detail [25, 26]. Compounds were dissolved at 0.5 mM in
ammonium acetate pH 5.6; 1 to 2 mCi 177LuCl; (PerkinElmer, Waltham, MA, USA) were
added to the metal chelate and incubated for 1 to 2 h at 85-95°C. The radiolabeled
compounds were purified by RP-HPLC with gamma detection on a 4.6x75-mm Symmetry
C18 column using a linear gradient from 0% to 90% B over 15 min, at a flow rate of 1 mL/
min, where A=water and B=acetonitrile. The compounds were then dried under vacuum,
resuspended in saline, and filter-sterilized.

Animal Models

All animal handling was performed in accordance with Beth Israel Deaconess Medical
Center Animal Research Committee guidelines. CD1 male mice were purchased from
Taconic Farms (Germantown, NY, USA). For biodistribution and clearance testing, 50-150
nCi 177Lu-labeled hapten was injected intravenously into the mice. Blood was collected
from the tail vein using microcapillary tubes and counted on a model 1470 Wallac Wizard
(Perkin Elmer, Wellesley, MA, USA) ten-detector gamma counter. Mice were euthanized by
intraperitoneal injection of pentobarbital followed by cervical dislocation, a method
consistent with the recommendations of the Panel on Euthanasia of the American Veterinary
Medical Association. Whole-body retention of radioactivity was measured in a dose
calibrator after removing the bladder en masse. Organs were resected, washed in phosphate
buffered saline thrice, weighed, and counted as described above.
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Differences between means of organ/tissue uptake and blood clearance parameters were
assessed using a two-tailed Student’s T test with P values <0.05 considered significant.
Blood clearance parameters were calculated by a least squares biexponential fit of the
percent injected dose per gram versus time data.

Radiation doses absorbed by normal tissues were calculated according to the Medical
Internal Radiation Dose (MIRD) scheme. Percent injected activity in kidneys, liver, and
whole body were calculated from activity measurements. Isotope decay-adjusted activity
was integrated over time, with a conservative assumption that the 24-h organ %ID remained
constant thereafter for the liver, kidneys, and whole body. Svalues (the absorbed dose per
unit cumulated activity) for %Y, 131], and 177Lu were used to calculate dosimetry estimates
in an adult male reference [27]. The blood activity data were fit to a biexponential function
and used to determine the red marrow dose as described [28]. The activity in the whole body
was used to estimate the total body cumulative activity used for cross-dose calculations.

Estimation of Whole-Body Retention for Published Haptens

Results

For each molecule, a lower limit for the whole-body %ID was calculated by summing the
%ID of each measured organ from the published average %I1D/g multiplied by the organ
weight. Where organ weight information was unavailable, we assumed a 25-g mouse with
the following distribution of organ weight percent: blood 8%, skin 11.2%, adipose 20%,
muscle 40%, bone 7.5%, heart 0.43%, lung 0.56%, spleen 0.42%, liver 6.4%, kidneys 1.5%,
stomach 0.9%, large intestine 1.78%, small intestine 2.75%, pancreas 0.3%, and brain
1.38%.

The in vivo blood clearance and organ biodistribution of four 177Lu-labeled DOTA haptens
(Fig. 2) were studied to determine how various small molecule appendages (amino-benzene,
biotin, and a small peptide) affect in vivo tissue retention and clearance of DOTA. Serial
blood samples were taken to determine blood clearance of the haptens (Fig. 3). DOTA
cleared faster from the blood than the other haptens tested; blood activity was not
distinguishable from background after 2 h. The blood activity for all other haptens tested
was not distinguishable above background after 3 h. Blood activity data were fit to
biexponential functions and the blood clearance parameters reported in Table 2. The a phase
clearance for 177Lu-DOTA was significantly (P<0.05) faster than that for 1/7Lu-DOTA-
benzene while the B phase clearance for 177Lu-DOTA was significantly (P<0.05) faster than
that for 17/Lu-DOTA-biotin. Mice were euthanized 4 and 24 h postinjection to determine
organ biodistribution (Fig. 4). Tissue uptake was relatively low for all haptens. The %ID
remaining in the whole animal was approximately 2—4% at 4 h and 1-3% at 24 h for the
haptens, significantly lower than many other radiolabeled small molecules reported in the
literature (summarized in Table 1). There were few statistically significant differences in the
organ biodistribution of the four haptens (Fig. 4).

From the organ biodistribution data, the radiation dose to the liver, kidney, and bone marrow
was estimated for a 70-kg man for three radioisotopes, 20V, 1311, and 177Lu (Table 3). The
self-dose and the total dose (self-dose plus cross-dose) are provided, where the whole-body
activity was used to determine the cross-dose. From the dose estimates, it is apparent that the
cross-dose from the whole-body activity significantly impacts the dose to the red marrow,
increasing the dose by 10- to 70-fold.

Mol Imaging Biol. Author manuscript; available in PMC 2014 March 23.
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The dose-limiting toxicities (TDsgys) for the liver, kidney, and red marrow estimated from
external beam radiation are 30, 23, and 1.5 Gy, respectively [29]. From the radiation dose
estimates for the haptens, the dose-limiting organ is predicted to be the kidney for all 177Lu-
labeled haptens tested with an estimated kidney dose of approximately 0.1 mGy/MBq and
liver and red marrow doses of approximately 0.01-0.02 mGy/MBgq and 2 to 3 x 1073 mGy/
MBg, respectively. However, for 90Y and 1311 isotopes, the dose-limiting organ could be
either the kidneys or the red marrow, with less than a 2-fold difference predicted between
the two organs for the estimated dose normalized to the respective organ TDs;s. The
estimated liver, kidney, and red marrow doses for %0Y-labeled haptens are 0.04-0.05, 0.2—
0.3, and 0.01 mGy/MBgq, respectively, and 0.02-0.04, 0.1-0.2, and 0.01-0.02 mGy/MBq,
respectively, for 131|-labeled haptens.

Discussion

In this study, we present a group of small molecule DOTA-based compounds that exhibit
rapid blood clearance and result in exceptionally low whole-body retention within 4 h
postinjection. While many small molecules exhibit fast blood clearance, they generally
exhibit significant retention in normal tissues (Table 1). This background whole-body
retention is typically 10-30% at 2—4 h and results in background radiation that limits signal-
to-background ratios for imaging and nonspecific radiation that contributes to maximum
tolerated dose for therapy applications. Identifying small molecules that exhibit whole-body
retention less than 5% in only a few hours is thus necessary for improving both imaging and
therapy using radionuclides. The DOTA molecules we present here should thus prove
exceptionally useful for pretargeted applications with bispecific antibodies. The
development of small molecules with even lower whole-body retention would further
improve tumor-to-off-target ratios.

Other small molecules have been developed for pretargeted applications including DOTA-
biotin as well as small peptide haptens [10, 30]. The streptavidin/°®Y-DOTA-biotin PRIT
system has been tested clinically, and radiation doses have been estimated from whole-body
scintigraphy at approximately 3.5+1.0 and 0.04+0.01 mGy/MBq for the kidneys and red
marrow, respectively [31]. The predicted dose estimates for the 9°Y-DOTA-biotin hapten
presented here are 0.18 and 0.011 mGy/MBq for the kidney and red marrow, respectively.
Thus, the kidney dose for the hapten is predicted to be about 20-fold lower than that
measured in the clinical PRIT study. This is expected as streptavidin localizes to the kidneys
where it remains accessible to binding by DOTA-biotin [9]. In a mouse lymphoma xenograft
study, pretargeted DOTA-biotin exhibited about 5- to 10-fold higher kidney uptake than
DOTA-biotin alone [32]. In addition to high streptavidin uptake in the kidneys, streptavidin
pretargeted systems also suffer from endogenous biotin binding to streptavidin [8]. Thus,
recent efforts have moved toward approaches using bispecific antibodies with peptide
haptens. Sharkey et al. have developed an approach using peptide-based haptens and an
antibody that recognizes the peptide epitope [10]. While some of these peptide-based
haptens exhibit fast clearance and low tissue uptake, others exhibit significantly slower
whole-body clearance [10].

We are interested in developing a nonpeptide approach using DOTA-based haptens. It was
expected that an approach without using peptides would reduce kidney uptake, as it is
known that peptides exhibit tubular reabsorption and resulting kidney retention [33].
However, the data presented here show no significant difference in kidney retention between
DOTA and the DOTATyrLys-DOTA peptide. From MIRD radiation dose estimates, similar
red marrow doses are predicted for DOTA and the peptide. Nevertheless, DOTA presents
some potential advantages as a hapten for PRIT. DOTA is commercially available in large
quantities, and thus, no further synthesis before radiolabeling is required. In addition, Gd-

Mol Imaging Biol. Author manuscript; available in PMC 2014 March 23.
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DOTA, injected in millimolar quantities for MRI imaging, has an established safety profile
in humans [22].

In addition to the DOTATyrLysDOTA peptide, we analyzed in vivo clearance and
biodistribution of DOTA-biotin and DOTA-benzene. DOTA-biotin has been used
extensively as a hapten for PRIT, yet there is no literature to our knowledge of the effect of
biotin on biodistribution and clearance. 17’Lu-DOTA-benzene is of interest to us, as it
exhibits 10-fold higher binding affinity than 17/Lu-DOTA to a recently engineered high-
affinity DOTA-binding antibody fragment (Orcutt et al., manuscript in review). Here, we
show that both the biotin and aminobenzene adducts have minimal effects on biodistribution
and blood clearance of 17/Lu-DOTA (Table 2, Figure 4).

From dosimetry estimates, it is predicted that the dose-limiting toxicity for all of the hapten
molecules radiolabeled with Lu-177 is the kidney. However, for Y-90 and 1-131 isotopes
with longer path lengths, whole-body retention of the hapten contributes significantly to the
red marrow dose, resulting in similar estimated doses to TDg5 ratios for the kidney and the
red marrow. These estimates are for the hapten molecule alone. In PRIT, residual bispecific
antibody in the blood and nontumor tissue will bind to the hapten and may significantly alter
clearance and biodistribution. Clinical PRIT studies with 1-131 without a clearing or
blocking agent report hematological toxicity as dose limiting [34].

Directly radiolabeled antibodies in radioimmunotherapy trials exhibit dose-limiting
hematological toxicity, with estimated doses of 2.7+0.9 mGy/MBq to the marrow and
2.4+0.6 mGy/MBq dose to the kidneys when using Y-90 [35]. This suggests that if residual
bispecific antibody is sufficiently low, PRIT will result in significantly higher tumor-to-
marrow and tumor-to-kidney ratios. In addition, the results presented here suggest that
Lu-177 may result in lower off-target doses and may be preferred over Y-90 and 1-131 in
PRIT applications; this has also been suggested for radioimmunotherapy based on a
xenograft study [36].

In cases where the kidney proves to be the dose-limiting organ, kidney uptake and radiation
dose may be reduced by using diuretics, catheterization, and/or renal protective agents [37].

Conclusion

In an effort to minimize hapten retention in normal tissue for PRIT applications, a series of
DOTA-based derivates were evaluated for blood clearance and organ biodistribution in vivo
in CD1 mice. The blood clearance was rapid for all compounds, and there were few
statistically significant differences between the average organ/tissue activities at 4 and 24 h
post injection (p.i.) and fit blood clearance parameters. The carcass retention values were
approximately 2-4% at 4 h and 1-3% at 24 h p.i. We thus conclude that all DOTA
compounds tested behave similarly in vivo and exhibit low whole-body retention.
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Schematic of pretargeted radioimmunotherapy. A pictoral representation of PRIT where a
bifunctional antibody is administered in step 1. In step 2, the antibody is cleared from the
body over time and/or with the help of a synthetic clearing agent (clearing agent not
depicted). In step 3, a radiolabeled hapten is administered. In step 4, the hapten is cleared
from the body over time; in this study, we investigate tissue and whole-body retention of

various haptens.
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Fig. 2.

Chemical structures of DOTA-based small molecule haptens. Chemical structures of
DOTA-based haptens. M3* = trivalent cation metal = 177Lu in all experiments presented
here.
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Blood Clearance of "’Lu-DOTA-Based Haptens

+ DOTA

* DOTA-benzene
DOTA-biotin

&4 DOTATyrLysDOTA

T T T T T

20 40 60 80 100 120
Time (min)

Fig. 3.

In vivo clearance of intravenously injected haptens. Blood %1D/g (mean+SD) time profile of
haptens after intravenous injection of 50-150 Ci in CD1 mice (n = 3—-4). The lines
represent fit exponential curves using least squares regression. By 2 h, 1’/Lu-DOTA blood
activity was not distinguishable from background.
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Fig. 4.

In vivo tissue/organ biodistribution of haptens. Tissue/organ %ID/g (mean+SD) at 4 h
postinjection (a) and 24 h postinjection (b) of 50-150 pCi hapten in CD1 mice (n=3-4).
Whole-body retention in carcass is presented as %ID. *P<0.05 compared to 1/7Lu-DOTA.
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Table 1

Page 14

Estimation of whole-body retention in mice at 4 h postinjection for previously published small molecules

Molecule %I1D (wholebody) Reference
64Cu-DOTA-RGD >15 [12]
64Cu-DOTA-PEG-E(c(RGDyYK)), >6.7 [13]
64Cu-DOTA-8-AOC-BBN >35 [14]
64Cu-CB-Te2A-8-AOC-BBN >13 [14]
67Ga-DOTA-PESIN >8.9 [15]
177 y-DOTA-PESIN >8.8 [15]
99MT¢-depreotide >31 [16]
11n-DTPA-octreotide >13 [16]
Lyss(Ahx-DTPA-111In)NH, exendin-4  >93 [17]
11yn.IMP-241 >1.42 [10]
%M T IMP-243 S48 [10]
9MTc-IMP-245 >2.62 [10]
125].GP2 (galacto-cRGDyK) >7.6 [18]
8Ga-p-NO,-Bn-NOTA >22 [19]
88Ga-p-NO,-Bn-Oxo >08 [19]
68Ga-p-NO,-Bn-DOTA >18 [19]
8Ga-p-NO,-Bn-PCTA >36 [19]

a‘I'hree hours p.i.
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Blood clearance parameters

Table 2

ty2, aipha (MIN)

ty2, beta (MiN)

A
77 u-DOTA 0.95+0.01
17Lu-DOTA-benzene 0.92+0.01"
H7Lu-DOTA-biotin 0.93+0.02

77 u-DOTATyrLysDOTA  0.93+0.01

0.17+0.06

0.60+0.23"
0.47+0.24

0.21+0.03

20.5+2.4
24.8+2.8

28.3+2.8"
27.546.1

*
P<0.05 compared to 177 y-p0TA
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