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The folate receptor (FR) has proven a valuable target for nuclear
imaging using folic acid radioconjugates. However, using folate-
based radiopharmaceuticals for therapy has long been regarded
as an unattainable goal because of their considerable renal
accumulation. Herein, we present a novel strategy in which
a DOTA-folate conjugate with an albumin-binding entity (cm09)
was designed with the aim of prolonging circulation in the blood
and therewith potentially improving tumor-to-kidney ratios.
Methods: The folate conjugate cm09 was radiolabeled with
177LuCls, and stability experiments were performed in plasma.
Cell uptake studies were performed on FR-positive KB tumor
cells, and an ultrafiltration assay was used to determine the
plasma protein-binding properties of 177Lu-cm09. In vivo,
77Lu-cm09 was tested in KB tumor-bearing mice using
SPECT/CT. The therapeutic anticancer effect of 177Lu-cm09 (20
MBq) applied as a single injection or as fractionated injections
was investigated in different groups of mice (n = 5) by monitoring
tumor size and the survival time of treated mice, compared with
untreated controls. Results: Compound cm09 was radiolabeled
at a specific activity of 40 MBg/nmol, a radiochemical yield of
more than 98%, and a stability of more than 99% over 5 d in
plasma. Ultrafiltration revealed significant binding of 177Lu-cm09
to serum proteins (~91%) in plasma, compared with folate radio-
conjugate without an albumin-binding entity. Cell uptake and in-
ternalization of 177Lu-cm09 was FR-specific and comparable to
other folate radioconjugates. In vivo studies resulted in high tu-
mor uptake (17.56 percentage injected dose per gram [%ID/g] at
4 h after injection), which was almost completely retained for at
least 72 h. Renal accumulation was significantly reduced (28 %
ID/g at 4 h after injection), compared with folate conjugates that
lack an albumin-binding entity (~70 %ID/g at 4 h after injection).
These circumstances enabled SPECT imaging of excellent
quality. Radionuclide therapy (1 x 20 MBq) revealed complete
remission of tumors in 4 of 5 cases and a significantly prolonged
survival time, compared with untreated controls. Conclusion:
The modification of a folate radioconjugate with an albumin-
binding entity resulted in a significant increase of the tumor-to-
kidney ratio of radioactivity, enabling for the first time, to our
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knowledge, the preclinical application of folic acid-targeted ra-
dionuclide therapy in mice.
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The folate receptor (FR) is a relevant tumor-associated
target because of its persistent expression in a variety of
cancer types but limited expression in normal tissue and its
ability to bind and internalize the vitamin folic acid and its
conjugates with an affinity in the subnanomolar range (/-6).
In recent years, several folic acid radioconjugates have
been developed and evaluated for nuclear imaging of FR-
positive cancer (7-9). The FR-targeting strategy has also
been investigated with several nonradioactive therapeutic
probes linked to folic acid (10,11). Among these, the most
successful approach was the conjugation of folic acid to highly
toxic low-molecular-weight chemotherapeutics (5,72). With
several of these folate-based drug conjugates, respectable anti-
cancer effects were achieved in preclinical (/13—16) and clinical
studies (17).

If B~ -particle—emitting radioisotopes are used for tar-
geted therapy, cancer cells are irradiated not only by decays
taking place at or within the targeted cells but also by
decays in neighboring or distant cells by the so-called
cross-fire effect (/8). In targeted radionuclide therapy, it
is not necessary therefore to reach every cell within the
tumor as is the case for targeted chemotherapy (19,20).
For this reason, we are convinced that folic acid conjugates
of therapeutic radioisotopes are a valuable tool to imple-
ment novel and effective anticancer therapies.

The results obtained with folate-based radiopharmaceuticals
developed for SPECT and PET (7-9,21), however, do not
hold much promise for successful therapeutic application
of this class of compound. Despite the excellent tumor-
targeting ability of radiofolates, a substantial fraction of
radioactivity is always found in the kidneys because of
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significant FR expression in the proximal tubule cells (22-24).
The risk of damage to the radiosensitive kidneys by particle-
emitting radioisotopes has prevented the development of
folate-targeted radionuclide therapy.

The fast clearance of folic acid conjugates from the blood
circulation is usually seen as an advantage of the folic acid—
targeting strategy because it minimizes the exposure of back-
ground organs to the therapeutic probe and improves the
tumor-to-background contrast of imaging agents (/2). How-
ever, it is precisely these pharmacokinetics that are respon-
sible for the relatively low uptake of folate conjugates in
tumor tissue and an extremely high accumulation of radio-
activity in the kidneys. We reasoned that a prolonged blood
circulation time could improve this dissatisfying situation.

It is well documented that serum protein binding of
pharmaceuticals can be an effective means of improving the
pharmacokinetic properties of otherwise rapidly cleared
molecules by increasing their serum half-life (25). The
conjugation of an albumin-binding peptide to an antibody
fragment improved the tissue distribution of the fragment
significantly in that it was rapidly deposited in the tumor
tissue yet did not accumulate in the kidneys (26). On the
basis of experiments that demonstrate the extension of the
half-life of short-lived proteins by noncovalent association
with albumin, it was suggested that the same strategy might
also improve the unfavorable overall tissue distribution of
folate radioconjugates.

Recently, a new class of low-molecular-weight albumin-
binding entities based on the lead structure 4-(p-iodophenyl)
butyric acid was identified from a DNA-encoded chemical
library (27). These derivatives display a stable noncovalent
binding interaction of variable affinity with both mouse and
human serum albumin (27). The conjugation of the high-
affinity albumin binder 2-(3-maleimidopropanamido)-6-
(4-(4-iodophenyl)butanamido)hexanoate (dissociation constant
~ 3 uM) to antibody fragments resulted in a significantly
increased tumor uptake (28).

Using this strategy, we synthesized a novel folic acid
conjugate with both a DOTA chelator for coordination of
a therapeutic radioisotope such as '7’Lu (!77Lu: half-life,
6.7 d; average 3~ energy, 134 keV; y-energies, 113 keV,
208 keV) and the low-molecular-weight albumin-binding
entity (27,28) as an additional functionality (Fig. 1).

The goal of this study was to evaluate the in vitro
characteristics of the 7’Lu-DOTA-folate conjugate (17’Lu-
c¢m09) and to investigate its tissue distribution in mice bear-
ing FR-positive KB tumor xenografts using SPECT/CT.
The therapeutic anticancer efficacy was assessed by moni-
toring tumor growth inhibition in mice injected with '77Lu-
cm09 using different application protocols.

MATERIALS AND METHODS

Organic Synthesis

The synthesis of the folate conjugate cm09 is described in the
Supplemental Text (supplemental materials are available online only
at http://jnm.snmjournals.org). The control compound EC0800 (Sup-
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FIGURE 1. Chemical structure of compound cm09 with 3 func-

tionalities. Red = folic acid as a targeting molecule; green = DOTA
chelator for coordination of '77Lu; blue = albumin-binding entity for
modulation of the pharmacokinetic properties.

plemental Text), which does not have albumin-binding properties,
was a kind gift from Dr. Christopher P. Leamon (Endocyte Inc.) (29).

Radiofolate Synthesis

DOTA folates cm09 (1073 M) and EC0800 (10~3 M) were
mixed with HCI (0.05 M; 100-x nL) and sodium acetate (pH 8.0,
20 pL). 7Lu (Y7"LuCl; x pL [Isotope Technologies Garching,
ITG GmbH], x pL) was added to obtain folate conjugate labeled
at a specific activity of up to 40 MBg/nmol. The solution was
heated for 10 min at 95°C. Sodium-diethylenetriaminepentaacetic
acid solution (5 mM, pH 5, 10 pL) was added to complex any
traces of unreacted '77Lu(III). Quality control was performed us-
ing high-performance liquid chromatography. The mobile phase
consisted of an aqueous 0.05 M triethylammonium phosphate
buffer (pH 2.25) (A) and methanol (B) with a linear gradient from
5% B to 80% B over 25 min ('77Lu-cm09) or over 15 min ('7’Lu-
ECO0800) at a flow rate of 1 mL/min. The radiochemical yield was
always more than 98% for '7’Lu-cm09 (retention time, 19.7 min)
and more than 96% for '7’Lu-EC0800 (retention time, 11.5 min).

In Vitro Plasma Stability

177Lu-cm09 (50 L, 10 MBq) was incubated in human plasma
(250 L) at 37°C. Aliquots of 50 L were taken at different time
points after incubation (0, 4, 24, 48, and 144 h). Plasma proteins
were precipitated by the addition of 200 wL of methanol. After
centrifugation, the supernatants were analyzed using high-perfor-
mance liquid chromatography.

Cell Experiments

KB cells (human cervical carcinoma cell line, HeLLa subclone;
ACC-136) were purchased from the German Collection of Micro-
organisms and Cell Cultures (DSMZ). The cells were cultured as
monolayers at 37°C in a humidified atmosphere containing 5%
CO,. Importantly, the cells were cultured in a folate-free cell
culture medium, FFRPMI (modified RPMI, without folic acid,
vitamin B,, and phenol red; Cell Culture Technologies GmbH).
FFRPMI was supplemented with 10% heat-inactivated fetal calf
serum, L-glutamine, and antibiotics (penicillin—streptomycin—fun-
gizone). For uptake studies, KB cells were seeded in 12-well
plates to grow overnight (~700,000 cells in 2 mL of FFRPMI
medium per well). '77Lu-cm09 or '77Lu-EC0800 (~38 kBq, 8
pmol) purified by high-performance liquid chromatography was
added to each well. In some cases, cells were incubated with
excess folic acid (100 wM) to block FRs on the surface of the
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KB cells. After incubation for 2 h at 37°C, the cells were washed 3
times with phosphate-buffered saline (PBS) to determine the total
radiofolate uptake. To assess the internalized fraction, KB cells
were washed with a pH 3 stripping buffer (30) to release FR-
bound radiofolates from the cell surface. The lysis of cells was
accomplished by the addition of NaOH, enabling transfer of the
cell suspensions into tubes for measurement in a y-counter. The
concentration of proteins was determined for each sample using
a Micro BCA Protein Assay kit (Pierce, Thermo Scientific) to
standardize measured radioactivity to the average content of 0.3
mg of protein per well.

Protein Binding

An ultrafiltration assay was used to determine '7’Lu-cm09 binding
to plasma proteins in comparison to 7’Lu-EC0800. Centrifree ultra-
filtration devices ( 4104 centrifugal filter units [Millipore]; 30,000 Da
nominal molecular weight limit, methylcellulose micropartition
membranes) were used to separate the free fraction of the radio-
folate from the plasma protein-bound fraction. '”’Lu-cm09 or
177Lu-EC0800 in a volume of 25 pL was added to plasma samples
of 250 pL and stirred in a vortex mixer for 10 s at room temper-
ature. In addition, the radiotracers were mixed with PBS in equal
volume ratios. Aliquots (250 nL) of the radioactive samples were
loaded into the ultrafiltration devices and centrifuged at 2,500 rpm
at 20°C for 40 min. Equal volumes of all ultrafiltrate solutions
were taken and counted for radioactivity in a 'y-counter. The counts of
the filtered solutions were calculated as a fraction of the radioactivity
in the corresponding loading solutions, which were set to 100%.

Biodistribution Studies

In vivo experiments were approved by the local veterinarian
department and conducted in accordance with the Swiss law for
animal protection. Six- to 8-wk-old female, athymic nude mice
(CD-1 Foxnl1™) were purchased from Charles River Laboratories.
The animals were fed with a folate-deficient rodent diet starting
5 d before tumor cell inoculation (37). Mice were inoculated with
KB cells (5 x 106 cells in 100 wL of PBS) into the subcutis of each
shoulder. Biodistribution studies were performed in triplicate
approximately 14 d after cell inoculation when tumors reached
a size of 200450 mg. '""Lu-cm09 at a specific activity of 2-3
MBg/0.5 nmol was administered via a lateral tail vein. Blocking
studies were performed by injection of excess folic acid (100 pg in
100 L of PBS) immediately before radiofolate administration. The
animals were sacrificed at predetermined time points after admin-
istration of the radiofolates. Selected tissues and organs were col-
lected, weighed, and counted for radioactivity. The results were
listed as percentage injected dose per gram of tissue weight (%ID/g),
using reference counts from a defined volume of the original in-
jectate counted at the same time. The biodistribution studies of
177Lu-ECO0800, results of a variety of application protocols for
177 u-cm09, and an estimation of the absorbed dose in tumors
and kidneys are reported in the Supplemental Text.

SPECT/CT

SPECT/CT was performed with a 4-head multiplexing multi-
pinhole camera (NanoSPECT/CT; Bioscan Inc.). Each head was
outfitted with a tungsten-based collimator of nine 1.4-mm-di-
ameter pinholes. SPECT/CT images were acquired at 1, 4, 24, and
72 h after injection of '7’Lu-cm09 (35 MBq, 1.5 nmol) or '77Lu-
ECO0800 (35 MBq, 1.5 nmol) using Nucline software (version
1.02; Bioscan). In vivo whole-body SPECT images were obtained
with a time per view of 40-70 s, resulting in a scan time of
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30-60 min. CT scans were obtained with the integrated CT scan-
ner using a tube voltage of 55 kVp and an exposure time of 1,000
ms per view. After acquisition, SPECT data were reconstructed
iteratively with HiSPECT software (version 1.4.3049; Scivis GmbH)
using '77Lu vy-energies of 56.1, 112.9, and 208.4 keV. The real-
time CT reconstruction used a cone-beam filtered backprojection.
SPECT and CT data were automatically coregistered because both
modalities share the same axis of rotation. The fused datasets were
analyzed with the InVivoScope postprocessing software (version
1.44; Bioscan, Inc.).

In Vivo Therapy

For the therapy study, mice were subcutaneously inoculated
with KB cells (4.5 x 10° cells in 100 pL of PBS) at 4 d before
therapy. Groups of 5 mice were injected with either PBS only
(group A), the nonradiolabeled compound cm09 (group B), 1 x
20 MBq of '7Lu-cm09 (group C), 2 x 10 MBq of '"7Lu-cm09
(group D), or 3 x 7 MBq of 7"Lu-cm09 (group E) at a specific
activity of 40 MBg/nmol when the average tumor volume had
reached a value of 118-141 mm?. Human endpoint criteria were
defined as weight loss of more than 15% of the initial body weight,
a tumor volume of more than 1,500 mm?, active ulceration of the
tumor, and abnormal behavior indicating pain or unease. Tumor
volumes and body weights were determined at day O and then
every other day until completion of the study after 12 wk. Tumors
were measured using a digital caliper. Individual tumor size was
calculated using the formula [0.5 X (L x W?)]. Mice were promptly
removed from the study and euthanized on reaching one of the
predefined endpoint criteria.

RESULTS

In Vitro Evaluation

177Lu-cm09 was stable (>99%) in human plasma for at
least 6 d. These findings were in agreement with the results
obtained with the control compound !7’Lu-EC0800. Radio-
lysis of 177Lu-cm09 at a high radioactivity concentration
(80 MBq in 400 p.L of PBS) was not observed during the
first 4 h of investigation. After 24 and 48 h of incubation at
room temperature, marginal amounts of a radiolytic product
were detected. These observations were in contrast to those
obtained with '7"Lu-EC0800, which was almost completely
decomposed after 48 h (Supplemental Text). The logD
value of "7Lu-cm09 was low (—4.25 = 0.41) and only
slightly higher than the logD value of the control compound
177Lu-EC0800 (—4.81 *= 0.36, Supplemental Text). Cell
uptake and internalization experiments performed with
177Lu-cm09 showed almost identical results to those obtained
with 177Lu-EC0800 and other folic acid radioconjugates pre-
viously evaluated by our group (32—34). Approximately 30%
of FR-bound !77Lu-cm09 was internalized, whereas the up-
take was reduced to background levels if cells were co-
incubated with excess folic acid (Fig. 2). The comparably
high FR affinity of '7’Lu-cm09 and '"7Lu-EC0800 was dem-
onstrated in vitro using KB cells (Supplemental Text).

The ultrafiltration experiments showed significant differ-
ences between 7’Lu-cm09 and '77Lu-EC0800 (Fig. 3). In
contrast to '"7Lu-EC0800, which was readily filtered, the
filtered fraction of a plasma sample incubated with !77Lu-
cm09 contained little radioactivity, indicating that most

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 54 ¢ No. 1 ¢ January 2013



7019

604
50 4
404 Il Uptake
304 internalization
20 EABlockade
101 H <1% |-| <1%

0- T T

"Ly-em09  "7Lu-EC0800

% cell uptake

FIGURE 2. Results of cell experiments performed with 77Lu-
cm09 and '77Lu-EC0800. FR-specific uptake, internalization, and
blockade with excess folic acid were comparable for both radio-
tracers.

177Lu-cm09 was bound to plasma proteins and thus not able
to penetrate the filter membrane. A control experiment
using protein-free PBS instead of plasma showed radio-
activity in the filtrate for both !7’Lu-cm09 and '77Lu-EC0800.

Biodistribution Studies

The results of the biodistribution studies are shown in
Table 1. The albumin-binding properties of '7’Lu-cm09 are
reflected in the fact that a significant fraction of radio-
activity, which steadily decreased to background levels over
time, was found in the blood at early time points after in-
jection (8.15 = 1.21 %ID/g at 1 h after injection). As
a consequence, '77Lu-cm09 uptake in the tumor tissue
was already high shortly after injection (10.84 * 1.32
%ID/g at 1 h after injection) and reached a maximum ac-
cumulation at 24 h after injection (19.46 = 3.13 %ID/g).
Five days after administration of '”7Lu-cm09, there was still
a high level of radioactivity in tumor xenografts (6.72 *=
1.37 %ID/g), indicating slow washout from the tumor tissue.
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FIGURE 3. Results of ultrafiltration assay. In PBS, '77Lu-cm09
and 77Lu-EC0800 penetrated the filter with equal efficiency. Af-
ter mixing with plasma, most 77Lu-cm09 is bound to serum
albumin and therefore only a small fraction was filtered. '77Lu-
EC0800 does not have an albumin-binding entity and was there-
fore filtered from both PBS and plasma samples.
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TABLE 1
Biodistribution of 77Lu-cm09 in KB Tumor—Bearing Female Nude Mice

Hours after injection

120

96

72

48

24

Organ

0.05 =+ 0.01
0.22 = 0.05
0.30 *= 0.06
11.14 = 0.94

0.08 = 0.03
0.28 = 0.09
0.36 = 0.08
12.69 = 2.35
0.29 = 0.18
0.14 = 0.05

0.23 + 0.05
0.53 + 0.11

0.52 + 0.09
0.74 = 0.17

1.22 = 0.19
1.03 = 0.20
0.63 = 0.16

30.09 + 4.04

4.38 + 0.95
2.70 = 0.24

6.76 = 0.95

3.71 = 0.65

8.15 = 1.21
4.58 = 0.83

Blood
Lung

0.50 = 0.08
20.51 = 4.99

0.64 = 0.16
28.99 + 9.09

1.18 = 0.19
28.05 + 1.35

1.50 = 0.42
23.23 £ 1.49

1.59 = 0.25
15.79 + 2.13

Spleen

Kidneys

0.27 = 0.07
0.09 = 0.03
1.03 = 0.23
1.43 = 0.37

0.23 += 0.11

0.39 = 0.06
0.16 = 0.05
1.36 = 0.50
2.19 = 0.75
0.45 = 0.09
0.37 = 0.08
11.45 = 3.16
52.37 £ 15.92

0.56 = 0.23

0.70 = 0.14
0.29 + 0.11

1.45 + 0.25
0.90 = 0.20
3.86 = 0.65
6.23 = 0.69

1.89 + 0.59
1.07 +£ 0.24
3.98 * 0.65
6.35 = 1.05

2.04 = 0.11

Stomach

0.17 = 0.04
2.21 = 0.32
3.26 = 1.09
0.64 = 0.09

1.43 + 0.31
4.40 = 0.14
6.78 = 1.41

Intestines
Liver

1.16 = 0.40

1.70 = 0.36
0.21 = 0.04
0.22 = 0.05
7.06 = 1.21
94.57 + 23.57

1.80 = 1.54
3.64 = 0.49
0.96 = 0.22
0.62 = 0.13

19.46 = 3.13

0.22 = 0.06
6.72 = 1.37
152.48 + 43.50
6.95 = 2.73
0.61 = 0.15

6.33 = 1.04
0.56 = 0.03

8.89 = 2.57
0.55 *+ 0.05

0.51 = 0.08
16.96 = 6.22
31.55 + 7.80

7.59 = 2.58

0.57 = 0.07

16.02 = 1.52
7.77 = 0.62
0.65 *= 0.07

1.26 + 0.06
1.23 = 0.14
18.12 = 1.80

432 +1.15
4.73 + 0.39
0.65 = 0.07

1.31 = 0.04
1.49 = 0.16

14.67 = 1.65
2.18 = 0.18

3.71 = 0.30
0.63 = 0.06

1.30 = 0.06
1.48 = 0.08
10.84 = 1.32
1.36 = 0.27
2.47 = 0.31
0.69 = 0.04

Salivary glands
Muscle
Tumor-to-blood
Tumor-to-liver
Tumor-to-kidney

Bone
Tumor
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The dilution of accumulated radioactivity in growing tumors
over time may also have contributed to the reduction of
uptake at later time points. Significant and FR-specific up-
take of 17’Lu-cm09 was also found in the kidneys, with
a maximum value of 30.09 * 4.04 %ID/g determined at
24 h after injection. Shortly after injection of '7’Lu-cm09,
low levels of radioactivity were also found in the lung, liver,
intestinal tract, muscle, and bones.

To investigate the influence of the molar amount of folate
conjugate on the overall tissue distribution, biodistribution
studies were performed with different molar amounts
(0.25-1.00 nmol) of cm09, that is, with '7’Lu-cm09 at dif-
ferent specific activities. There was a slight trend toward
increasing accumulation of radioactivity in the blood and in
the tumors and kidneys as the amount of cm09 injected was
increased (Supplemental Text and Supplemental Table 2).
Uptake in FR-negative tissues was not influenced by the
amount of folate conjugate cm09, and tumor-to-background
ratios also remained largely unchanged.

In a separate experiment, '7’Lu-cm09 was mixed with
2% or 10% serum albumin or human or murine serum
before administration. It was hypothesized that the free
fraction of '7’Lu-cm09, which is filtered through the kid-
neys, would be decreased if 7’Lu-cm09 was mixed with
an albumin solution before injection; however, these inter-
ventions did not influence the biodistribution data (Sup-
plemental Text and Supplemental Table 3). Variation of
the injection route (intravenous vs. subcutaneous vs. in-
traperitoneal) did not significantly affect the overall tissue
distribution of '77Lu-cm09 (Supplemental Text and Sup-
plemental Table 4). The only exception was tumor uptake,
which was slightly lower at 4 h after subcutaneous injec-
tion than at 4 h after intravenous or intraperitoneal admin-
istration of 17’Lu-cm09.

The effect of preinjected pemetrexed was also investi-
gated (Supplemental text and Supplemental Table 5). The
favorable effect of reducing kidney uptake without affect-
ing tumor accumulation of radioactivity, which has been
observed with other folate conjugates (32,35), was only ob-
served at 4 h after injection. At that time point, the tumor-
to-kidney ratio was increased (1.07 = 0.25), compared with
the ratio (0.65 = 0.07) obtained in mice that did not receive
pemetrexed. Repeated injection of pemetrexed would prob-
ably have improved the tumor-to-kidney ratios also at later
time points. However, this experimental setting was not
investigated because of the potential toxic side effects of
high-dose pemetrexed.

The absorbed dose was estimated for KB tumor xeno-
grafts (1.80 Gy/MBq) and kidneys (3.44 Gy/MBq) based on
biodistribution data (Supplemental Text).

SPECT/CT

In vivo SPECT/CT scans of KB tumor—bearing mice are
shown in Figure 4. In the case of '7’Lu-cm09, tumor-to-
background contrast was low immediately after injection
but increased quickly over time. In experiments performed
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FIGURE 4. SPECT/CT images of KB tumor-bearing mice injected
with 77Lu-cmQ9 (A) and '77Lu-EC0800 (B). Accumulation of radioac-
tivity was found in FR-positive tumors (white arrows) and kidneys
(yellow arrows). Images show a significantly improved tumor-to-kidney
ratio (~1.0 vs. ~0.2) at 1, 4, 24, and 72 h after injection in mice that
received '77Lu-cm09, compared with mice that received '77Lu-
ECO0800. p.i. = after injection.

with 177Lu-EC0800, comparatively little radioactivity was
found in tumors, whereas uptake in the kidneys was high at
all time points investigated.

Therapy Study

After successful performance of an in vivo pilot study with
a therapeutic dose of '"7’Lu-cm09 (Supplemental Text),
a therapy study was performed with 5 groups (A-E) of 5
mice each, over a period of 3 months. The injection protocol
and the relative tumor size and body weights of mice from
each group are shown in Figure 5. Tumor growth was com-
parable for mice in control groups A and B (group A received
only PBS and group B unlabeled folate compound cm09) (Fig.
5A). In comparison, tumor growth in mice that received
177Lu-cm09 was clearly reduced. In terms of tumor response,
the best results were observed in group C (1 x 20 MBq of
77Lu-cm09, Fig. 5B), in which tumor xenografts disap-
peared completely in 4 of the 5 mice. Among the mice in
groups D and E, which received '77Lu-cm09 in fractions (2 X
10 MBq or 3 x 7 MBq, respectively), the relative tumor size
was only about 30% of the relative tumor size of control
mice at day 28 but 10-fold larger than in mice of group
C, which received the whole amount of '77Lu-cm09 in
a single injection (Fig. 5B). Body weight loss was most
significant in mice that received 3 injections of !7’Lu-cm09
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FIGURE 5. Design and results of the therapy study: application
protocol (A), average relative tumor size (B), and average relative
body weight (C) for each group of mice (A-E) included in this study.

(group E, Fig. 5C). However, none of the animals had to be

euthanized because of excessive loss of body weight.
Survival curves of mice from each group are shown in

Figure 6. The average survival times of control mice were
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FIGURE 6. Survival curves of mice from groups A-E. (A, dark blue)
control group. (B, green) unlabeled cm09. (C, red) 1 x 20 MBq of
177LLu-cm09. (D, violet) 2 x 10 MBq of '77Lu-cm09. (E, light blue) 3 x
7 MBq of 77Lu-cm09.
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27 d (group A) and 24 d (group B). In the case of groups D
and E, the average survival times were almost double (48
and 46 d, respectively). For mice in group C, the average
survival time was undefined because only 1 mouse reached
an endpoint criterion whereas the other 4 mice in group C
survived with complete tumor response until the end of the
study at day 84.

Pictures of mice, results of autoradiography studies
performed with tumor sections of mice from each group,
and values of the analysis of plasma chemistry are reported
in the Supplemental Text.

DISCUSSION

The development of strategies to overcome the unfavor-
able accumulation of folate-based radiopharmaceuticals in
the renal tissue has been the focus of intense research in our
group (29). In recent work, we addressed the low tumor-to-
kidney ratios of folate radioconjugates by pharmacologic
intervention. We found that administration of the antifolate
pemetrexed before the folate radioconjugate significantly
reduced the undesired renal accumulation, whereas uptake
in tumor xenografts was unaffected (35-37). Despite the
significantly improved tumor-to-background contrast,
which can be achieved by the preinjection of pemetrexed,
potentially toxic side effects, particularly under folate-de-
ficient conditions, make it difficult to justify using a chemo-
therapeutic agent solely to modulate the tissue distribution
of a folate radioconjugate.

In this study, we pursued a different strategy, this time
using chemical modification of a folate radioconjugate,
with the aim of improving the overall tissue distribution of
radioactivity, thus avoiding additional pharmacotherapy. In
vitro investigations using an ultrafiltration assay showed
clearly that the new radioconjugate !77Lu-cm09 had sig-
nificant plasma-binding properties, compared with '77Lu-
ECO0800, which does not incorporate an albumin-binding
entity, and was investigated in parallel as a control com-
pound. The investigation of the uptake and internalization
into FR-positive tumor cells showed that 77Lu-cm09
had the same excellent FR specificity as '7’Lu-EC0800.
7TLu-cm09 (log D, —4.25 *+ 0.41) retained the favorable
hydrophilic character associated with DOTA folate conju-
gates (29,32,38) such as 7’Lu-EC0800.

Using '"7Lu-cm09 in vivo, we obtained exceptional
results that were significantly better than with any other
folate radiotracer previously tested by our group (29,32)
or by others (38,39). As a consequence of serum protein
binding and hence an extended blood circulation time,
accumulation of '"7Lu-cm09 in tumor xenografts reached
the remarkable value of 19.46 *= 3.13 %ID/g (24 h after
injection), almost 3-fold higher than tumor uptake of
77Lu-EC0800 (7.00 * 1.22 %ID/g at 24 h after injection).
In addition, the adversely high kidney uptake usually asso-
ciated with folate radiotracers including '"7Lu-EC0800
(>70 %ID/g between 1 and 4 h after injection) was signif-
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icantly reduced for '7"Lu-cm09 (~15, ~23, and ~30 %ID/g
at 1, 4, and 24 h after injection, respectively). This reduction
in uptake resulted in tumor-to-kidney ratios that were
5- to 6-fold higher than values obtained with '7’Lu-
ECO0800 and other DOTA folate conjugates (Supplemental
Text) (29,38). These results unambiguously proved our hy-
pothesis that the in vivo tissue distribution of folate radio-
conjugates would be improved by increasing their blood
circulation time and facilitated the development of a FR-
targeted radionuclide therapy. The accumulation of folate
radioconjugates in the choroid plexus of the brain, which
also expresses the FR (2), was not visible on SPECT images
but may be a critical point in view of a therapeutic applica-
tion of '7’Lu-cm09 in patients (Supplemental Text).

The therapeutic application of 7’Lu-cm09 showed ex-
cellent results in terms of tumor growth inhibition, par-
ticularly if the whole dose of 20 MBq was administered
in a single injection. The results of a fractionated injection
(2 x 10 MBq or 3 x 7 MBq) were inferior in terms of tumor
growth inhibition and body weight loss for the test animals.
The fact that fractionated therapy application was less suc-
cessful could be attributed to the increasing tumor size.
Compared with the average tumor size at day 0 (~118
cm?), tumors were 1.4- to 1.6-fold larger at day 6 (groups
D and E) when the second dose was administered and about
2-fold larger at day 12 (group E) when the third dose was
administered. Weak vascularization of xenografts or intra-
tumoral pressure could account for the reduced therapy re-
sponse of larger tumors.

To exclude the possibility that repeated therapy applica-
tion failed because of the loss of FR expression in tumor
cells after the first dose of 177Lu-cm09, in vitro autoradio-
graphy studies were performed on tumor sections from
mice from each group. The results confirmed that FR ex-
pression levels were retained in both tumor tissue from
control animals and escape tumors from treated animals.

Normal behavior was observed in the animals throughout
the study, and body weight loss shortly after therapy
application was marginal. Analysis of plasma samples from
the mice showed creatinine and blood urea nitrogen levels
in the reference range. Plasma levels of alkaline phospha-
tase increased with the tumor burden and were therefore
lowest in group C, where the treatment reduced tumor
growth most effectively. Although there were no signs of
toxicity, the dose absorbed by the kidneys is still high. For
clinical translation, it will be necessary to find methods to
further reduce renal accumulation of radioactivity and
hence reduce the dose to the kidneys (40). Investigations
of the potential long-term damage to the kidneys after ther-
apy and application of radioprotective agents are subjects of
current investigations in our laboratories.

CONCLUSION

Installation of an albumin-binding entity into the
structure of a folate-based radioconjugate improved the
overall tissue distribution significantly. Tumor uptake was
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doubled, and kidney retention was reduced to 30% of the
value obtained with folate conjugates without an albumin-
binding entity. These characteristics enabled the first folic
acid—targeted radionuclide therapy study in mice. Excel-
lent results were achieved in terms of tumor growth in-
hibition, and radiotoxic side effects were not observed.
The results are a milestone in the field of FR-targeted
anticancer therapy.
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