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Abstract

Purpose The purpose of this study was to investigate the albumin-binding compound "n-C4-DTPA as an imaging agent for the
detection of endogenous albumin accumulation in tumors.

Methods '''In-C4-DTPA was injected in healthy nude mice for pharmacokinetic and biodistribution studies (10 min, 1, 6, 24,
and 48 h, n=4) and subsequently in tumor-bearing mice for single-photon emission computed tomography/X-ray-computed
tomography (SPECT/CT) imaging studies. Four different human tumor xenograft models (LXFL529, OVXF899,
MAXFTN401, and CXF2081) were implanted subcutaneously unilaterally or bilaterally (n = 4-8). After intravenous adminis-
tration of '"'In-C4-DTPA, SPECT/CT images were collected over 72 h at 4-6 time points. Additionally, gamma counting was
performed for the blood, plasma, lungs, heart, liver, spleen, kidneys, muscle, and tumors at 72 h post-injection.

Results '''In-C4-DTPA bound rapidly to circulating albumin upon injection, and the radiolabeled albumin conjugate thus formed
was stable in murine and human serum. SPECT/CT images demonstrated a time-dependent uptake with a maximum of 2.7—
3.8% ID/cm’ in the tumors at approximately 24 h post-injection and mean tumor/muscle ratios in the range of 3.2—6.2 between 24
and 72 h post-injection. The kidneys and bladder were the predominant elimination organs. Gamma counting at 72 h post-
injection showed 1.3-2.5% ID/g in the tumors and mean tumor/muscle ratios in the range of 4.9-9.4.

Conclusion '''In-C4-DTPA bound rapidly to circulating albumin upon injection and showed time-dependent uptake in the
tumors demonstrating a potential for clinical application as a companion imaging diagnostic for albumin-binding anticancer
drugs.
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Introduction

Various drug carrier systems are being developed to optimize
the site-specific delivery of anticancer drugs and to reduce
side effects in healthy tissues [1]. An effective method for
improving the therapeutic index of anticancer drugs is to
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conjugate these with a macromolecule, such as serum albumin
[2]. Albumin, the most abundant plasma protein, has a half-
life of ~ 19 days in humans. Albumin demonstrates a prefer-
ential tumor uptake in various tumor models due to the en-
hanced permeability and retention of macromolecules in solid
tumors, a phenomenon commonly known as the enhanced
permeability and retention (EPR) effect, which is due to en-
hanced angiogenesis combined with a leaky vasculature and a
defective lymphatic drainage system [2, 3]; in addition, sever-
al albumin-binding proteins are present in the tumor environ-
ment, such as SPARC and albondin (gp60) [4].

During the past two decades, we have successfully inves-
tigated a tumor-targeting approach in which maleimide-
bearing prodrugs exploit endogenous albumin as a drug carri-
er. This macromolecular prodrug concept is based on two
features: (a) rapid and selective binding of a maleimide-
containing prodrug to the cysteine-34 residue of endogenous
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albumin after intravenous administration, and (b) release of
the albumin-bound drug predominantly at the tumor site due
to the incorporation of a cleavable bond (hydrolytically, re-
ductively, enzymatically, and/or acid-sensitive) between the
drug and the carrier [1, 2, 5-8]. Cysteine-34 is the only cys-
teine residue of serum albumin with a free sulthydryl group
which does not participate in interchain disulfide linkage. The
X-ray structure of defatted albumin reveals that cysteine-34 is
located in a crevice on the surface of subdomain IA of albumin
that is approximately 10-12 A deep [9]; the crevice opens up
when fatty acids are bound to the five binding sites as is the
case in blood circulation rendering it more accessible [6]. This
free HS-group is an unusual feature of an extracellular protein
and is a readily accessible functional group that can be used
for in situ conjugation of thiol-reactive drugs with circulating
albumin after intravenous administration, thereby gener-
ating a macromolecular drug delivery system in the
blood stream [6].

In situ binding of maleimide-based prodrugs to circu-
lating albumin is a preclinically and clinically validated
approach for increasing the therapeutic index of antican-
cer agents. An acid-sensitive anthracycline prodrug, the
(6-maleimidocaproyl)hydrazone derivative of doxorubi-
cin (aldoxorubicin, previously named DOXO-EMCH or
INNO-206), has undergone extensive clinical testing [8,
10, 11] and has shown significantly improved response
rates and progression-free survival over the parent drug
doxorubicin in a phase 2b randomized clinical trial for
first-line treatment of soft tissue sarcoma [11]. Similar
results with aldoxorubicin against investigators’ choice
of five optional drugs were obtained in a phase 3 clin-
ical trial for second-line treatment of L-sarcomas [10].
Aldoxorubicin therapy exhibited manageable adverse ef-
fects without unexpected events and, importantly, with-
out evidence of acute cardiotoxicity [10].

The clinical application of albumin-binding prodrugs
would greatly benefit if the extent of albumin uptake in ma-
lignant tumors and in metastatic lesions could be determined.
The development of an imaging agent that is capable of quan-
tifying the uptake of albumin in the tumor of patients would
therefore facilitate the selection of patients for therapy with
albumin-binding drugs such as aldoxorubicin. Patients show-
ing high tumor accumulation of the companion diagnostic
imaging agent would therefore be more likely to benefit from
such treatment. Clinically, radiolabeled albumin has been al-
ready used as a diagnostic tool in the form of **™Tc-aggregat-
ed albumin such as *™Tc-Albures (200—100 nm in diameter)
and **™Tc-Nanocoll (~ 8 nm in diameter) primarily for whole-
body lymphoscintigraphy and/or sentinel lymph node detec-
tion [12, 13].

For our purpose, however, we needed to develop a different
albumin-labeling approach that mimics our proprietary drug
delivery technology for imaging solid tumors. Thus, we opted
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to combine a maleimide-bearing linker with the chelating
agent diethylenetriaminepentaacetic acid (DTPA) for our
SPECT imaging agent since DTPA is known to readily form
a stable complex with the radionuclide '''In. Several '''In-
DTPA-based imaging agents have been developed and are
already approved for medical use, some of which are used in
oncology [14, 15].

In this work, we describe the synthesis of a maleimide-
bearing chelating agent and present SPECT/CT data demon-
strating distinct uptake of radiolabeled albumin in subcutane-
ously implanted tumors in nude mice.

Materials and Methods

pH measurements were performed with a pH meter WTW
Inolab 7310 with SenTix® mic-D electrodes. Centrifugation
was carried out using an Eppendorf centrifuge 5810 R
(refrigerated) with a Rotor A-4-81, 230 V/50-60 Hz.
Lyophilization was carried out using a Martin Christ Alpha
or Epsilon 2-4 LSCplus freeze drier. Mass spectra were col-
lected on a Bruker AmaZon SL (LRMS-ESI) or Thermo
Fisher LCQ advantage (LRMS-ESI) spectrometer. HPLC
was performed using a Shimadzu Nexera XR HPLC system
equipped with a SPD-M20A photodiode array detector.

DMSO was used in anhydrous form unless otherwise stat-
ed (Sigma-Aldrich). Water was used from a Direct-Q® 3 UV
water purification system (Merck Chemicals GmbH,
Schwalbach, Germany). All solvents for synthesis including
HPLC and LC-MS grade solvents were purchased from Carl
Roth unless otherwise stated. Acetonitrile HPLC grade was
purchased from AppliChem GmbH.

The synthesis and lyophilization and radiolabeling proto-
cols for the maleimide-bearing DTPA chelating agent, C4-
DTPA, and its albumin conjugate, C4-DTPA-Albumin, are
described in the Supplementary Material.

Albumin-Binding and Stability Studies
with ""'In-C4-DTPA in Human and Murine Serum

Murine serum was obtained from naive NMRI nu/nu mice.
Blood was drawn via cardiac puncture and transferred into
vials and kept at room temperature for 30 min. Serum was
separated by centrifugation, 2000g for 10 min at room tem-
perature, aliquoted, and snap-frozen in liquid nitrogen. The
serum was stored at — 80 °C.

Human serum, type AB (male), from clotted whole blood
(Sigma-Aldrich) was kept frozen and brought to room tem-
perature, spun down at 13.6 kRPM for 60 s, and filtered
through a 0.45-pm syringe filter before use.

Human or NMRI murine serum was incubated at 37 °C
before being mixed in 1:30 ratio (v:v) with "n-C4-DTPA
(57.7+0.7 MBq). Samples were taken at different time points
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(1 min, 5 min, and 30 min, additionally 24 h and 48 h for
murine serum samples) and analyzed by radio-HPLC. The
concentrations of free '''In, unbound "'In-C4-DTPA, and
"n-C4-DTPA-Albumin conjugate were determined in each
measurement by HPLC radiographs as depicted in Fig. 1S of
the Supplementary Material. Binding to albumin in the serum
was determined by comparing the area under the curve (AUC)
for each measurement to that of '''In-C4-DTPA in water. The
rate of binding of '''In-C4-DTPA to albumin and the stability
of the albumin conjugates are presented in Fig. 2S in the
Supplementary Material.

Animals and Ethical Statement

All animal procedures were performed according to the
German Animal Protection Law or National Institute of
Health (NIH) guidelines and approved by the National
Animal Experiment Board, Finland. Animal studies were per-
formed with female immunodeficient NMRI nude mice
(Charles River Discovery Research Services Germany
GmbH, Freiburg, Germany). All animals were group-housed
in cages under standard conditions (temperature 22 + 1 °C, 13-
h light/11-h dark, ad libitum food and water) at Charles River,
Kuopio, Finland.

In Vivo Biodistribution Study

A total of 40 NMRI mice 8-10 weeks old were dosed intrave-
nously with the imaging agent '''In-C4-DTPA (6.2 +
0.1 MBq) or with the radiolabeled conjugate '''In-C4-DTPA-
Albumin (6.0 + 0.3 MBq) serving as a comparison. An injec-
tion volume of 100 puL was prepared by mixing 35 pL of
radiolabeled metal complex and 65 pL of sterile saline (B.
Braun). Samples were collected at 10 min, 1 h, 6 h, 24 h, and
48 h after intravenous dosing (n =4 for each time point for
each compound). At the specified time points, the mice were
euthanized with CO,, and a blood sample was drawn via car-
diac puncture. A small volume of blood was pipetted into a
separate tube, and the remaining blood sample was stored on
ice until plasma separation. Plasma was separated by centrifu-
gation (2000g for 10 min at 4 °C). Additionally, samples from
the lungs, heart, liver, spleen, kidneys, and muscle (quadriceps)
were collected into pre-weighted tubes. After sample collec-
tion, the tubes were weighed again, and the radioactivity was
measured with a gamma counter (Wizard II, Perkin Elmer).
The data is presented as percentages of the injected dose per
gram of tissue (% 1D/g).

In Vivo SPECT/CT Imaging of Tumor-Bearing Mice
Female immunodeficient NMRI nude mice received unilateral

or bilateral subcutaneous patient-derived (PDX) tumor im-
plants in the flanks while under isoflurane anesthesia at the

Charles River site in Freiburg, Germany. SPECT/CT imaging
studies were performed in four human tumor xenograft
models: LXFL529 (non-small cell lung cancer), OVXF899
(ovarian cancer), MAXFTN401 (mammary carcinoma), and
CXF2081 (colorectal cancer). The body weight and tumor size
of the tumor-bearing mice were measured daily. Injection with
the radiolabeled imaging agent and subsequent imaging stud-
ies (Charles River, Kuopio, Finland) were started when the
individual tumors were palpable and had reached a volume
of 100-300 mm>. The mice were anesthetized and injected
intravenously with a solution of '"'In-C4-DTPA (31.0+
1.4 MBq) via the tail vein. SPECT/CT imaging was performed
with a small animal SPECT/CT (NanoSPECT/CT Plus,
Mediso) at 0—1 h, 24 h, 48 h, and 72 h post-dosing. 2D and
3D images of the animals combined with CT were produced to
visualize the biodistribution of the labeled agent. The imaging
protocol consists of a planar tomography image which was
used as a reference to choose the imaging area (tumors are in
the center of the field of view). Of note, due to spatial con-
straints in the imaging chamber, SPECT/CT was focused on
the tumor implanted in the left flank. After selecting the imag-
ing area, helical CT was performed (180 projections, 55 kVp,
750-ms exposure time). Finally, helical SPECT scans were
performed from the same coordinates using 90 s/time frame.
High-resolution multipinhole apertures were used to enhance
the resolution. After SPECT/CT imaging, HiSPECT recon-
struction was used for the SPECT images. Image analysis
was performed using PMOD software v3.7. After the 72-h
imaging time point, the mice were euthanized with CO,. A
blood sample was drawn via cardiac puncture. The chest cavity
was opened, and small volumes of blood were collected into
separate tubes and the remaining blood samples stored on ice
until plasma separation. Plasma was separated by centrifuga-
tion, 2000g for 10 min at 4 °C. Samples from the lungs, heart,
liver, spleen, kidneys, muscle (quadriceps), and tumors were
collected into pre-weighted tubes. After sample collection, the
tubes were weighed again, and the radioactivity was measured
with a gamma counter (Wizard II, Perkin Elmer). For the tumor
models LXFL529 and OVXF899 (n = 8), half of the mice (n =
4) were subjected to transcardial perfusion with heparinized
saline before sample collection. The samples from the remain-
ing four mice were collected without perfusion. Data are pre-
sented as percentages of the injected dose per gram of tissue
(% 1D/g). Statistical analyses were performed with GraphPad
Prism bioanalytic software.

Results
Structural Design and Syntheses of Imaging Agent

The general chemical structure of the precursor for the imag-
ing agents was designed to contain a maleimide group as an
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albumin-binding moiety and the acyclic chelating agent
diethylenetriaminepentaacetic acid (DTPA), which can bind
a wide range of metals including clinically used gamma-
emitting radioisotopes for SPECT such as 111In, 67Ga, and
99mTc [16]. For this study, we selected '''In as a widely used
radionuclide for SPECT imaging which has a half-life of
2.8 days.

In designing the imaging agent, we opted for a straightfor-
ward synthetic procedure and a length of the maleimide linker
of ~11 A (Fig. 1a) that would show an ideal fit for the 10—12-
A deep cavity of the cysteine-34 albumin pocket [6]. The
chelating agent, C4-DTPA, was synthesized in a one-step syn-
thesis using an established coupling method by reacting the
DTPA derivative p-NH,-Benzyl-DTPA-4 HCIl with a pre-
activated maleimide carboxylic acid (Fig. 1a) and was obtain-
ed as a white solid in a yield of 22% after chromatographic
purification.

Radiochemical Labeling

The imaging agent '''In-C4-DTPA was produced from
radiolabeling its precursor C4-DTPA (Fig. 1b) with '''InCl,
in HCI solution (see Fig. 1S—Supplementary Material). No
free '"'In was present, but the radio peak showed a shoulder
which can be explained by the formation of diastereomeric
indium-DTPA complexes in accordance with Schmitt-
Willich et al. [17] after complexation. The labeling was repro-
ducible and the radiochemical purity of the '''In-C4-DTPA
peak was 98.7-99.4% (Fig. 1Sb).

Albumin-Binding Properties of the Imaging Agent
"In-C4-DTPA

The albumin-binding properties of '''In-C4-DTPA were stud-
ied in vitro in both human and murine serum using a RP-HPLC
with a radio detector. No free '''In-C4-DTPA was observed
after addition to either human or murine serum, but a new
radioactive peak was rapidly observed which corresponded to

the albumin conjugate (*''In-C4-DTPA-Albumin) demonstrat-
ing spontaneous albumin binding. '!'In-C4-DTPA binding to
both murine and human serum albumin was complete within
1 min (Fig. 2Sa and 2Sb—Supplementary Material). HPLC
stability studies over an observation period of 30 min in human
serum and 48 h in mouse serum showed no decrease of
albumin-bound '''In-C4-DTPA (Fig. 2Sc and 2Sd—
Supplementary Material).

Pharmacokinetics and Biodistribution Study
of '"'In-C4-DTPA and ""'In-C4-DTPA-Albumin
Conjugate in NMRI Mice

After confirming the rapid in vitro binding of the imaging agent
"n-C4-DTPA to albumin, the subsequent step was to study its
biodistribution in healthy nude mice following i.v. injection. As
a rational comparator, the ex vivo conjugate '''In-C4-DTPA-
Albumin, prepared from binding C4-DTPA to exogenous hu-
man serum albumin and subsequent labeling with radioactive
"1n, was administered to a second group of healthy mice. For
biodistribution studies, the mice (n =4) were sacrificed at differ-
ent time points (10 min, 1 h, 6 h, 24 h, and 48 h after i.v. dosing),
and the radioactivity of the radiolabeled albumin in the blood,
plasma, and healthy organs was determined by gamma
counting. A comparison of the biodistribution profile over
48 h between the albumin-binding agent '''In-C4-DTPA and
the ex vivo albumin conjugate '''In-C4-DTPA-Albumin
showed very similar radioactivity intensities in the blood and
plasma underscoring a comparable pharmacokinetic profile
(Fig. 2). Biodistribution profiles in the kidneys, muscle, heart,
and lung of '''In-C4-DTPA and '''In-C4-DTPA-Albumin were
essentially identical, but different profiles in liver and spleen
were recorded (Fig. 2). In summary, based on the results of the
binding and stability results as well as the biodistribution study
and the ease of synthesis compared to the ex vivo prepared
conjugate, the albumin-binding imaging agent '''In-C4-DTPA
was selected for further SPECT/CT imaging in tumor-bearing
nude mice models.

Fig. 1 a Synthesis of the ‘—1~ 1A
maleimide-bearing chelating a NH, o
agent C4-DTPA. The maleimide 1 ) o N N
linker has a length of ~ 11 A as o HOJ\N ~4;C' &Owb )OH \g/\/\ /
determined with the software T)fN/\O/ N N/\g/H 0% & o H/O\/N o °
program ChemBio3D Pro, e —— EHAN o OJ /\ci
Version 14.0.0.117 OH Ot Acetonitrile, DIPEA, RT OH OH CADTPA
(PerkinElmer). b Synthesis of p-NH,-Bn-DTPA*4 HCI
""In-C4-DTPA
. " HO O
H
5 N \[(\/\N )k, 9)6 R &
)S 0 4 inCly , HCI N o \
o " N o ° > o \(/O/,/'I’n*N NN
Y ONA N ; TOL / H o
OH O O H
OH OH C4-DTPA ""1n-c4-DTPA
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Fig. 2 Biodistribution study over 25- Blood 50+ Plasma
48 h in healthy nude mice (n=4)
treated with '''[n-C4-DTPA and 20- 40
"1n-C4-DTPA-Albumin. Tissue
radioactivity was determined by g 151 3 304
gamma counting. Data presented = 104 = 204
as percentages of injected dose 1
per gram of tissue (% ID/g) 5- 104
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In Vivo SPECT/CT Imaging Studies in Human Tumor
Xenograft Models

For the evaluation of the biodistribution and tumor uptake of
the imaging agent '''In-C4-DTPA in tumor-bearing mice, ini-
tial imaging studies were carried out in two human tumor
xenograft models: LXFL529 (non-small cell lung cancer)
and OVXF899 (ovarian cancer) with bilateral, subcutaneous

implantation (n = 8). Tumor-bearing mice injected with '''In-
C4-DTPA were imaged by SPECT/CT after 1 h, 24 h, 48 h,
and 72 h post-injection. At the 72-h time point, all mice were
sacrificed; four mice were perfused for 3 min with saline; the
other four were not perfused; samples from the blood, plasma,
heart, kidneys, liver, lung, spleen, and both tumors were then
collected; and radioactivity was determined by gamma
counting.
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Distinct radioactivity was observed in subcutaneously
growing tumors of both models as can be discerned from
representative 2D and 3D SPECT/CT images depicted in
Fig. 3 with the bladder and kidneys being the primary elimi-
nation organ. Maximum tumor uptake was obtained at 24 h
with ~ 3% ID/cm? (see Supplementary Material) and a higher
signal-to-noise ratio was observed in the tumors at 48 h and
72 h, in the range of 3.7-5.0 (Fig. 4a). Quantitative SPECT/
CT data was obtained for the left tumor only due to technical
reasons (see Materials and Methods).

These results are corroborated by the results of the
gamma counting at 72 h shown in Fig. 4b. Left and
right tumors show 1.3-2.5% ID/g with mean tumor
muscle ratios of 5.2-9.4 (Fig. 4a), and the kidneys are
the only organ with higher uptake, ~ 2.6-3.8% ID/g,
followed by the spleen which has values slightly below
the ones measured in the tumors, 1.1-1.7% ID/g.
Radioactivity in plasma was comparable to that in tu-
mors (1.5-2.8% ID/g). No statistically significant

LXFL529

Left side

Fig. 3 Representative 2D (axial and coronal) and 3D in vivo SPECT/CT
images for patient-derived tumor-bearing mice with bilateral, subcutane-
ously implanted lung LXFL529 (left) and ovarian OVXF899 (right)

@ Springer

difference was noted between the two tumor models or
between perfused and non-perfused tissues, except for
the heart in the LXFL529 model (p <0.05 with multiple
¢t test) indicating that radioactivity accumulation is not
biased by blood in the vasculature of the organs and
tumors.

In a subsequent imaging study, earlier imaging time
points were added to obtain a clearer picture of the tu-
mor accumulation profile within the first 24 h of injec-
tion. SPECT/CT images at 2 h, 6 h, 24 h, 48 h, and 72 h
of four nude mice with subcutaneously implanted
MAXFTN401 tumors are shown in Fig. 5a demonstrat-
ing an increasing uptake of radiolabeled albumin in the
first 24 h and a slow decrease from 24 to 72 h. Figure 5b
graphically depicts the kinetics of tracer accumulation
quantified by SPECT in the left tumor, kidneys, liver,
and muscle tissue over 72 h indicating that the maximum
radioactivity in the tumor was reached after approximate-
ly 24 h (~ 3.8+ 0.4% ID/cm’ at 24 h compared to ~ 4.1

OVXF899

tumors treated with radiolabeled '''In-C4-DTPA. Arrows and circles
show left imaged tumor regions. 2D images of further tumor-bearing mice
are included in the Supplementary Material
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1

Fig. 4 '"'In-C4-DTPA-treated
mice bearing lung LXFL529 (n =
8) and ovarian OVXF 899 (n=7)
tumors. a Mean tumor to muscle
ratios measured with SPECT for
left tumors. b Biodistribution
results at 72 h post-injection de-
termined by gamma counting

-2}
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rlo £
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N
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-e- LXFL529
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+0.2% ID/cm® and ~ 2.9+0.2% ID/cm’® for kidneys and
liver, respectively). In contrast, maximal radioactivity in
the kidneys and liver was already reached at 2 h or
earlier (~ 5.8+0.1% ID/cm’ and ~ 5.6+ 1.0% ID/cm’,
respectively). Mean tumor/ muscle ratios were in the
range of ~ 4.3 to 5.6 from 24 to 72 h post-injection.
Finally, the gamma counting data at 72 h (Fig. 5c)
showed a similar uptake in the tumor (~ 1.8-1.9+
0.4% 1D/g) compared to the two previous models (see
Fig. 5). In this experiment, higher radioactivity was mea-
sured in the spleen (~ 2.8+0.5% ID/cm?®) followed by
the kidneys (~ 1.6+0.2% ID/cm?). Plasma radioactivity
was comparable to the one measured in the tumor (~ 1.9
+0.5% ID/cm?).

In a final experiment, we compared the biodistribution
of the albumin-binding imaging agent '''In-C4-DTPA
with the non-albumin-binding imaging agent '''In-
DTPA (MAP Medical Technologies Oy) used as a nega-
tive control (n=4 for '''In-C4-DTPA and n=2 for the
negative control) in the CXF2081 tumor model.
Figure 6a shows representative 2D SPECT/CT scans at
24 h, 48 h, and 72 h for the imaging agent '''In-C4-
DTPA, while Fig. 6b shows SPECT/CT scans at the
same time points for the negative control, '''In-DTPA.
Mice treated with the albumin-binding imaging agent
showed clear evidence of tumor uptake; in contrast, min-
imal radioactivity was observed with the negative con-
trol. The gamma counting data at 72 h (Fig. 6¢) confirm
this observation with ~ 2.2+ 0.3% ID/g in the tumor for
""In-C4-DTPA and merely ~ 0.07+0.03% ID/g for
""In-DTPA. The negative control '''In-DTPA showed
the lowest uptake in the tumor compared to any of the
measured healthy organs. The '''In-C4-DTPA
biodistribution profile is similar to the one previously
seen in the LXFL529 and OVXF899 tumor models, the

72h
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major radioactivity being observed in the kidneys
(~ 3.7% 1ID/g+0.5) and plasma (~ 2.3 % ID/g+0.5)
followed by the tumor.

Discussion

Tumor tissues are generally characterized by an en-
hanced vascular permeability and retention, a physiolog-
ical property that primarily explains why macromole-
cules such as synthetic polymers or albumin accumulate
in tumor tissue [3, 18, 19]. Serum albumin was already
described to be trapped by tumors in tumor-bearing rats
in the middle of the last century [20]. In the 1990s,
several preclinical studies appeared in the literature
demonstrating uptake of labeled albumin in tumor-
bearing rodent models (reviewed in [21]). In these stud-
ies, exogenous human serum albumin was bound
through free functional groups of its amino acids to an
aromatic moiety [22, 23] or to a chelating agent [24,
25] and subsequently radiolabeled at the introduced
moiety. The radiolabeled protein was finally purified
by size-exclusion chromatography and administered in-
travenously to tumor-bearing animals demonstrating tu-
mor uptake. Although this diagnostic approach identi-
fied albumin uptake in implanted tumors in rodents, it
has disadvantages that include a sequence of reactions
with the protein and subsequent purification steps, and
additionally the administration of albumin from a for-
eign species (i.e., human serum albumin) to rats.
Therefore, we developed a new radio-imaging agent that
binds rapidly and specifically to circulating albumin after in-
travenous administration, in line with our well-established
drug delivery technology in which a thiol-reactive anticancer
drug binds in situ to endogenous albumin [1, 2, 6-8], thus

@ Springer



196

Nucl Med Mol Imaging (2019) 53:189-198

Fig. 5 Tumor-bearing mice (n=
4) with bilateral, subcutaneously
implanted breast MAXFTN401
tumors treated with '''In-C4-
DTPA. a Representative SPECT/
CT images (axial and coronal) at
2h,6h,24h,48h,and 72 h post-
injection; arrows show imaged
regions of tumors implanted in the
left flank. b Kinetics of tracer ac-
cumulation measured by SPECT
in left tumors, kidneys, liver, and
muscle tissue over 72 h. ¢
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avoiding protein purification and injection of a non-native
albumin into rodents.

Our selected imaging agent, '''In-C4-DTPA (Fig. 1),
was designed to contain (a) a maleimide group as an
albumin-binding moiety that binds rapidly and specifi-
cally to the amino acid cysteine-34 of circulating albu-
min in a Michael addition, and (b) the radioactive moi-
ety '"In-DTPA with the gamma emitter '''In suitable
for SPECT imaging. A major advantage of using
DTPA analogs is the fact that radiolabeling of proteins
occur under mild conditions.

The preparation of the DTPA derivative was achieved in a
straightforward one-step synthesis and the labeling was repro-
ducibly obtained with 98.7-99.4% radiochemical purity (a
detailed description is reported in the Supplementary
Material).

"'[n-C4-DTPA was first tested in vitro in human and mu-
rine serum to confirm its albumin-binding ability and over
time stability. In both serum types, immediate and quantitative
binding was observed. The stability over time of the albumin-
imaging agent conjugate was demonstrated in both human
serum (observation period of 30 min) and mouse serum (ob-
servation period of 48 h).

In a first in vivo study, the biodistribution of the imaging
agent '''In-C4-DTPA was studied in healthy NMRI nude
mice over 48 h and compared to that of the ex vivo labeled
albumin conjugate, " C4-DTPA-Albumin, obtained from
binding C4-DTPA to exogenous albumin and subsequent la-
beling with radioactive '''In. Biodistribution profiles for
""n-C4-DTPA and '''In-C4-DTPA-Albumin differed only
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in the liver and spleen (Fig. 2) which is likely due to a more
avid uptake by the reticuloendothelial system (RES) of '''In-
C4-DTPA-Albumin that was prepared from human serum al-
bumin compared to the in situ formed albumin conjugate with
endogenous murine albumin. Since no significant difference
was observed in the biodistribution and the pharmacokinetic
profile between the ex vivo and the in situ bound imaging
agent approaches, the latter was chosen for further studies
due to ease of synthesis.

In subsequent imaging studies in four human tumor xeno-
graft models with Mn-C4-DTPA (LXFL529 (non-small cell
lung cancer, n=38), OVXF899 (ovarian cancer, n =8),
MAXFTN401 (breast cancer, n=4), and CXF2081 (colon
cancer, n =4)), we were able to show with SPECT/CT imag-
ing and gamma counting a distinct uptake of the radiolabeled
albumin in the tumors, and that tumors had a time-dependent
uptake with maximum intensity noted after approximately
24 h (2.7-3.8% ID/cm?) and a slow fall-off over 72 h (Fig.
3,4, 5, and 6). The kidneys and bladder were the major elim-
ination organs. Furthermore, there was no significant differ-
ence between perfused and non-perfused healthy organs or
tumor in radioactivity at 72 h (Fig. 4), indicating that the
uptake of in situ radiolabeled albumin is not critically influ-
enced by the radioactivity remaining in the blood pool.
Finally, the non-albumin-binding imaging agent, '''In-
DTPA, serving as a negative control showed no accumulation
in subcutaneously growing tumors over time (Fig. 6).

A similar biodistribution profile was reported by us in the
MDA-MB 435 tumor xenograft model with the albumin-
binding drug aldoxorubicin labeled with '*C, where uptake
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Fig. 6 Tumor-bearing mice with
unilateral subcutaneously
implanted colon CXF2081
tumors treated with '''In-C4-
DTPA (n=4) and the negative
control, mIn-DTPA, (n=2).a
Representative SPECT/CT im-
ages (axial and coronal) at 24 h,
48 h, and 72 h post-injection of a
mouse treated with '''In-C4-
DTPA. b Mouse treated with
"H-DTPA as a negative control;
arrows show imaged tumor re-
gions. ¢ Biodistribution results at
72 h post-injection, measured
with gamma counting

© & & & & & S % &
o & & 2 @ & & 0
F o VT R so*é\"f'

A

mm CXF2081 - "n-C4-DTPA mm CXF2081 - "In-DTPA (negative control)

in the tumor at 48 h post-injection (~ 1.5% ID/g) was compa-  organ was the kidneys [8]. This similarity supports the appli-
rable to the one of the albumin-binding imaging agent '''In-  cation of '''In-C4-DTPA as a companion diagnostic for ther-
C4-DTPA (~1.3-2.5% ID/g at 72 h) and the main excretion  apy with albumin-based drug delivery systems.
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