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Small organic ligands, selective for tumor-associated antigens, are
increasingly being considered as alternatives to monoclonal antibodies
for the targeted delivery of diagnostic and therapeutic payloads such as
radionuclides and drugs into neoplastic masses. We have previously
described a novel acetazolamide derivative, a carbonic anhydrase
ligand with high affinity for the tumor-associated isoform IX (CAIX),
which can transport highly potent cytotoxic drugs into CAIX-expressing
solid tumors. The aim of the present study was to quantitatively
investigate the biodistribution properties of said ligand and understand
whether acetazolamide conjugates merit further development as drug
carriers and radioimaging agents. Methods: The conjugate described in
this study, consisting of a derivative of acetazolamide, a spacer, and a
peptidic %°™Tc chelator, was labeled using sodium pertechnetate under
reducing conditions and injected intravenously into CAIX-expressing
SKRC-52 xenograft-bearing mice. Animals were sacrificed, and organ
uptake as percentage injected activity of radiolabeled ligand per gram of
tissues (%lA/g) was evaluated between 10 min and 24 h. Additionally,
postmortem imaging by SPECT was performed. Results: The acetazol-
amide conjugate described in this study could be labeled to high radio-
chemical purity (>95%, 2.2-4.5 MBg/nmol). Analysis of organ uptake at
various time points revealed that the ligand displayed a maximal tumor
accumulation 3 h after intravenous injection (22 %I1A/g), with an excellent
tumor-to-blood ratio of 70:1 at the same time point. The ligand accu-
mulation in the tumor was more efficient than in any other organ, but a
residual uptake in the kidney, lung, and stomach (9, 16, and 10 %IA/g,
respectively) was also observed, in line with pattemns of carbonic anhy-
drase isoform expression in those tissues. Interestingly, tumor-to-organ
ratios improved on administration of higher doses of radiolabeled ligand,
suggesting that certain binding sites in normal organs can be saturated
in vivo. Conclusion: The ®™Tc-labeled acetazolamide conjugate ex-
hibits high tumor uptake and favorable tumor-to-kidney ratios of up to
3 that may allow imaging of tumors in the kidney and distant sites
at earlier time points than commonly possible with antibody-based
products. These data suggest that the described molecule merit further
development as a radioimaging agent for CAlX-expressing renal cell
carcinoma.
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Carbonic anhydrase IX (CAIX) is a membrane-bound metal-
loenzyme involved in the maintenance of cellular acid-base ho-
meostasis. CAIX is virtually undetectable in normal adult organs,
with the exception of the stomach, duodenum, bile duct epithe-
lium, and gallbladder (/,2). By contrast, the enzyme is strongly
expressed in most clear cell renal cell carcinomas (RCCs), as a
result of von Hippel-Lindau mutations or deletions (3). In addi-
tion, CAIX is overexpressed at sites of hypoxia, which are fre-
quently found in neoplastic masses (4). CAIX is thus considered
to be an attractive target for tumor imaging and targeted drug-
delivery applications.

The tumor-homing properties of monoclonal antibodies specific
to CAIX have been extensively investigated in quantitative biodis-
tribution studies. One anti-CAIX antibody in IgG format (cG250),
labeled with the PET radionuclide 'L, is in advanced clinical de-
velopment for the detection of metastatic lesions in RCC patients
(5). However, macromolecular radiotracers, in particular antibodies
in IgG format, typically clear slowly from the blood, requiring the
use of long-lived radioisotopes and imaging at late time points,
which exposes patients to a high radiation burden (6). Indeed,
1241-¢G250 only reaches tumor-to-blood ratios suitable for imag-
ing 2-7 d after injection into the patient.

Dubois et al. first proposed the use of radiolabeled small organic
CAIX ligands for tumor imaging applications (7). Unlike large mac-
romolecules, small molecules clear rapidly from circulation and thus
reach tumor-to-blood ratios suitable for imaging at early time points
(8-10). This in turn permits the use of radioisotopes with shorter half-
lives, reduces the radiation burden to the patient, and allows phy-
sicians to obtain diagnostic information much more quickly
than with antibody-based imaging agents.

Despite the potential advantages of small-molecule CAIX ligands
for tumor imaging applications, the development of small-molecule
radiotracers for CAIX-expressing solid tumors has so far remained
elusive. Quantitative biodistribution studies of the radiolabeled small
organic CAIX ligand VM4-037 exhibited poor uptake in the tumor
and strong accumulation in the kidney, ileum, colon, liver, stomach,
and bladder in mice (/7). Strong kidney and liver uptake with little
clearance over the study period was also observed in healthy human
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volunteers (/2). Similar results were obtained with °™Tc-labeled
derivatives of phenylsulfonamide in mice (/3).

Our group and Claudiu Supuran have previously shown that high-
affinity small organic ligands of CAIX not only efficiently localize to
RCC tumors in mouse models when labeled with a fluorescent dye,
but also can be used for the selective delivery of cytotoxic agents into
CAIX-expressing solid tumors, with encouraging therapeutic results
(14,15). The affinity of CAIX ligands appears to correlate with the in
vivo tumor-targeting performance.

Here, we describe the synthesis of an acetazolamide (AAZ)-based
carbonic anhydrase ligand with high affinity for the tumor-associated
isoform CAIX, labeled with **™Tc, a widely used vy-emitting
radionuclide for nuclear medicine applications. The ligand exhibited
favorable biodistribution profiles in CAIX-expressing tumor-bearing
mice, with excellent tumor-to-organ (up to 3 for tumor over kidney)
and tumor-to-blood ratios (>100), already a few hours after intrave-
nous administration. The high selectivity exhibited by this small-
molecule CAIX ligand reinforces the concept that small organic
ligands, endowed with sufficient affinity to good-quality tumor-
associated antigens, may be considered as a valuable alternative to
monoclonal antibodies and antibody fragments for tumor imaging
(8,16) and drug-delivery applications. Indeed, we hope to ultimately
develop the described molecule into a clinically validated radiotracer
for the detection of CAIX-expressing RCC.

MATERIALS AND METHODS

Synthesis

General Procedure for Solid-Phase Peptide Synthesis. Prior to the
first coupling step, chlorotrityl resin (500 mg; RAPP Polymers) preloaded
with Fmoc-Cys(Trt)-OH was placed inside a syringe equipped with a
filter pad for solid-phase synthesis and swollen with dimethylformamide
(DMF, 10 mL) for 15 min. Fmoc deprotection was achieved by shaking
the resin with 20% v/v piperidine in DMF (5 mL) for 1 min followed
by two more rounds with fresh 20% v/v piperidine solution in DMF
(5 mL) for 10 min each. After deprotection, the resin was washed
with DMF (3 x 8 mL). Amino acids were coupled by mixing the
Fmoc-protected acid (3 equivalents) with 2-(1H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (ChemPep, 3 equiva-
lents), hydroxybenzotriazole (ChemPep, 3 equivalents), and DIPEA (Sigma
Aldrich, 6 equivalents) in DMF (5 mL). The solution was allowed to
react with the resin for 1 h and was discarded and the resin washed with
DMF (3 x 8 mL). Coupling and deprotection steps were alternated until
the desired peptide had been synthesized.

Synthesis of *""Tc-Chelating AAZ Derivative 1. In consecutive order
the following Fmoc-protected amino acids were coupled to Fmoc-Cys
(Trt)-OH preloaded chlorotrityl resin: Fmoc-Asp(OtBu)-OH, Boc-Lys
(Fmoc)-OH, and Fmoc-Asp(OtBu)-OH (Sigma Aldrich). After the
final deprotection, the resin was capped with 5-azido pentanoic acid
(ChemPep) using the general coupling procedure. The targeting ligand
was installed by reacting the resin with a solution of Cul (ABCR, 0.1
equivalent), Tris(benzyltriazolylmethyl)amine (TBTA, (/7), 0.1 equiva-
lent), and N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)hex-5-ynamide ((/5), 2
equivalents) in DMF (2.5 mL) and THF (2.5 mL) for 12 h. The resin
was washed with DMF (3 x 8 mL), an aqueous solution of ethylenedi-
aminetetraacetate (EDTA) in H,O (50 mM, 3 x 8 mL), H,O (3 X 8 mL),
MeOH (3 x 8 mL), and dichloromethane (DCM, 3 x 8 mL). For peptide
cleavage and deprotection, the resin was suspended in an ice-cold mix-
ture of trifluoroacetic acid (TFA; Sigma Aldrich, 7 mL), thioanisole
(Sigma Aldrich, 320 pL), m-cresol (Sigma Aldrich, 320 pL), H,O
(160 L), and triisopropylsilane (TIS; Sigma Aldrich, 160 wL). After
1 h, the deprotection solution was added drop-wise to ice-cold Et,O
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(150 mL) and the precipitate isolated by filtration. The crude product
was dissolved in 1:1 v/v H,O, MeCN and lyophilized to yield an off-
white powder (560 mg crude). Aliquots of the crude product (4 X
50 mg) were dissolved in dimethylsulfoxide (DMSO, 4 x 900 nL),
2-thioethanol (Sigma Aldrich, 4x 100 pL) was added, and the crude
product was purified over reversed-phase high-performance liquid chro-
matography (HPLC) (40 runs; Synergi RP Polar; 5% MeCN in 0.1%
aqueous TFA to 80% MeCN over 20 min). Fractions containing the
desired product as indicated by low-resolution mass spectrometry were
pooled and lyophilized to give the product as a white powder (19.1 mg).

'H-NMR (500 MHz, DMSO-d6) 6 [ppm] = 12.99 (s, 1H), 8.73 (d,
J = 7.4 Hz, 1H), 8.37 (s, 2H), 8.25 (d, J = 7.9 Hz, 1H), 8.09-0.07 (m,
4H), 7.87 (s, 1H), 7.81 (t, J = 5.7 Hz, 1H), 4.69-4.66 (m, 1H), 4.54—
4.50 (m, 1H), 4.43-4.40 (m, 1H), 4.30 (t, J] = 7.0 Hz, 2H), 3.75-3.74
(m, superimposed with water peak), 3.05-2.98 (m, 3H), 2.90-2.55 (m,
10H), 2.48-2.37 (m, 2H), 2.15 (t, ] = 7.3 Hz, 2H), 1.99-1.93 (m, 2H),
1.81-1.68 (m, 4H), 1.48-1.25 (m, 6H); HRMS (m/z) [M+H]™" cal-
culated for C3oH47N{,0,3S3 879.2542; found 879.2539.

Synthesis of **"Tc-Chelating Derivative 2. In consecutive order the
following Fmoc-protected amino acids were coupled to Fmoc-Cys
(Trt)-OH preloaded chlorotrityl resin: Fmoc-Asp(OtBu)-OH, Boc-Lys
(Fmoc)-OH and Fmoc-Asp(OtBu)-OH (Sigma Aldrich). After the
final deprotection, the resin was capped with 5-azido pentanoic acid
(ChemPep) using the general coupling procedure. The targeting ligand
was installed by reacting the resin with a solution of Cul (ABCR, 0.1
equivalents), TBTA ((/7), 0.1 equivalent), and hex-5-ynamide (Sigma
Aldrich, 2 equivalents) in DMF (2.5 mL) and THF (2.5 mL) for 12 h.
The resin was washed with DMF (3 x 8 mL), an aqueous solution of
EDTA in H,O (50 mM, 3 x 8 mL), H,O (3 x 8 mL), MeOH (3 x
8 mL), and DCM (3 x 8 mL). For peptide cleavage and deprotection, the
resin was suspended in an ice-cold mixture of TFA (7 mL), thio-
anisole (320 pL), m-cresol (320 L), H,O (160 L), and TIS (160 pL).
After 1 h, the deprotection solution was added drop-wise to ice-cold Et;O
(150 mL) and the precipitate isolated by filtration. The crude product was
dissolved in 1:1 v/v H,O, MeCN and lyophilized to yield an off-white
powder (650 mg crude). Aliquots of the crude product (4 X 50 mg)
were dissolved in DMSO (4 x 900 pL), 2-thioethanol (4 x 100 L)
was added, and the crude product was purified over reversed-phase
HPLC (40 runs, Synergi RP Polar, 5% MeCN in 0.1% aqueous TFA to
80% MeCN over 20 min). Fractions containing the desired product as
indicated by low-resolution mass spectrometry were pooled and lyo-
philized to give the product as a white powder (35 mg).

"H-NMR (500 MHz, DMSO-d6) & [ppm] = 8.74 (d, ] = 5.07 Hz,
1H), 8.25 (d, J = 7.85 Hz, 1H), 8.09-8.07 (4H), 7.83 (s, 1H), 7.81 (t,J =
5.6 Hz, 1H), 7.26 (s, 1H), 6.74 (s, 1H), 4.70-4.66 (m, 1H), 4.54-4.49
(m, 1H), 4.43-4.40 (m, 1H), 4.29 (t, J = 7.0 Hz, 2H), 3.74 (br s, 2H),
3.07-2.95 (m, 2H), 2.90-2.86 (m, 1H), 2.82-2.55 (m, 6H), 2.48-2.37
(m, 2H), 2.15 (t, J = 7.3 Hz, 2H), 2.10 (t, J = 7.5 Hz, 2H), 1.83-1.68
(m, 6H), 1.47-1.25 (m, 6H); HRMS (m/z) [M+H]" calculated for
CusHy6NoO1 (S 716.3032; found 716.3020.

Stability

Incubation of Radiolabeled Preparations in Serum and Whole
Blood. The ability of AAZ-based CAIX binder to interact with blood
cells was determined by a centrifugation-based assay with radiola-
beled preparation. **™Tc-labeled preparations were incubated at the
final concentration of 10 pwg/mL in fresh blood collected via cardiac
puncture from mice at sacrifice in microtainer LH tubes (BD). After
mixing or following 10 min of incubation, tubes were centrifuged
(2,000g, 3 min) and plasma was separated from the cell pellet. To
separate the protein fraction from the soluble fraction 1 volume of
acetonitrile (Sigma) was added to 1 volume of solution; the mixture
was shaken for 30 s and centrifuged (8,000g, 4 min).
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The stability of ®*™Tc-labeled preparations was analyzed in mouse
serum (Sigma-Aldrich) at the final concentration of 10 pg/mL. After
mixing or following 10 min, 30 min, 1 h, or 3 h of incubation, the protein
fraction was separated following the procedure reported above.

The radioactivity of isolated cell fractions, soluble fractions, and
protein fractions were recorded using a Packard Cobra vy-counter. Re-
sults are represented as percentages over the total amount of measured
radioactivity.

Surface Plasmon Resonance. Surface plasmon resonance experi-
ments were carried out at room temperature (25°C) using a Biacore
S200 instrument and CMS5 chips (GE Healthcare). For all measure-
ments, phosphate-buffered saline (PBS) (pH 7.4) containing DMSO
(5% vIv) was used. CAIX and CAII solution in acetate buffer (500
nM, pH 5.0) were immobilized on the chip at about 1,500 response
units using ethylcarbodiimide hydrochloride and N-hydroxysuccinimide
as described by the instrument manufacturer. The sensograms were
measured for solutions in PBS (pH 7.4) containing DMSO (5% v/v)
of compound 1 and reference AAZ at a concentration of 40 nM. Senso-
grams were solvent-corrected with the Biacore S200 evaluation soft-
ware. (Supplemental Figs. 1-5 [supplemental materials are available at
http://jnm.snmjournals.org].)

Radiolabeling

99mT¢ ligand conjugate (60 nmol) in PBS (pH 7.4; 50 L) was mixed
with SnCl, (Sigma Aldrich, 200 pg) and sodium glucoheptonate (TCI,
20 mg) in H,O (150 pL). Tris-buffered saline (pH 7.4; 600 wL) was
added and the solution degassed thoroughly by bubbling it with N, for
5 min. Na®™TcO,4-generator eluate (200 pL, 135-276 MBg; Mallinckrodt)
was added and the reaction mixture heated to 90°C for 20 min. After
being cooled to room temperature, an aliquot was analyzed by RP-
HPLC (XTerra C18, 5% MeCN in 0.1% aqueous trifluoroacetic acid to
80% over 20 min on a Merck-Hitachi D-7000 HPLC system equipped
with a Raytest Gabi Star radiodetector). Radiolabel incorporations
greater than 95% were routinely achieved. The labeling solution
was then diluted to the desired injection concentration with PBS
and assayed for stability at different time points using RP-HPLC as
described above. Activities used are listed in Supplemental Table 1.

Cell Culture, Animal, and Tumor Model

The human RCC cell line SKRC-52 was a kind gift from Professor
Egbert. Oosterwijk (Radbound University Nijmegen Medical Centre).
On thawing, cells were kept in culture for no longer than 10 passages.
The SKRC-52 cell line was periodically authenticated by morphologic
inspection and tested negative for Mycoplasma contamination by po-
lymerase chain reaction tests in 2014-2015. SKRC-52 cells were
maintained in RPMI medium (Invitrogen) supplemented with 10%
heat-inactivated fetal calf serum (Gibco) in a humidified atmosphere
with 5% CO, at 37°C. For passaging, cells were detached using tryp-
sin with ethylenediaminetetraacetic acid 0.05% (Gibco). Exponen-
tially growing cells were harvested, repeatedly washed, counted, and
resuspended in PBS, pH 7.4, before injection.

SKRC-52 cells (5 x 106 cells) were transplanted subcutaneously in
the flank of athymic BALB/c nu/nu mice (age, 8—10 wk; Charles River).
Tumor growth was monitored with the aid of a digital caliper (volumes
were measured with the following formula: length (mm) x width?
(mm?)/2. All animal experiments were conducted in accordance with
Swiss animal welfare laws and regulations and approved by Veterinaeramt
des Kanton Zurich.

Quantitative Biodistribution Studies

SKRC-52 tumor-bearing mice (n = 3 mice per group) were random-
ized on the basis of tumor volume and injected intravenously with radio-
labeled preparations. Ten minutes, 1 h, 3 h, 6 h, and 24 h after the
injection, mice were sacrificed and organs collected and weighed and
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radioactivity measured with a Packard Cobra y-counter. Values were
decay-corrected and expressed as percentage injected activity per gram
(%I1A/g) = SD.

SPECT

SPECT/CT images were acquired 4 h after the injection of **™Tc-1
(0.17 MBq) with a 4-head multiplexing multipinhole small-animal
SPECT camera (NanoSPECT/CT; Mediso Medical Imaging Systems).
Total acquisition time was 9 h. The energy peak for the camera was set
at 140.5 keV = 10%. The SPECT images were acquired with Nucline
Software (version 1.02; Bioscan Inc.), and data were reconstructed with
HiSPECT software (version 1.4.3049; Scivis GmbH). The images were
prepared using the VivoQuant postprocessing software (version 1.23;
inviCRO Imaging Services and Software).

RESULTS

A novel CAIX ligand, containing AAZ as a targeting moiety, a
triazine-based linker, and a Lys-Asp-Cys-based moiety for °™Tc
chelation (compound 1), was synthesized according to the scheme
depicted in Figure 1 and subjected to standard chemical charac-
terization (Supplemental Figs. 1-5). A structurally related com-
pound 2, devoid of the AAZ moiety, was used as negative control
(Fig. 1B). An optimized labeling procedure routinely allowed an
incorporation of *™Tc greater than 95% (2.2—4.5 MBg/nmol),
giving products of excellent radiochemical purity (Fig. 1D) and
ready for use without further purification (Supplemental Figs. 6
and 7 demonstrate for stability).

Unlabeled 1 exhibited binding to recombinant CAIX extra-
cellular domain as measured by surface plasmon resonance
(Supplemental Fig. 8) that was comparable to the approved
antiglaucoma drug AAZ from which it was originally derived.
Because AAZ is a pan-CA ligand with broad isoform selectivity,
we also tested the binding capacity of 1 toward the ubiquitous
isoform CAIl isolated from erythrocytes and found an interaction
comparable to AAZ (Supplemental Fig. 8). However, because 1
is large and multiply charged we expected it to be membrane-
impermeable and to not interact with intracellular CAs that make
up most CA isoforms in humans. Indeed, binding of radiolabeled
1 to HEK cells was dependent on the ectopic expression of CAIX
(Supplemental Fig. 9). These findings are in line with previously
obtained results in which derivatives of 1 had been shown to be
portable ligands of CAIX with low nanomolar affinity whereas
derivatives of 2 were suitable nonbinding negative controls (14,15).

Mice with subcutaneously grafted human RCC, derived from
the human cell line SKRC-52, were used to assess the tumor-
targeting properties of the novel radiotracer. Several CAIX-
expressing xenograft models of human RCC have been studied
for tumor-targeting application directed against CAIX in the past.
SKRC-52 tumors consistently exhibited the lowest uptake of anti-
CAIX monoclonal antibodies (/8-20) and were chosen as the
most challenging yet validated model available. Radiolabeled
compounds 1 and 2 were injected into the tail vein, initially at a
mass amount of 13 pg/kg (corresponding to 14 nmol/kg for 1 and
17 nmol/kg for 2) and an activity of 1.4 and 0.9 MBq, respectively.
Mice were sacrificed at various time points, organs were collected,
and radioactivity was counted, allowing the expression of biodis-
tribution results as %IA/g. Three hours after injection, a maximum
of 22 %I A/g of the radiolabeled product accumulated in the tumor.
Tumor-to-blood ratios peaked 6 h after injection, with excellent
selectivity (~100, Fig. 2A; Supplemental Fig. 10; Supplemental
Table 2). Tumor-to-organ ratios were also favorable for spleen
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(141) and heart (13.9) at the same time point. Lower selectivity
was observed for other organs, with tumor-to-liver, tumor-to-lung,
tumor-to-kidney, tumor-to-intestine, and tumor-to-stomach ratios
of 4.7, 2.1, 1.5, 5.1 and 4.0 at 6 h, that increased to 15, 6.2, 2.5,
10.4, and 6.4 at 24 h, respectively. The nature of the injection
buffer (Tris-buffered saline vs. PBS) did not strongly influence
biodistribution results (Supplemental Fig. 11). By contrast, a **™Tc-
labeled preparation of compound 2 (serving as negative control)
failed to exhibit a preferential accumulation at the tumor site (Fig.
2B). Similarly, free Na®*™TcO, did not preferentially accumulate
inside the tumor (Supplemental Fig. 12).

To learn more about the dependence of biodistribution profiles on
the injected tracer dose of compound 1, we studied biodistribution
profiles 6 h after intravenous administration of the °°™Tc-labeled
compound at doses ranging between 2.5 and 65 pg/kg (2.8 and
74 nmol/kg). In addition, we investigated the effect of a prein-
jection of a nonradioactive dose of the compound 1, followed
10 min later by the administration of the labeled compound (i.e.,
40 + 40 pg/kg [45 + 45 nmol/kg] or 200 + 40 pg/kg [227 +
45 nmol/kg], Fig. 3; Supplemental Table 3). In this case, the quan-
tification of organ distribution was performed 3 h after the admin-
istration of the radiolabeled preparation. The best biodistribution
profiles were observed in the range between 25 and 80 pg/kg (28
and 90 nmol/kg). Tumor-to-organ ratios 6 h after injection of a
25 pg/kg (28 nmol/kg) dose were 2.9, 4.9, 5.8, 10.3, 14.9, 109, and
26.9 for kidney, lung, liver, stomach, intestine, spleen, and heart, re-
spectively.

To test the suitability of 1 to detect CAIX-expressing RCC tumors
in vivo, we intravenously injected 10 pwg/kg (11 nmol/kg) of radiola-
beled 1 into the SKRC-52 xenograft mouse model of human RCC and
subjected it to SPECT/CT. As expected from the quantitative biodis-
tribution data, radioactivity strongly accumulated inside the tumor,
with a visibly higher accumulation inside the RCC xenograft relative
to kidneys (Fig. 4).
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(A) Structure of tumor-targeting ligand chelator conjugate 1. Targeting moiety is
derived from approved antiglaucoma drug AAZ and has previously been shown to tolerate at-
tachment to diverse payloads including fluorophores and drugs while maintaining low nanomolar
affinity for CAIX. Peptidic ®®™Tc chelator moiety has previously been shown to be suitable for
imaging applications in mice and humans. (B) Structure of negative control compound
2 lacking a CAIX-binding ligand. (C) Synthesis of the CAIX-binding ligand chelator conjugate
by solid-phase peptide synthesis. Peptide backbone was constructed using standard Fmoc
chemistry. Targeting ligand was installed using copper-catalyzed azide-alkyne cycloaddi-
tion. Radiolabeling was achieved with °°™MTc-pertechnetate under reducing conditions.
(D) Representative radiochromatogram of labeled ligand chelator conjugate 1. Please note 2
diastereomers resulting from labeling procedure (syn and anti) that can be separated chromato-

ing increasingly clear, that high-affinity
small-molecule ligands of extracellular
tumor—associated antigens may offer several
advantages over tumor-homing monoclonal
antibodies (8). For example, antibodies, in
particular in IgG format, have slow blood
clearance kinetics (27) and may only slowly
and inefficiently penetrate into solid tumors
(22). In the context of nuclear medicine ap-
plications, this requires the use of long-lived
radioisotopes and imaging at late time
points, which exposes patients to a high ra-
diation burden (5). Additionally, monoclo-
nal antibodies may be immunogenic, which
can preclude repeated administration for routine diagnostic proce-
dures (23). Most small molecules, on the other hand, exhibit fast
blood clearance and tumor-targeting kinetics and are typically not
immunogenic (8).

In the present study, we investigated 1 as a potential novel
small-molecule radiotracer for the detection of CAIX-expressing
RCC in a preclinical mouse model of the disease. CAIX is a well-
studied tumor antigen that is strongly expressed in most RCCs and
has previously been validated for antibody-based imaging and
targeted drug-delivery applications (/8—20). Despite this fact, the
development of small-molecule radiotracers that strongly and se-
lectively accumulate inside CAIX-expressing RCCs has so far
remained elusive (/1).

Radiotracer 1 contains a high-affinity CAIX-binding moiety
derived from the approved antiglaucoma drug AAZ connected to
an efficient *™Tc chelator that has previously been used in an-
imals and humans (24,25). Labeling was achieved with high
radiochemical purity (>95%, 2.2—4.5 MBqg/nmol). The presence
of 2 distinct labeled species can be attributed to the existence of
syn and anti diastereomers arising from 2 binding orientations of
the chiral **™Tc ligand with respect to **™Tc-O bond (24). The
precursor of 1 was diastereomerically pure as shown by nuclear
magnetic resonance.

On injection of *°™Tc-labeled 1 into SKRC-52 CAIX-express-
ing xenograft-bearing mice, the ligand strongly accumulated in the
target lesion and was excreted rapidly from blood and other
healthy organs, achieving a tumor-to-blood ratio of 70 after only
3 h and up to 100 after 6 h. ?*I-labeled ¢G250 antibody, on the
other hand, achieved a tumor-to-blood ratio of less than 2 at 72 h
after administration to SKRC-52 xenograft-bearing mice (/9)
whereas absolute tumor accumulation of 1 was comparable to
the antibody (~20 %IA/g). Interestingly, absolute uptake of 1 in
the tumor peaked after 3 h (22 %IA/g) although the ligand had
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FIGURE 2. (A) Quantitative biodistribution of radiolabeled CAIX-binding
ligand chelator conjugate 1 at different time points after intravenous
injection (13 pg/kg, 14 nmol/kg). Ligand accumulates in tumor, reaching
maximum uptake values after 3 h. Tumor-to-blood ratios are high (70:1)
after 3 h already and further increase to 100:1 after 6 h. (B) Quantitative
biodistribution of radiolabeled negative control compound 2 lacking
CAIX-binding moiety at different time points after intravenous injection
(13 pg/kg, 17 nmol/kg). Radioconjugate lacking tumor-antigen-binding
moiety does not achieve a strong uptake inside tumor.

almost completely cleared from blood 1 h after injection already.
This suggests that a pool of labeled 1 exists outside the bloodstream
(e.g., in interstitial fluid) that slowly accumulates in the tumor over
time when blood pools have already cleared through the kidneys.

Higher absolute tumor accumulations than with '2#[-cG250 and 1
have previously been reported with !!!In-labeled ¢G250 and 3°Zr-
labeled cG250 in the SKRC-52 xenograft model (60 and 49 %IA/g),
presumably due to the residualizing nature of the radioisotope. Al-
though ''In-¢G250 also suffered from low tumor-to-blood ratios
(~6), 89Zr-cG250 achieved almost twice that selectivity (~11) al-
beit only after 7 d after injection (/9,20). At the same time, 2 anti-
bodies previously raised in our own laboratory against recombinant
CAIX extracellular domain using phage display exhibited high-
binding-affinity CAIX in vitro (equilibrium dissociation constant =
2.4 and 3.2 nM for the scFv) and selectively stained the antigen in
tissue-thin sections but failed to strongly accumulate inside CAIX-
expressing tumors after intravenous injection (26). These discrep-
ancies are so far not understood but may relate to different epitopes
bound by the antibodies.

Although AAZ derivative 1 exhibited favorable tumor-to-blood
ratios and tumor-to-organ ratios for some normal organs (e.g.,

TARGETING CAIX-Positive KiIDNEY CANCER  ®

spleen, heart), a nonnegligible uptake in the kidney, stomach,
intestine, and lung was observed in biodistribution studies. CAIX
is indeed strongly expressed in stomach and in certain intestinal
structures (/,2). Moreover, other carbonic anhydrase isoforms are
expressed on the cell surface in the kidney and lung (27). Inter-
estingly, we found that the use of higher doses of CAIX ligands
yielded the best in vivo selectivities, suggesting that binding sites
in normal organs may be saturated in vivo at suitable doses, whereas
free receptors are still available on tumor cells.

Uptake in most healthy organs achieved by 1 were comparable
to those previously published for cG250 (e.g., in lung depending
on the dose 1-5 %IA/g for 1; 5 %IA/g for '?*I- and !''In-labeled
¢(G250). Deviations between the antibody and small molecule may
be attributed to differences in ligand specificity, labeling strategy,
or target accessibility. Indeed, tissue uptake can be a function of
exact antigen location, degree of vascularization, and vascular
permeability (/9,28). The most striking difference in normal organ
uptake was observed for the kidney. Radiolabeled ¢G250 consis-
tently exhibited a higher tumor-to-kidney ratio than 1, with values
as high as 10 being possible, albeit at the cost of longer plasma
circulation times. Antibodies in IgG format are larger than the
renal filtration threshold (29) and therefore cannot reach antigens
in the proximal tubules. Radiotracer 1 on the other hand is filtered
through the kidneys and can potentially bind extracellular car-
bonic anhydrases expressed in kidneys.

Nevertheless, tumor-to-kidney ratios of up to 3 were achieved
with 1, which appear to surpass those previously reported for other
small organic ligands (e.g., folate derivatives, urea derivatives of
glutamic acid for prostate-specific membrane antigen targeting).
Both ligands are being investigated for imaging of the targeted
tumor delivery of therapeutic radionuclides or of cytotoxic drugs
(24,30). Importantly, a tumor-to-kidney ratio of 3 is expected to be
sufficient even for the detection of primary kidney lesions against
kidney background. This view was further supported by SPECT/

1 2.5 pg/kg (2.8 nmol/kg)
251 == 13 pglkg (14 nmolikg) 200
= 25 pg/kg (28 nmol/kg)
204 w65 pg/kg (74 nmol/kg)
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FIGURE 3. (A) Quantitative biodistribution analysis of radiolabeled
CAIX-binding ligand chelator conjugate 1 6 h (solid fills) or 3 h (striped
fills) after intravenous injection of different doses. Solid fills corre-
spond to 2.5-65 pg/kg (28-74 nmol/kg). Striped fills correspond to 40
(45 nmol/kg) or 200 pg/kg (227 nmol/kg) of unlabeled followed after
10 min by 40 pg/kg (45 nmol/kg) of labeled conjugate. Doses of 25—
65 pg/kg (28-74 nmol/kg) of labeled conjugate or 40 pg/kg (45 nmol/kg)
of unlabeled followed by equal dose of labeled conjugate give excellent
tumor uptake and tumor-to-organ ratios.
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FIGURE 4. SPECT/CT scan 4 h after injection of radiolabeled 1 (10 pg/kg,
11 nmol/kg, 0.17 MBq) into a SKRC-52 xenograft-bearing mouse.
Maximum-intensity projection (MIP) (A) and sagittal, coronal, and trans-
axial projections (B) through SKRC-52 xenograft tumor implanted on
right flank. Int = intestine; Ki = kidney; Tu = tumor.

CT data demonstrating a clearly visible high tumor uptake against
a lower kidney background.

The encouraging biodistribution properties of this novel radio-
tracer warrant future clinical investigations for the detection of
CAIX-positive lesions in patients. The rapid clearance profile of the
ligand and the favorable physical properties of ®™Tc should facil-
itate molecular imaging applications with reduced radiation burden
to patients, compared with the '?*I-labeled ¢G250 antibody, which
is currently in clinical development programs (5). Favorable biodis-
tribution studies have also been reported for a 2-step pretargeting
strategy, featuring the administration of a trispecific antibody
against CAIX and a metal chelator, followed by the administration
of a homobivalent chelator-radiometal complex (28). This approach,
however, may be difficult to routinely implement in the clinic.

Radiolabeled AAZ-based compound 1 may also serve as a
companion imaging agent for small ligand-based drug-delivery
strategies using AAZ derivatives coupled to potent cytotoxic drugs
(such as DM1 or monomethyl auristatin E (14,15,31)). It is be-
coming increasingly clear that small-molecule targeting agents
may also represent an alternative to antibodies for the delivery
of anticancer drugs into solid tumors, helping spare normal organs
(8,16). Indeed, radiotracer 1 exhibited better uptake in subcutane-
ous SKRC-52 xenografts than typically achieved by standard che-
motherapeutic drugs in different xenograft models (Supplemental
Fig. 13).

CONCLUSION

Collectively, our data suggest that AAZ derivatives are
attractive ligands for the targeted delivery of radionuclides into
CAIX-expressing solid tumors. AAZ derivatives in conjugate with
different radiometal chelators may be used as imaging agents for
the detection of CAIX-expressing tumors in patients but poten-
tially also for the therapeutic delivery of B-emitting radionuclides
or of anticancer drugs to patients with CAIX-positive tumors. We
are currently planning dosimetric studies with 1 in patients with
RCC, to understand if imaging agents and drug-delivery strategies
based on AAZ-like ligands merit further development for use in
human RCC patients.
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