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Abstract

Introduction: Monoclonal antibody (mAb) cG250 recognizes carbonic anhydrase IX (CAIX), overexpressed on
clear cell renal cell carcinoma (ccRCC). '**1-cG250 is currently under clinical investigation for the detection of
ccRCC. However, the '*'I label is rapidly excreted from the tumor cells after internalization of the radiolabeled
mAb. We hypothesized that labeling G250 with the residualizing positron emitter **Zr would lead to higher
tumor uptake and more sensitive detection of ccRCC lesions.

Materials and Methods: Nude mice with CAIX-expressing ccRCC xenografts (SK-RC-52 or NU-12) were i.v.
injected with *Zr-cG250 or '**-cG250. To determine specificity of **Zr-cG250 uptake in ccRCC, one control
group was i.v. injected with ®Zr-MOPC21 (irrelevant mAb). PET images were acquired using a small animal
PET camera and the biodistribution of the radiolabeled mAb was determined.

Results: The ccRCC xenografts were clearly visualized after injection of *Zr-cG250 and '**I-cG250. Tumor
uptake of ¥Zr-cG250 was significantly higher compared with '**1-cG250 in the NU-12 tumor model
(114.7% +25.2% injected dose per gram (%ID/g) vs. 38.2+18.3%ID/g, p=0.029), but in the SK-RC-52 the dif-
ference in tumor uptake was not significant (48.7 £15.2%ID/g vs. 32.0£22.9%ID/g, p=0.26). SK-RC-52 tumors
were not visualized with #Zr-MOPC21 (tumor uptake 3.0%ID/g). Intraperitoneal SK-RC-52 lesions as small as
7mm’ were visualized with *Zr-cG250 PET.

Conclusion: ImmunoPET imaging with ¢G250 visualized s.c. and i.p. ccRCC lesions in murine models. This
confirms the potential of cG250 immunoPET in the diagnosis and (re)staging of ccRCC. PET imaging of ccRCC
tumors with **Zr-cG250 could be more sensitive than '**I-cG250-PET.
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Introduction

Renal cell carcinoma (RCC) accounts for 2% of all malig-
nancies and the current treatment for localized disease is
tumor nephrectomy. When metastasized, prognosis is bleak
with a median survival of 12 months.! With the advent of
targeted agents (e.g., sunitinib, sorafenib and temsirolimus), it
is crucial to adequately diagnose and (re)stage RCC. Con-
sidering that a number of patients have long-lasting stable
disease without treatment, adequate timing of when to start

these treatments is crucial, because considerable toxicities are
associated with the use of these targeted agents.” The pre-
operative characterization of renal lesions suspect for RCC is
difficult with the current radiological techniques. Moreover,
since conventional radiological follow-up may not be ade-
quate for response assessment of targeted agents,3 new tech-
niques are warranted to assess biological tumor changes and
hence, predict the response to treatment.

The diagnosis and (re)staging of RCC is currently per-
formed with conventional radiological techniques, such as
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computed tomography (CT) or ultrasound. The diagnosis of
primary RCC by FDG PET is hampered by the low FDG-
avidity of RCC and the physiologic uptake in the normal
kidneys due to the renal clearance of the tracer.* FDG PET
has been studied in a small number of patients for the de-
tection and follow-up of RCC metastases. Although a high
specificity was reported, sensitivity was relatively low and
FDG PET is now considered unsuited for staging of patients
with RCC.*

Monoclonal antibody (mAb) ¢G250 has a high affinity for
carbonic anhydrase IX (CAIX), a tumor-associated antigen
ubiquitously expressed on clear cell RCC (ccRCC).> The
use of ¢G250 in radioimmunoscintigraphy and radio-
immunotherapy to detect or treat ccRCC has been investi-
gated extensively.® " A few investigations have studied the
capabilities of cG250-based immunoPET, that is, combining
the favorable characteristics of PET (high spatial resolution,
three-dimensional (3D) imaging and accurate quantification
of tumor uptake) with the high and specific targeting of
cG250 to CAIX-expressing cells.'"™"® The relatively slow
pharmacokinetics of i.v. injected radiolabeled mAbs (optimal
tumor uptake after several days) prevents the use of the most
commonly used positron emitters (''C and '°F) because their
half-lives (20 and 110 minutes, respectively) are too short to
be used in immunoPET. The half-lives of the positron emit-
ters ¥Zr (T%=78 hours, mean f+ 397keV (23% yield), y
909 keV), and '**I (T¥% =100 hours, mean f+ 824keV (23%
yield), y 603 (63% yield) and 722/1691keV (10% yield) do
match the relatively slow kinetics of antibodies. In a pro-
spective study by Divgi et al., twenty-five patients with
suspect renal lesions scheduled for nephrectomy were
studied with "**I-cG250. Of 16 patients with pathologically
confirmed ccRCC after surgery, 15 had a positive scan (tu-
mor-to-normal kidney ratio >3:1). The failure in one patient
was attributed to technical problems with the labeled mate-
rial. The study showed that '**I-cG250 could aid in the pre-
operative characterization of suspect renal masses and might
guide crucial aspects of surgical RCC management.'! A large
multicenter trial comparing conventional diagnostic CT to
1241.¢G250 immunoPET /CT for the detection of ccRCC in 226
patients scheduled for nephrectomy showed a significantly
higher rate of ccRCC detection with '**I-cG250 immunoPET/
CT over conventional CT (p=0.016).14

We hypothesized that, due to its residualizing characteris-
tics and favourable lower beta + emission, labeling ¢G250 with
87r instead of '*I will lead to higher tumor uptake, higher
tumor-to-background (T/B) ratios and higher PET resolution
and hence, more accurate detection of ccRCC lesions.

Here we studied the biodistribution of **Zr-Df-cG250 and
1241.¢G250 in nude mice with subcutaneous (s.c.) ccRCC xe-
nografts. FDG PET was used as a reference in this study. The
specific targeting of cG250 to ccRCC was assessed by com-
paring tumor uptake of **Zr-Df-cG250 and an irrelevant
control mAb. The feasibility of **Zr-immunoPET with *Zr-
Df-cG250 was studied in mice with intraperitoneally grow-
ing ccRCC tumors.

Materials and Methods
Chimeric mAb G250

The isolation and immunohistochemical reactivity of mAb
G250 have been described elsewhere.'” To reduce the im-
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munogenicity of the murine form of G250, a chimeric version
(cG250) has been developed.'” MAb ¢G250 IgGl is reactive
with the transmembrane glycoprotein carbonic anhydrase
isoenzyme IX (K,=4x10° M™"). Expression on the cell sur-
face of ccRCC cells is ubiquitous (>95%), whereas expression
on normal tissues is restricted to the epithelial structures of
the upper gastrointestinal tract and larger bile ducts.'®

Murine mAb MOPC21

MOPC21 is a myeloma-produced murine IgGl mAb
(Sigma-Aldrich, Zwijndrecht, The Netherlands), which is not
directed against any known antigen and was used as an
isotype control mAb to investigate the specificity of uptake
of mAb ¢G250 in CAIX-positive ccRCC xenografts.

Conjugation, radiolabeling, and quality control

For Zr labeling, ¢G250 and MOPC21 were conjugated
with desferal (Df) essentially as described previously.'”
Briefly, desferal (Novartis Pharma AG, Bern, Switzerland)
was succinylated, temporarily filled with Fe>* and coupled
to the mAb via the tetrafluorophenolester of Df. After the
conjugation of Df to the mAb and removal of the Fe®*, the
Df-conjugated mAb was labeled with *Zr (IBA Pharma,
Leuven, Belgium) during 30 minutes in 0.25 M HEPES buffer,
at pH 7.3 at 37°C. The *Zr-Df-cG250 and **Zr-Df-MOPC21
were purified on a PD10 column (Amersham Pharmacia
Biotech, Uppsala, Sweden), that was eluted with 0.9% NaCl,
5mg/mL gentisic acid, pH 5.0. The specific activity of 897 -
Df-cG250 was 0.41 MBq/ g or 0.54 MBq/ ug.

Radioiodination of ¢G250 with '?*I (IBA Pharma, Leuven,
Belgium) was performed according to the Todogen method."
The '**1-cG250 was purified on a PD-10 column that was
eluted with 0.5M PBS. Specific activity of '**I-cG250 was
0.24MBq/ ug or 1.7 MBq/ ug.

Labeling efficiency was between 55 and 70% (*°Zr-Df-
cG250/MOPC21) and between 73 and 82% (***I-cG250).
After purification, at the time of i.v. injection, instant thin
layer chromatography showed a radiochemical purity of
>95% of all preparations used in the studies. The immuno-
reactive fraction at infinite antigen excess of all radiolabeled
¢G250 preparations was determined on freshly trypsinized
SK-RC-52 RCC cells essentially as described by Lindmo
et al.'® The immunoreactive fraction of *¥Zr-Df-cG250 was
between 75% and 89% and the immunoreactive fractions of
all '**1-cG250 preparations exceeded 83%.

RCC tumors in nude mice

The ccRCC cell lines SK-RC-52 (CAIX-positive) and SK-RC-
59 (CAIX-negative) were derived from metastases of primary
ccRCC patients as described by Ebert et al.'” To induce s.c.
tumors, 2-3.10° cells were injected subcutaneously in the flank
of 6-8 weeks old male BALB/c nu/nu mice and tumors were
established after 2-3 weeks. To obtain intraperitoneally
growing SK-RC-52 lesions, 2-3.10° SK-RC-52 cells were in-
jected intraperitoneally and after 3 weeks multiple tumor
nodules were found in the abdominal cavity. The ccRCC cell
line NU-12 (CAIX-positive) was derived from a primary
ccRCC® and tumors were noted 6-8 weeks after serial s.c.
transplantation. Animals were housed and fed according to
the Dutch animal welfare regulations. Experiments were
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approved by the Institutional Animal Care and Use Commit-
tee of the Radboud University Nijmegen Medical Centre, and
were performed in accordance with their guidelines.

MicroPET imaging

Mice with s.c. SK-RC-52 tumors were i.v. injected with
12.3MBq ¥Zr-Df-cG250/MOPC21 (30 ug) or 7.2MBq '*'I-
cG250 (30 ug).21 Mice with s.c. NU-12 tumors were i.v.
injected with 1.5MBq *Zr-Df-cG250 (3 ug) or 5.1 MBq **I-
cG250 (3 ug).21 Mice injected with FDG (IBA, Amsterdam,
The Netherlands) received 10MBq. PET images were ac-
quired with a dedicated animal PET/CT scanner (Inveon,
Siemens Preclinical Solutions, Knoxville, TN) with an in-
trinsic spatial resolution of 1.5mm. Mice were placed in a
prone (experiments 1 and 2) or supine (experiment 3) posi-
tion in the scanner and body temperature was maintained at
37°C using a warmed mattress (M2M imaging, Inc., Cleve-
land, OH). Scans were reconstructed using Inveon Acquisi-
tion Workplace software version 1.2 (Siemens Preclinical
Solutions, Knoxville, TN). PET reconstruction was performed
using an ordered subset expectation maximization-3D/
maximum a posteriori (OSEM3D/MAP) algorithm.* All
animals were gas-anesthetized with a mixture of nitrous
oxide/oxygen/isoflurane. Before intravenous injection of
FDG, mice were fasted 6 hours. Emission images after in-
jection of FDG were acquired 1 hour p.i. CT images were
acquired with the same Inveon animal PET/CT scanner
(80kV, 500 uA, exposure time 300 milliseconds, 360° rotation
in 180 steps, 0.5mm aluminum filter). Scans were re-
constructed using COBRA software version 6 (Exxim Com-
puting Corporation, Pleasanton, CA). CT acquisition was
performed 7 days after injection of *Zr-Df-cG250, *Zr-Df-
MOPC21 and '**1-cG250, or 1 hour after injection of
[**F]FDG.

At the end of the experiments (1 hour p.i. of FDG or 7 days
p-i. of ¥Zr-Df-cG250, *Zr-Df-MOPC21, and '**I-cG250) mice
were euthanized and the biodistribution of the radiolabel
was determined. Tumor and samples of normal tissues
(blood, muscle, lung, spleen, kidney, liver, small intestine,
stomach, and thyroid) were dissected, weighed, and counted
in a y-counter (1480 Wizard 3”, LKB/Wallace, Perkin-Elmer,
Boston, MA). Injection standards were counted simulta-
neously to correct for radioactive decay.

Biodistribution studies

Biodistribution of *Zr-Df-cG250 and '**I-cG250 was
studied in mice with either a s.c. SK-RC-52 or NU-12 tumor
using FDG as reference. Six groups of mice were studied,
with three groups bearing a s.c. SK-RC-52 tumor and three
groups bearing a s.c. NU-12 tumor. Groups consisted of six
mice and were injected with ¥Zr-Df-cG250, '**I-cG250, or
FDG (1.5-12.3 MBg/mouse).

The specificity of cG250-targeting to CAIX-expressing
ccRCC tumors was evaluated in two groups of mice with a
s.c. SK-RC-52 tumor (CAIX-positive) in the left flank and a
s.c. SK-RC-59 tumor (CAIX-negative) in the right flank. One
group of mice received **Zr-Df-cG250 (12.3 MBq/mouse), the
other group received *°Zr-Df-MOPC21 (12.3 MBq/mouse).

To determine immunoPET imaging of intraperitoneally
growing ccRCC lesions six mice with i.p. SK-RC-52 tumors
were injected with *Zr-Df-cG250 (16.2 MBq/mouse).
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Statistical analysis

Statistical analysis was performed using the nonparametric
repeated measures one-way analysis of variance (ANOVA).
Differences were considered significant when p<0.05, two-
sided. All values are expressed as mean=standard devia-
tion (SD).

Results

The biodistribution of #Zr-Df-cG250 and **I-cG250 7 days
after injection in mice with CAIX-expressing ccRCC tumors is
summarized in Figure 1. In the NU-12 tumor model, tumor
uptake of ¥Zr-Df-cG250 was significantly higher compared
with **1-cG250 (114.7+25.2%ID/g vs. 38.2+18.3%ID/g, re-
spectively, p=0.029) (Fig. 1A), whereas in the SK-RC-52 tumor
model uptake of ¥Zr-Df-cG250 and '**[-<G250 was similar
(48.7+15.2%ID/g vs. 32.0+22.9%ID/g, respectively, p=0.257)
(Fig. 1B). When comparing the biodistribution of 897r-Df-
cG250 with that of "**1-<G250, uptake of *Zr-Df-cG250 was
higher in liver (p<0.001) and spleen (p <0.001) and uptake of
1] was higher in the thyroid (p<0.001) in both models. Up-
take of the two ¢G250 preparations in other organs did not
differ significantly. PET images of mice injected with *Zr-Df-
¢G250 and '*[-cG250 are shown in Figure 2. Tumors were
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FIG. 1. Biodistribution of *Zr-Df-cG250 and '**1-cG250 in
mice with a s.c. NU-12 tumor (A) or a s.c. SK-RC-52 tumor
(B), 7 days p.i. Values are expressed as mean+SD. Antibody
protein dose was 3 ug ¢G250/mouse in NU-12 and 30 ug
¢G250/mouse in SK-RC-52 tumors. Significant differences
(p<0.05) in uptake between *Zr-Df-cG250 and '**I-cG250
are marked with an asterisk*.
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FIG. 2. Three dimensional (3D) reconstructed PET images
of representative mice with a s.c. NU-12 tumor on the right
flank 0, 1, and 4 days after injection and fused PET/CT im-
ages after 7 days of 3 g 897+ Df-cG250 (A) or 3 ug 1241_G250
(B). Note the clear visualization of the s.c. tumor (arrows)
from day 1 p.i. onwards with both radiolabeled mAbs.

visualized from day 1 onwards with both radiolabeled anti-
body preparations and optimal image contrast was seen day 7
p.i. The physical characteristics of '**I caused noisier and lower
contrast images. Uptake of FDG in the NU-12 and SK-RC-52
tumors was relatively low (2.7+0.5%ID/g vs. 5.7+3.9%ID/g)
and both tumors were not visualized on PET images since
uptake in the tumor was similar to that in surrounding tissues
(results not shown).

The biodistribution of **Zr-Df-cG250 and **Zr-Df-MOPC21
7 days p.i. were compared to determine the specificity of
¢G250 localization in CAIX-positive tumors (Fig. 3A). Uptake
of #Zr-Df-cG250 in the CAIX-positive SK-RC-52 tumor was
high (36.5+6.2%ID/g), whereas the uptake was significantly
lower in the CAIX-negative SK-RC-59 tumor (6.7 +1.4%ID/g,
p=0.029). Uptake of *Zr-Df-cG250 and *Zr-Df-MOPC21
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FIG. 3. Biodistribution, 7 days after injection of 30 ug %°Zr-
Df-cG250 or ¥Zr-Df-MOPC21 in mice with a s.c. SK-RC-52
tumor and a s.c. SK-RC-59 tumor (A). Values are expressed
as mean+SD 3D. Reconstructed PET/CT images 7 days p.i.
897r-Df-cG250 (B) or **Zr-Df-MOPC21 (C) in representative
mice with a s.c. SK-RC-52 tumor on the left flank and a s.c.
SK-RC-59 tumor on the right flank. Note the high uptake of
897r-Df-cG250 in the SK-RC-52 tumor (left arrow), which is
not seen in the SK-RC-59 tumor (right arrow). No specific
uptake in both tumors is noted after injection with *Zr-Df-
MOPC21.

differed significantly in the CAIX-positive SK-RC-52 tumor
(36.5£6.2%ID/g vs. 6.8+£2.3%ID/g, p=0.010), indicating that
the uptake of #Zr-Df-cG250 in the CAIX-positive tumor was
due to the affinity of the ¢G250 antibody for CAIX. PET im-
ages of mice with s.c. SK-RC-52 and SK-RC-59 tumors in-
jected with **Zr-Df-MOPC21 or ¥Zr-Df-cG250 are shown in
Figure 3B. The CAIX-positive SK-RC-52 tumor was clearly
visualized with ¥Zr-Df-cG250 on day 7 p.i. The CAIX-
negative SK-RC-59 tumor was not visualized with *°Zr-Df-
¢G250. None of the s.c. tumors was visualized with the
irrelevant mAb #*Zr-Df-MOPC21. These results demonstrate
the specific localization of *Zr-Df-cG250 in CAIX-positive
tumors.

Intraperitoneally growing SK-RC-52 tumors were clearly
visualized 7 days after injection of *Zr-Df-cG250 as shown
in Figure 4. Tumor lesions as small as 7 mg in the vicinity of
the liver and spleen were clearly visualized and uptake in
individual lesions was as high as up to 95.9%ID/g. All tumor
lesions that were identified with PET were identified during
dissection.
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FIG. 4. (A) Coronal and sagittal sections of a 3D reconstructed PET/CT image 7 days after injection of **Zr-Df-cG250 and
(B) anatomical localization of an SK-RC-52 lesion (circle) upon dissection with an uptake of 95.9%ID/g, weight 16 mg. (C)
Localization of another SK-RC-52 lesion (circle) with 59.4%ID/g uptake, weight 7 mg.

Discussion

The biodistribution profiles of *Zr-Df-cG250 and '*'I-
¢G250 in nude mice with s.c. ccRCC xenografts were com-
pared to determine the optimal radionuclide for immunoPET
with ¢G250. In both CAIX-positive ccRCC xenografts, uptake
of ¥Zr-Df-cG250 was higher than uptake of '**I-cG250 7
days after injection of the radiolabeled mAbs, albeit this
difference was only statistically significant in the NU-12 tu-
mor model. In this study, mice were not stratified to groups
according to size of the tumor xenograft. The group bearing
a SK-RC-52 xenograft injected with '**I-cG250 consisted of
mice with large differences in tumor size (results not shown),
evidenced by the large standard deviation in tumor uptake
of this group. This could explain why uptake of *Zr-Df-
G250 was not significantly higher than '**I-cG250 in the SK-
RC-52 tumor model. PET images acquired with a dedicated
small animal PET camera showed preferential tumor uptake
of both radiolabeled mAbs from day 1 p.i. onwards and
image contrast improved with time. The images obtained
with #Zr-Df-cG250 had less noise and higher contrast, al-
lowing for more specific detection of ccRCC lesions with
897r-Df-cG250 as compared to '**1-cG250. The brightness and
contrast settings of the **Zr-Df-cG250-images in Figure 2
have been chosen specifically to show the uptake in the liver
for anatomical reference. Moreover, since uptake of 897r-Df-
¢G250 in ccRCC lesions was higher compared with '**I-
G250, immunoPET imaging of ccRCC with **Zr-Df-cG250 in
these models was superior to immunoPET with **I-cG250.

The enhanced uptake of **Zr-Df-cG250 as compared to
1241.¢G250 in the NU-12 ¢ccRCC tumor model is most likely
due to the residualizing properties of the **Zr radiolabel.
Internalized radiolabeled antibody is metabolized in the tu-
mor cell lysosomes and the '**I-labeled metabolite (***I-
tyrosine) is rapidly excreted from the tumor cell, whereas the
metabolite labeled with metallic radionuclides, such as !In,
87r and '""Lu, is trapped in the lysosomes.”* This phe-
nomenon has also been described in a clinical intrapatient

comparison study examining the differences between '*'I-

¢G250 and '"'In-cG250. Five mRCC patients were injected
with ®11-cG250 and '''In-cG250 1 week apart. Uptake of
™MIn-cG250 in ccRCC tumor lesions was higher compared
with ®1-¢G250, which was attributed to the intracellular
entrapment of internalized '''In-cG250 metabolites.” This
could also explain the higher liver and spleen uptake of **Zr-
Df-cG250 as compared to that of '**I-cG250.%*

FDG PET has a poor sensitivity for detecting RCC lesions
mainly due to the fact that many RCC lesions are not FDG-
avid.* This was also observed in the present study: none of
the CAIX-positive ccRCC xenografts were visualized by FDG
PET, since uptake of FDG was similar to that in surrounding
tissues. In an earlier study, FDG failed to visualize ccRCC
xenografts in nude rats.'* ImmunoPET with ¢G250 could
therefore, be of value as a functional imaging technique to
detect ccRCC lesions.

The high tumor uptake of **Zr-Df-cG250 and '**I-cG250 was
the result of specific uptake of ¢G250 in the CAIX-positive
tumors. The irrelevant mAb *Zr-Df-MOPC21 did not accu-
mulate in the CAIX-positive tumor SK-RC-52, demonstrating
that accretion was not the consequence of aberrant tumor
perfusion, but antigen-driven. 897r-Df-cG250 accumulated in
the CAIX-positive tumor, but not in the CAIX-negative tumor,
further demonstrating that accretion was antigen-driven.

ImmunoPET with ¢G250 is well suited for imaging ccRCC
in patients since PET has the advantage of producing 3D
images with a much higher resolution than planar scinti-
graphy or single photon emission computed tomography
(SPECT). This is illustrated by the very sensitive detection of
ccRCC lesions with a dedicated small animal PET camera.
Intraperitoneal lesions as small as 7mm?® were visualized
with %Zr-Df-cG250 and could easily be discriminated from
the liver and spleen. Preoperative characterization of renal
masses with c¢G250 immunoPET might be useful in the
clinical management of RCC patients.'' The results from this
study suggest that immunoPET in RCC patients may be
improved by using **Zr-Df-cG250 instead of '**I-cG250.
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Conclusions

Our results indicate that uptake of *Zr-Df-cG250 in
ccRCC xenografts was higher than uptake of '**I-cG250. The
higher specific uptake of **Zr-Df-cG250 produced higher
PET image contrast, despite higher uptake in various normal
tissues, such as the liver and spleen. PET imaging of ccRCC
tumors with #Zr-cG250 could be more sensitive than '**I-
¢G250-PET. Small intraperitoneal ¢ccRCC lesions could be
visualized and easily discriminated from the liver and the
spleen with cG250-based immunoPET.
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