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A method to label monoclonal antibodies (MAbs) with 88Zr and 89Zr
has been developed and tested on the MAbs 323/A3 and E48.
Methods: The bifunctionalchelating agent desterai (Df) was linked
through a thioether bond to the MAbs. Labeling was accomplished
by addition of the premodified antibodies to isolated Zr. The reten
tion of the in vivo behavior of the MAbs was determined by
comparing the biodistribution of 88Zr-labeled MAbs with those of
123I and ^"Tc in mice bearing tumor xenografts. Results: The
labeling was simple and the yields were high (above 90%). The
obtained conjugates retained their immunoreactivity (>80%). The
blood clearance and biodistribution of Zr-labeled MAbs resembled
those of the reference conjugates. The Zr-Df-MAb conjugates
showed a specific tumor accumulation. Zirconium-89-labeled
323/A3 could be visualized with a PET camera. The absence of large
amounts of Zr present in the bone pointed to a good in vivo stability
of the Zr-Df-MAb conjugates. Conclusion: This method is well
suited for labeling MAbs with Zr isotopes. Using 89Zr, the biodistri
bution of the radioimmunoconjugate can easily be visualized with a
PET camera.
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JVadiiiolabeled monoclonal antibodies (MAbs) offer the poten
tial of localized radiation treatment of cancer (1-3). To accu
rately calculate the radiation dose to plan radioimmunotherapy
more effectively, absolute quantification of the biodistribution
of the labeled antibody is necessary (4). Various imaging
techniques have been used to provide this information, but
radioimmunoscintigraphy (RIS) with planar imaging or even
SPECT gives only semiquantitative data. PET shows a higher
resolution and can provide better quantitative results (5).
Therefore, a more dominant role for PET to determine the
biodistribution of radiolabeled MAbs is expected in the future.
Radionuclides with a half-life in the order of days are
preferred for radioimmunotherapy because the optimal tumor/
blood ratio with MAbs is often only obtained after several days.
Only positron emitters with an according half-life can give a
complete picture of the fate of the radiolabeled MAb in vivo.
With respect to the half-life, the positron emitter 124I(t,/2= 101
hr) is appropriate for the labeling of MAbs. However, most of
the isotopes useful for radioimmunotherapy are metals and
several differences in tissue accumulation between I-labeled
antibodies and antibodies labeled with radiometals, like '"in
(6,7) and 67Ga (8), have been observed. Thus, I24l-labeled
MAbs might be less suitable for accurately measuring the
biodistribution of MAbs labeled with radiometals. As an alter
native, the use of the radiometal 89Zrwith a half-life of 78.4 hr
and a 23% decay by positron emission was proposed as a
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diagnostic radionuclide for quantitating the biodistribution of
radiolabeled antibodies (9,10). Zirconium-89 emits positrons
with an Emaxof 900 keV and a y-quant of 903 keV. We
regularly produce 89Zr by a (p,n) reaction on 89Y. Due to the
low proton energy needed (12-14 MeV), 89Zrcan be produced
with almost every small cyclotron. After production, the Zr can
be separated simply and effectively from the Y using a
hydroxamate column. The resulting 89Zr has a very high
radionuclidic purity (>99.99%) (71).
Animal studies have indicated that free Zr becomes readily
associated with serum proteins (72) and finally deposits into the
bone (13,14). Thus, to use 89Zr in localization studies with
MAbs, it must be firmly bound to these MAbs. Baroncelli and
Grossi (75) showed that Zr(IV) can form stable complexes with
hydroxamates. Desferal (Df), which contains three of these
hydroxamate moieties, seems to be a good bifunctional chelat
ing agent for the labeling of antibodies with Zr isotopes. Indeed,
it was shown that Df can form highly stable complexes with Zr
(16).
In this study, we evaluate the attachment of Df to two
different antitumor MAbs, E48 and 323/A3, and the labeling of
these conjugates with Zr isotopes. For most of our animal
biodistribution studies we have used in-house produced 88Zr
instead of 89Zr, for its more appropriate half-life (83.4 d) (77).
88Zrdecays completely by electron capture and can be detected
by measuring its 393-keV y-quant. The retention of the pharmacokinetic behavior of these 88Zr-labeled antibodies was
determined by comparing the distribution of the 88Zr-labeled
MAbs with those of 99mTcand 123I-labeled MAbs in tumorbearing nude mice. In addition, the distribution of 89Zr-labeled
323/A3 in OVCAR-3 bearing nude mice was visualized with a
PET camera.
MATERIALS AND METHODS
Materials
Desferal was obtained from Ciba (Basel, Switzerland).
S-acetylthioacetate (SATA), succinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (SMCC) and iodogen ( 1,3,4,6-tetrachloro
3a-6a-diphenylglycoluril) were from Pierce (Rockford, IL). Oxalic
acid, hydroxylamine, sodium citrate, stannous chloride (SnCl-,-H-,O)
and sodium phosphate (Na2HPO40.12H2O and NaH2PO4-H2O)were
from Merck (Darmstadt, Germany). The 2,3,5,6-tetrafluorophenol
(TFP) and l-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC)
used in the study were purchased from Janssen Chimica (Beerse,
Belgium). Bovine serum albumin (BSA) was obtained from Sigma
(St. Louis, MO). Ammonium acetate, dimethylformamide (DMF),
trichloroacetic acid (TCA) and sodium azide were from J.T. Baker
Chemical BV (Deventer, The Netherlands) and G-25 columns (PD10) and G-50 gel filtration column material were from Pharmacia
(Uppsala, Sweden). S-benzoyl-MAG3 and "Tc as sodium pertechnetate obtained from an Ultratechnekow, were from Mallinckrodt
Medical (Petten, The Netherlands). Centricon 30-filters were from
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Amicon (Beverly, MA) and dimethylsulfoxide (DMSO) was from
Riedel-de HaÃ«n(Seelze, Germany). Both Zr isotopes, 88Zr and 89Zr,
were produced as described by Meijs et al. (//). Iodine-123 was
produced by the (p,2n) reaction on 99.98%-enriched 124Xe
(124Xe(p,2n)123Cs-^123Xe^ 123I).
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To minimalize the amount of metal impurities in the solutions,
all the solutions were made from ultrapure water.
General Procedures
Analyses of the radiolabeled MAbs were performed by size
exclusion high performance liquid chromatography (HPLC) on a
Protein Pak 300 SW column (Waters, Milford, MA) using an
HPLC-pump. Ammonium acetate (0.2 M, pH = 6.5) containing
0.05% sodium azide was used as eluent (flow rate: 0.5 ml/min). An
ultraviolet detector at 280 nm and a flow-through radioactivity
detector were used to monitor the effluent.
For several assays, the radioactivity was measured on a 1282
Compugamma counter (Wallac, Turku, Finland). The amount of
the different isotopes present in the animal tissues was measured on
a Ge( Li(-detector coupled to a multichannel analyzer.
Mole weight measurements were performed as described by
JimÃ©nezet al. (17) by matrix-assisted laser desorption ionization
mass spectrometry (MALDI-MS) using a Finnigan MAT Vision
200 laser desorption time of flight mass spectrophotometer.
Monoclonal Antibodies
The MAb 323/A3 (IgGl) was derived by immunization of mice
with MCF-7 human breast cancer cells. The antigen, also recog
nized by the antibody 17.1A, is a 43 kDa protein located on the
outer cell surface in endometrial, colon, thyroid and prostate
carcinomas, in squamous-cell carcinoma of the head and neck, in
adenocarcinoma, in squamous-cell carcinoma, breast carcinoma
and in small-cell carcinoma of the lung. The antibody does not bind
to the majority of normal human tissues (18,19). The MAb E48
detects a 22-kDa surface antigen, selectively expressed by squamous and transitional epithelia and their malignant counterpart.
Production, selection and purification of MAb E48 (IgGl) have
been described previously (20). The capacity for selective tumor
targeting of both MAbs has recently been demonstrated in patients
with squamous cell carcinoma of the head and neck (19,21,22).
Both antibodies were supplied by Centocor Europe Inc. (Leiden,
The Netherlands).
Preparation of Zirconium-88-Df-MAb and Zirconium-89-DfMAb Conjugates
Modification and labeling of the MAbs E48 and 323/A3 were
performed as follows: the amine group of Df was modified with
SATA to give a thioester (Fig. 1). Maleimide groups were coupled
to the MAbs by reaction with SMCC. For this purpose, 6 /u,lof a
freshly prepared SMCC solution in DMF (10.9 mM) was added to
1 mg of MAb solution in 300 JLA!
0.1 M phosphate pH = 8.3. After
30 min at room temperature the excess of SMCC was removed by
G-25 gelfiltration in 0.1 M phosphate buffer pH = 6.5. Succes
sively, 3 Â¡ilof a freshly prepared SATA-Df solution in DMSO
(21.4 mM) and 30 JLL!
a freshly prepared hydroxylamine solution in
phosphate buffer (pH = 6.5, 100 mg/ml) were added to the MAb
solution (60 min, room temperature). Excess SATA-Df was re
moved using a G-50 gelfiltration column (15 X 1 cm) in 0.1 M
ammonium acetate; the resulting protein fraction was concentrated
using a centricon filter to a final MAb concentration of 0.6-0.75
mg/ml.
Zirconium isotopes (no-carrier-added) in oxalic acid were pro
duced as described by Meijs et al. (//). After removal of the oxalic
acid by sublimation at room temperature in vacuo, 100 ju.1of the
modified MAb solution was added. After 1 hr of incubation at
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FIGURE 1. Schematic presentation of coupling desterai to the antibodies.

room temperature the Zr-labeled MAb was isolated using a G-25
gelfiltration with O.I M acetate containing l% BSA as eluent.
Both before and after purification, the radioimmunoconjugates
were assayed for free or nonspecifically-bound Zr with instant
thin-layer chromatography (eluent: 0.5 M citrate) for the presence
of free SATA-Df-Zr with thin-layer chromatography (eluent:
n-butanol:HOAc:H2O = 2:l:l) and for the presence of aggregates
with size exclusion HPLC.
Preparation of Technetium-99m-MAG3-MAb Conjugates
The 99mTclabeling of antibodies was performed as described by
Visser et al. (23). In short, 30-50 mCi of 99mTcreacted with the
chelator MAG3 by heating for IO min at 100Â°Cin the presence of
SnCU (100 jug). Subsequently, the TFP-ester of the 99mTc-MAG3
complex was formed using EDAC and purified on a Sep-Pak C18
cartridge (Waters, Milford, MA). The 99mTc-MAG3-TFP-ester was
added to 500 /nl MAb solution (500 Â¿Â¿g).
After 45 min of
incubation at room temperature the protein was purified using a
G-25 gelfiltration column. The overall radiochemical yield was
30%-45%.
Preparation of lodine-123-MAb Conjugates
Labeling of MAb with I23I was performed as described by
Haisma et al. (24). MAb (100 jxg) in 200 /xl 0.2 M phosphate
(pH = 7.5) was added to an iodogen vial followed by addition of
I23I (2.5 mCi). After 15 min the protein was purified by G-25
gelfiltration using 0. l M ammonium acetate (pH = 6) containing
1% BSA. The radiochemical purity was measured by TCAprecipitation and was found to be more than 95% .
Xenografts
The ovarian carcinoma cell line OVCAR-3 (NIH:OVCAR-3)
was originally established from the malignant ascites of a patient
with poorly differentiated adenocarcinoma of the ovary (25). The
antibody 323/A3 reacts with antigens on these rumor cells (26),
while the antibody E48 does not (27). The squamous-cell carci
noma 22A and 22B (UM-SCC-22B) lines have been characterized
previously (28). The UM-SCC-22A and UM-SCC-22B lines orig
inate from the primary tumor and the lymph node metastasis of the
hypopharynx. It was shown that the antibody E48 binds to these
cells (27). Serial transplantations of the tumor lines were performed
by inserting slices, measuring about 3X3X3
mm, subcutaneously in the lateral thoracic region on both sides of female nude
mice (athymic nude-nu, 8-10-wk old obtained from Harlan/Cpb,
ZiRCONiuM-89-LABELED
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Zeist, The Netherlands). For all comparable studies, the animal
xenografts were derived from one set of transplantation and,
therefore, had the same age (3 wk for OVCAR-3 and 4 wk for
22B).
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Immunoreactivity
In vitro binding characteristics of the conjugates were deter
mined in an immunoreactivity assay as described by Lindmo et al.
(29). The 22A cells for E48 and OVCAR-3 cells for 323/A3 were
fixed with respectively 0.1% paraformaldehyde and 0.01% glutaraldehyde and five serial dilutions (ranging from 1 X IO7to 6.25 X
IO5 cells per tube) were made with 1% of BSA in phosphatebuffered saline (PBS, pH = 7.2). MAb was added to the cells and
incubated for 2 hr at room temperature. Cells were spun down and
the radioactivity in the pellet and supernatant was determined. The
immunoreactive fraction was determined by linear extrapolation to
conditions representing infinite antigen excess.
Biodistribution
In vivo tissue distribution of radiolabeled E48 and 323/A3 were
performed in mice bearing OVCAR-3 and 22B xenografts (size
30-1050 mm'). In all experiments, mice were injected (100 ju.1)in
the retro-ocular plexus and, at several intervals, killed and dis
sected. Tissues of interest were weighed (weight error = 0.5 mg)
and assayed for the amount of the different isotopes using a
multichannel analyzer. The amounts of 88Zr, 99mTc and 123I,
respectively, were measured at 393, 141 and 159 keV. For all
relevant tissues the minimal amount of counts was 2000. The
uptake was expressed as percent injected dose per gram tissue.
Mice bearing OVCAR-3 xenografts (specific for 323/A3) were
injected with a mixture containing 2.6 /u.Ci88Zr-Df-323/A3, 69 ju.Ci
123I-323/A3 and 67 /Â¿Ci99mTc-MAG3-323/A3 (total 21 jag MAb).
The biodistribution was determined 1, 24 and 72 hr after injection.
Due to the short half-life of 99mTc,it was not possible to determine
the biodistribution of "mTc-MAG3-MAb at 72 hr.
Zirconium-88-citrate (4.9 /xCi, citrate concentration was 100
mA/) in 100 jal was injected in mice bearing OVCAR-3 xenografts.
The biodistribution was examined at 24 hr.
A mixture of 2.6 jiCi 88Zr-Df-E48, 89 /iCi I23I-E48 and 235 jaCi
99mTc-MAG3-E48 (total about 20 /xg) was injected into mice
bearing OVCAR-3 xenografts (nonspecific for E48). After 1, 24
and 72 hr the biodistribution was determined. Again, due to the
short half-life of 99mTc, it was not possible to determine the
biodistribution of 99mTc-MAG3-MAb at 72 hr.
The same mixture (E48 labeled with 88Zr, 99mTcand I23I) was
injected into nude mice bearing 22B xenografts (specific for E48).
The biodistribution was examined at 4,24 and 40 hr. An amount up
to 100 fig of both antibodies can be injected without altering the
biodistribution (data not shown).
PET Study
Mice bearing OVCAR-3 xenografts were injected with 50 /u.Ci
of 89Zr-Df-323/A3 (5 mCi/mg). After 2.5 days, the mice were
killed and immediately imaged by PET acquired in the National
PET Center, Groningen, The Netherlands. The mice were dissected
1 hr after being killed and the tissues were weighed and assayed for
89Zr.
PET images were obtained on a Siemens 951 ECAT positron
camera. The device contains 31 planes over an axial length of 10.8
cm. The average spatial resolution is 5.0, 5.1 and 4.8 mm FWHM
in the x-, y- and z-directions, respectively, in the center of the field
of view (30).
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FIGURE 2. Tissue distributions of 88Zr-Df-323/A3 at 1, 24 and 72 hr
postinjection in comparison with Å“mTc-MAG3-323/A3 and 123l-323/A3 in
nude mice bearing human ovarian cancer (OVCAR-3) as a specific tumor
xenograft. The error bars represent the s.d. (n = 3).

RESULTS
Conjugation Chemistry
Incorporation of Df-groups in the MAbs was performed in a
two-step procedure (Fig. 1). First, maleimide groups were
incorporated into the protein with the aid of SMCC. The
thioester of SATA-Df was converted to a free thiol with
hydroxylamine to permit reaction with the maleimide groups of
the MAb. Mass spectra analyses showed that seven to nine
lysine groups of the MAbs had reacted with SMCC to give
maleimide groups and that one to three of these maleimide
groups had reacted with SATA-desferal. TLC analyses revealed
that the excess of SATA-desferal was successfully removed by
gelfiltration; the amount of Zr-Df after labeling did not exceed 1%.
Labeling
Labeling of the Df-MAb conjugates was achieved simply by
the addition of immunoconjugate to the Zr. After 1 hr incuba
tion the labeling was above 90%, as was concluded from the
gel-filtration profiles and ITLC data. The specific activity of the
MAb-conjugates was 1-2 /a.Ci/ju.g for KXZr-labeled conjugates
and 5 /u.Ci/ju,gfor 89Zr-labeled conjugates. The immunoreactive
fraction of the Zr-labeled antibodies was comparable with those
of the 99mTc- and 123I-labeled antibodies and were found to be
70%-90%. HPLC analysis showed no aggregation due to the
labeling procedure.
Biodistribution of Labeled 323/A3 in OVCAR-3 Xenografts
To determine whether labeling with Zr isotopes changes the
pharmacokinetics and tumor-binding characteristics of antibod
ies, the biodistribution of XKZr-labeled 323/A3 in mice bearing
OVCAR-3 xenografts was compared with the same antibody
labeled with 99mTc and 123I. The blood clearance and the
biodistribution of the 88Zr-labeled 323/A3 in mice bearing
OVCAR-3 xenograft resembled those of 123I- and 99mTclabeled 323/A3 (Fig. 2). Significant differences (p < 0.05) were
found for liver and tumor at 4 and 72 hr. The uptake of the three
isotopes in the liver at 1 hr was the same (about 8%-9%ID/g).
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20 FIGURE 3. Tissue distributionof ^Zr-citrate compared with 88Zr-Df-323/A3
at 24 hr postinjection in nude mice bearing human ovarian cancer (OVCAR-3)
as a specific tumor xenograft. The error bars represent the s.d. (n = 3).

However, at 24 hr the %ID/g of 88Zr remained unchanged while
the amount of 99mTc and U3I had decreased. This effect was
even more pronounced at 72 hr, while the %ID/g of 88Zr was
still 9.1, the %ID/g of 123Iwas only 1.9. In the tumor, the %ID
of 88Zr was higher than that of both reference isotopes. Several
further experiments were performed to investigate this phenom
enon.
Biodistribution of Free Zirconium-88 in OVCAR-3
Xerografia
The possibility of accumulation of free Zr in the tumor was
examined by comparing the organ distributions of free 88Zr
(injected as 88Zr-citrate) with that of 88Zr-Df-323/A3 (Fig. 3).
The low tumor uptake of free 88Zr in comparison with that of
88Zr-Df-323/A3 demonstrates that free 88Zr present in the
circulation contributes minimally to the tumor accumulation. In
blood and most organs the uptake of free 88Zr was lower than
that of the 88Zr-MAb except for the higher uptake of free 88Zr
in bone (8.5%ID/g for 88Zr versus 2.5%ID/g for 88Zr-MAb).
Biodistribution of Zirconium-88-Labeled
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FIGURE 4. Tissue distributionsof es2r-\y-E48 at 1,24 and 72 hr postinjection
in comparison with 99mTc-MAG3-E48 and 123I-E48 in nude mice bearing
human ovarian cancer (OVCAR-3) as an indifferent tumor xenograft. The
error bars represent the s.d. (n = 3).

Route of Excretion
Samples of stomach contents, colon contents and urine were
taken in all biodistribution experiments to discern the route of
excretion of the radiolabels. Since the three radioimmunoconjugates were co-injected, the ratio of the three isotopes present
in these samples is indicative of the differences in the route of
excretion. As an example. Figure 6 shows the isotope ratio of

Xenografts

The possibility of nonspecific tumor accumulation of the
K8Zr-labeled MAb was investigated by measuring the biodistri
bution of radiolabeled E48 f8Zr-Df-E48, 99mTc-MAG3-E48
and 123I-E48) in mice bearing OVCAR-3 xenografts. The MAb
E48 acts as an indifferent MAb for OVCAR-3 cells. The %ID/g
of 88Zr in the OVCAR-3 xenograft is about the same as that of

"I-E48

both reference isotopes and found to be relatively low with
respect to the specific antibody 323/A3. This indicates that
uptake of 88Zr-labeled 323/A3 in this tumor is mainly due to
specific binding of the MAb to the tumor cells.
The blood clearance of 88Zr-labeled E48 in this model was
comparable to those of the 99mTc and 123I-counterparts (Fig. 4).
The distribution pattern of the 88Zr-labeled MAb resembled
those of the controls, although differences were seen for the
liver, spleen and kidney.
Biodistribution of Zirconium-88-Labeled E48 in 22B
Xenografts
^ The biodistributions of 88Zr-Df-E48, 99mTc-MAG3-E48 and
123I-E48 in mice bearing the specific tumor xenograft 22B were
also determined, to investigate whether the previous specific
tumor uptake was dependent on the MAb/antigen combination.
The tumor accumulation of the 88Zr in this MAb/antigen
combination was similar to that of 99mTc, while it was higher
than that of I23I. The blood clearance and the biodistribution of
the 88Zr-Df-E48 (Fig. 5) was comparable to those of both
reference MAbs, again with the exception of the liver.
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FIGURE 5. Tissue distributionsof 88Zr-Df-E48 at 4,24 and 40 hr postinjection
in comparison with 99rTTc-MAG3-E48 and 123I-E48in nude mice bearing 22B
as a specific tumor xenograft. The error bars represent the s.d. (n = 3).
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FIGURE 6. Ratio of (A) a62r/aamTcand (B)
^Zr/123! of relevant tissues at 4, 24 and
40 hr in nude mice bearing 22B as a
specific tumor xenograft, injected with
radiolabeled E48. The error bars repre
sent the s.d. (n = 3). Bars pointing to the
left represent an excess of ""Te or 123I
with respect to ^Zr. Bars pointing to the
right represent an excess of 88Zr. See
Results for precise value of the ratios.

some tissues of interest for the labeled E48 in the 22B
tumor-bearing mice.
In Figure 6A, the differences between 99mTc and 88Zr are
presented. In most tissues, the amount of 99mTc and 88Zr was

arrow. The second mouse had only one large tumor (719 mg),
which can be seen in Figure 7B. Besides the tumors, the liver is
observed. The biodistribution data, obtained after dissection of
the mice treated with the 89Zr-labeled 323/A3 (n = 6), were in

the same (represented by small bars near the central line). The
amount of 9 mTc in both the urine and stomach contents was
larger than that of 88Zr, represented as bars pointing to the left.
The larger amount of 99mTc in the urine (99mTc/88Zr is approx
imately 2) indicates a relative faster excretion of ""Tc through
the urinary route. The 99mTc in the stomach content is indicative
of the gastric excretion of the 99mTcO4~, the resultant product
of 99mTc-labeled MAbs after catabolism and/or oxidation.
In Figure 6B, the differences between 123I and 88Zr are
presented. The amount of 123Iis larger than that of 88Zr in both

line with the data obtained in the experiments in which
88Zr-Df-323/A3 was a component of the injection mixture

the urine and the stomach contents (represented as bars pointing
to the left). The larger amount of 123Iin the urine (123I/88Zr was
7 Â±4 at 1 hr) can be explained by the fact that this is the major
route of excretion of iodine. The stomach uptake of I23I is
indicative for free I23I. The high '23I/88Zr ratio in this organ
(32 Â±7 and 10 Â±10 at 1 hr and 24 hr, respectively) suggests
a very large amount of free 123I,but only 1% of the injected 123I
was finally found in the stomach contents. The amount of 88Zr
was larger than that of 123I in the kidneys, the colon contents
and the tumor (represented as bars pointing to the right). The
larger amount of Zr in the kidney probably can be explained by
the differences in behavior of the radiolabeled catabolic prod
ucts; Zr-labeled catabolic products remained in this organ,
while those of I are excreted. The larger amount of 88Zr present
in the colon contents (88Zr/123I was 5.3 Â± 0.5 at 24 hr)
demonstrates that 88Zr is mainly excreted by the gastrointestinal
tract.
PET Studies
The potential use of 89Zr-labeled MAbs for PET studies, as
indicated by the biodistribution experiments with 88Zr-labeled
MAbs, was confirmed by a pilot PET study. In this experiment,
89Zr-Df-323/A3 was injected into mice bearing OVCAR-3
xenografts. The high tumor/blood ratio of 89Zr-Df-323/A3 was
visualized with the PET camera (at 2.5 days, Fig. 7). The PET
scans of two mice are given; each picture represents a 3-mm
longitudinal section of one mouse. In the first mouse (Fig. 7A)
two tumors are visible: a large tumor (487 mg) indicated by the
thick arrow and a small tumor (50 mg) indicated by the thin
116

(Table 1).
DISCUSSION
Radioimmunotherapy
requires a noninvasive method for
quantitating the biodistribution of the antibody-radionuclide
conjugate in the patient to perform radiation dosimetry for
treatment planning. PET is well suited for this use because of its
imaging advantages (sensitivity and contrast resolution) and
quantitative capabilities. MAbs labeled with positron-emitting
nuclides may be an attractive approach not only for dosimetrie
estimation and for performing kinetic studies with antibodies in
humans, but also because of its potential for improving lesion
detection, particularly at early stages of tumor development.
The physical half-life of 89Zr fits well with the biological
half-life of MAbs. Surprisingly little effort has been made to
label MAbs with this radioisotope.
Labeling of Antibodies with Zirconium Isotopes
Desierai (Df), which showed a very high affinity for Zr (16),
was used as a bifunctional chelating agent. The coupling of this
agent to monoclonal antibodies and the subsequent labeling is
described in this paper. The antibodies 323/A3 and E48 were
chosen because of their clinical relevance (19,21,22). The
coupling of Df to the antibodies, performed in a two-step
procedure (Fig. 1), seemed to be mild. No aggregation or loss of
immunoreactivity was observed as a consequence of the mod
ification. Labeling of the conjugate was easily performed by
addition of the premodified antibody to isolated zirconium. The
described method to couple Df to proteins and label it after
wards with zirconium isotopes seems to be generally applicable,
as was concluded from the fact that both MAbs, E48 and
323/A3, could be labeled in this way. The simplicity of the
labeling and the fact that the modified MAb can be stored for
several weeks at 4Â°Cwithout decrease in yield of labeling opens
the possibility for a kit-form application. Furthermore, in view
of the high labeling efficiency (>90% after 1 hr), a purification
step afterwards does not seem to be absolutely necessary.
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FIGURE 7. Tomographie images of nude mice bearing human ovarian tumor (OVCAR-3) in the flank. The images were taken 55 hr after injection of
89Zr-Df-323/A3. The position of the mice is supine with the heads of the mice pointed to the right of the image. (A) Mouse 1 had a small tumor (50 mg) indicated
by the thin arrow and a larger tumor (487 mg) indicated by the thick arrow. (B) Mouse 2 had only one tumor (719 mg).

Pharmacokinetics

The pharmacokinetic behavior of Zr-labeled MAb was stud
ied in vivo by performing several biodistribution experiments
with the antibodies in different xenograft models. In these
studies the biodistribution of 99mTc- and I23l-labeled MAbs
were taken as a mutual control for the in vivo behavior of the
MAbs. Iodine-123 was used because of the general acceptance
of this isotope as an experimental reference and 99mTc was used
for its coupling through a chelating agent to lysine-groups and
because of the clinical relevance of the 99mTc-labeled E48 and
323/A3 (19,21,22). The blood clearance and biodistribution
profiles of the Zr-labeled MAbs closely resembled those of the
control MAbs, demonstrating the retainment of the pharmacodynamics of the Zr-Df-MAb. Differences in tissue accumula
tion were observed in the tumor, liver and kidney.
Liver

Although the liver accumulation after 1 hr is the same for all
isotopes, the amount of zirconium present in the liver remained
the same over a 3-day period, while the amount of I23I and
99mTc decreased. Such rapid liver excretion of 99mTc (31,32)
and iodine isotopes (6,7), as well as the liver retention of
radiometals such as "'in (6,7), 67Ga (8,33,34) and 90Y (35),
have been described before. These differences in liver accumuTABLE 1
Biodistribution Data of Zirconium-89-labeled 323/A3 at 55 hr after
Injection in Nude Mice Bearing OVCAR-3 Xenografts (n = 6)
Tissue

Mean (%ID/g)

s.d.

lation between I and Tc at one side and radiometals on the other
side are attributed to differences in the route of catabolism and
the fate of the labeled catabolic products. Since, under oxidative
conditions, both iodinated compounds and Tc-complexes are
easily converted in vitro to I~ and TcO4~, respectively, it is
realistic to assume that such oxidative processes will also
happen in vivo, for example in the liver through cytochrome
P450. Such processes have recently been suggested by Smith et
al. (36) for Re-labeled proteins. The relatively large amounts of
123I and 99mTc present in stomach contents and urine (Fig. 6)
may indicate these oxidative processes, since free I~ and
TcO4~ will accumulate in stomach contents and be released
from circulation through the urine. In contrast, Zr(IV) cannot be
oxidized and the Zr-Df complex probably will remain intact,
just as the chelates of In-labeled MAbs after degradation
(37-39). The catabolic products of Zr-labeled MAbs probably
remained in the liver cells like those of In (40-42).
Bone

In contrast to zirconium, free iodine and technetium are
known not to be specifically deposited into the bone (43,44).
Thus, the amount of 123Iand 99mTc found in bone, can be taken
as a measure for the amount of labeled MAbs present. The
amount of 88Zr in bone was approximately equivalent to the
amount of 99mTc and I23I, which indicates that bone uptake is
mainly caused by Zr-labeled MAbs and not by free zirconium.
This demonstrates the in vivo stability of the Zr-Df-MAbs.
Tumor

The tumor accumulation of Zr-labeled 323/A3 in nude mice
was somewhat higher than that
of the same antibody labeled with 123I and 99mTc (Fig. 2).

bearing OVCAR-3 xenografts
BloodHeartBoneLiverSpleenStomachTumor7.771.752.069.643.540.7520.930.940.230.242.410.470.212.48

Several experiments were performed to investigate this tumor
uptake. A contribution of free zirconium to this tumor accumu
lation seems to be unlikely because injection of free zirconium
(as 8SZr-citrate) gave a low tumor uptake at 24 hr (Fig. 3). In
addition, free zirconium is hardly present in the circulation as
ZiRCONiuM-89-LABELED
MAÃŸsâ€¢
Mcijs et al.
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was concluded from the low 88zirconium level in bone tissue.
The low accumulation of the indifferent MAb E48 in this
xenograft, indicates that the high uptake of X8Zr-labeled 323/A3
is mainly due to specific tumor binding (Fig. 4).
The biodistribution of labeled E48 in nude mice bearing 22B
xenografts (specific combination) also showed a larger amount
of zirconium in the tumor than 123I. Such a higher tumor
accumulation of MAbs labeled with radiometals with respect to
that of I23l-labeled MAbs is seen often (7.8,45).

18.

19.

20.

21.

PET Study

The potential use of 8yZr-labeled MAbs as a PET conjugate

was confirmed by preliminary PET imaging studies. MAbs
were labeled with x Zr with a specific activity of 5 mCi/mg,
which is appropriate for patient studies.
obtained showing the liver and tumors.
as 50 mg was clearly visualized. Since
relatively high-energy gamma radiation

Excellent images were
Even a tumor as small
no interference of the
(900 keV) of 89Zr was

observed at the standard adjustment of the PET camera (energy
restriction of 800 keV), 89Zr should be useful for quantitating
the biodistribution of antibodies in humans.
In conclusion, MAbs can be labeled with 89Zr without loss of
the immunoreactivity. Obtained conjugates show a high-spe
cific tumor accumulation that can be visualized with a PET
camera. Clinical studies should be done to evaluate the useful
ness of these conjugates in patients.
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