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aforementioned criteria for use in clinical All. Coupling of too many
metal-MAG3 groupsto MAbs results in rapid blood clearance. At the
same metal-MAG3:MAb molar ratio, @Tcfl@Tc-MAbconjugates
show a similar pharmacokinetic behavior as lasRe@MAbconjugates
and can thus be used to predict the localization of lasRe@iabeIed
MAbs and make dosimetric predictions in indMdual patients.

Key Words radioimmunotherapy; radioimmunoscintigraphy; rheni
um-1 86-labeled monoclonal antibody; technetium-labeled mono
clonal antibody; head and neck cancer
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â€˜Leworldwideincidenceofsquamous-cellcarcinomaofthe
head and neck (HNSCC) is estimated at 500,000 cases a year
(1 ). Patients with early stage disease (Stages I and II) are
usually treated with surgery and radiotherapy and have a
relatively good prognosis. Patients with Stages III and IV
usually undergo combined surgery and radiotherapy but with
limited success. In 5O%â€”6O%of these patients, locoregional
recurrences occur after locoregional therapy, whereas l5%â€”
25% develop distant metastases. Therefore, at least 30% of the
HNSCC patients would benefit from the availability of an
effective systemic adjuvant therapy. With respect to the appli
cation of(neo)adjuvant chemotherapy almost all studies, unfor
tunately, have failed to show any improvement in survival
(2,3). One of the approachesto improve adjuvant therapyfor
patients is the use of monoclonal antibodies (MAbs) (4,5).
Radiolabeled MAbs may be particularly suitable for the treat
ment of HNSCC due to the intrinsic radiosensitivity of this
tumor type (6). To this end, we recently tested a panel of MAbs
for targeting HNSCC in preclinical and clinical studies (7â€”13).

Our previous studies on the preparation of lasRe@MAbconjugates
for clinical radioimmunotherapy (All) were extended with the am to
deriveconjugates whichhave a high Re:MAbmolarratio,are stable
in vitro and in vivo, have favorable biodistilbution characteristics and
can be usedtogetherwith @Â°@â€˜Tc-MAbconjugatesas a matchedpair
in combined radioimmunoscintigraphy/RIr studies. Methods Rhe
nium and @rc-conjugates of intact MAb E48 were prepared
accordingto our pre@ouslydescribedmultistepprocedureusingthe
MAG3 chelate and analyzedby protein mass spectrometry for the
number of chelate molecules coupled to the MAb. For biodistribu
tion analysis, tumor-free nude mice were simuftaneousiy injected
with lasRe@, @cfl@Tc-and/or 125l-IabeledE48 IgGand dissected
1-48 hr postinjection. Results Rhenium-186-MAb conjugates with
up to 20 Re-MAG3 groups per MAb molecule ware prepared with an
overall radiochemicaJ yield of 40%â€”60%.The conjugates did not
contain empty MAG3groups and no aggregateswere formed. Only
conjugateswith a 1@Re-MAG3:MAbmolar ratio higherthan 12
demonstratedslightlyimpairedimmunoreactivityto a maximumof
15% decrease at the 20:1 molar ratio. Biodistribution experiments
revealed that a proportion of the conjugate became rapidly elimi
nated from the blood for conjugates with a Re-MAG3:MAb molar
ratio higher than 8. In this case, an increased uptake of activity was
observed in the liver and intestines. The @Tcfl@Tc-MAbconju
gates showed a similarenhancedblood clearancewhen containing
more than sight Tc-MAG3 groups, while dual labeling of MAbs
revealed that the in vivo stability of the conjugated Re-MAG3
complex itself does not differ from the corresponding Tc-MAG3
complex. Conclusion: With the method described in this study, it is
possible to prepare 1@Â°Re-MAG3-MAbconjugates that fulfilall the
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Radionuclide scans and biopsies obtained from surgical speci
mens revealed high and selective accumulation of @Â°â€˜Tc-labeled
MAb E48 and MAb U36 in primary and metastatic HNSCC
(10â€”13).ThesedatajustifyfurtherdevelopmentoftheseMAbs for
adjuvant radioimmunotherapy (RIT).

For effective adjuvant therapy, it can be anticipatedthat all
tumor deposits, predominantly small tumor nodules, should be
efficiently targeted. Rhenium-l 86 seems to be a suitable radio

nuclide for adjuvant RIT because of its appropriate physical
half-life of3.7 days and high abundance ofmedium energy beta
emission (7 1% of 1.07 MeV and 2 1% of 0.94 MeV). Further
more, â€˜86Rehas a 9% of gamma emission with an energy of 137
keV that is ideal for gamma imaging (14).

Rhenium has chemical properties similar to 99mTc, the
radionuclide of choice for radioimmunoscintigraphy (RIS).
Therefore, at our institution, effort has been put on developing
analogous 99mTc.. and â€˜86Re-labeling chemistry for MAbs
directed to HNSCC, with the clinical option in mind to use
99mTc and 186Re as a matched pair for imaging, dosimetry
calculations and therapy. In this concept, it is clear that the
pharmacokinetic behavior of the MAb-conjugate should be the
same whether it is labeled with 99mTc or 186Re.

Several methods for coupling 99mTc to MAbs have been
described (15â€”19). Besides methods for indirect coupling,
methods for direct coupling are also used successfully in
clinical RIS studies. The development of â€˜86Re-MAbconju
gates suitable for clinical application appears to be more

difficult. Basically, three kinds oflimitations are observed with
the methods for direct or indirect coupling of â€˜86Reto MAbs
currently available: (a) conjugates are instable, (b) Re:MAb
molar ratios are too low and (c) conjugates accumulate at
nontumor sites.

In direct labeling methods, 186Reis bound to free thiol groups
after reduction of the antibody (20â€”22). Besides the in vivo
instability, another limitation of these methods is the low
Re:MAb molar ratio obtained, which is typically 1.5: 1 (20,21).
On the basis of this molar ratio, one can calculate that for
administration of 300 mCi â€˜86Re,as was done in initial clinical
RIT trials (23) with commercially available â€˜86Re,about 125
mg MAb are required. Administration ofsuch a high MAb dose
in adjuvant therapy may result in saturation of the target
antigens, whereas other drawbacks are related to costs and
immunogenicity.

Also, several methods for indirect 186Re-labelin@ have been
reported Najafi et al. (24) described a method for â€˜8Â°Relabeling
using a N2S4 chelate precoupled to the protein through a
disulphide bond. The Re:MAb molar ratios obtained in their
studies did not exceed 1: 1, although instability ofthe disulphide
bond might be another limitation. Ram and Buchsbaum (25)
described a method in which a N3S biflinctional chelate was
used for coupling of 186Re to MAbs. The radiochemical yield
with this method was 13%, despite the fact that, during the
conjugation step, an extremely high chelate:antibody molar
ratio of 281 :1 was used. Goldrosen et al. (26) described the
preparation of I86Re-MAb conjugates by a pre-ester method
using N2S2 and N3S chelates. These conjugates have been
evaluated in animal RIT studies in tumor-bearing nude mice
(26,27), as well as in clinical RIT trials (23,28,29). The use of
conjugates containing two to three Re-MAG2-GABA chelates
per MAb resulted in extensive accumulation of activity in the
liver and intestines, which is indicative for blood clearance and
catabolism of the conjugate by the liver (27,28). As a result,
hepatic enzyme elevation was seen in the majority of patients.

The aforementioned data indicate that current methods for
186Re-labeling of MAbs leave room for improvement. There

fore, we recently reported on a technical protocol for the
reproducible and aseptical production of stable 99mTc@MAband
186Re-MAb conjugates using the MAG3 chelate and on the
tumor targeting capacity of these conjugates in HNSCC xe
nograft-bearing nude mice (30). MAbs E48 and U36 labeled
with 99mTc according to this method have been evaluated in
radioimmunoscintigraphy and biodistribution studies in 50 head
and neck cancer patients (8, 10, 13). These MAbs accumulated
selectively in the tumor, but their pharmacokinetic behavior was
not influenced by the coupling of 99mTc (12,30).

Whether these MAbs exhibit a similar optimal biodistribution
when labeled with 186Re according to the same procedure is
subject of the present preclinical study. Because the specific
activity of@ 86Re is much lower than of 9@Tc (the largest
proportionofa â€˜86Repreparationconsists 185Re),manymore
Re-MAG3 groups have to be coupled to a MAb molecule to
obtain conjugates suitable for clinical PiT, and this might
influence the biological behavior of the MAb. Besides that, the
186Re-MAG3 complex and the 99mTc@MAG3 complex might
show a difference in stability in the in vivo situation.

In the present study, we describe the preparation of 186Re
MAb conjugates labeled at a high Re-MAG3:MAb molar ratio,
as is needed for clinical RIT. The biodistribution characteristics
of â€˜86Re-MAbconjugates have been related to aspects of
conjugate stability and chelate:MAb molar ratios and compared
to those of99mTc@MAb conjugates. These insights have resulted
in the synthesis of @Tcfl9Tc-MAb conjugates, which are
better suited for use in a â€˜â€˜matched pair' â€ãpproach with
186Re-MAb conjugates than 99mTc4,@,L@bconjugates. Reasons
for â€˜86Reuptake at nontumor sites as observed with other I86Re
labeling methods will be indicated.

METhODS

Preparation of Rhenium-186-MAG3-MAb Conjugates
Rhenium-186-MAb IgG conjugates were prepared following a

multistep procedure using the chelate S-benzoylmercaptoacetyl
triglycine (S-benzoyl-MAG3) as previously described and illus
trated by Figure 1 (30). In this procedure, a solid-phase synthesis
for preparation of â€˜86Re-MAG3is followed by esterification and
conjugation to the MAb. In short: To a solution containing 750
nrnole [â€˜86ReJReO@,amount and specific activity known at cali
bration time, 150 pi Na2CO3 ( 1 M), 150 @lNa2SO3 (100
mg â€m̃l 1) 1725 nmole S-benzoyl-MAG3 (1 mg . @pJâ€M̃eCN/
H20 9:1) and 6000 nrnole SnCl2 (1 mg . ml i) were added. In this
reduction step, the amount of [â€˜86Re]Re0 can be varied, if the
amounts of MAG3 and Sn2' are adjusted accordingly. The
Re:MAG3 molar ratio should be 1:2.3 and the Re:Sn2@molar ratio
should be 1:8. The solvent was evaporatedat 100Â°Cunder N2 until
dry and the mixture was heated for an extra 15 mm. After cooling
of the mixture at 0Â°C,500 p.1 water, 480 p.1 lN H2SO4, 200 @l
2,3,5,6-Tetrafluorophenol (100 mg . @pJ@ MeCN/H2O 9: 1) and
100 mg l-ethyl-3-(3-dimethylaminopropyl)-carbidiimide (EDC)
were added and the pH was adjusted to 6 with 1 N H2SO4. The
reaction mixture was incubated at room temperature for 30 mm.
The â€˜86Re-MAG3-TFPester was diluted with water to a volume of
8 ml and purified on two conditioned Sep-pak cartridges (Waters,
Millipore, MA). For washing, 20 ml water for injection, 30 ml 20%
(vol/vol) EtOH/0.Ol M sodium phosphate (jH 7.0), 10 ml water
and 0.5 ml diethylether were used. The active ester was eluted with
2.5 ml MeCN. The purified ester was dried at 30Â°Cunder N2-flow
and dissolved in 500 p.1 0.9% NaCl. The conjugation reaction of
the MAb and the ester was carried out in 0.9% NaCl at pH 9.5
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amount of 99Tccan be varied if the amounts of MAG3 and Sn2@
are adjusted accordingly. The optimal Tc:MAG3 molar ratio is
1:2.3 and the optimal Tc:Sn2@ molar ratio is 1:3.5.

Preparalionof Dual-LabeledMAbContainingRhenium
186/Rhenium-185-MAG3 and Technetium-99m/
Technetium-99-MAG3

The â€˜86Re/'85Re-MAG3-TFPand 9@Tcfl9Tc-MAG3-TFP esters
were prepared and purified in parallel procedures. After removal of
MeCN and dissolution in 0.9% NaC1, the obtained ester solutions
were mixed in the appropriate amounts and the conjugation to the
MAb was performed as previously described.

Quality Control: HPLC Analysis
The chemical purity of â€˜86Re-,99mTc@and 9@Tc/@Tc-labeled

MAG3 and their corresponding MAG3-TFP-esters was determined
byHPLCanalysisusinga LKB2150HPLC-pump(Pharmacia
Biotech), a LKB 2152 LC controller (Pharmacia Biotech) and a
25-cm Lichrosorb I 0 RP 18 column (Chrompack, Middelburg, The
Netherlands).Foranalysisof theradiolabeledMAG3 complex,the
eluant consisted of a 5:95 mixture of EtOH and a 0.01 M sodium
phosphate buffer plus 0.015 M sodium azide (jH 6) solution
(eluant A). For analysis of the radiolabeled MAG3-TFP-esters, a
gradient was used in which eluant A was gradually replaced by a
9:1 mixture of MeOH and H2O (eluant B). The gradient (flow rate
1 ml . min I) was as follows: 10 mm 100% eluant A; linear
increase of eluant B to 100% during 10 mm; 10 mm 100% eluant
B.

For HPLC analysis of â€˜86Re-,99mTc@and 99mTcfl9Tc@labeled
MAb a LKB 2 150 HPLC-pump, a LKB 2 152 LC controller and a
8.0 X 300 mm Waters 300 SW column were used. The eluant
consisted of 0.1 M sodium phosphate/0.l M potassium sulphate
plus 0.05% sodium azide (pH 6.5) and the flow was set at 0.4
mlmin@.

A Pharmacia LKB VWM 2141 UV detector was used while
radioactivity was detected continuously by a single-channel ana
lyzer connected to a data collector and 1-ml fractions were
collected.

Comparisonofthe injection standardwith the total effluent from
the HPLC columns showed a quantitative recovery of the activity
(>98%) fromthe HPLCcolumnin all cases. The HPLCretention
times on the 25-cm Lichrosorb 10 RP 18 column were 3.0 mm

(most probably low valent oxo-'86Respecies),3.6 mm (â€˜86ReO@),
6.5 mm (â€˜86Re-MAG3),23.0 mm (â€˜86Re-MAG3-TFP),3. 1 mm
(most probably a low valent oxo@99mTcspecies), 3.9 mm
(@â€œTcO@),9.4 mm (@Â°â€˜Tc-MAG3)and 23.4 mm (9@Tc-MAG3-
TFP); on the 8.0 x 300 mm Waters 300 SW column they were 21.5
mm for â€˜86Re-MAbIgG, 9@Tc-MAb IgG and @Â°@Tcfl9Tc-MAb
IgG and 35 mm for â€˜86ReO@and 9@TcO@@.

Monodonal AnthOdIes
Production and selection of MAb E48 has been described

previously (8). MAb E48 detects a 22-kDa surface antigen which
in normal tissue is present only in stratified and transitional
epithelium.As testedso far, MAb E48wasshownto be reactive
with 89% ofthe primary head and neck tumors (n = 195) and with
the majority of cells within these tumors. A comparable reactivity
pattern was observed in 31 tumor-infiltrated lymph nodes from
neck dissection specimens (9). MAbs K928 and SF-25, which were
used to evaluate the generality of accelerated conjugate blood
clearance at increased Re:MAb and Tc:MAb molar ratios, have
been described in detail elsewhere (31,32). Also, chimeric MAbs
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FIGURE1. Sthemalicrepresentationofthesynthesisof 1@Re-MAG3,its
esterificationandconjugationto MAbs.

(adjusted with 50 mM Na2CO3) at room temperature for 30â€”45
mm. The conjugate was purified on a PD1O-column (Pharmacia
Biotech, Woerden, The Netherlands) with 0.9% NaCl as eluant.
Conjugate-containing fractions were collected in tubes containing
175 pi of a 100 mg . F' ascorbic acid solution that was adjusted
to pH 5.0 with 50 mM Na2CO3(final concentration 5 mg . mF').
Thin-layer chromatography (TLC) of the labeled MAbs was
performed as described previously (30).

Quantitative measurementof the@ 86Reactivities in solutions
was performed in glass vessels with an internal diameter of 13.5
mm in the @Â°â€˜Tc140keV channelofa dosecalibrator. It was found
that the amount of radioactivity needed to be multiplied with a
factor of 2.5 to obtain the â€˜86Reactivity (30).

Preparation of No-Carrier-Added Technetium-99m-MAG3-
MAb Conjugates

The 9@Tc-conjugates were prepared as described for 186Re
conjugates, but 25 @l(68 nmole) S-benzoyl-MAG3 (1 mg . ml
MeCN/H20 9:1) and 442 nmole SnCl2 (1 mg . ml â€˜)were used in
the reduction step; the synthesis of9@Â°Tc-MAG3was conducted in
a volume of 5 ml by heating the solution at 100Â°Cfor 10 mm (no
solid-state synthesis). After reaction, addition of 500 pi water is

not necessary, but 250 @l1 N H2SO4 is enough to bring the pH
to 6.

Preparation of Technetium-99m11'echnebum-99-MAG3-
MAb Con@

Technetium-99 with a specific activity of 1.635 mCi â€m̃mole
was obtained as [9@TcJTcO@and sonificated for 15 mm at room
temperaturebefore use.The 9@Tcfl9Tc-conjugateswere prepared
essentially as described above for @Â°@Tc-conjugateswith slight
modifications in the synthesis of 9@TcP@Tc-MAG3: In short: 150
pA Na2CO3( 1 M) were added to 750 nmole 99TcO@.Hereafter,
99mTcO@@-150 @lNa2SO3 (100 mg . ml â€˜),and 1725 nmole
S-benzoyl-MAG3 (1 mg . ml â€M̃eCN/H2O 9: 1) were added and
the mixture was sonificated for 5 mm. After addition of 2625
nmole SnCl2 (1 mg . ml â€˜)and adjustmentof the total volume to
5 ml, the reaction mixture was heated at 100Â°Cfor 10 mm (no
solid-state synthesis), after which standard procedures for esterifi
cation and conjugation were used as described before for prepara
tion of â€˜86Re-MAG3-MAbconjugates. In the reduction step, the
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keV). To obtain accurate values, 99mTcplus â€˜86Reand 1251were
measured in the corresponding window settings repeatedly for at
least 16 cycles during 48 hr (dual-isotope measurements, 10 sec per
sample per cycle). After complete decay of 99mTc (>90 hr
postinjection), â€˜86Reand 125!were counted simultaneously. As a
final check, after 30 days (after decay of @mTcas well as â€˜86Re)
1251 was counted once more.

Using the@ 86Re values obtained at t = 90 hr, separate 99mTc and

â€˜86Revalues could be calculated for the initial 48 hr ofthe counting
period. As a result, by using the half-life times of all three
radionuclides,the repeatedcountingscould be transformedto
values at the time of obduction and as such be used to calculate the
%ID . g@.

RESULTS

Biodistribution of Rhenium-186-MAb Conjugates Labeled
at High Re-MAG3:MAb Molar Ratios

We recently described a flexible multistep procedure for
coupling 99mTCand â€˜86Reto MAbs by the MAG3 chelate (30).
It was shown that once the radiolytic decomposition was
suppressed by the use of the antioxidant ascorbic acid, the in
vitro stability ofthe 186Re-MAb conjugate was similar to that of
the analogous 99mTcMAb compound. By slightly modifying
the protocol by reducing the volume during conjugation, it
appeared possible to produce â€˜86Re-MAbconjugates with
Re-MAG3:MAb molar ratios up to 20; this molar ratio was
achieved when the active ester was conjugated to 1 mg E48 IgG
in a volume of 0.5 ml. After purification, â€˜86Re-conjugates
produced in this way never contained more than 5% of unbound
â€˜86Reas analyzed by TLC and HPLC, irrespective the metal
MAG3:MAb molar ratio achieved. No aggregates were formed
as analyzed by HPLC. Only conjugates with a molar ratio
higher than 12 demonstrated a slightly decreased immunoreac
tivity. For a conjugate with a molar ratio of 20: 1, this was
approximately85% of the reactivity at a molar ratio of 2:1and
of the reactivity of the corresponding I251-labeled MAb conju
gate.

These analyses indicated that the integrity of MAb E48
remained mostly intact upon coupling of up to 20 Re-MAG3
groups. To evaluate whether the MAb loaded with a high
number of Re-MAG3 groups had retained its pharmacokinetic
characteristics, biodistribution studies were performed with
conjugates labeled at various Re-MAG3:E48 IgG molar ratios
in tumor-free nude mice. Twenty @gI86Re-E48 IgG labeled at
Re-MAG3:MAb molarratiosof2.9:1,9.5:1or12.8:1,respec
tively, were injected (four mice per molar ratio). The mice were
killed 40 hr postinjection and the biodistribution was deter
mined. For the conjugate with the Re-MAG3:MAb molar ratio
of 2.9: 1, at that time point 17.6% ID . g I was localized in the
blood (Fig. 2). For those with a molar ratio of9.5:l and 12.8:1,
a remarkable lower level was found in the blood: 9.6% and
3.5% ID . g I, respectively. For these latter two â€˜86Re-E48IgG
conjugates, the distinctly lower blood level corresponded with
lower levels in other tissues.

Analysis of Rhenium-186-MAb E48 by Protein Mass

As a first step in finding an explanation for the rapid blood
clearance of 186Re-MAb conjugates labeled at high Re-MAG3:
MAb molar ratios, we investigated the possibility that artifacts
might have been introduced in the labeling procedure during
our attempt to enhance the Re-MAG3:MAb molar ratio. One
realistic possibility was that upon increasing the amount of
chemicals a certain percentage of empty MAG3-ester was not
eliminated during the Sep-pak procedure due to overloading. It

(cMAbs) E48 and SF-25 were used for this purpose. These cMAbs
contain variable regions of the light and heavy chains derived from
the respective murine MAbs, which are joined to the constant
regions of human kappa and gamma-l chains. Production and

characterization of these cMAbs has been described previously
(33,34). MAbs E48 and SF-25 are of the IgG1 isotype, whereas
K928 has the IgG2@form.

Protein-Mass Spectrometry
Mass spectra of the conjugates were recorded using a triple

quadropolemass spectrometerequippedwith an electrospray
atmospheric pressure ionization source (35 ). The conjugates were
prepared according to standard procedures. Elution of the conju
gates from the PD I0-column, however, was performed with water

for injection instead of 0.9% NaCI. Samples were diluted to a
concentration of 1 mg . ml â€ãnd passed through a 0.45 @tm
sterilization filter. To the samples, 10% of 1 N acetic acid was
added and 10 p.1 were injected into the electrospray source (flow
rate: 5 @Ll@ mm â€˜,mobile phase: 50:50 MeCN/H2O). Data were
acquired over a suitable mass range and several 10-sec continuum
scanswere accumulated.

Isoelectric Focusing
For isoelectric point (p1) measurementof MAbs before or after

99mTc/99TcMAG3 conjugation, the PhastSystemTM (Pharmacia
LKB) was used. MAb samples were dissolved in 0.9% NaCl and 1
,.tg in 1 @lwas applied to the gel. For p1 calibration, a broad p1
calibrationkit wasusedaccordingto the manufacturer'sinstruc
tions. The gel was prefocused for 10 mm at 2000 V, the samples
applied at 200 V, while the focusing step took 20 mm at 2000 V.
Proteins were stained with Coomassie R 350 dye. Plotting ofthe p1

values of the calibration proteins versus distance to a reference
point showed a linear relationship. Since coupling of 99mTcP9Tc@

MAG3 groups to MAbs resulted in broader protein bands on gel,
the center of the bands was taken for p1 assessment.

Immunoreactivity Assay
In vitro bindingcharacteristicsof MAb E48 IgG labeledwith

I 86Re, 99mTc, 99mTc/99Tc or@ 25! were determined in an immuno

reactivity assay as described previously using UM-SCC-22B cells
as target cells (36).

BiodistÃ±bution Studies
The influence of the number of Re-MAG3 or Tc-MAG3 groups

coupled to the MAb on the biodistribution characteristics of a
conjugate was determined in tumor-free nude mice; when neces
sary â€˜251-labeledMAb was coinjected as a standard (36). Tumor
free nude mice were used to avoid a differential influence of
tumors on the biodistribution characteristics of the conjugates in
normal tissues.Femalemice (Hsd: Athymic nu/nu, 25â€”32g) were
8â€”10wk old at the time of the experiments. Conjugates were
intravenously injected in 0.9% NaCl. Injection volumes were 100

p.1,while the total immunoglobulin doserangedfrom 20â€”90@g.At
indicated time points postinjection, mice were anesthetized, bled,
killed and dissected.The urine was collected and the organs were
removed. After weighing, radioactivity in organs, organ contents,
blood and urine was counted in a LKB-Wallac Compugamma.
Radioactivity uptake in the tissues was expressed as the percentage
of the injected dose per gram of tissue (%ID . g

Counting Simultaneously Injected Technetium-99m,
Rhenium-186 and lodine-125

Making use ofthe differences in half-life, amounts of@mTc (t112:
6.02 hr), â€˜86Re(t112: 3.7 days) and 125! (t112:60.0 days) were
measured by repeated counting of samples over a time period of 30

days in a LKB Compugamma. For simultaneous measurements of
99mTcand I86Re, differential counting methods cannot be used due
to their similar gamma energies (99mTc y@l4OkeV; â€˜86Rey-l37
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FIGURE2. B@distributionof 1@Re-E48
IgG labeled at various Re-MAG3:MAb
molar ratios.At 40 hr postintravenous
injectionof2O @tg(8.5DCi)1@Re-E48I9G
containing2.9Re-MAG3groupsperIgG
molecule (blackbars), 20 @g(27.7@
1@Re-E48lgG containing9.5 Re-MAG3
groups (openbars),and 20 @g(37.3 @CO
1@Re-E48IgOcontaining12.8Re-MAG3
groups (hatched bars), mice were bled,
killed, dissected and the %ID . g1 was
CalCUlated. BId = blood;LJv = liver SpI =
spleen;Kid= kidney;Hit = heart;Stm =
stomach;lIm= ileum;CIn= colon;BIr=
bladder;Str = sternum; Mw = muscle;
Lng= lung;Skn= skin;Tng= tongue.
Number of mice: four per 1@Re-MAb
conjugate.
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mixture of 9@Tc/@9Tc was used for labeling, the efficiency of
incorporation of 9@Tc into MAG3 was more than 95% as
assessedby countingof the gammaemissionof @Tcin TLC
or HPLC analyses. The efficiency of the esterification was
assessedin the same way and appeared to be 8O%â€”9O%,while
conjugation of the ester to 1 mg of MAb E48 IgG was
reproducible with an efficiency of 60%. When 99mTcfl@Tc@
labeled active ester and MAb conjugate were stored till decay of
99mTc and counted for beta emission, it appeared that 99Tc had
been incorporated exactly as efficiently as @Tc,which con
firmed that @Tcand 99Tc behave the same chemically during
the labeling procedure. Therefore, on the basis of @Tc
counting, the 99mTcfl9Tc@MAG3:MAb molar ratio can be de
termined. The fact that Tc-MAG3:MAb molar ratios found in
this way corresponded to that assessed by protein-mass spec
trometry confirmed this once more. For example, conjugates
determined to contain 12 Tc-MAG3 groups per MAb gave a
mass of 153,480 Da, which is in accordance to the mass
corresponding to E48 IgG (149,2 14 Da) plus the mass of 12
Tc-MAG3 groups (4,272). These data demonstrate again that
the conjugates do not contain any empty MAG3 (mol wt = 242)
or other groups.

With this labeling procedure, it became possible to produce
@Tcfl9Tc-E48IgG conjugates with each desired @TcP9Tc

MAG3:MAb molar ratio up to 20: 1. After purification, conju
gates never contained more than 6.0% of unbound @Tcfl9Tc,
while the immunoreactivity was not affected for conjugates
containing less than 12 Tc-MAG3 groups per MAb molecule.
From these results, it can be concluded that it is possible to
prepare, in a reproducible and controlled way, uniform radio
immunoconjugates containing either rhenium or technetium.

Biodistribution of Dual-Labeled MAbs Containing
Rhenium-188-MAG3 and Technebum-99m/Technetium
99-MAG3

In this experiment, the in vivo stability of the 186Re-MAG3
complex was compared to that of the 99mTc/99TcMAG3
complex. To this end, E48 IgG was double labeled with 7.7
metal-MAG3 groups (4.5 Re-MAG3 groups and 3.2 Tc-MAG3
groups) and 60 @gof the conjugate were injected per mouse
(four mice per molar ratio). The biodistribution ofthe â€˜86Reand
9@Tc radionuclides was assessedat 1, 6, and 24 hr p.i.. Tissue
uptake of â€˜86Reand 9@Tc as percentage of injected dose was

can be anticipated that under such conditions empty MAG3
molecules were also coupled to the MAb. Protein-mass spec
trometric analysis was used to investigate this possibility. For a
â€˜86Re-E48IgG conjugate prepared in the presence of a high
excess of MAG3 and calculated to contain 7 Re-MAG3 groups
per MAb E48 molecule on the basis of radioactivity measure
ment, protein-mass spectrometric analysis revealed that upon
rhenium coupling the molecular mass ofthe MAb had increased
from 149,214 to 152,335 Da (increase 3 121). Based on these
results, it can be concluded that besides the seven Re-MAG3
molecules (total mass 7 X 442 = 3094), no other groups were
coupled to the MAb. The same conclusion was drawn after
analysis ofconjugates with a Re-MAG3:MAb molar ratio of2: 1
and 11:1, respectively.

A high number of Re-MAG3 groups might make a conjugate
susceptible to catabolic processes in the in vivo situation
resulting in the observed elimination of â€˜86Refrom the blood
(Fig. 2). In vivo instability ofthe â€˜86Re-MAG3complex might
be another explanation for rapid elimination. As a tool to
differentiate between these two possibilities, we decided to
develop Tc-MAG3-E48 IgG conjugates labeled to various
Tc-MAG3:MAb molar ratios. If the number of metal-MAG3
groups is the driving force behind rapid blood elimination, one
may expect Tc-MAG3-MAb conjugates labeled at a high
Tc-MAG3:MAb molar ratio to behave in the same way. If the
Re-MAG3 complex itself has a different in vivo stability, one
can measure this aspect in biodistribution experiments using
dual-labeled MAbs containing both Tc-MAG3 groups and
Re-MAG3 groups on each MAb molecule.

Preparation of Technetium-99mflechnebum-99-MAG3-
MAb Con@

Coupling of @Tcto E48 IgG, resulted in a conjugate mass
of 149,160 Da, which is similar to that of unconjugated E48
IgG. This is in accordance to the expectations since 9@'Tc
obtained from a 99Mo generator is almost carrier-free and only
a small proportion of the MAG3 molecules will be filled with
9@Tc upon reduction. To obtain Tc-MAb conjugates at desired
Tc-MAG3:MAb molar ratios up to 20:1, as is possible for the

@parationof â€˜86Re-MAbconjugates, we used 99TcO@@with
TcO@ as the tracer. At one step, the preparation of @Tc/

99Tc-MAb conjugates differed from the procedures we previ
ously described for preparing 99mTc..MAbconjugates: the
99mTc/99Tcreduction required more SnCl2 than 9@Tc. When a

356 THEJOURNALOFNUCLEARMEDICINEâ€¢Vol. 37 â€¢No. 2 . February1996

L@LhL



Organ%ID/g1hr6hr24hr1@Re@Tc1@Re@Tc1@Re@TcBlood35.3

Â±1 .036.3 Â±1 .120.4 Â±0.121 .0 Â±0.116.2 Â±1.316.3 Â±1.3Liver8.40

Â±0.298.84 Â±0.264.93 Â±0.205.02 Â±0.243.86 Â±0.173.85 Â±0.16Spleen4.70
Â±0.274.86 Â±0.322.72 Â±0.092.95 Â±0.122.34 Â±0.292.32 Â±0.29Kidney6.73
Â±0.407.02 Â±0.494.09 Â±0.264.45 Â±0.342.84 Â±0.433.13 Â±0.38Heart4.57
Â±0.444.79 Â±0.914.34 Â±0.234.51 Â±0.272.63 Â±0.402.69 Â±0.40Stomach1

.58 Â±0.061 .40 Â±0.051 .72 Â±0.121 .85 Â±0.131 .13 Â±0.081 .05 Â±0.09Ileum2.16

Â±0.052.23 Â±0.031 .51 Â±0.061 .55 Â±0.050.97 Â±0.110.99 Â±0.11Colon0.87
Â±0.020.90 Â±0.051 .36 Â±0.111 .43 Â±0.100.97 Â±0.151 .01 Â±0.13Bladder0.59
Â±0.080.59 Â±0.031 .30 Â±0.221 .51 Â±0.272.22 Â±0.172.29 Â±0.22Sternum1

.12 Â±0.091 .16 Â±0.090.99 Â±0.071 .02 Â±0.070.85 Â±0.070.86 Â±0.09Muscle0.42

Â±0.050.44 Â±0.040.47 Â±0.060.52 Â±0.090.57 Â±0.020.60 Â±0.04Lung3.72

Â±0.503.75 Â±0.472.65 Â±0.192.70 Â±0.242.35 Â±0.212.08 Â±0.31Skin1
.07 Â±0.031 .04 Â±0.032.79 Â±0.022.69 Â±0.063.25 Â±0.163.34 Â±0.16Tongue1.99

Â±0.152.10 Â±0.183.20 Â±0.203.25 Â±0.143.68 Â±0.143.71 Â±0.21Intervals

givenares.e.m.

TABLE I
Biodistribution of Duel-Labeled@

molar ratio showed the same blood level (Fig. 3C), but the level
was markedly lower than the level of 125I-MAb reference and
also much lower than the blood levels ofthe other Tc-MAb and
Re-MAb conjugates evaluated in Figure 3A, B. The conjugates
with the 9.4: 1 metal-MAG3:MAb molar ratio also showed the
highest activity accumulation in colon contents and urine.
These data indicate that conjugates with too many metal-MAG3
groups coupled to the MAb are increasingly susceptible to
catabolic processes in in vivo situations which result in excre
tion of activity in the urine and feces.

Figure 4 shows that â€˜86Re-E48IgG and 9@Tcfl9Tc-E48 IgG
have a similar pharmacokinetic behavior when labeled to a
same metal-MAG3:MAb molar ratio. In Figure 4, data of four
independent experiments are combined in which the biodistri
bution at 40â€”48 hr postinjection of 186Re-E48 IgG and/or
9@Tcfl9Tc-E48 IgG was compared with the biodistribution of
â€˜251E48IgG. At low metal-chelate:MAb molar ratios, these
levels were similar to that of â€˜25I-E48IgG, whereas for molar
ratios ranging from about 8 up to 17, a gradual decrease of
technetium as well as rhenium blood levels was found in
comparisonto 1251blood levels.

To obtain additional insight in the kinetics ofblood clearance
and the route ofexcretion, the biodistribution ofconjugates with
different Re-MAG3:MAb molar ratio was assessed at various
time points after injection. Therefore, mice were killed 1, 6, 24
or 40 hr after injection ofconjugates with a Re-MAG3:E48 IgG
molar ratioof2: 1,7:1 or 10:1.As a reference,125I-labeledMAb

E48 was administered to each group of mice. Figure 5 shows
the 186Re concentration and uptake of the â€˜86Re-MAbconju
gates in the blood, liver and ileum and colon contents relative to
the 1251concentration and uptake. Figure 5A shows a gradual
decrease of â€˜86Reblood levels in comparison to 125J blood
levels for the conjugate with the highest Re-MAG3:E48 IgG
molar ratio of 10: 1. This molar ratio, however, remains constant
between 24 and 40 hr after injection. Disappearance of the
conjugate with the Re-MAG3:MAb molar ratio of 10: 1 from the
blood is accompanied by a marked increase of 186Re levels in
the liver (Fig. SB), ileum contents (Fig. SC) and colon contents
(Fig. SD). Activity levels in blood and liver are similar for the
â€˜25IMAbconjugate and the conjugates with a Re-MAG3 molar
ratio of 2:1 and 7:1, but the lSORe levels of the lattertwo

the same (Table 1). These data show that the in vivo stability of
the Re-MAG3 and the Tc-MAG3 complex is the same.

Co-injection of Technetium-99m/99 and Rhenium
186-Labeled MAbs

Based on the data described in previous paragraphs, it
seemed that the number of metal-MAG3 groups is the driving
force behind rapid blood clearance of l8bRe@MAb conjugates
labeled at a high Re-MAG3:MAb molar ratio. When this is true,
one may expect that Tc-MAG3-MAb and Re-MAG3-MAb
molecules will show similar biodistribution characteristics
when labeled to a same metal-MAG3:MAb molar ratio, a
prerequisite for use as matched pair in RIS and MT.

To evaluate whether Tc- and Re-MAb conjugates prepared
according to our method fulfill this requirement, we performed
biodistribution experiments with simultaneous injection of
99mTc/99TcMAb conjugates and 186Re-MAb conjugates pre
pared at a similar metal-MAG3:E48 IgG molar ratio. The first
group of mice received a 99mTcP9Tc@MAb conju@ate with a
metal-MAG3:MAb molar ratio of6.0:1 as well as a 86Re-MAb
conjugate with a molar ratio of 6.3: 1. For the second and third
groups of mice, these molar ratios were 8.2: 1 and 8.6: 1,
respectively, and 9.4: 1 and 9.4: 1. All mice were simultaneously
injected with 1251E48 IgG as a reference and the biodistribution
of the three labels was determined at 24 hr postinjection. To
obtain insight as to the route of activity excretion, samples of
the stomach, ileum and colon contents as well as urine were
collected in this experiment.

The biodistribution of technetium and Re-MAb conjugates
co-injected into the Group 1 mice (metal-MAG3:MAb molar
ratio 6.0:1 and 6.3 :1, respectively) was the same (Fig. 3A). The
â€˜25IE48 IgG reference showed a higher accumulation of
activity in the stomach contents, which is indicative for free
125j, and a lower accumulation in both the contents ofthe ileum

and the colon; for blood and other organs no difference was
observed. A comparable pattern was obtained for the biodistri
bution of Tc-, Re- and 12@I-MAbconjugates coinjected into the
Group 2 mice (Tc-MAG3:MAb molar ratio 8.2:1; Re-MAG3:
MAb molar ratio 8.6:1) (Fig. 3B). A subtle increase in the urine
and ileum and colon content levels of 9@Tc and 186Re was
observed in comparison to the 1251levels and those ofthe Group
1 mice. The two conjugates with the 9.4:1 metal-MAG3:MAb
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Biodistribution of Various MAbs Labeled with Technetium
99m11'echnetium-99 by MAG3

To test whether the rapid blood clearance of radioimmuno
conjugates at increased metal-MAG3:MAb molar ratios as
observed with murine MAb E48 IgG is a general phenomenon,
the biodistribution of three other MAbs labeled at various
99mTc/99TcMAG3:MAb molar ratios was assessed in tumor
free nude mice. Murine MAb K928 was labeled with a
99mTc/99TCMAG3:MAb molar ratio of 2.3: 1, 6.4: 1 and 12.1:1,
while the chimeric mouse/human MAbs E48 and SF-25 were
labeledwithmolarratiosof2.4:l,6.6:1,12.1:1and2.2:1,6.2:1,
12.0: 1, 15.3: 1, respectively. The 99mTc/99Tc@labeled MAbs
were co-injected with their corresponding â€˜251-labeledMAbs,
their biodistribution assessed at 24 hr postinjection and the level
of 99mTc/99Tc activity in the blood expressed relative to the
level of 1251activity. For all conjugates with six or fewer
99mTc/99TcMAG3 groups, the %ID 9'@mTc:%ID125!ratio was
about 1, indicating that the pharmacokinetic behavior of the
four MAbs does not become impaired by coupling of up to six
99mTc/99TcMAG3 groups (Table 2). This percentage was less
than 1 when 12 such groups were coupled to a MAb, indicating
a more rapid blood clearance ofthe 99mTcfl9Tc@conjugatesthan
of the corresponding 1251-conjugates. Moreover, the ratio was
higher for the two cMAbs E48 and SF-25 (0.68 and 0.79,
respectively) than for the two mMAbs (0.39 and 0.44, respec
tively), which means that the two murine MAbs become more
readily cleared from the blood than the two chimeric MAbs.

DISCUSSION
We used the MAG3 chelate to develop a â€˜86Relabeling

procedure which ensures that the low specific activity of@ 86Re
is no longer a restrictive factor. In the present study, we
investigated the chemical scope of this labeling method and the
possible pharmacokinetic consequences if applied to high-dose

â€˜86Relabeling for clinical RIT studies. We found that one
should not only be able to couple a large number of Re-MAG3
groups to a MAb, but these conjugates should also be fully
immunoreactive, be stable in vitro as well as in vivo and not
result in accumulation of the conjugate at nontarget sites.

We were able to couple 20 Re-MAG3 groups to one MAb
molecule. For direct methods, the Re:MAb molar ratio obtained
is about 1.5:1; for indirect methods it is slightly higher, 2â€”3:1.
The overall radiochemical yield with our method was 40%â€”
60%. HPLC analysis indicated that there was no aggregate
formation. Conjugates with a Re-MAG3:MAb molar ratio up to
12 remained fully immunoreactive. For conjugates with a
higher molar ratio, the immunoreactivity decreased slightly. For
a conjugate with a molar ratio of 20: 1, the immunoreactivity
was about 85% of the maximum.

Although these data suggest that the integrity of MAbs
remained nearly intact upon coupling of up to 20 Re-MAG3
groups, there was a serious alteration of the pharmacokinetic
behavior of conjugates containing more than eight Re-MAG3
groups on average. For the conjugate with a Re-MAG3:MAb
molar ratio of 12.8: 1, for example, the level of radioactivity in
the blood at 40 hr postinjection was just 20% of that of a
conjugate with a molar ratio of 2.9: 1 (Fig. 2). In the present
study, we show a strong correlation between the Re-MAG3:
MAb E48 molar ratio and blood clearance. To arrive at this
conclusion, we first had to prove that no other chemical groups
than Re-MAG3 were coupled to the MAb during the labeling
procedure. Thereafter, through dual labeling of Re-MAG3 and
Tc-MAG3 groups to the same MAb molecule, we found that the
in vivo stability of the Re-MAG3 complex was comparable to
its corresponding Tc-MAG3 complex (Table 1). In our previous
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FiGURE3. Comparisonofthebiodistributionof1@Re-E48lgGand @â€œTd
@Tc-E48lgG labeledat variousmetal-MAG3:MAbmolar ratios 24 hr

followingintravenousinjection.Iodine-125-labeledE48 IgGwasco-injected
as a reference. Three groups of mice simultaneously received: (A)30 @g(4.4
g.tC@1251-E48IgG(blackbars),30 @g(77@ @Tc/Â°@Tc-E48IgGcontaining
6.OTc-MAG3groups per MAb(openbars)and 30 @g(8.0@tCi)1@Re-E48lgG
containing6.3Re-MAG3groupsperMAb(hatchedbars),(B)30 @tg(4.4MCi)
125l-E48IgG(blackbars),30 @g(103MCi) @Tcfr@Tc-E48IgGcontaining8.2
Tc-MAG3groups per MAb(openbars)and 30 @g(10.8MCi)1@Re-E48IgG
containing8.6 Re-MAG3groups per MAb(hatthed bars) or (C)30 @g(4.4
MCi)125l-E48lgG(blackbars),30 j@g(118 MCi) @Tcfr@Tc-E48lgGcontain
ing 9.4 Tc-MAG3groups per MAb (open bars), and 30 @g(11.9 MCi)
1@Re-E48 lgG containing 9.4 Re-MAG3 groups per MAb (hatched bars). At
24 hr postinjection,the mice were bled, killedand dissected and the
%lD@ g1 was calculated.Abbreviationsarethe same as inFigure2. Number
ofmice:fourpergroup.

conjugates in the ileum and colon contents are higher than the
1251 levels. From these experiments, it can be concluded that

conjugates with too many â€˜86Re-MAG3 groups coupled to the
MAb become trapped in the liver within 1 hr after injection
(Fig. SB). Radioactivity is subsequently released from the liver
and excreted through the feces (Figs. 3 and SC, D) and urine
(Fig. 3) within 24 hr after injection.
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paper, we demonstrated that once the radiolytic decomposition
was suppressed,the 186Re-MAG3 complex was a normal stable
compound in vitro. This dual-labeling experiment implies that
no detectable difference exists between rhenium and technetium
with respect to the ease of reoxidation in vivo. Finally, we
observed similar biodistribution characteristics of â€˜86Re-E48
IgG conjugates and 9@Tcfl9Tc-E48 IgG conjugates labeled at a
same metal-MAG3:MAb molar ratio (Figs. 3 and 4).

When the blood clearance experiments on MAb E48 are
evaluated together (Fig. 4), a consistent pattern becomes clear.
Assuming a Poisson distribution of the number of Re-MAG3
groups bound to a MAb after conjugation, a critical molar ratio

2

I,'

FiGURE5@Biod@tribu1ionof 1@Re-E48lgG labeled at various Re-MAG3:
MAb molar ratios at vanous time intervals after injection. Iodine-125-E48 lgG
was co-injected as a reference. Rhenium-186-E48-lgGconjugates with a
Re-MAG3:E48IgGmolarratioof 2:1 (V)(5.ipUg,30 MCi),7:1 (0X15.9,@130
MCI) or 10:1 (AX23.4 ,@g/30 MCi) and 125l-E48 IgG (5.1 @g/30 MCi) were
injectedintotumor-freemiceand1@Reacthiitylevelsrelativeto 1251levels
were assessed in blood (A),liver(B)and ileum(C)and colon contents (D)1,
6, 24 and 40 hr postinjection.Numberof mice:four per time point.

of 10 could be calculated from these data, which means that
Re-MAG3-MAb molecules with a molar ratio of about 10 or
more are removed from the blood and taken up by the liver
shortly after injection. Based on this Poisson distribution, it
could be calculated that about 50% of the MAb molecules will
contain 10 or more metal-MAG3 groups if the conjugate has a
mean metal-MAG3:MAb molar ratio of 10. We found that
about 50% of the conjugate was cleared from the blood shortly
after injection. The remaining 50% appeared to exhibit a
pharmacokinetic profile similar to that of â€˜25I-labeledMAb or
MAb conjugated with seven or less metal-chelate groups (Fig.
5). Although for MAb E48 a Re-MAG3:MAb molar ratio of
about 10 seems to be critical for the pharmacokinetic behavior
ofthe conjugate, this critical molar ratio appeared to be slightly
higher for the cMAbs E48 and SF-25.

Rapid blood clearance and extensive liver accumulation has
also been observed for MAbs coupled with other chemical
groupsto their lysineresidues(37â€”39).Like MAbs labeledwith
â€˜53Smthrough DTPA, rapid blood clearance and liver accumu
lation was observed in rats when 20 chelate groups were
coupled per MAb (37). A similar phenomenon was observed
for MAbs labeled with 67Cu through the 14N4 macrocycle in
mmce (38). Pelegrin et al. (39) evaluated the immunoreactivity
and biodistribution in mice of MAbs coupled with 4â€”19
fluorescein groups. Coupling of more than 10 groups per MAb
resulted in impaired immunoreactivity and enhanced blood
clearance. Conjugates with more than 14 fluorescein molecules
had dramatically shorter whole-body half-lives.

In our method for labeling MAbs with â€˜86Re,the purification
of the active ester by a Sep-Pak procedure prevented the
coupling ofempty MAG3 groups to the MAb, thus allowing the
coupling of a relatively high number of Re-MAG3 molecules
before impairment of conjugate immunoreactivity and biodis
tribution occurred.Fritzberget al. (26,40) recently reportedon
a pre-ester method for coupling of â€˜86Reto MAbs with N2S2
and N3S chelates: the pre-ester method implies a one-pot
reduction, transchelation and conjugation. Using the N3S bu
tyrate chelate, â€˜86Re-MAbconjugates prepared by this latter
method have been extensively evaluated in clinical MT trials
(23,28,29). Despite the fact that only two to three Re-MAG2-
GABA groups were coupled per MAb (41 ), extensive accumu
lation of activity was observed in the liver and intestines,
resulting in hepatic enzyme elevation in the majority of patients
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mMAb E48mMAb K928cMAb E48cMAb SF-25%lD

@Tc%lD@Tc%lD @Tc%ID@â€œTcRatio%lD

1251Ratio%ID 1251Ratio%ID 1251Ratio%ID12512.0

6.0
12.0
15.61.04

Â±0.02
0.97 Â±0.05
0.39 Â±0.06
0.17 Â±0.012.3

6.4
12.11.11

Â±0.01
0.99 Â±0.01
0.44 Â±0.01

nd2.4

6.6
12.11.14

Â±0.05
1.01 Â±0.03
0.68 Â±0.04

nd2.2

6.2
12.0
15.31.05

Â±0.06
0.93 Â±0.05
0.79 Â±0.03
0.49 Â±0.01nd

= notdetermined.

ABCDE

$1

TABLE 2
Blood Levels of Various Technetium-9gmfTechnetium-99-MAbs Relative to Co-injected Iodine-i 25-MAb

(29). Therefore, liver accumulation was observed at a much
lower Re-chelate:MAb molar ratio than we found in mice. Since
the conjugate is formed in one vial without a preceding
purification stepin the pre-estermethod,however,it might be
that besides Re-MAG2-GABA molecules also empty MAG2-
GABA molecules that become coupled to the MAb. Empty
chelate molecules may contribute to the liver and intestine
accumulation of â€˜86Re.This aspect also has to be considered
when using postlabeling methods. In these latter methods, the
number of chelates may alter the pharmacokinetic behavior of
the MAb. When this is combined with potentially in vivo labile
chelating groups, nonspecific binding of the radiolabel to the
MAb and the presence of aggregates, the reasons for increased
liver uptake can become manifold. John et al. (42), for example,
used a N2S4chelate in a postlabeling method to couple 99mTcto
MAbs and found indications for partial amino-group mediated
nonspecific binding of 99mTc (42). Liver uptake was much
higher for 9@Tc-MAb conjugates than for the corresponding
12'I-MAb conjugates. For â€˜56Re-MAbconjugates prepared with
the same method, they found a similar high liver uptake (22).
The lower 1251levels in the liver were postulated by the authors
to be due to dehalogenation and rapid elimination of 1251from
this tissue. This dehalogenation hypothesis does not agree with
our experiments, in which we demonstrate similar activity
levels in the liver for 1251-E48 IgG and â€˜86Re-E48IgG labeled
at a Re-MAG3:MAb molar ratio of 2: 1 and 7: 1 (Fig. 5). The
data seem to indicate that in order to avoid chemical artifacts and
nonspecific binding ofradiolabel, purification ofthe radionuclide
chelate complex before conjugation to the MAb, as performed in
our protocol, is the best way for coupling of a high dose of â€˜86Re
without influencing the integrity of the MAb.

The mechanism behind the rapid blood clearance of MAbs
containing too many metal-MAG3 groups is not yet known.
Interestingly, cMAbs E48 and SF-25 can carry more metal
MAG3 groups before clearing from the blood than mMAbs E48
and K928. One possibility might be that conjugate clearance is
related to its charge. Therefore, we assessed the isoelectric point
of the four MAbs before and after conjugation of various
9@Tcfl9Tc-MAG3 groups by isoelectric focusing electrophore
sis. The p1 ofMAb E48 changed from@ 7.1 in its unconjugated
form to p1 6.5 upon coupling of two@ Tcfl9Tc-MAG3 groups
(Fig. 6). Upon coupling of 8 or 12 groups, the p1 became 5.2
and 4.9, respectively. The p1 of MAb K928 appeared to be 6.8,
which is similar to that ofMAb E48. The p1 ofcMAbs E48 and
SF-25 appeared to be higher, 9.5 and 8.5 respectively, and also
decreased upon coupling of 9@Tcfl9Tc-MAG3 (to 6.0 and 6.2,
respectively, upon coupling of 12 99mTcfl@Tc@MAG3groups).
Based on these results, we postulate that a metal-MAG3-MAb
molecule becomes rapidly cleared in vivo when its p1 is too low.
When this is true, the higher p1 value ofthe cMAbs allows more
metal-MAG3 molecules to be coupled per MAb before the

critical molar ratio for rapid blood clearance is reached. As
mentioned above, however, besides the total charge of the
conjugate, it might also be that one simply cannot unlimitedly
change a cationic lysine-group into an anionic or neutral one
without affecting the pharmacokinetic behavior.

We found that no-carrier-added 99mTc@MAG3@MAbforms a
matched pair with â€˜86Re-MAG3-MAbto a limited extent, while
99mTc/99TcMAb conjugates always showed a similar biodistri
bution to â€˜86Re-MAbconjugates at the same metal-MAG3:
MAb molar ratio. The 99mTcP@9Tc@MAG3@MAbconjugates are
ideal for use in MS and can be safely used in patients. As for
the ethical concerns of using 99Tc, one has to realize that this
will result in just minimal extra radiation exposure for the
patients. The yearly intake of cosmogenic â€˜4Cby air is on the
same order ofmagnitude (0.6 @tCi)and has a similar energy (E@
200 keV). With respect to its effective half-life, we can compare
99TcO@ with â€˜4C.The tl/2eff of 99TcO@@for the total body is 1
day and 25 days for bone; for â€˜4C,these values are 10 and 40
days, respectively. Moreover, possibly formed 99Tc-MAG3 is
rapidly excreted by the kidneys.

Griffiths et a!. (21 ) described a uniform method for direct
labeling of MAbs with 99mTc â€˜86Reand 188Re (21), but the
9@Tc-MAb and â€˜88Re-MAbconjugates prepared in this way
showed a different biodistribution in tumor-bearing nude mice.
Breitz et al. (28) evaluated the feasibility of using 99mTcand
â€˜86Reas a matched pair for clinical imaging, dosimetry calcu
lations and therapy (28). In a Phase I trial in patients with
refractory metastatic epithelial carcinomas, a group of patients
were imaged with 9@Tc-labeled NR-LU-lO Fab followed by
MT with â€˜86Re-labeledNR-LU-lO IgG; another group received
9@Tc-labeled NR-CO-02 F(ab')2 for MS followed by 186Re
labeled NR-CO-02 F(ab')2 for MT. In the latter group, the
9@Tc-immunoconjugateswere able to predict localization of

FiGURE6. Ma@y&sof E48 IgGIa
beledw@h12(laneB),8 (laneC)and
2 (laneD) @c/@Tc-MAG3groups
per lgG by Isoelectric focusing.
Lane E is unconjugated E48 IgG
and LaneAisp1calibrationmarkers.
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the â€˜86Re-labeledMAb. The pharmacokinetics and mean ab
sorbed doses predicted from the 9@Tc studies and calculated
from the 186Re studies compared favorably, but there was
considerable patient variation, resulting in limited value of
dosimetry predictions for any one patient. An explanation
provided by the authors was that different antibody doses were
used for imaging and therapy. In these studies, the previously
described pre-ester method with MAG2-GABA as chelate was
used to couple 99mTc and 186Re. In view of our results, it might
be that the 9@Tc-conjugates and the â€˜86Re-conjugatesused in
these studies were not exactly the same chemically.

Recently, we tested 186Re-E48-IgG in MT studies in HNSCC
xenograftbearingnudemice (43,44). A single bolus injection
of 500 pCi 186Re-labeled MAb E48 in mice bearing tumors of
140 Â±60 mm3 resulted in 50% complete remissions (6 of 12).
Treatment of mice with smaller tumors (75 Â±17 mm3) with
600 pCi â€˜86Re-E48-IgGresulted in complete ablation of all
tumors (n = 12). In this animal model, 186Re-labeled MAb E48
appeared to be more effective than 13â€˜I-labeledMAb E48,
despite the fact that tumor uptake levels ofthe former conjugate
were slightly lower as a result ofthe more rapid blood clearance
(36). We can now interpret this latter observation by the
relatively high Re-MAG3:MAb molar ratio of the conjugate
used in these studies (this molar ratio was 8.6).

CONCLUSION
We have developed a method for efficient and reproducible

production of stable â€˜86Re-MAb conjugates. Due to the high
Re:MAb molar ratios obtained and the favorable biodistribution
characteristics of the conjugates, this method may be better
suited for clinical RIT than other available methods. In addition,
we have automated the coupling procedure for high doses of
â€˜86Reto MAbs (Fig. 1), which will limit the radiation exposure
to the operator. Our results suggest that MT studies with
â€˜86Re-labeledMAb E48 and/or U36 in head and neck cancer
patients will be initiated in the near future. As a bridging
study to RIT, however, we will first perform RIS studies
using 99mTc/99TcMAb conjugates with increasing 99mTc/
99Tc-MAG3:MAb molar ratios. Images will be used to
estimate activity in the tumor and sites at risk for RIT. By
using 99mTc/99Tc instead of 186Re, the optimal metal-MAG3:
MAb molar ratio can be assessed safely. This optimal molar
ratio will subsequently be used in 186Re-MAb therapy. It can
be anticipated that the metal-MAG3:MAb molar ratio giving
optimal biodistribution in mice may be different in humans.
In humans, however, individual differences may also occur.
Our preclinical data indicate that the use of 99mTc/99TcMAb

. imaging to select candidates for I86Re therapy may become
feasible.
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formulated conjugation/labeling can be performed with little time
requirements and laboratory experience.

Key Words bifunctional ligand; NHS-BAT ester technetium-99m;
radioimmunoscintigraphy; BW 431/26; MAb 425; MDX210
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ii eeffortsthathavebeenundertakentoimprovethebinding
of complexed 9@Tc to antibodies or antibody fragments re
sulted in a series of experimental approaches. The techniques
that have been described are commonly subdivided into two
categories: direct labeling methods in which the metal is
complexed by preformed sulfhydryl groups, and indirect meth
ods in which chelating groups are introduced into proteins and
used thereafter for complexation with 9@Tc (preconjugation
route). Additionally, the latter route was modified by complex
ing the activated ligand before conjugation (precomplexation
route). The current state of research was recently reviewed
(1â€”4).

Because of the favorable complex chemistry of multidentate
chelators, the emphasis of our work was focused on indirect
methods. The design of heterobifunctional ligands which have
the chelating moiety on one side of the molecule and the
activated ester on the other is hampered, however, by the
intrinsic problem that nucleophilic heteroatoms of the ligand
potentially interact with the electrophilic center at the location
of the leaving group. In early experiments, this problem was
bypassed by applying protection groups at the sulthydryls and
by using amide nitrogens on the chelate, as realized with the
activated esters of the S protected N2S2-pentanoate (5â€”8).At
ambient temperature and neutral pH, the complexation yields of
the respective antibody conjugates proved to be insufficient.
The binding of 99mTc(V) needed elevated temperatures or high

Conjugationchemistry and kit formulated binding of the NHS ester
of 6-(4'-(4â€•-carboxyphenoxy)buty9-2,10-dimercapto-2,1 0-dimethyl
4,8-diazaundecane (NHS-BAT ester) to monoclonai antibodies
(MAbs) was investigated. The functionalities of the resulting BAT
conjugatedand Â°@Tc-labeledMAbsBW 431/26,MAb 425 and
bispec@1cMDX21O(fragmentconstruct@were tested by immunore
actMty and immunoscintigraphy. Methods: The kinetics and chem
istry of the conjugation reaction were monitored by high-perfor
mance liquid chromatography, size-exclusion chromatography and
positive fast-atom-bombardment mass spectra (FAB-MS). The
9orrrrc BAT-MAbs were tested with various immunoreactivity as
says. The biodistribution of @Tc-BAT-BW431/26 in rats was
compared wtth directly labeled BW 431/26. Results: At pH 8.5 and
25Â°C,the reactMty of the NHS-BAT ester was high wtth 90%
completion after 30 mm. The conjugation yield of 19 pM MAb and
228 @.aMNHS-BATester amounted to 30%. HigherNHS-BATester
concentrations afforded higher BAT-to-MAb ratios. According to
FAB-MS, the conjugation competing hydrolysis surpnsingly oc
curred at the NHS ring. Almost quantitative @Tclabeling was
achieved after 5 mm at 25Â°C.Immunoreactivity of the @Tc-BAT
antibodies showed >90% recovery and proved to be insensi@veto
BAT-to-MAbratiosof up to 10.The @â€˜Tc-BAT-BW431/26 showed
similar organ distribution but revealed less urinary excretion corn
pared wfth the direcfly labeled BW431/26. Irnmunoscintigraphy wfth

@â€˜@Tc-labeledand BAT-BW431/26 and BAT-MAb425 showed the
respective biological function in vivo. Conclusion: According to
straightforward conjugation chemistry, the ease of Â°Â°â€œTclabeling
and the application of a simple ultrafiltration technique, the NHS
BAT ester represents a nondestructive, universally applicable bi
functional ligand to introduce stable @â€œTcprotein binding sites. Kit
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