
Mab molecules, however, can cause decreased irnmuno
reactivity due to the intra- or inter-molecular cross-linking
of Mab, even at low levels of DTPA substitution (1â€”3).
Therefore, the number of DTPA molecules and the
amount ofâ€•â€˜Inadded have to be severely limited in order
to preserve full immunoreactivity ofthe Mab. In addition,
the accumulation of these cross-linked radiotracers in the
liver is high, resulting in a higher total radiation dose and
diminished clinical usefulness ofâ€•â€˜In-DTPAlabeled Mab
(4â€”6)becausehepaticactivity decreasesdetectabilityof
hepatic metastases.

In this paper, we have examined the use ofa polyamino
acid as a backbone for multiple DTPA substitutions. Con
sequently, a high degree of radiolabeling with â€˜â€˜â€˜Incan be
achieved. We also used a single-chain linker to conjugate
the polychelates to this Mab. This was done to minimize
structural modifications of the Mab and thereby preserve
immunoreactivity. We chose poly-L-lysine (PL) for this
purpose because PL is a well-known chemotherapy con
jugate drug (7â€”9)and a macromolecular carrier (10,11)
with very low toxicity in vivo (12). PL is also an excellent
substrate for intracellular proteolytic enzymes, as it is
broken down by trypsin and reutilized in the cell (7).

MATERIALS AND METHODS
All reagents were purchased from commercial suppliers and

used as received,unless otherwisespecified.MabTP4l.2F(ab')2
is an IgG2a that recognizes a human high molecular weight
melanoma-associated antigen (13). Molecular porous membrane
for dialysis was made from regenerated cellulose with a molecular
weight cutoff (MWCO) of 2â€”10K (Spectra/Pro 2â€”10K). The
membrane was treated with EDTA to remove heavy metals and
then stored at 4Â°Cin a 0.05% sodium azide solution. Chemical
reagents used are abbreviated as follows: BADTPA: bicyclic an
hydride of diethylenetriaminepentaacetic acid; DMSO: dimethyl
sulfoxide; IBCF: isobutyl chloroformate; 2-IT: 2-iminothiolane
hydrochloride; HEPES: N-(2-Hydroxyethyl)piperazine-N'-eth
anesulfonic acid; MADTPA: Mixed carboxycarbonic anhydride
of DTPA; PL: Poly-L-lysine (3.8 Kd, n = 25); PNPD: Bis(p
nitrophenyl)disulfide; S-SMPB: sulfosuccinimidyl-4-(p-maleido
phenyl)butyrate; TNBS: tnnitrobenzene-sulfonic acid.

Inan attempt to improve bifunctionalchelate labelingof Mab,
weinvestigatedtheuseof a polyaminoacidbackbonefor
multiple DTPA substitutions. Poly-L-Iysine (PL) (3.8 Kd, n =
25) was partiallyacetylatedwith MADTPA to yield 11 moles
of DTPA per moleof PL. The averagenumbersof.DTPA on
PL were directlyquantifiedwith MADTPA-C-14. The remain
ing epsilon amino groups on PL-DTPA(I)were measured with
TNBS reagent.A selectivemaleimidedenvatizationof (I)with
S-SMPB yielded (II), which contains 2.3 moles of meleimido
groups per mole of (I). The sulfhydrylactivationof Mab
TP41.2F(ab')@with 2-Iminothiolanehydrochlorideproduced
(Ill), containing1.3 moles of sulthydrylgroups per mole of
Mab. Compounds (II)and (Ill) were combined to form a single
thioether-spaced chain linkage of Mab-PL-DTPA (IV), which
wassubsequentlychelatedwith1111ntoyield(V),whichwas
thecompoundof interest.Indium-i11-PL-DTPA(VI)and111ln
DTPA-MabTP41.2F(ab')@(VII) alsowere preparedfor control
studies. Direct cell binding assay revealed the mean immu
noreactivityof (V)to be 79.4%andthat of (VII)to be 39.5%.
Ina biodistributionstudyonmelanomatumor-bearingathymic
mice at 4, 24, and 48 hr postinjection, the tumor/blood and
tumor/liver ratios at 48 hr were 11.6 and 1.2 for (V),compared
to 3.7 and 0.13, respectively,with (VII). Thus, the PL config
uration for radiolabeled antibodies seems to result in de
creased hepatic accumulation and retained tumor avidity. The
findingssuggestthat furtherstudiesof this new compound
are warranted.

J NucI Med 1992; 33:570â€”574

he bicyclic anhydride ofDTPA (BADTPA) and mixed
anhydride DTPA (MADTPA) are currently the most corn
monly used bifunctional chelating agents for@@ â€˜In-mono
clonal antibody (Mab) labeling (1,2). BADTPA is espe
cially convenient to use and is commercially available.
The current direct methods of attaching the DTPA and
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Preparationof PL-DTPA(I) (Fig. 1)
MADTPA(14), 12.6g (14 mmol) in 30 ml ofacetonitrile was

added dropwise into a solution of 3.8 g (1.0 mmol) of PL (3.8
Kd, n = 25) in 80 ml of 0. 1 N NaHCO3, pH 9.0, at 0Â°C.The
reaction mixture was stirred at 0Â°Cfor 1 hr and then at room
temperature for 2 hr. The acetonitrile was evaporated and the
product was concentrated in vacuo and dialyzed in a 2 K MWCO
molecularporous membrane against 0.1 M PBS, pH 8.4, at 4Â°C
for 24 hr and then against 0. 1 M PBS, pH 7.4, at 4Â°Cfor another
24 hr. The buffer solutions were changed repeatedly during
dialysis. The product was precipitated by adding a large amount
of absolute ethanol. The product was collected, filtered and
washed with absolute ethanol, then washed with ether and dried
in vacuo. The purity of the product was identified by TLC-SG
with a single compound: mp > 300Â°C.

Determinationof AverageNumberof DTPALinkedon
PL

A mixture ofDTPA-l-C-l4 (55.7 mg, 14 @mol,100 MCi)in 5
ml of acetonitrile, and triethylamine (6 mg, 8.4 ml, 60 @tmol)in
5 ml ofacetonitrile was stirred magnetically and kept at 68Â°â€”70Â°C
for 2 hr under an atmosphere of nitrogen until a clear solution
was formed. The reaction mixture was cooled to â€”30Â°Cby means
ofacetone-dry ice and was added dropwise to 20.4 mg (15 @mol)
ofIBCF in 1ml ofacetonitrile.The resultantmixturewasstirred
and kept at â€”30Â°Cfor 30 mm until a white precipitate formed
out of solution. The reaction mixture was warmed to 0Â°C,and

FIGURE1. Schematicrepresentationofthesynthesisof1111n-
PL-DTPA-thioether-MabTP41.2F(ab')2(PL-MabXV).

3.8 mg (1 .0 @imol)of PL in 5 ml of 0. 1 N NaHCO3 was added
dropwise at 0Â°C,kept at 0Â°Cfor 1 hr, and then at room temper
ature for 2 hr. The resultant solution was concentrated in vacuo
and dialyzed in a 2K MWCO molecularporous membrane against
0. 1 M PBS, pH 8.4, and 0. 1 M PBS, pH 7.4, at 4Â°Cfor 24 hr.
Quantification of the average DTPA-l-C-l4 ratio was accom
plished by liquid scintillation counting of the DTPA-l-C-14 (15
@tlsample, n = 3). Measurement of PL concentration was ob

tamed by the method of Lowry et al. (15). The absorbance was

measured at 660 nm. A serial sample of known amounts of PL
was used to construct a standard curve. The ratio of DTPA-C-14
concentration to PL concentration provided the number of
DTPAsper PL molecule(16).

Assessmentof EpsilonAminoGroupsin PL-DTPA
The free epsilon amino groups oflysines were identified by the

method of Fields and co-workers (1 7). The sample of(I) (0. 1 ml)
was mixed with 0.5 ml of 0.1 M sodium borate buffer in 0. 1 N
NaOH solution, a sufficient quantity ofdistilled water was added
to a total of 1.0 ml. Next, 0.02 ml of 1.1 M TNBS solution was
added rapidly and the solution was mixed. After 5 mm, the
reaction was stopped by adding 2 ml of 0. 1 M PBS containing
1.5 M sodium sulfite, and the absorbance was determined by

spectrophotometry at 420 nm (molar extinction coefficient at
420 nm of 19,200 M'cm'). A serial sample ofknown amounts
of PL was used as a standard.

Preparationof MaleimideDerivativeof PL-DTPA(II)
Compound(I), 1.32mg(2 x l0@mmol),wasdissolvedin 0.5

ml of 0.05 M HEPES, pH 8.0, and then S-SMPB 0.046 mg (1 x
iO-@mmol) in 0. 1 ml ofDMSO was added. The reaction mixture
was kept at room temperature for 30 mm and then dialyzed at
4Â°Covernight against deionized water, with several changes of
water.

SDS-PAGEAnalysis
Compounds (I), (II), and two controls (PL, 3.8 Kd; and BSA)

were analyzed by electrophoresis. This was performed with 15%
polyacrylamide gel (PAGE) in presence of 2% sodium dodecyl
sulfate (SDS) and 6 N urea. Following completion of electropho
resis, the gel was stained with 0.025% Coomassie brilliant blue in
25% methanol and 10% acetic acid.

Determinationof theMaleimideGroupsonPL-DTPA
The maleimidegroupson (II)weredeterminedby the method

of Ellman (18). Briefly, a small amount of sample (0. 1 ml) was
diluted with 3.9 ml of distilled water, and 1.0 ml of 0. 1 M PBS,
pH 8.0, was added. In addition, 4 ml ofacetone, a known amount
of2-mercaptoethanol, and 1.0 ml of 1.0 mMofPNPD in acetone
were added to the resultant mixture. After 5 mm of incubation
at room temperature, the remaining sulthydryl groups were meas
ured by a UV spectrophotometer at an absorbance of 4 12 nm
(molar extinction coefficient at 412 nm of 13,600 M'cm').

Preparationof Sulfhydryl-amidiniumDerivativeof
MabTP41.2F(ab')@(Ill)

A 0.05-ml aliquot of 7.9 @g(6 x iO@ mmol) of 2-IT in 25

mM sodium borate was added at room temperature to a 0.5-ml
of solution of 2 mg (2 x l0@ mmol) MabTP4l.2F(ab')2 in the
samebufferat pH 9.0.

The reaction mixture was kept at 4Â°Cfor 3 hr and then was
dialyzed at 4Â°Covernight with 0.1 M PBS, pH 6.4, with several
changes ofbuffer. The sulthydryl groups present in the Mab were
determined by Eliman's method (18).
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Preparation of PL-DTPA-thioether-MabTP41.2F(ab'),
Conjugate(IV)

Equal millimol amounts (2 x i0@ mmol) of(II) and (III) were
mixed in 1.0 ml of 0.1 M PBS, pH 6.0, at room temperature.
The reaction mixture was kept at 4Â°Cfor 20 hr (no sulthydryl
residue was detected in the mixture at this point). The product
was again dialyzed in a 10K MWCO molecularporous membrane
against 0.1 M PBS, pH 7.4, at 4C overnight, with a few changes
ofbuffer.

Preparation of 111In-PL-DTPA-thioether
MabTP4I.2F(ab'h, (PL-Mab), (V)

Sodium acetate (I M) was added dropwise into a solution of
50 @d2 N HQ and â€˜â€˜â€˜In-chloride(1 mCi) to adjust the solution
to pH 4. The resultantsolution was immediately added to corn
pound (IV) and the reaction mixture was kept at room tempera
ture for 30 mm. The product was isolated by passage through a
Sephadex G-75 column, with identification by UV spectropho
tometer monitor at 280 nm, and waselutedwith0.1 M PBS,pH
7.4. The Mab peak fractions were collected and combined. The
product was further purifiedby extensivedialysisat 4Â°Cagainst
0.1 M PBS,pH 7.4. The concentration of Mab was assayedby
the Bio-RadProtein Assaymethod (19) and the absorbancewas
determined by spectrophotometer at 595 nm. A serial of known
amount of bovine gamma globulin was used as standard. The
I I â€˜In-radioactivity that remained was used to calculate the num

her â€˜â€˜â€˜In-molesbound per mole of MabTP4l.2F(ab')2 (1).

Preparation of â€˜11In-PL-DTPA(PL-DTPA) (VI) and 1111n-
DTPA-MabF(ab')@ (DTPA-Mab) (VII) for Control Study

The compounds (VI) and (VII) were prepared for control
studies.To prepare compound (VI), compound (I) was reacted
with â€˜â€˜â€˜In-acetateat pH 4.0. The product was extensively dialyzed
in a 2K MWCOmolecularporousmembraneagainst0.1 M PBS
pH 7.4 at 4Â°Cfor 2 days. Compound (VII) was prepared by a
conventional method (20). Briefly, MADTPA (21 @g)was mixed
with MabTP4l .2F(ab')2 (2 mg) in 1 ml of0.5 MHEPES solution,
pH 8.6,at room temperaturefor 1hr. The reaction mixture was
dialyzed in 0.1 M PBS, pH 7.4, at 4Â°Covernight. Indium-l 11-
acetatethen wasaddedat pH 4.0, and the mixturewasincubated
at roomtemperaturefor 1hr. The productwasisolatedbypassage
through a Sephadex G-50 column and eluted with 0. 1 M PBS,
pH 7.4.The product wasfurther purifiedby extensivedialysisat
4Â°Cagainst0.1M PBS,pH 7.4.

Immunoreactivity Assays
Melanoma cells (human COLO-38, 1 x 106)or B-lyrnphoblas

toid cells(human Wil-2, 1 x 106)(21) wereincubatedwith (PL
Mab)(V)and (DTPA-Mab)(VII)in a 96-wellpolyvinylchloride
microliter plate. After 1 hr of incubation, the cells were washed
three times and radioactivitybound to the cellswas determined
in triplicate in the region ofantigen excess (plateau region).

AnimalStudies
PL-Mab and two control radiolabeled compounds were in

jected into the tail vein of athymic mice (n = 4â€”6per group)
bearing subcutaneous melanoma tumors measuring 3â€”7mm in
diameter.The animalswere killedat 4, 24, and 48 hr postinjec
tion. Tissue was removed, weighed, and the radioactivity deter
mined in a well-type scintillation counter. Statistical analyses
were performed using an unpaired Student's t-test. Results are
presentedas mean Â±s.d.

BSA C

FIGURE2. SDS
PAGE electrophore
sis: A & C represent
PL(3.8 Kd);B repre
sents Compound (I);
and D represents
Compound(II).
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RESULTS

ElementalandChemicalAnalyses
The elemental analyses of(I) revealed that C = 46.2 1%,

H = 9.04%, N = 14.01%. The structure of(I) was calcu
lated for the theoretical values: (C = 47.60%, H = 9.52%,
N = 14.52). The molecular weight of (I) was assigned to

be 6,600. The molar ratio of DTPA of (I) was also deter
mined by direct quantification with MADTPA-C-14. It
was found that there was an average of eleven molecules
of DTPA in each molecule of PL. The remaining free
epsilon amino residues oflysine were identified by TNBS
reagent, which indicated that at least six epsilon amino
groups were measurable. A selective maleimide derivati
zation of (I) yielded 2.3 moles of maleimide groups per
mole of (I). Electrophoresis results revealed that Corn
pounds (I) and (II) yielded similar profiles. The absence of
a higher molecular band in compound (II) indicated that
there was no cross-linking (Fig. 2). A control sulfhydration
of MabTP4l.2F(ab')2 yielded 1.3 moles of sulthydryl
groups per mole of MabTP4l.2F(ab')2.(II). A quantitative
yield of compound (IV) was obtained by combination of
compounds (II) and (III). Indium- 111 labeling of (IV)
yielded about eleven molecules of â€˜â€˜â€˜Inper molecule of
(V). Specific activity was 0.92 @tCi/mg.Labeling efficiency
was 92%.

Immunoreactivfty Assay
Direct cell binding immunoreactivity assays revealed

that in the region ofantigen excess (plateau region) 79.4%
Â±5.3% of (V) and 39.5% Â±3.6% of (VII) bound to
melanoma cells (p < 0.001). Only 3.1% Â±0.4% of(V) and
(VII) bound to lymphoma cells. The results are summa
rized in Table 1.

A B



CellsCompoundPercent ofbindingMelanomaPL-Mab

(V)
DTPA-Mab(VII)79.4

Â±5.3
39.5Â±3.6LymphomaPL-Mab

DTPA-Mab(VII)3.1
Â±0.4

3.1 Â±0.4

TABLE2The
Tumor/Blood and Tumor/LiverRatios of PL-Mab(V)

and DTPA-Mab(VII) at 4, 24, and48 HoursPostinjectionPL-Mab
(V) DTPA-Mab(VII)4

24 48 4 2448Tumor/Blood

0.03 6.80 11.6 0.02 1.9 3.7
Tumor/Liver 0.10 0.63 1.2 0.02 0.13 0.13
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Immunoreactivity Assay

Biodistribution Studies
The results ofbiodistribution in melanoma tumor-bear

ing athymic mice for (V), (VI), and (VII) are summarized
in Figure 3. At 48 hr postinjection, the blood and liver
concentrations of PL-Mab(V) were found to be signifi
cantly lower as compared with the standard DTPA
Mab(VII) (p < 0.001). The tumor concentration, on the
contrary, was found to be significantly (p < 0.001) higher
for PL-Mab (1.63% Â±0. 13%), as compared with the
DTPA-Mab (0.86% Â±0.07%). Furthermore, the tu
mor:blood and tumor:liver ratios of PL-DTPA(V) were
found to be about ten times greater than those achieved
with the DTPA-Mab(VII) (Table 2).

DISCUSSION

The use of PL-DTPA as a polychelator to achieve high
specific activity radiolabeling of antibodies for diagnostic
imaging has been reported by other authors (22â€”24).These
studies have emphasized the need for maximum substitu
tion of epsilon amino groups with DTPA in order to
achieve maximum radiometallic labeling. Such an ap
proach, however, results in the reduction of the cationic
property of PL, which has been reported to be essential for
enhancing the tumor uptake of macromolecules (10,25â€”
27). The purpose of this study was to develop a method
for partial substitution of DTPA on PL that would allow

for a relatively high degree of radiometallic labeling but at
the same time conserve the polycationic property of FL.
The bifunctional linkers 2-IT and S-SMPB were chosen
because: (1) they form a noncleavable thioether bond
(compounds II and III) that is stable in vivo (28); and (2)
the single amino group of the Mab used for binding with
the FL to form a thioether chain results in a lower proba
bility of loss of immunoreactivity. Manabe et al. (22)
achieved high immunoreactivity using SPDP to serve as a
linker between Mab and FL-DTFA. The disulfide bond,
however, proved labile and unstable in circulation (29â€”
31). Our results indicate that partial substitution of DTFA
in FL using the 2-IT and S-SMFB combination resulted
in an in vivo stable compound as shown by differences in
biodistribution between compounds (V) and (VI). The low
blood and high kidney concentration found in our studies
are in contrast to those reported for the high negatively
charged compound â€˜â€˜â€˜In-antimyosin-Fab-succinimidyl
FL-DTPA (24), which demonstrated high blood but low
kidney concentration. These differences in biodistribution
may be related to electron charge. Further studies utilizing
FL with different molecular weights and therefore different
numbers of electron charges may be warranted. The low
blood and liver concentrations achieved with the bifunc
tional reagents 2-IT and S-SMFB combined with preser
vation ofimmunoreactivity may significantly improve the

FIGURE3. Biodistnbutionof PL-Mab
(V),(0), PL-DTPA(VI),J), andDTPA-Mab
(VII), (D) in athymic mice bearing human
melanoma tumor (%lD/g n = 4-6 per
group).
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sensitivity of tumor detection in radioimmunoscintigra

phy.
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