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ABSTRACT

Monoclonal antibody (mAb) LSA4, specific for the tumor-associated
mutant epidermal growth factor receptor variant III (EGFRvIII), is in
ternalized and degraded after cell binding. Four paired-label experiments
were performed in athymic mice bearing EGFRvIII-positive xenografts to
determine the suitability of N-succinimidyl @iodo-5.pyddinecarboxylate
(SIPC) for labeling this internalizing mAb. In mice with HC2 20 d2
xenografts, tumor uptake reached a maximum of 32.7 Â±2.0% injected
dose/g when labeled using SIPC, a value significantly higher (P < 0.05,
paired I test) than that observed when LSA4 was labeled using lodogen
(24.4 Â±22% Injected dose/g). The specificity ofmAb uptake in HC2 20 d2

and U87MG@@EGFR xenografts was measured in separate experiments by
coadministration of LSA4 and nonspecific, isotype-matched P3X63Ag8

mAb, both radiolodinated using SIPC. Tumor localization indices were
approximately 10 or more by 72 h, a degree ofspeclficity 3â€”4tImes higher
than that reported previously when labeling was performed using the
tyramine ceftoblose (TCB) method. In a final study directly comparing

LSA4 labeled using SIPC and TCB, similar tumor levels were obtained
(SIPC, 33.7 Â±6.1% injected dose/g at 24 h; TCB, 37.8 Â±6.7% injected
dose/g at 24 h); however, tumor-to-tissue ratios for the liver, spleen, and
kidneys were 3 tImes higher with SIPC at later time points. These results
suggest that SIPC is a promising method for labeling this anti-EGFRvIH
mAb and possibly other mAin that Internalize after binding.

INTRODUCTION

The potential utility of radiolabeled mAbs3 for diagnostic and
therapeutic applications is dependent on multiple factors, including
the processing of the mAb after binding to tumor. Several mAbs of
particular interest for radioimmunotherapy are rapidly internalized
after binding to the cell surface, leading to cellular processing of the
mAb and loss of label from the cell ( 1â€”4).To circumvent this
problem, radioiodination techniques have been developed that use
nonmetabolizable disaccharide conjugates to trap the radioactivity
within tumor cell lysosomes after proteolysis of the internalized mAb
(5â€”9).

A number of these â€œresidualizingâ€•labeling methods have been
investigated preclinically, including TCB (8, 10), inulin-tyramine (7,
9), and dilactitol-tyramine (6). Compared with conventional radioio
dination methods, these procedures enhance the retention of radioio
dine in tumor cells after internalization in vitro and also decrease the
loss of label from human tumor xenografts in vivo. Unfortunately, due
to a number of problems with residualizing labeling methods, these
radioiodination procedures have yet to be investigated in clinical
trials. These problems include significant cross-linking of mAb ( 11,
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12), low conjugation efficiencies and specific activities (5, 6), and
increased uptake in normal tissues such as liver, spleen, and kidneys
(6, 10, 13â€”15).

An improved method for the radioiodination of internalizing mAbs
could facilitate tumor targeting via recently identified receptor van
ants with exquisite tumor specificity such as EGFRvIII, a truncated
form of the epidermal growth factor receptor found on gliomas and
breast, ovarian, and non-small cell lung carcinomas (16â€”19). The
anti-EGFRvIII mAb L8A4 internalizes rapidly into receptor-positive
cells, and when labeled using TCB, exhibits prolonged retention in
EGFRvffl-positive human tumor xenogra.fts (10). However, TCB
labeling also resulted in mAb cross-linking, modest yields, diminished
immunoreactivity, and increased normal tissue uptake.

Recently, we reported a strategy for labeling internalizing mAbs
that couples a labeled prosthetic group to the mAb that is positively
charged at lysosomal pH (20). Radioiodination of mAb L8A4 using
SIN: enhanced the cellular retention of radioactivity after binding to
EGFRvffl-positive tumor cells in vitro compared with mAb labeled
using a conventional iodination method. A preliminary study in athy
mic mice with EGFRvIII-positive xenografts suggested that SIPC
might also offer advantages for in vivo applications. In the current
study, multiple paired-label tissue distribution experiments were per
formed to evaluate the potential utility of SIPC as a reagent for use in
clinical trials with L8A4 and possibly other internalizing mAbs.

MATERIALS AND METHODS

mAin and Cell Lines. ThecharacterizationandpurificationofmAb L8A4,
a murine IgGI that binds specifically to EGFRvIII, have been described
previously (10, 18). For some experiments, P3X63Ag8, a murine IgG1 of
irrelevant specificity (21), was used as a control. The HC2 20 d2 cell line

(generously provided by Dr. Albert Wong, Jefferson Cancer Institute, Phila

delphia, PA) was established from NIH Swiss 3T3 cells transfected with the
cDNA of EGFRvIII (19, 22). Scatchard analysis with radiolabeled mAb L8A4
has indicated that HC2 20 d2 cells express approximately 2 X 106 mutant

receptors per cell (18). The generation of the U87MG@EGFRcell line (gen
erously provided by Dr. Webster Cavenee, UCSD, San Diego, CA) has been
described by Nishikawa et al. (23); the human glioblastoma cell line U87M0

was subjected to retroviral transfection with a vector containing the cDNA for

EGFRvIII. U87MGAEGFR cultured cells express approximately 4â€”13X I0@
receptors per cell as defined by quantitative flow cytometry using fluorescein
labeled L8A4 (see below).

Radiolabeling. An electrophilic iododestannylation reaction was used to
label SIPC with either 125!or â€˜@Iaccording to previously published procedures
(24, 25). N-succinimidyl 5-(tni-n-butylstannyl)-3-pyridinecarboxylatewas re
acted at 60â€”65Â°Cwith 1251(or 1311)and N-chlorosuccinimide in CH2CII
AcOH (pH 5â€”5.5)for 5 mm; SIPC was isolated by HPLC. The HPLC fractions
containing the product were evaporated, and the residue was reacted with 100
p1 of L8A4 (6 mg/mi) or 100 @.dof P3X63Ag8 (5.7 mg/ml) in 0.1 M sodium

borate (pH 8.5) for 15 mm at room temperature. The reaction was terminated
by adding 200 p1 of 0.2 M glycine in borate buffer. For some experiments,
L8A4 was labeled with 1311using either the Iodogen method (26) or TCB as
described previously (10). All radioiodinated mAb preparations were purified

by gel filtration on a 10-cm Sephadex G-25 column eluted with Dulbecco's
PBS (pH 7.4; JRH Biosciences, Lenexa, KS).

1510

Improved Targeting of an Anti-Epidermal Growth Factor Receptor Variant III
Monoclonal Antibody in Tumor Xenografts after Labeling Using
N-Succinimidyl 5-Iodo-3-.Pyridinecarboxylate'

Craig J. Reist, Gerald E. Archer, Carol J. Wikstrand, Darell D. Bigner, and Michael R. Zalutsky2
Departments of Pathology (C. J. R., G. E. A., C. J. W.. D. D. B., M. R. ZJ and Radiology fM. R. Zj. Duke University Medical Center, Durham, North Carolina 27710

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/8/1510/2466212/cr0570081510.pdf by guest on 19 M

ay 2023



4 12 24 48 72 120 168

ExperimentmAb (labeling method)MonomericIgG(%)Immunoreactivefractionâ€•EGFRvIIIreceptors/cellIL8A4

(SIPC)9656%3.7 Xl0@2LSA4
(lodogen)

L8A4 (SIPC)96 9558% 73%2.5 XI0@3P3X63Ag8
(SIPC)

L8A4 (SIPC)
L8A4 (TCB)98

96
79NA

81%
72%3.6

xl0@4L8A4

(SI.PC)
P3X63Ag8(SIK@)96 97MD NA2.5

x l0@

mAb RADIOIODINATION

Table I Radiolabeled mAbparameters and EGFRv11Ireceptor number for
biodistribution experimentsâ€•

antibody to receptor, the number of receptors present, expressed as a popula

tion mean, was calculated. The estimated numbers of receptors per cell
obtained by quantitative flow cytometry for HC2 20 d2 cells were consistent
with those determined by Scatchard analysis with radiolabeled L8A4 (18).

RESULTS

MAbLabelingand QualityControl.Thecouplingefficiencyfor
labeling mAbs L8A4 and P3X63Ag8 using the SIPC reagent ranged
between 50 and 60% compared with 30% for the coupling of TCB to
L8A4. Preparations of similar specific activity (â€”0.5â€”1p@Ci/p@g)were
used for all of the biodistnibution experiments. As summarized in
Table 1, the percentage of activity associated with monomeric IgG
was >95% for mAbs radioiodinated using SIPC or lodogen. In
contrast, when L8A4 was labeled using TCB, only 79% of the activity
eluted at the retention time of IgG with most of the remainder during
with the void volume, suggesting that some aggregation of mAb had
occurred. The immunoreactive fraction of L8A4 radioiodinated using
SIPC, Iodogen, and TCB was 56â€”81,58 and 72%, respectively.

Experiment1. Thefirstbiodistnibutionexperimentinvolveddirect
comparison of L8A4 labeled using SIPC and a conventional radioio
dination method (lodogen). Quantitative flow cytometric analysis of
samples of disaggregated tumor cells obtained from parallel animals
not receiving labeled mAbs was performed to estimate EGFRvIII
receptor number. A mean value of 3.7 X l0@receptors per HC2 20 d2
cell was obtained for these xenografts, and similar values were meas
ured for the xenografts used in the other experiments (Table 1).

As shown in Fig. 1, use of SIPC for labeling L8A4 resulted in a
significant increase (P < 0.05; paired t test) in tumor accretion
compared with mAb labeled using Iodogen as early as 4 h after
injection. Maximum tumor accretion was observed at 24 h for both
preparations (SIPC, 32.7 Â±2.0% ID/g; lodogen, 24.4 Â±2.2% ID/g).
The enhancement in tumor retention associated with SIPC labeling
remained significant (P < 0.05) throughout the first 48 h of the
experiment. The % ID/g in tumor declined rapidly after 24 h, an
observation related to the rapid doubling time of these tumor xc
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Fig. 1. Uptake of radioiodine activity in HC2 20 d2 xenografts in athymic mice after
injection of mAb L8A4 labeled with â€˜@ â€˜Iusing lodogen (gray bars) and â€˜251using SIPC
(black bars). Data represent the average % ID/g for five mice. Bars. SD.

a Experiments 1â€”3 were performed in athymic mice bearing HC2 20 d2 xenografts; in

experiment4, the U87MGAEGFRtumorwasused.
b NA, not applicable; ND, not determined.

Evaluation of Immunoreactivity and Affinity. The immunoreactive frac
tion and affinity constant of radioiodinated L8A4 preparations were deter
mined using previously described procedures (10). Approximately 5 ng of
radiolabeled L8A4 was incubated with 100, 300, and 500 mg of HC2 20 d2

homogenized tumor xenograft in triplicate at 4Â°Cfor 16 h, and the immuno
reactive fraction was calculated according to Lindmo et aL (27).

Blodistribution Studies. Expression of EGFRvIII by HC2 20 d2 xc
nogralts was stable throughout serial transplantation in vivo (passages 6â€”9).
Tumor xenografts were established in nude mice by s.c. injection of I X 108
HC2 20 d2 cells per mouse. Athymic mice bearing 5â€”7-day-oldHC2 20 d2
xenografts approximately 150â€”250mm3 in size, as determined by measure
ment with vernier calipers [calculated as (length X width2)/2; Ref. 101,were
used for the biodistribution studies. The animals were randomized by tumor
volume before initiation of each biodistribution study. Three paired-label
immunolocalization studies were performed in mice bearing s.c. HC2 20 d2
xenografts. The first study compared the uptake of mAb L8A4 labeled with
â€˜@â€˜Iusing lodogen (2.5 g.@g,1.1pCi) with that labeled with â€˜25Iusing SIPC (2.5
l.Lg,1.7 pCi). The second experiment examined the specificity of mAb uptake
by comparing the biodistribution of 2.5 @gof L8A4 labeled with 2.5 @tCiof
1251 with an equal amount and activity of â€˜31I-labeled isotype-matched control

mAb P3X63Ag8, both labeled using SIPC. The third study compared the
tumor and normal tissue uptake of L8A4 labeled with 125Jusing SIPC (2.5 @xg,
1.9 @.tCi)with that of L8A4 labeled with â€˜@â€˜Iusing TCB (2.5 @.tg,0.9 pCi). A
fourth biodistnibution experiment was performed in the U87MG@EGFRxc
nograft model that was generated using identical methods as described above
for the HC2 20 d2 tumor-bearing animals. The specificity of mAb uptake in
U87MG@EGFR tumors was examined by comparing the biodistribution of 2.5

l.Lgof L8A4 labeled with 0.6 @Ciof 251with an equal amount of â€˜31I-labeled
isotype-matched control mAb P3X63Ag8 (2.1 pCi), both labeled using SIPC.

In each study, radiolabeled mAbs were injected into the tail veins of mice,
and groups of five mice were killed at various times postinjection. Blood
samples were obtained by transection of the inferior vena cava. A complete
dissection was performed, and tissues of the liver, spleen, lungs, heart, kidney,
thyroid, stomach, small and large intestines, bladder, bone, skin, muscle, and
brain were recovered in addition to tumor. All tissues were weighed and
assayed for â€˜25Iand I3II activity using a dual-channel gamma counter. Data
were corrected for spillover of@@ â€˜Iinto the@ 25! counting window and for
radioisotopic decay. Results were expressed as % ID/g by comparison to
injected dose standards of appropriate count rate.

Quantitative Flow Cytometry. The number of EGFRvIII sites recognized
by mAb L8A4 on HC2 20 d2 and U87MGAEGFR xenografts was determined
by quantitative flow cytometry. The Quantum Simply Cellular standard system
was used, consisting of a mixture of four uniform microbead populations with
varying capacities to bind murine IgG (Flow Cytometry Standards Corp., San
Juan, Puerto Rico). Tumors of the same passage level as those used in the
tissue distribution studies were harvested and disaggregated with 0.4% colla
genase in zinc option culture media for 30 mm at room temperature. Mi
crobeads or disaggregated tumor cells were labeled for 2 h at 4Â°Cwith 300 p1
offluoresceinated mAb (5 or 10 @g/ml)and washed twice with PBS containing
1%BSA. After resuspension in 500 p1 of0.5% paraformaldehyde, the samples
were analyzed on a Becton Dickinson FACSort equipped with Lysys software
(Becton Dickinson, San Jose, CA). Analysis ofreceptor density was performed

by interpolation from microbead standard curves using QuickCal software
(Flow Cytometry Standards Corp.). Assuming a 1:1 stoichiornetry of bound
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increased from 29.2 Â±2.4% ID/g at 12 h to 47.0 Â±12.4% ID/g at
72 h. Compared with mAb labeled using TCB, tumor levels with

I .5 SIPC were significantly higher at 12 h and significantly lower
thereafter (P < 0.05) according to the paired t test. With regard to
normal tissue retention of radioiodine, comparable levels were

:@ observedforthetwolabelingmethodsatearlytimepointsexcept
I 0@ in the thyroid, where significantly lower activity concentrations

. .@) were seen for SIPC (SIPC, 6.4 Â± 1.5% ID/g at 24 h; TCB,

@ 14.7 Â±4.1% ID/g at 24 h). Blood levels at early time points were
1@ higher with SIPC (SIPC, 19.8 Â± 4.3% ID/g at 24 h; TCB,
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Fig. 2. % ID of â€˜251-labeled L8A4 prepared using SIPC (â€¢,left Yaxis) and the weight
of these HC2 20 d2 xenografts determined at necropsy (A, right Y axis). Points are the
average of five mice. Bars, SD.

nografts. This is apparent when the data were expressed as % ID in
tumor, a parameter that continued to increase through 120 h (Fig. 2),
at which time the % ID reached 8.8 Â±I .2% for L8A4 labeled using
SIPC compared with 7.9 Â±1.0% ID when the lodogen method was
used. In general, normal tissue uptake of radioactivity was corn
parable for both labeling methods (not shown) except for the
thyroid and the stomach, which were significantly lower
(P < 0.01) for mAb labeled using SIPC. At 72 h, for example,
thyroid levels were 5.58 Â±4.18% ID/g (SIPC) and 49.6 Â±27.8%
ID/g (lodogen), whereas stomach levels were 0.82 Â±0.25% ID/g
(SIPC) and 1.67 Â±0.42% ID/g (lodogen). However, by 120 h,
significantly less uptake (P < 0.05) was evident for all normal
tissues for L8A4 labeled using SIPC.

Experiment 2. To investigate the specificity of mAb uptake, a
paired-label study was performed with â€˜25I-labeledL8A4 and with
1311-labeled P3X63Ag8, a nonspecific IgGI control mAb, both la
beled using SIPC. Rapid growth of these xenografts again was ob
served with the mean weight of the HC2 20 d2 xenografts harvested
increasing from 0.1 1 Â±0.05 g at 4 h, to 0.80 Â±0.30 g at 72 h, to
2.05 Â±0.35 g at 120 h. As in the first experiment, rapid tumor
accretion was observed (Fig. 3) with the peak value occurring at 24 h
(L8A4, 54.7 Â±6.4% ID/g; P3X63Ag8, 13.6 Â± 1.1% ID/g). The
specificity of L8A4 uptake was determined by calculating the local
ization index, defined as cpm L8A4 per gram divided by cpm
P3X63Ag8 per gram, normalized to the same ratio in blood. The
localization index for HC2 20 d2 xenografts increased with time,
reaching a value of 14.8 Â±2.2 at 120 h (Fig. 4). Localization indices
for normal tissues remained low (0.9â€”1.4)throughout the experiment
except in the intestines at the later time points. The small intestine and
large intestine had localization indices of 4.4 Â±I .1 and 6. 1 Â±1.2,
respectively, at 120 h postinjection. However, it should be noted that
the activity concentrations were quite low (e.g., 0.2 Â±0. 1% ID/g
L8A4 remained in both the small and large intestines at this time).

Experiment 3. The third experiment was performed to compare
directly the HC2 20 d2 xenograft and normal tissue distribution of
L8A4 radioiodinated using the SIPC and TCB methods. The bio
distribution of radioiodine activity after injection of L8A4 labeled
with 1251using SIPC and â€˜@â€˜Iusing TCB is summarized in Table
2. With SIPC, tumor accretion was 32.9 Â±3.8% ID/g at 12 h and
remained at that level through 72 h; with TCB, the tumor accretion
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Fig. 3. Uptake of radioiodine (% ID/g) in HC2 20 d2 xenografts for â€˜@â€˜I-labeledL8A4
(black bars) and 311-labeled P3X63Ag8 (white bars) both labeled using SIPC. Data
represent the average of five mice. Bars, SD.
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Fig. 4. Tumor localization indices for mAb L8A4 labeled using the SIPC method.
Animals received â€˜@I-1abeledL8A4 and â€˜311-labeledP3X63Ag8 both labeled using SIPC.
ThefigureshowslocalizationindicesforathymicmicebearingHC220 d2 (blackbars)
and U87MG@EGFR (open bars) EGFRvIII-positive xenografts. ND, not done. Data
represent the average of five mice. Bars, SD.
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Table 2 Paired-labeltissue distribution in athymic mice with HC2 20 d2 xenografts of L8A4 mAb radioiodmated using the SIPC and TCBmethodsTissueâ€•%

1D/g12

h24 h72 h120 h168hLabeled

usingSIK@Liver6.7
Â±0.95.5 Â±0.83.5 Â±1.00.7 Â±0.60.3 Â±0.2Spleen5.5
Â±0.84.9 Â±1.32.7 Â±1. 10.5 Â±0.40.2 Â±0.1Lungs7.9
Â±2.06.9 Â±1.95.8 Â±2.51.0 Â±1.10.3 Â±0.2Heart5.4
Â±0.44.2 Â±0.93.0 Â±0.60.5 Â±0.40.2 Â±0.1Kidney6.5
Â±1.05.3 Â±0.83.7 Â±1.00.7 Â±0.60.3 Â±0.2Stomach1.2
Â±0.51.0 Â±0.10.6 Â±0.30.2 Â±0.20.1 Â±0.0Sm.

intestine1.8 Â±0.31.9 Â±0.41.0 Â±0.30.3 Â±0.20.1 Â±0.1Lg.
intestine1.5 Â±0.21.5 Â±0.60.7 Â±0.20.4 Â±0.40.2 Â±0.1Thyroid8.1

Â±0.56.4 Â±1.55.3 Â±1.32.6 Â±0.92.6 Â±0.5Muscle1.9Â±0.31.7Â±0.41.2Â±0.30.2Â±0.20.1
Â±0.1Blood23.0

Â±2.219.8 Â±4.314.0 Â±3.32.6 Â±2.11.0 Â±0.8Brain0.5
Â±0. 10.4 Â±0. 10.3 Â±0. 10. 1 Â±0.00. 1 Â±0.1Tumor32.9
Â±3.833.7 Â±6.133.8 Â±6.78.9 Â±5.83.9 Â±2.5Labeled

usingTCBLiver6.7
Â±1.06.2 Â±1.14.7 Â±0.92.5 Â±1.02.1 Â±0.3Spleen5.0
Â±0.75.1 Â±1.23.8 Â±1.11.7 Â±1.01.2 Â±0.5Lungs5.8
Â±1.45.5 Â±1.44.4 Â±1.71.1 Â±0.80.5 Â±0.2Heart3.9
Â±0.33.1 Â±0.72.2 Â±0.40.6 Â±0.30.3 Â±0.1Kidney5.7
Â±1.05.1 Â±1.04.3 Â±0.82.2 Â±0.72.2 Â±0.3Stomach1.1
Â±0.40.9 Â±0.10.6 Â±0.20.3 Â±0.20.2 Â±0.1Sm.

intestine1.4 Â±0.21.5 Â±0.30.9 Â±0.20.3 Â±0.20.2 Â±0.1Lg.
intestine1.4 Â±0.31.4 Â±0.50.8 Â±0.20.6 Â±0.20.5 Â±0.1Thyroid11.9

Â±3.614.7 Â±4.113.5 Â±2.614.7 Â±4.215.4 Â±2.7Muscle1.4
Â±0.21.3 Â±0.30.9 Â±0.20.2 Â±0.20.1 Â±0.1Blood17.0
Â±1.714.5 Â±3.29.9 Â±2.32.1 Â±1.50.9 Â±0.6Brain0.4
Â±0.10.3 Â±0.10.2 Â±0.00.1 Â±0.00.0 Â±0.0Tumor29.2
Â±2.437.8 Â±6.747.0 Â±12.415.1 Â±9.57.4 Â±4.1a

Sm., small; Lg., large.

mAb RADIOIODINATION

14.5 Â±3.2% ID/g at 24 h). However, SIPC labeling resulted in
lower liver, spleen, and kidney retention beginning at 48 h postin
jection, and these differences remained significant (P < 0.05)
throughout the course of the experiment. Tumor-to-normal tissue
ratios for L8A4 labeled using SIPC and TCB are compared in Fig.
5. The two preparations behaved in a similar manner over the first
72 h. However, thereafter, significantly higher tumor-to-liver, tu
mor-to-spleen, and tumor-to-kidney ratios were achieved when
radioiodination was performed via the SIPC reagent. In contrast,
tumor-to-blood ratios were higher when L8A4 was labeled using
the TCB method.

Experiment 4. To show that EGFRvIII-specific uptake was not
limited to the HC2 20 d2 tumor xenograft, â€˜25I-labeledL8A4 and
â€˜311-labeledP3X63Ag8, both prepared using SIPC, were injected into
athymic mice bearing U87MGI@EGFR xenografts. Flow cytometric
analysis using fluoresceinated L8A4 indicated that disaggregated
U87MGI@EGFR xenograft cells possessed a mean of 2.5 X l0@
EGFRvIII receptors per cell. The weight of the xenografts determined
at necropsy increased from 0.68 Â± 0.46 g in the 4-h group to
1.75 Â±0.77 g in the 72-h group. At all time points, tumor accretion
was significantly less than that observed in experiment 2, in which the
same mAbs were administered to mice with HC2 20 d2 xenografts.

16

12

.â€”
c@4

â€˜:1)0

cI@
.â€”30

@24

0
@18

@12

6

0

Fig. 5. Tumor-to-normal tissue ratios observed in athy
mic mice bearing HC2 20 d2 xenografts and injected with
mAb L8A4 labeled with 251using SIPC (â€¢)and @â€˜Iusing
TCB (0). Points represent the average of five mice. Bars,
SD.
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Maximum tumor accumulation in U87MG@EGFR also occurred at
24 h (L8A4, 26.0 Â±9.0% ID/g; P3X63Ag8, 9.81 Â±3.1 1% ID/g; data

not shown). As shown in Fig. 4, the U87MGL@EGFR tumor localiza
tion index increased throughout the study, reaching a maximum value
of 9.6 Â±5.5 at 72 h. The localization indices in U87MGL@EGFR
xenografts were not significantly different from those determined in
the HC2 20 d2 tumor model.

DISCUSSION

mAb internalization complicates the use of radioiodinated mAbs
because their proteolytic degradation products are not retained intra
cellularly (28), diminishing tumor radiation dose. This has led several
investigators to suggest that it would be more fruitful to use mAbs that
do not internalize for radioimniunotherapy (5, 28, 29). However, if
appropriate methods could be found for their radioiodination, inter
nalizing mAbs could offer important advantages for therapy. Com
pared with localization on the tumor cell membrane, an intracellular
radioactive decay site will increase the solid angle for irradiation of
the nucleus and render effective high linear energy transfer radiation
with subcellular range, such as the Auger electrons emitted by 1251
(30). The results of both dosimetry calculations and in vitro experi
ments indicate that intracellular localization can have a significant
effect on cytotoxicity (31, 32).

Creating a labeled catabolite that remains trapped in the cell after
lysosomal processing is a key element in the design of labeling methods
for internalizing mAbs. With metallic radionuclides, this can be accom
pushed by using labeling methods designed for nonintemalizing mAbs
(5, 6, 33); however, for radioiodination, particular methods are required.
These procedures involve the conjugation of a labeled, metabolically
inert disaccharide to the mAb (5â€”9).This approach generally has in
creased retention ofradioactivity in human tumor xenografts implanted in

athymic mice. Unfortunately, a number of problems are associated with
residualizing labeling methods, including low coupling efficiency and
specific activity, compromised immunoreactivity, mAb cross-linking,
and higher normal tissue retention of radioactivity.

Clinical evaluation of internalizing mAbs would be greatly facili
tated by the development of improved methods for their radioiodina
tion. Based on the fact that many lysosomal dyes are positively
charged, we hypothesized that a cationic, radioiodinated molecule
created after proteolytic degradation of the mAb would be retained in
the cell after internalization. Recently, we demonstrated the feasibility
of this approach using SIPC, a reagent that couples positively charged
iodopyridinecarboxyl residues to mAbs. Its use for labeling the inter
nalizing mAb L8A4 increased the cellular retention of radiolabel in
vitro (20). The current study focused on the in vivo properties of mAb
L8A4 labeled using SIPC to determine which labeling approach
would be better suited for clinical evaluation of mAbs reactive with
EGFRvIII as diagnostic and therapeutic agents. EGFRvIII has been
associated with gliomas, breast and ovarian carcinomas, and some
non-small cell lung carcinomas, but not normal adult tissues, includ
ing those that express wild-type EGFR (16â€”19).

Previously, we reported that anti-EGFRvIII mAbs radioiodinated
using lodogen exhibited poor retention in tumor xenografts and sig
nificant uptake in the thyroid (10). The former observation is consist
ent with rapid processing of these mAbs in tumor, whereas the known
susceptibility of conventionally radioiodinated mAbs to deiodinases
contributes to the latter. When the anti-EGFRvIII mAbs L8A4 and
Hl0 were labeled via TCB, a significant improvement in tumor
retention was seen; however, higher uptake in the liver and spleen and
relatively low tumor localization indices also were observed (10). In
addition, only modest conjugation efficiencies (30â€”40%) and protein
cross-linking of 10â€”20%occurred when the TCB method was used.

These difficulties are consistent with the results of other investigators
who have used TCB for labeling proteins (8, 11, 12). In contrast, both
of the current experiments and those performed previously (20) mdi
cate no evidence of mAb cross-linking when radioiodination was
performed by the SIPC method. In addition, coupling yields achieved
with SIPC were approximately 2 times higher than those obtained
with TCB, and approximately 20 times higher than those reported for
another residualizing label, dilactitol-iodotyramine (6).

Data from a preliminary tissue distribution experiment suggest that
the SIPC method may improve the in vivo behavior of L8A4. Tumor
uptake of this mAb labeled via SIPC was higher than when the
Iodogen method was used, but time points only up to 3 days could be
studied due to the rapid in vivo growth of this passage of HC2 20 d2
cells (20). The results of the current study confirm that use of SIPC
leads to significantly enhanced tumor uptake, presumably reflecting
enhanced intracellular retention of radioiodine. Due to the rapid
growth of the HC2 20 d2 xenografts, % ID/g in tumor peaked at 24 h;
when expressed as % ID/tumor, uptake of mAb continued to increase
for at least S days. The observation that the tumor activity advantage
with SIPC labeling occurred early in vivo is consistent with in vitro
data, which showed that enhancement of cellular retention with SIPC
was primarily during the first 12 h after internalization (20).

The method used for mAb labeling can have a major effect on the
apparent specificity of mAb localization in tumor. Loss of label from
mAb bound to tumor, as well as retention of these labeled catabolites in
blood, could decrease the tumor localization index, giving an underesti
mate of mAb specificity. With internalizing mAbs, differential catabo

lism of specific and control mAbs would be anticipated because only the
specific mAb is subjected to the actions of intracellular catabolism within
the tumor cell. Only limited information is available comparing the tumor
uptake of internalizing mAbs with their nonspecific counterparts. Signif
icantly higher tumor retention of specific compared with isotype-matched
control mAbs has been reported when both mAbs were labeled using
dilactitol-iodotyramine (6); however, because these studies were per
formed in different groups of animals, tumor and normal tissue localiza
tion indices could not be calculated.

Previous studies have shown that use of SIPC for the radioiodination
of a mAb reactive with an extracellular matrix antigen increased the
tumor localization index by a factor of 2 compared with mAb labeled
using the Iodogen method (25, 34). In the current study, paired-label
experiments were performed in two EGFRvffl-positive xenografts to
determine the effect of SIPC labeling on the specificity of L8A4 tissue

distribution. Tumor localization indices continued to increase with time
for both the HC2 20 d2 and UMG87AEGFR xenografts and were
approximately 3â€”4times higher than those obtained with TCB radioio
dination (10). When an appropriate tumor model becomes available, it
will be interesting to compare these results with those obtained in a
rapidly growing, EGFRvffl-positive xenograft.

Unexpectedly, the localization indices calculated for L8A4 in the
intestines were significantly greater than 1 at later time points. It is not
likely that this reflects specific uptake of mAb because EGFRvIII is
not expressed on normal tissues (18). A more likely explanation is that
the localization index for intestines reflects uptake of a labeled catab
olite created by the intracellular catabolism of L8A4 but not the
isotype-matched control mAb, which presumably is not internalized in
tumor. Accordingly, the lysine conjugate of iodonicotinic acid is the
primary catabolite generated after in vitro internalization of L8A4
labeled via SIPC, and previous studies indicate that this catabolite
localizes in the intestines (20). This supposition also is supported by
previous studies with a noninternalizing mAb, in which the intestine
localization index was not significantly higher than 1 (25). Although
the intestinal uptake of L8A4 is higher than that of control mAb with
SIPC, this is not problematic for targeting because the intestinal
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uptake of L8A4 was low (0.45% ID/g, small and large intestine at
120 h postinjection) and not significantly higher than that observed
when this mAb was labeled using lodogen or TCB.

A potential problem with methods developed for the radioiodination of
internalizing mAbs is that their use could increase not only tumor uptake
but also activity levels in normal tissues, particularly those involved in
protein catabolism. For example, compared with conventionally labeled
RS7, labeling via dilactitol-tyramine increased liver, spleen, and kidney
uptake by approximately 50â€”100%(6), and a number of studies have
shown that labeling with TCB increased retention in liver and spleen (8,
10). It is worth noting that TCB itself is taken up by rathepatocytes (35),
and this could lead to liver uptake even when mAbs labeled using TCB
were degraded extracellularly. 16

Previous studies with noninternalizing mAbs have demonstrated that
mAbs labeled via SIPC exhibited low normal tissue levels (24, 25), and

the current study indicates similar behavior for L8A4. This is likely due 17
the low lipophilicity of the labeled catabolites generated from mAbs
labeled by this method. Except for transient localization in the intestines,
both 5-iodomcotinic acid and 5-iodonicotinic acid-lysine are rapidly 18.
cleared from normal tissues and excreted via the urine (20, 25).

A paired-label experiment was performed to directly compare the
tumor and normal tissue uptake for L8A4 labeled using the SIPC and 19.
TCB methods. Activity levels in HC2 20 d2 xenografts were some
what higher with TCB at most time points; however, in general,
normal tissue accumulation with SIPC was considerably lower than
that observed with TCB. As a result, the tumor-to-normal tissue ratios
for liver, spleen, and kidney were at least 3 times higher for SIPC than
for TCB at the end of the 7-day experimental period. In contrast,
tumor-to-blood ratios with TCB were consistently higher than those
observed with SIPC. Lower levels in blood, in tandem with higher
levels in spleen and liver, for mAb labeled via TCB is a tissue
distribution pattern that may reflect the formation of high molecular
weight mAb complexes during the TCB labeling.

In summary, these results suggest that SIPC may be a valuable

approach for the radioiodination of mAbs that internalize after binding
to cell-surface receptors. The coupling efficiency, radiochemical pu
rity and immunoreactivity, and the selectivity and specificity of tumor
targeting obtained with this method are sufficient to encourage din
ical evaluation of L8A4 radioiodinated using SIPC.
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