
carcinoma cell lines raises the possibility that the c-erbB-2
protein may function as an autocrine growth factor recep
tor in breast cancer. This feature may contribute to the
poorer prognosis of patients whose tumors over-express
the gene (3â€”5).Similar correlations between c-erbB-2
expression and prognosis have been suggested in patients
suffering from adenocarcinomas ofthe lung (6), endome
trium (7), ovary (8) and possibly bladder (9), rendering
this a most significant tumor marker in a variety of carci
nomas. It has also been reportedthat breast tumors over
expressing c-erbB-2 are frequently unresponsive to endo
crine treatment and chemotherapy (10,11), which has led
us to develop a number of monoclonal antibodies with
specificity for the external domain of the protein with a
view to their eventual exploitation for better detection and
treatment of this clinically important sub-group. Such
antibodies may provide operationally â€˜tumor-specific're
agents, since evidence suggests that they do not bind in
significant amounts to normal cells expressing only a single
gene copy (12).

Apart from their prognostic use in immunohistochem
ical analysis (4,5,13,14), these antibodies may be useful
for tumor localization by immunoscintigraphy, and pos
sibly for immunotherapy. As a firststep in theirpre-cinical
evaluation, the present study was undertaken to determine
their usefulness in PET imaging. PET provides enhanced
spatial resolution and sensitivity compared with conven
tional gamma scintigraphy, as well as the ability to quantify
radioisotope distribution in vivo. This may extend to
quantitation of c-erbB-2 expression in situ, and the ability
to detect small secondary tumor deposits in high risk
patients.

Our initial approach to antibody imaging using PET
focused on the need to label ICR12 effectively with a
radionucide that possessed suitable chemistry and half
life. As optimal localization occurs 24 hr or more after
administration, 1241(positron emitter, TÂ½= 4.2 days) was
our firstchoice radionucide. In orderto provide a labeled
antibody of the highest possible purity and immunoreac
tivity for clinical use, a study was undertaken to optimize
the labeling parameters ofICR12 using radioiodines. This

ICR12, oneof a panelof rat monoclonalantibodiesrecogniz
ing the external domain of the human c-erb B2 proto-onco
geneproduct,(Styles,1990)was chosenas a candidatefor
radiolabeling with 1241for positron emission tomography of
selected patients with breast cancer. By using N-bromosuc
cinimide (NBS), optimal labeling condi@onswere established
using 1251Thelabeling efficiency was determined using instant
thin-layerchromatography(ITLC)and gel filtration (HPLC).
Theantibodywas then labeledwith the positronemitter1241,
and a labelingefficiencyof 96% and immunoreactivityof
80%-90% was obtalned.The productwas stable,with less
than 5% of the radiolabel being elided after six days storage
in plasma at 37Â°C.Immunolocalization studies were per
formed in athymic mice bearing human breast carcinoma
xenografts overexpressing the c-erb B2 gene product using
as controls 1251labeledisotype-matchedrat anthody, and
antigen-negativetumors.Gooduptakeof 124l-labeledICR12
was obtainedin c-erb B2 expressingtumors (up to 12%
injected dose per gram at intervals up to 120 hr), with local
ization indicesof 3.4â€”6.2.Tumor xenografts of6 mm diameter
were successfullyimagedwith highresolutionat 24, 48 and
120 hr usingthe RMH/ICRMUP-PETcamera.We suggest
that 124l@@@JICR12 is a suitable agent to image and
quantify immunolocaJizationin patients whose tumors over
expressthe c-erb B2 proto-oncogeneproduct.

J NucI Med 1992; 33:2154-2160

he human c-erbB-2 proto-oncogene product is a
transmembrane glycoprotein of approximately 185â€”190
kilodaltons molecular weight with extensive structural ho
mology to the EGF-receptor (1). A putative ligand has
recently been described, (2) and the fact that the ligand
has been shown to be produced by certain mammary
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paper describes our findings and the results of localization
and PET imaging studies in athymic mice bearing human
breast cancer xenografts.

MATERIALSAND METhODS

By usingthe human breast carcinoma cell line BT474as an
immunogen, rat monoclonal antibodies were raised against the
external portion of the c-erbB-2proto-oncogeneproduct, p185
(12). Representative antibodies were shown to specifically im
munoprecipitate a 190 kD protein from 35S-methionine-labeled
breastcarcinomacellsin whichthe c-ed, B2is amplified(BT474
and MDA MB 361).One of the antibodies(ICR12)was stained
with formol-saline fixed sections of breast carcinoma to overex
pressthe c-erbB-2geneproductand bound to antigenin Western
blots.This antibodywasselectedfor further study.

Cell Linesand Xenografts
The human breast carcinomacell line MDA MB 361 (which

overexpresses the c-erbB-2 proto-oncogene), MDA MB 468 and

squamous carcinoma cell line LICR-LON-HN5 (which overex
pressEGF-R) were maintained in Dulbecco'smodified Eagle's
medium(DMEM)containing10%fetalcalfserumand penicillin,
streptomycinand neomycin.Xenografttumors wereestablished
in negative-pressure isolator maintained outbred nu/nu mice by
the subcutaneousinoculationof 5.106cells.Subsequentpassages
of tumors were initiated from trocar fragments for up to 10
generations providing that expressionof the relevant antigens
remained high (as determined by immunohistochemical exami
nation of randomly selectedtumor samples).Each mouse re
ceived two trocar fragments, located at midpoint ofeach flank.

Monoclonal Antibody Preparation and Radiolabeling
ICR12(12)and controlantibodyALN/l 1/53(15,16)are both

rat gamma 2a immunoglobulins.They were isolated from hy
bridoma culture supernatants by precipitation with (NH4)2S04
(45%ofsaturation) and ion-exchangechromatographyon What
man DE-52 cellulose (Whatman Ltd Maidstone, Kent).

Iodine-l25 and â€˜@â€˜iwere obtained from Amersham Interna
tional at 100 mCi/mi as a reductant-free solution in NaOH pH
7â€”11.Iodine-124 was produced and supplied by the Radionuclide
and Cyclotron Department at King FaiSa1Specialist Hospital and
Research Centre Saudi Arabia (KFSH, SA), using the â€˜2@'Te(d,
2n)'241nuclearreactionwith 15 meVdeuteronson 96%enriched
@24'j@as a target matrix (1 7). The radionuclide and the radiochem

ical purity were more than 99% and 90% respectively. Iodine
124 (@-50mCi/ml) was supplied in the form of sodium iodide
pH 11.

N-bromosuccinimide (NBS), sodium metabisuiphite, sodium
phosphate, phosphate-buffered saline (PBS) Sephadex 0-25 and
bovine serum albumin (BSA) were obtained from commercial
sources.

Purified IgG2a antibodies were labeled with either @25Ior
isotopes using the iodogen method (18), or with @24Iaccording to
the NBS method (19) but with varying reaction conditions as
follows.

Mass oJNBS. Fifty microcuries of 1251in 10 @1PBS pH 7.5
werepipettedinto a reactiontube followedby 25 @igofICRl2 in
15 @dPBS. The reaction was started by adding a quantity of NBS
(rangingfrom 0.125to 10gig)and terminated 2 mm later by the
addition of sodium metabisulphite in 0.05 M phosphate buffer,
pH 7.5,containingthe sameconcentrationsof NBS.

Reaction Time. In order to define the optimal reaction time
for iodination of ICR12, the procedure was performed with 25
@&gofantibody, 50 @sCiof 1251and 0.25 @gNBS. The reaction was
terminated after intervals of 0.5â€”20mm and the labelingeffi
ciency estimated.

Quantity ofICRl2. Different amounts ofICRl2 ranging from
1to 400@ wereplacedin reactiontubes.The radiolabelingwas
performed using 50 @Ciof 1251and 0.25 @gof NBS for 1 mm.
Two further setsof experimentswerecarriedout using 1 @gand
5 @igof NBS respectively.

pH. The pH profile for radiolabeling 25 @gof ICR 12 with 50
@Ciof 1251and 0.25 @gof NBS was examined using phosphate

bufferin the rangeofpH 4.4â€”9.5.
Carrier Iodide. By using 25 ig of ICR12 in PBS and 0.25 @g

of NBS, radioiodination was performed with 50 @Ciof 125!and
increasing amounts of carrier iodine (K!) up to 5 nmol. Results
were compared with those obtained in the absence of carrier.
Three further sets of experimentswerecarried out using 1 sg,5
@Lgand 10 gzg ofNBS respectively.

Immunoreactivity ofLabeled ICRJ2. To determine the effect
ofthe conditions oflabeling on the immunoreactivity of ICR 12,
competitive radioimmunoassays were carried out using as a target

the antigen present on MDA MB 36 1cells. Briefly, ICR12 labeled
with 1271wascomparedwith unlabeledICR12 for its capacityto
compete with â€˜251-labeledlCRl2for bindingto the cells. Doubling
dilutions of @27IICR12 or unlabeledantibody were prepared in
DMEM-10%FCSand then mixed with an equal volume of l25I@
labeled ICR 12.

Duplicatealiquotsof 50 @ilweretransferredto MDA MB 361
cells grown to confluence in 96 well plates (Nunc, Gibco Ltd.,
Scotland). After incubation at 18â€”20Â°Cfor 1 hr, the supernatant
was discarded and the plates were washed four times. The cells

were lysed by addition of a solution containing 1% sodium
dodecylsarcosinate in 0.5 M NaOH and the samples counted in
a gamma counter. Binding curves were constructed from the data
and the amount of active antibody in the experimental sample
was determined from the standard curve given by unlabeled
ICR12.

Competition assays could not be used with antibody labeled
with radioactive iodine. In this case, aliquots of radiolabeled
ICR12 (10@cpm) were incubatedfor 1 hr with Sepharose4B
beads coated with an excess of the p185 antigen. After washing
four times with PBS containing 0.5% Triton X-100 and l03M
phenyl methyl sulphonyl chloride, the radioactivity associated
with the beads was determined and the percentage of radiolabeled
antibody bound was calculated. Antigen-coated beads were pre
pared as described by Styles et al. (12) using ICR13 as the capture
antibody.

In Vitro Stability ofJCRl2 Radiolabeled with 124Jâ€¢ICR12 was
labeled with 1241using NBS as an oxidizing agent at a specific
activity of 2 @zCi/@g.The stability of the label was determined as
a function of time, temperature, and suspension medium (PBS
or plasma) for up to six days after preparation. Aliquots of labeled
ICR12 were stored at 4Â°Cin PBS or at 37Â°Cin human plasma.
At variousintervals,radiochemicalpuritywasmeasuredby ITLC
and HPLC.

In Vivo BiodistributionStudies
Groups of athymic mice bearing bilateral MDA MB 361

(antigen-positive) tumors or bilateral LICR LON HN5 (antigen
negative)tumors were inoculated intravenouslywith a mixture
0f5 @Lgeach of â€˜241-labeledICR12 and â€˜25I-labeledcontrol isotype
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NBS(@zg)0.2515ICR12Labeling

efficiency(gig)(%)150201810927218100939891400639698

TABLEIThe
Effect of NBS Mass on the LabelingEfficiencyof ICR12

with1@INBS
Labelingefficiency(izg)

(%)s.d.0.125

98(0.5)0.25
97(1)0.5
96(1)1.0
96(1.5)2.0
87(1)3.0
87(1)4.0
83(3)5.0

81(4)10.0
50(4)a

Standard deviation; mean of three experiments.

TAB
Labeling Efficiency of ICR

RatiLE

3
12VersusNBS:ICR12Molar
o (MA)Labeling

efficiencyNBS:ICR12
MR(%)0.52:1632.1:1938.4:19810:19821:19242:19184:172210:150421:118842:1204215:118

matchedALN/11/53at a specificactivityof 1 @zCiper @g.Groups
offour to six mice were killed by CO2asphyxiation at 24, 48 and
120 hr postinoculation. Radioactivity in weighed samples of
blood, lungs, liver,spleen,kidneysand tumors was determined
using a Packard autogamma spectrometer. Computerized â€œspill
overâ€•correctionswereappliedto determinethe relativequantities
ofthe two simultaneously administered isotopes in each sample.
The results were expressed as the percentage injected dose per
gram oftissue(%ID/g) for both specific and nonspecific antibody;
as tumor-to-normaltissueratiosand as a localizationindex (LI)
calculated as follows:

LI â€” %ID/g specificMab in tumor/%ID/g in blood
â€” %ID/g nonspecific Mab in tumor/%ID/g in bloodS

In Vivo ImagingStudies
For imaging purposes, xenograft-bearing nu/nu mice received

potassium iodide in their drinking water 24 hr prior to injection
of radiolabeled antibody to minimize the uptake by the thyroid
of any releasedradioiodine.Micewere injectedvia the tail vein
with 100 zCi â€˜24I-ICR12(10 @iCi/@tg).The mice were anesthetized
with pentobarbitone and imaged using the RMH/ICR MUP-PET

positron camera (20) at 24, 48 and 120 hr postinjection. Fifty
thousand counts per image were collected.

RESULTS

Optimizationof LabelingICRI2 with@ UsingNBS
The results ofthe various procedures used to determine

the optimal conditions for labeling ICR12 were expressed
as the percentage labeling efficiency as a function of the
different labeling parameters.

The results in Table 1 indicate that the highest radioio
dine incorporation into ICR12 (98%) was obtained with
0. 125 @tgofNBS. This corresponds to an NBS:ICR12 ratio
of 4.5: 1. The labeling efficiency tended to decrease with
increasing amounts of NBS, with a particularly sharp fall
between 5 and 10 @sg.The peak labeling efficiency (97%)
was obtained after a reaction time of 60 sec, although
between 2 and 20 mm there was no detectable decrease in
labeling efficiency indicating that this parameter is not
critical above 1 mm (data not shown).

TABLE 2
The Effect of ICR12 and NBS Mass on LabelingEfficiency

with 1@l

Experiments to determine the effect of pH on the label
ing ofthe antibody showed that the labeling efficiency was
lower at acidic pH below 6.0 but was not affected signifi
cantly in the range of pH 6.5â€”9.5(data not shown).

The absolute quantities and molar ratios of NBS and
ICR12 were examined for their effects on labeling effi
ciency. Labeling efficiency increased initially with molar
ratios between 0.5: 1 and 2: 1, and then remained at a
constant optimal level between 2:1 and 45:1, beyond which
the labeling efficiency declined sharply (Tables 2 and 3).
The effects of adding nonradioactive cold iodide on the
labeling efficiency of ICR12 are shown in Table 4. The
results indicated that no significant effects were evident
when up to 0.25 nmol of â€œcoldâ€•potassium iodide was
added, but a further increase in the carrier concentration
resulted in a progressive decrease in labeling efficiency.
However, by increasing the amount of NBS used, it was
possible to maintain a high labeling efficiency with carrier
concentrations up to 2.5 nmol, providing that the molar
ratio ofNBS:ICR12 did not exceed the optimum.

Optimization of Labeling of ICR12 with 1@l
The optimal reaction conditions found for 1251were

applied to radiolabeling with 1241.In order to obtain an
optimal labeling efficiency of 96%, 4 @igof NBS were
required for labeling a patient dose of 1.2 mg of ICR 12
with 2 mCi of 1241

For in vivo experiments, labeling was routinely carried
out with 2â€”10zCi 1241per @gantibody. Under these
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TABLE 4
The Effectof Carrier Cold Iodideon the Labeling

ofICR12with1251EfficiencyNBS(@g)
0.25 1510Labeling

efficiencyCarrier
I (nmole)(%)(NCA)

98 9782540.025
96 9780600.25
95 9784631.25
60 9784622.5
44 9684615.0
36 808054NCA

= no-earneradded.

dined as increasing masses of NBS were used. With
NBS:ICR12 molar ratios of5:l (which gives optimal label
ing efficiency), about 70% of the immunoreactivity was
retained; this decreased to 55% and 35% with molar ratios
of 10:1 and 25:1 respectively.

Stability of 1@i-LabeIedICRI2 In Vitro
The stability oflabeled ICR12 stored under two different

conditions was assessed using two independent techniques.
The data indicated that radioiodinated ICR12 was highly
stable in phosphate-buffered saline at 4Â°C,and also that in
plasma maintained at 37Â°Cless than 5% of the radiolabel
was eluted after six days of storage.

BiodistributionIn Vivo
The percentage of the injected dose per gram of tissues

for â€˜24I-labeledICR12 and control isotype-matched 125!..
labeled ALN/1 1/53 antibodies are shown in Figure 1.
Normal tissue levels for both antibodies were comparable
at all time points, but ICR12 showed a significant and
sustained localization in the antigen-positive MDA MB
361 tumors(12.6% ID/g at 24 hr and 9.0% ID/g at 120
Kr).The uptake ofcontrol antibody was less than 5% ID/
g, falling to 2.4% at 120 hr. The ratios of specific-to

conditions, the labeling efficiency as determined by ITLC
and HPLC was 96%, and the immunoreactivity of all
preparations was between 80% and 90% of that of the
unlabeled antibody.

Reactivfty of Labeled ICRI2 In Vitro
The effect of the mass of NBS used on the immuno

reactivity of the labeled product was assessed using a
competitive cell binding assay. The immunoreactivity de

A
15

C
w
Co
0

awI-.
C)w
z

C
15

120 HRS
C

!@@:
FIGURE 1. Biodistnbutionof 124I-ICR12(@)and â€˜25l-ALN/
11/53 (0) innude micebeating MDAMB361 xenografts.(A)
Twenty-fourhours,(B)48hrand(C)120hr.

0
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FIGURE 2. RatiosofICR12:ALN/11/53monoclonalantibodies
intissues of micebearingMDAMB361 breastcarcinomaxeno
grafts.

nonspecific antibody localization in all tissues are shown
in Figure 2. These values were less than or close to unity
for all normal tissues, but between 2.4 and 3.8 for the
tumors. The localization indices (LI) are illustrated in
Figure 3. Values of 3.4 at 24 and 48 hr rose to 6.2 at 120
hr. No significant localization of radiolabeled ICR12 was
obtained in two control tumors which do not overexpress
the c-erbB2 proto-oncogene, but which overexpress EGF
R (HN5 and MDA MB 468). Less than 4% ID/g was
obtained at any time point, which was not significantly
different from that obtained with the control antibody
(data not shown).

Imaging Studies In vivo
The MUP-PET scanning of mice inoculated with 10 zg

of 124!successfully imaged tumors of 5 mmâ€”7mm diam
eter located s.c. in the flanks. Figure 4 shows representative
3 mm thickcoronalsectionsthroughthe mouseat 24 hr

FIGURE3. Localizationindices(LI)as a functionof timefor
124l-ICR12:'25l-ALN/11/53in nudemicebearingMDAMB 361
breast carcinomaxenografts.Key as in Figure2.

B

I

FIGURE4. PETimagesof124I-ICR12 inanudemousebearing
bilateralflank MDA MB 361 breast carcinomaxenograftsof 5-7
mm diameter. Three millimeter coronal sections are shown at (A)
24 hr and (B) 120 hr postinjection.

(A), and 120 hr (B). At both time points, and at 48 hr (not
shown), the tumors were easily discernible, and significant
blood-pool activity was also present.

DISCUSSION
Amplification of the c-erbB-2 gene (and its associated

overexpression at the cell surface) has been correlated with
poor prognosis in patients with a variety of adenocarci
nomas, most notably of breast and ovary (3,8). These
patients are therefore at a higher risk of harboring micro
metastases which, ifdetected and treated, may significantly
improve their prospects of survival. The fact that the c
erbB-2 gene product is scarcely detectable on normal adult
tissues (21 )â€”unlikethe relatedEGF-Râ€”makesantibody
guided localization and therapy of such cancers an attrac
tive proposition. The use ofmonoclonal antibodies labeled
with gamma-emitting radionuclides (e.g., â€˜@â€˜ior â€˜â€˜â€˜In)as
diagnostic imaging agents is well established. However,
this technique still suffers from some disadvantages which
cannot be overcome completely by using single-photon
emission tomography (SPECT). The main problems are

8
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z
0
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difficulty ofimage attenuation correction and low intrinsic localization in vivo are also consistent with a long half-life
at the cell surface. It is thereforepossible that the behavior
of p185 in 3T3 cells is different from that expressed
constitutively in human breast carcinoma cells, or more
probably that monoclonal antibodies recognizing different
epitopes ofthe same moiety will engender different biolog
ical responses in the target cell. One such example concerns
the related EGF-R, in which different monoclonal anti
bodies have been shown to potentiate or inhibit the effects
of ligand binding (Modjtahedi H, personal communica
tion). Our data indicate that it is possible to raise antibodies
that can be used effectively to target iodine isotopes for
scintigraphic or PET imaging and that hold promise for
the development of targeted immunotherapy where sus
tamed localization of the monoclonal antibody guided
agent will be an advantage.
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T he article by Bakir et al. in this
issue of The Journal of Nuclear

Medicine (1) demonstrates that a
monoclonal antibody (Mab), ICR 12,
to a protein encoded by the c-erb B2
proto-oncogene, after radiolabeling
with 124!localized selectively to c-erb
B2 expressing human tumors grows
in nude mice. The localization could
be detected by positron emission to
mography (PET). The specific Mab
localized 3-4 times better than a con
trol Mab to tumor and there was up
to 12%of the injected dose of ICR12
per gram of tumor tissue. The degree
of tumor uptake, as well as the selec
tivity of specific, versus control anti
body was comparable with data re
ported from similar studies with other
antibodies using radioisotopes such as
125!, â€˜@â€˜ior â€œIn (2). As emphasized

by the authors, the data suggest that
â€˜24I-labeledICR 12 will be clinically
useful for the diagnostic imaging of
some breast carcinomas as well as
other neoplasms which overexpress
the c-erb B2 proto-oncogene product,
and it is likely that the PET scanning
technology will have advantages over
conventional scintigraphy. A study by
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Dc Santes et al. (3) describes some
what similar findings, but using differ
ent Mabs and â€˜@â€˜Iinstead of 1241(and
PET scanning).

An attractive feature of the work
performed by Bakir et al. (and by Dc
Santes et al.) is that the target mole
cule, p185, is encoded by a proto
oncogene. This has an advantage over
tumor-associated differentiation anti
gens, which are the tumor markers
most commonly used so far since the
expression of p185 is not only higher
in neoplasms than in normal tissues
(which is true also for tumor-associ
ated differentiation antigens), but is
more intimately associated with the
neoplastic state (4). Interestingly,
overexpression of c-erb B2 correlates
with a decreased sensitivity to treat
ment with hormones or chemothera
peutic drugs (5,6). This suggests that
diagnostic imaging of tumors using
Mabs such as ICR12 may be inform
ative with respect to how aggressive
the therapy should be and hence offers
an advantage over imaging with Mabs
to antigens whose expression does not
correlate with prognosis. Further
more, it may be possible to treat those
tumors which can bind anti-p 185
Mab by using it as a vehicle to deliver
a large dose of radioisotope, and there
are reasons to hope that p185 would
be less likely to be lost from the cancer

cells than antigens which are not en
coded by an oncogene. The present
study also suggests that certain anti
gens encoded by other oncogenes, for
example, by mutated ras p21, or by
mutated suppressor genes, could also
prove useful as markers for in vivo
diagnostics and perhaps even as ther
apeutic targets.

While the idea of using antibodies
as â€œmagicbulletsâ€•for tumor targeting
was postulated a century ago by Paul
Ehrlich, it has not been until fairly
recently that by using Mab technol
ogy, antigens have been identified
which are both expressed more in tu
mors than in most normal tissues and
are lacking from critical cells such as
hematopoetic stem cells. Some en
couraging therapeutic findings have
been already obtained with lympho
mas where complete tumor regres
sions have been seen in patients given
radiolabeled antibodies to tumor-as
sociated differentiation antigens (7,8).
While similar success has not been
achieved when using Mabs to deliver
radioisotopes to carcinomas, some
provocative data have been obtained
quite recently using an anti-carci
noma Mab, L6, to deliver â€˜@â€˜Ito a
small group of patients with breast
carcinoma (9). Therapeutic studies in
man in which anti-cancer drugs or
toxins have been delivered via Mabs
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