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ABSTRACT

A bispecific antibody, MDX-H210, was developed to target cytotoxic
effector cells expressing Fcy receptor type I (Fc'yRI, CD64) to HER2lneu
overexpressing tumor cells. HER2/neu is an appropriate target for immu

notherapy due to the high level of expression of this proto-oncogene in a
variety of malignancies. The expression of Fc'yRI is limited primarily to
cytotoxic immune cells, including monocytes, macrophages, and cytokine
activated polymorphonuclear (PMN) cells. Therefore, tumor cells bound

with MDX-H210 can be selectively recognized by effector cells with cyto
toxic potential. MDX-H210 was prepared by chemical conjugation of Fab'

fragments derived from the RER2/neu-specific monoclonal antibody,
520C9, and the FcyRI-speciflc monoclonal antibody, Hfl This bispecific

molecule demonstrated specific, dose-dependent, and saturable binding to
both HER2Ineu- and Fc'yRI-expresslng cells. A solid-phase hnmunoassay

that demonstrated simultaneous and specific binding to both antigens was
used to confirm the bispecific nature of MDX-H210. Monocytes and PMN
cells mediated MDX-H210-dependent lysis of HER2Ineu-overexpressing
cell lines derived from breast, ovarian, and lung carcinomas. IFN.@'
treatment of monocytes enhanced antibody-dependent cellular cytotoxic

ity, whereas IFN-y and granulocyte colony-stimulating factor were re
quired for PMN cell-mediated tumor cell lysis. In addition, MDX-H210
elicited tumor necrosis factor-a secretion from monocytes when cultured
in the presence of HER2/neu-positive target cells. These in vitro data
suggest that targeting tumor cells to FcyRI with MDX-H210 may be an
effective treatment for malignancies that overexpress HER2/neu. The in

vivo cytotoxic potential of MDX-H210 may be enhanced by combination
therapy with the cytokines granulocyte colony-stimulating factor and
IFN-@',which up-regulate FcyRI expression on cytotoxic effector cells.

INTRODUCTION

Cytotoxic effector cells are capable of selectively destroying tumor
cells in combination with tumor-specific antibodies by a process
known as ADCC3 (1â€”6).ADCC occurs through extracellular lysis
and requires effector and target cell contact. In vitro and animal
models provide significant evidence demonstrating that antibody
induced tumor destruction is mediated by Fc receptors on immune
effector cells (7â€”10).Furthermore, the cytotoxic activity of antitumor
mAbs have been shown to correlate with specific antibody isotypes (2,
4, 9).

The human IgG Fc receptors Fc-yRI, Fc-yRII, and FcyRIII act as
cytotoxic trigger molecules when they are expressed on the appropri
ate effector cells (10). FcyRI, unlike Fc-yRII and Fc'yRIII, is expressed
primarily on monocytes and macrophages, and its expression is sig
nificantly elevated on cytokine-activated PMN cells (1 1â€”13).Thus,
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the cellular distribution of FcyRI is restricted to immune cells that can
mediate ADCC. However, because of its high affinity for monomeric
IgG, Fc'yRI is saturated with serum IgG in vivo and may not be
efficiently recruited due to antibody blockade of this receptor.

Several mAbs that bind Fc'yRI at a site distinct from the ligand
binding domain have been developed (14â€”16).The anti-Fc7RI mAb
22, which has recently been humanized (15), can trigger Fc'yRI
effector functions in the presence of saturating IgG (14â€”16).Further
more, bispecific antibodies constructed with mAb 22 targeted to
neuroblastoma or lymphoma cells have been shown to mediate ADCC
and phagocytosis in the presence of human IgG (17, 18). Because
these bispecific molecules can bind Fc'yRI in the presence of saturat
ing concentrations of IgG, they may effectively exploit the cytotoxic
potential of FcyRI under physiological conditions.

This report describes the in vitro characterization of a bispecific
antibody, MDX-H2l0, composed of chemically linked Fab' frag
ments from the humanized 22 mAb, H22, and mAb S20C9 (19),
specific for the protein encoded by the HER2/neu proto-oncogene.
HER2/neu, also referred to as c-erbB-2, is a well-characterized trans
membrane receptor that is expressed at high levels in a variety of
human malignancies, including those of breast, ovary, colon, endo
metrium, and lung (20â€”23). In breast and ovarian carcinomas, the
HER2/neu amplification and overexpression occurs in approximately
20â€”30%of patients and correlates with poor prognosis (20). Some
normal tissues express low levels of HER2/neu; however, overexpres
sion of this proto-oncogene appears to be limited to malignancies.
Therefore, HER2/neu is a suitable target for immunotherapy of ma
lignant tumors.

MATERIALS AND METHODS

Cells and Reagents. The following cell lines were obtained from Amen
can Type Culture Collection (Rockville, MD): HER2ineu-overexpressing
breast carcinoma cell lines; SK-BR-3 (derived from breast carcinoma); SK
OV-3 (derived from ovarian carcinoma); and Calu-3 (derived from lung
adenocarcinoma); HER2/neu-low-expressing cell line A-43l adenocarcinoma;

FcyRI-expressing U-937 (hystiocytic lymphoma) cell line; CEM T lymphoma
cell line; and HL-60 promyelocytic leukemia cell line. Tumor cell lines were
grown in RPMI supplemented with 10% FCS, at 37Â°Cin a humidified
incubator with 5% CO2.The 520C9 (19), M22 (murine 22; Ref. 14), H22
(humanized 22; Ref. 15), and All (anti-FcaR; Ref. 24) mAbs were purified
from hybridoma culture supernatants using protein A affinity chromatography
(Pharmacia, Piscataway, NJ). The control bispecific antibody MDX-240 (anti

Fc-yRI X anti-HIVgp4l) has been described previously (25).
Bispecific Antibody Coupling Procedure. The original anti-HER2/

neu X anti-FcyRI bispecific antibody, called MDX-21O, was composedof
520C9 Fab' (munne IgGl) and M22 Fab' (murine IgGI). To reduce the
potential immunogenicity of MDX-210 for clinical applications, M22 mAb
was humanized through grafting of the complementarity determining regions
to a human IgGI backbone. The humanized anti-Fc-yRImAb H22 retained the
specificity and affinity of its munne counterpart (15). Chemical conjugation

with o-PDM was performed by the method of Glennie et a!. (26). The F(ab')2
fragments of 22 (H22 or M22) and 520C9 (anti-HER2Jneu) were reduced to
Fab' by addition of 10 rn@tmercaptoethanolamine for 30 mm at 30Â°C.The
Fab's were chilled to 4Â°Cand then run through Sephadex 0-25 equilibrated in
50 mMsodium acetate, 0.5 nmi EDTA, pH 5.3. A one-half volume of 12 nmi

4008

BispecilIc Antibody-dependent Cellular Cytotoxicity of HER2/neu-overexpressing

Tumor Cells by Fcy Receptor Type I-expressing Effector Cells'

Tibor Keler, Robert F. Graziano, Aditya Mandal, Paul K. Wallace, Jan Fisher, Paul M. Guyre, Michael W. Fanger,
and Yashwant M. Deo2
Medarex. Inc., Annandale, New Jersey 08801 fT. K.. R. F. G.. A. M., Y.M. DI. and Departments of Microbiology (P. K. W., M. W. F.J, Physiology (P. M. G.J, and Medicine
(J. F., M. W. Fl. Dartmouth Medical School, Lebanon, New Hampshire 03756

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/18/4008/2464507/cr0570184008.pdf by guest on 19 M

ay 2023



BISPECIFIC ANTIBODY LYSIS OF HER2/neu-ExPRESSING CELLS

o-PDM dissolved in dimethylformamide and chilled in a methanol/ice bath
was added to the 520C9 Fab' and incubated for 30 rein on ice. The Fab'
maleimide was then separated from free o-PDM on Sephadex 0-25 equili
brated in 50 mM sodium acetate, 0.5 mt@iEDTA, pH 5.3, at 4Â°C.The 520C9
Fab'-maleimide was immediately added to the H22 Fab' at a 1:1 molar ratio.
The reactantswere concentratedundernitrogento the startingvolume using a
Diaflo membrane in an Amicon chamber (all at 4Â°C).After 18 h, the pH was
adjusted to 8.0 with 1 MTns-HC1, pH 8.0. The mixture was then reduced with
10 mi@tmercaptoethanolamine (30 mm at 30Â°C)and alkylated with 25 nmi
iodoacetamide. The bispecific F(ab')2 was separated from unreacted Fab's and
other products by passage through Superdex 200 equilibrated in PBS, pH 7.4.

Gel Electrophoresis and Western Blot Analysis. Samples (0.5 @g)of
MDX-H2l0 and Fab' fragments were analyzed by SDS-PAGE using a precast
4â€”20%gradient gel (Novex, San Diego, CA). The gel was cut into three parts
for staining and blotting. One-third of the gel was stained with 0.1% Coomas
sic Blue in 25% isopropyl alcohol and 10% glacial acetic acid. The remaining

gel slices were transferred to nitrocellulose (Schleicher & Shuell, Keene, NH)
and then developed with alkaline phosphatase-conjugated goat antihuman IgG
F(ab')2 or alkaline phosphatase-conjugated goat antimunne IgG F(ab')2 (1:
50,000 dilution, v/v; Jackson Immunoresearch Laboratories, West Grove, PA).
Reactive bands were visualized by incubation with the substrate Sigma Fast

5-bromo.4-chloro-3-indolyl phosphate/nitroblue tetrazolium tablets (Sigma
Chemical Co., St. Louis, MO).

Bthinctlonal ELISA. Lysates were prepared from HER2/neu-positive SK
BR-3 cells and HER2/neu-negativeCEM and HL6Ocells by solubilizing 108
cells in 1 ml of PBS with 0.5% Triton X-100 and 2 units/mI aprotinin. After
45 mm on ice, the soluble fraction was collected by centrifugation at
15,000 x g for 15 mm. Microtiter plates were coated with cell lysates (S
,.tg/ml) at 4Â°Cfor 16 h. All subsequent steps were performed at room temper
ature. The plates were blocked with 5% BSA for 2 h, washed, and reacted with
bispecific antibody for an additional 2 h. Bound bispecific antibody was

incubated with soluble FcyRI (2 h) in the form of supernatant from transfected

COS cells expressing a soluble fusion proteinconsisting of the extracellular
domain of Fc'yRI and human 1gMFc region (the construct was a gift from Dr.
Brian Seed, Massachusetts General Hospital, Boston, MA). The bound

sFc'yRI-@.twas detected by alkaline phosphatase-conjugated goat antihuman
1gMand pNPP substrate.

Flow Cytometry. For analysis of cell surface binding, various concen
trations of MDX-H2l0 were incubated at 4Â°Cwith 3 X l0@'Fc7RI + U-937
cells, HER2/neu+ SK-BR-3 cells, or CEM T lymphoma cells, which are
negative for both FcyRI andHER2/neu.The U-937 cells were preincubated
for 48 h with 200 units/ml IFN-7 (Genzyme, Cambridge, MA) to increase
the FcyRI expression. The F(ab')2 fragments of 520C9 and H22 were
included as negative controls. For U-937 cells the bound bispecific anti
body was detected with PE-conjugated antimurine IgG second antibody,
whereas bispecific antibody bound to SK-BR-3 cells was detected with
FITC-conjugated antihuman IgG second antibody. Each incubation was 90
mm at 4Â°C,followed by three washes. After the final wash, the cells were
fixed with 1% paraformaldehyde, and cell-associated fluorescence was
evaluated by FACScan analysis.

A.DCC. Monocytes were purified from normal adult source leukocytes
(Advanced Biotechnologies Inc., Columbia, MD) as described previously
(26), and cultured for 24â€”48h in teflon jars with macrophage-serum free
medium (Life Technologies, Inc., Grand Island, NY) with 2% normal
human AB serum. For some experiments, 1000 units/ml IFN-y was added
to up-regulate Fc7RI expression. PMN effector cells were isolated from
heparinized whole blood by lysis of RBCs with 1.7 M NH4C1, 0.1 M
KHCO3, and 1 nmi EDTA, after separation from mononuclear cells by
Ficoll Hypaque density gradient centrifugation. To induce FcyRI expres
sion on PMN cells, cells were cultured for 24â€”48h in AIM V medium (Life
Technologies, Inc.) supplemented with 2.5% normal human serum, 50
ng/ml G-CSF (kindly provided by Roland Repp, Erlangen, Germany), and
1000 units/mI IFN--y. Prior to addition of target cells, effector cells were
washed and resuspended in media without cytokines. Target cells were
labeled with 100 pCi of 5tCr for 1 h and washed three times to remove
excess 51Cr. Effector cells, targets, and antibodies were added simulta
neously to individual wells of microtiter plates. Incubation times for ADCC
ranged from 14 to 18 h; after incubation, aliquots of supernatant were

harvested and analyzed for radioactivity in a gamma counter. Cytotoxicity
was calculated by the following formula:

experimental cpmâ€” target leak cpm
%lysis= . x 100%

detergent lysis cpm â€”target leak cpm

Specific lysis is calculated by subtracting the % lysis without antibody from
the % lysis with antibody. All samples were tested in triplicate.

TNF-a Secretion Assay. Mononuclearcells were purified from hepa
rinized whole blood drawn from normal volunteers, by Ficoll Hypaque density
centrifugation. Monocytes were enriched by adherence to 24-well culture

plates followed by three washes to remove nonadherent cells. SK-BR-3 or
CEMcells (8 x lO'@cells/well) were addedto duplicatewells of monocytesto
an E:T ratio of approximately 50:1 in the presence or absence of MDX-H2l0
(0.1 @tg/ml).The final volume was 1 mI/well of RPMI containing 10%
autologous plasma. Controls included an irrelevant bispecific antibody (MDX
240, anti-Fc-yRlxanti-HIVgp4l), and HER2/neu-negative CEM tumor cells.
Culture supernatants were harvested after 20â€”24h at 37Â°C,5% C02, and
TNF-a levels were determined using Quantikine ELISA kit for human TNF-a
(R&D Systems, Minneapolis, MN).

Statistical Analysis The paired and unpaired Student's : test were calcu
lated by SIGMAPLOT software (Jandel Corporation, San Francisco, CA).
P < 0.05 was considered significant. All experiments were performed a
minimum of two times.

RESULTS

Bispecific Antibody Conjugation. The bispecific antibody MDX
H2l0 was prepared using the chemical crosslinker, o-PDM, according
to the method of Glennie et aL (26). Using this chemical conjugation
method, the Fab' of H22 and S20C9 are linked via the inter-heavy
chain sulfhydrals by a thioether bond. The conjugated molecules are
separated from unreacted Fab' with a gel filtration step. At a I :1 ratio
of the Fab' fragments, the predominant product is a bispecific F(ab')2
molecule with a molecular weight of approximately I 10,000 as de
termined by SDS-PAGE analysis (Fig. lA). However, as could be
expected from the nature of this chemical coupling, a higher multimer
corresponding to F(ab')3 is also present (Mr 165,000). Gel filtration
analysis of several different preparations of MDX-H2l0 demonstrated
that 75â€”85%of the purified product corresponds to the F(ab')2, and
15â€”20%corresponds to F(ab')3. The trace amount of other bands

A B C

1 2 3 1 2 3 1 23
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..@ ,. â€˜

BsAb â€¢â€˜@ as@ .
â€”4

@:.@ â€˜k'â€¢â€¢@@

Fab'@@

Fig. 1. SDS-PAGE and immunoblot analysis of MDX-H2l0. MDX-H2l0 and Fab'
fragments of H22 and 520C9 were separated by nonreducing SDS-PAGE and developed
by Coomassie Blue staining (A)or by immunoblotting after transfer to nitrocellulose. The
blots were reacted with alkaline-phosphatase labeled goat antihuman IgG F(ab')2 (B) or
antimurine lgG F(ab')2 (C). Lane 1, 0.5 @.tgof MDX-H210 bispecific antibody; Lane 2.
0.5 @gof H22Fab'; Lane3, 0.5 p@gof 520C9Fab'.
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F(ab')3 were positive for both human (H22) and murine (S20C9) IgG,
whereas the individual F(ab')2 fragments were only detected by
anti-IgG for their respective species. Therefore, the Mr 110,000 and
165,000 species are composed of both S20C9 and H22 Fab' frag
ments. To insure that homodimerization of the o-PDM treated Fab'
was not occurring during conjugation, o-PDM was added in excess to
react with any free sulfhydryl groups. When S20C9 Fab'-o-PDM
derivatives were incubated under conjugation conditions, no dimers
were detected by high-performance liquid chromatography (data not
shown).

Bifunctional ELISA. A bifunctional ELISA was developed to
measure the simultaneous binding of HER2/neu and Fc-yRI by MDX
H2l0. Cell lysates prepared from the breast carcinoma cell line
SK-BR-3 were used as a source for soluble HER2/neu and absorbed
to microtiter plates. Lysates from HER2Ineu-negative cell lines were
used as controls. Bispecific antibody was allowed to react with the
coated plates, and subsequently exposed to a soluble Fc-yRI-human
1gM heavy chain fusion protein (sFcyRI-@). The amount of sFcyRI-@
bound was determined with an alkaline phosphatase-conjugated an
ti-,.L probe. As illustrated in Fig. 2, the bispecific antibody demon
strated dose dependent bispecific activity. Cell lysates prepared from
HER2/neu-negative cell lines resulted in no significant activity in the
bifunctional ELISA.

Cell Binding. MDX-H210 bound specifically to FcyRI-expressing
cells and to HER2Ineu-expressing cells, as determined by indirect
immunofluorescence staining and flow cytometric analysis. Fig. 3
demonstrates the saturable binding curves of MDX-H210 conjugates
to SK-BR-3 cells (A) and U-937 cells (B). To exclusively measure
bispecific antibody binding activity, either antimurine IgG-PE or
antihuman IgG-FITC directed to the nonbinding arm of MDX-H210
was used for detection. Therefore, binding of the murine S20C9
F(ab')2 to HER2/neu expressed on SK-BR-3 cells and H22 F(ab')2 to
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Fig. 2. Simultaneous binding of MDX-H210 to HER2/neu and FcyRI. A sandwich

ELISA was developed to demonstrate the bifunctional nature of MDX-H2l0. Microtiter
plates coated with cell lysates (5 @sg/ml)from HER2/neu-positive SK-BR-3 cells or from
HER2/neu-negative CEM and HL-60 cells was used to capture bispecific antibody to the
wells, followed by incubation with soluble FcyRI-@sfusion protein. The bound FcyR1-@.t
detected with alkaline phosphatase-conjugated anti-g.tand pNPP substrate. Data points,
mean of duplicate determinations from a representative experiment; bars, SD.

detected in the gels most likely corresponds to F(ab')2 or F(ab')3 with
a dissociated light chain.

Immunoblot Analysis. To confirm the presence of both S20C9
and H22 Fab' fragments in the bispecific antibody, Western blots of
MDX-H2l0 and F(ab')2 fragments of S20C9 and H22 were separated
by nonreducing SDS-PAGE and probed with either antimurine IgG or
antihuman IgG conjugates. Fig. 1, B and C, demonstrates that the
predominant band (Mr 110,000) and the band corresponding to an

A SK-BR-3cells
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â€”0â€”520C9 F(ab')2
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Fig. 3. Cell surface binding of MDX-H2l0 to HER2/neu and FcyRI. Flow cytometry was used to evaluate the specific binding of MDX-H2l0 to SK-BR-3 and U-937 cells.
MDX-H2l0 or F(ab')2 fragments of 520C9 and H22 were allowed to react with SK-BR-3 and U-937 at 4Â°C.The bound bispecific antibody was detected with FITC-conjugated goat
antihuman IgG F(ab')2 (A) or PE-labeled goat antimurine IgG F(ab')2 (B). The mean fluorescence intensity of each sample was evaluated by FACScan after the cells were fixed with
1%paraformaldehyde. Data points, mean of duplicate determinations from a representative experiment. More than 90% of U-937 and SK-BR-3 cells stained positive with the bispecific
antibody at saturating concentrations.
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â€”.--. control

â€”a---IFN-y

further evaluate the antitumor activity of MDX-H2l0, ADCC exper
iments were conducted with cell lines expressing different levels of
HER2/neu. Only those cell lines that overexpress HER2/neu were
lysed in an antibody-dependent fashion (Table I). A431 cells, which

have low levels of HER2fneu expression, were not susceptible to
MDX-H2l0-mediated killing; however, these cells were lysed by an
anti-Fc'yRJ X epidermal growth factor bispecific fusion protein that
targets the overexpressed epidermal growth factor receptor on these
cells (27).

Although FcyRI expression on circulating PMN cells is very low,
up-regulation with G-CSF and/or IFN-'y treatment enables PMN cells
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Fig. 4. Effectof IFN-yon monocyte-mediatedADCCwith MDX-H210.Enriched

monocytes (2.5 X l0@/well)were cultured for 24 h with or without IFN-@prior to ADCC.
Bispecific antibody was added just prior to target cells. SK-BR-3 cells were prelabeled
with â€œCrand added to each well at a concentration of 5 X lOs/well. The final E:T ratio
wasapproximately50:1.Aftera 16-hincubation,thesupernatantwasharvested,andthe
% cytotoxicity was determined as described under â€œMaterialsand Methods.â€•Data points,
mean of triplicate determinations from a representative experiment; bars, SD.
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Fig.5. MDX-2l0-andMDX-H210-mediatedADCCin thepresenceof humanserum.
ADCC was performed with G-CSF- and WN-@-primed PMN cells at a final E:T ratio of
60:1. Bispecific antibodies were used at 0.37 pg/mi and were added in the presence or
absence of 25% normal pooled human serum or 50 @tg/miM22 F(ab')2.
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Fig. 6. PMN cells mediated ADCC of SK-BR-3 cells. PMN cells were purified from

whole blood and cultured with (3-CSFand WN-@y.MDX-H210 or unconjugated fragments
of520C9 and H22 were addedjust prior to target cells. For competition assays. 25 g.tg/ml
of F(ab')2 was added. â€œCr-labeledSK-BR-3 cells were used as targets at an E:T ratio of
200:1. After a 16-h incubation, the supernatant was harvested and the % cytotoxicity was
determined as described under â€œMaterialsand Methods.â€•Data points. mean of triplicate
determinationsof a representativeexperiment;bars, SD.
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Fc-yRI on U-937 cells was not detected. Thus, all of the detected
binding activity of MDX-H210 to SK-BR-3 and U-937 cells was a
result of bispecific antibody binding. MDX-H210 had no measurable
binding to the Fc'yRI and HER2/neu-negative CEM cell line (data not
shown).

ADCC. The cytotoxic activity of the bispecific antibody was cx
amined using FcyRI-bearing monocyte and PMN effector cells. Al
though monocytes express significant levels of Fc'yRI constitutively,
culturing these cells with IFN-'y results in up-regulation of Fc'yRI (11,
12). Both IFN-'y-treatedand untreatedmonocytesmediatedspecific
lysis of HER2Jneu-overexpressing target cells in a bispecific anti
body-dependent fashion that saturated at approximately 100 ng/ml
(Fig. 4). IFN-y treatment significantly elevated the antibody-indepen
dent lysis of SK-BR-3 cells (P < 0.02) and also enhanced the
MDX-H210-mediated activity from 27 to 44% at 1 @.ag/mi
(P < 0.001). The enhancement of cytotoxicity after IFN-'y treatment
was also observed with SK-OV-3 target cells (data not shown). To
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to mediate efficient ADCC through Fc-yRI (10, 17, 27â€”29).PMN cells
were cultured with or without cytokines (G-CSF and IFN-'y) prior to
use as effector cells for ADCC. Fig. 5 demonstrates the Fc'yRI
specificity for ADCC by MDX-210 and MDX-H210 with cytokine
activated PMN cells in the presence of human serum. The bispecifc
antibodies containing either murine 22 or humanized 22 Fat,' frag
ments (MDX-210 and MDX-H210, respectively) mediated similar
ADCC of SK-BR-3 cells, and the activity of both bispecific antibodies
was blocked by addition of excess M22 F(ab')2 fragments. Similar
results were found using monocyte effector cells (data not shown).
PMN cells cultured in the absence of cytokines were unable to
mediate lysis of HER2/neu-expressing target cells (data not shown).
The MDX-H2l0-mediated cytolytic activity was also specifically
inhibited with F(ab')2 fragments of S20C9 and H22, whereas no
inhibition was evidenced with F(ab')2 derived from anti-FcaR anti
body A77 (Fig. 6). Furthermore, a mixture of the uncoupled frag
ments, H22 F(ab')2 and 520C9 F(ab')2, failed to mediate cytotoxicity,
demonstrating that the activity measured was only mediated by bispe
cific conjugates.

Induction ofTNF-a Secretion. TNF-a has been implicated as one
potential mediator of macrophage-mediated tumor cell killing (30).
Further, patients with HER2/neu-positive tumors have demonstrated a
significant increase in plasma levels of TNF-a in response to MDX
210 administration (31). Therefore, experiments were designed to
determine whether cross-linking monocyte Fc7RI with bispecific an
tibody and HER2Jneu-expressing tumor cells would result in secretion
of TNF-a. As shown in Fig. 7, MDX-H2l0 demonstrated a bispecific
antibody-dependent secretion of TNF-a. MDX-H210 did not elicit
TNF-a secretion in the absence of HER2/neu-expressing cells or in
the presence of HER2Jneu-negative CEM cells. Furthermore, the
bispecific antibody MDX-240 (specific for FcyRI and HIV gp4l) did
not induce TNF-a with SK-BR-3 cells. Therefore, induction of
TNF-cr was limited to monocytes cultured with MDX-H2l0- and
HER2/neu-positive SK-BR-3 cells.

DISCUSSION

In this report, we describe the synthesis and activity of a chemically
linked bispecific antibody with antitumor activity against HER2/neu
expressing tumor cells. To efficiently recruit the cytotoxic trigger

molecule FcyRI, bispecific antibodies were prepared using the Fab'
fragment of a mAb that binds outside the Fc ligand binding domain.

MDX-H210 was produced by cross-linking ofFab' fragments specific
for HER2/neu and Fc'yRI. Biochemical analysis of the purified bispe
cific antibody preparations demonstrated the predominant form
(>75%) to be a F(ab')2 with approximately 15â€”20%F(ab')3. The
conjugate formation was confirmed by immunoblot analysis for the
individual Fab' species.

MDX-H210 demonstrated specific and saturable binding to HER2/
neu-expressing SK-BR-3 cells and to the FcyRI-expressing mono
cytic cell line U-937. Saturation of binding was observed at approx
imately 10.0 and 0.5 @.ag/mifor HER2ineu and FcyRI, respectively.
Bispecific activity was confirmed by ELISA, which measured the
simultaneous binding to both HER2/neu and Fc'yRI. Therefore, MDX
H2l0 showed saturable binding that was specific for both HER2/neu
and Fc'yRI.

The cytolytic targeting activity of MDX-H2l0 was demonstrated
with monocytes and PMN effector cells. The bispecific antibody
mediated ADCC was not inhibited by human serum but was specif
ically blocked by F(ab')2 fragments of anti-Fc'yRI antibody 22. Re
cently, MDX-H210 and a chimeric S20C9 mAb containing human
IgG1-Fc have been shown to mediate similar ADCC activity (0.08â€”
2.0 @.ag/ml)with G-CSF-pnmed PMN cells in the absence of human
serum. However, in the presence of human serum, the bispecific
antibody mediated significantly greater cytotoxicity than the chimeric
S20C9 at these concentrations.4 The murine IgGl S20C9 mAb mcdi
ated comparable ADCC activity relative to MDX-H210 in whole
blood ADCC assays with PMN cells from G-CSF treated patients
(29). BecauseS20C9mAb mediatedADCC throughFc-yRll, a low
affinity Fc receptor, this activity was not inhibited by serum IgG.

Activation of monocytes by IFN-y enhanced ADCC, and pretreat
ment with IFN-'y and G-CSF was required for PMN cells to mediate
ADCC with MDX-H210. The precise role of these cytokines in
enhancing ADCC through FcyRI is not known; however, it is likely

4 I. A. F. M. Heijnen, L J. M. Rijks, A. Schiel, B. Stockmeyer, H. H. van Ojik, R.

Repp, T. Valerius, T. Keler, E. A. van Royen, P. J. A. Capel. and J. G. J. van de WinkeL
Generationof HER-2/neu-specificcytotoxicneutrophilsin vivo:efficientarmingof PMN
cellsbycombinedadministrationofG-CSFandFcyRIbispecificantibodies,submittedfor
publication.
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Fig. 7. Induction of TNF-a secretion by MDX-H210. Monocytes (m) from seven different donors were cultured in the presence or absence of MDX-H2l0- (100 ng/ml) and

HER2/neu-overexpressing SK-BR-3 cells or control CEM cells. MDX-240 (mV-specific bispecific antibody) was also included as a control. Culture supernatants were harvested after
20â€”24h and analyzed for TNF-a by ELISA. Columns, data representative of seven donors; bars, SE; except for the controls with in-elevant bispecific antibody and HER2/neu-negative
cells, for which the columns represent four donors. a. P < 0.05 using paired or unpaired students t test relative to controls.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/18/4008/2464507/cr0570184008.pdf by guest on 19 M

ay 2023



BISPECIFICANTIBODYLYSISOF HER2/neu-EXPRESSINGCELLS

to involve both up-regulation of the surface expression of Fc'yRI and
activation of the cells to a more competent cytolytic state (8). Fc-yRI
expression has been shown to be induced on PMN cells by cytokine
treatment in vitro and in vivo (10â€”13,17, 28). PMN cells activated in
vivo with G-CSF have been shown to mediate ADCC with MDX-2l0
(28,29).Animportantobservationwasthelackofcytotoxicactivity
of MDX-H210 using A431 target cells, which express low levels of
HER2/neu. The finding that overexpression of the proto-oncogene
receptor was required for significant bispecific antibody-mediated
cytolytic activity implies that normal cells, which may express low
levels of HER2/neu, are likely to be inefficient targets for MDX
H210-dependent lysis.

Secretion of inflammatory cytokines and other soluble mediators
has been associated with monocyte activation, and in particular, it has
been demonstrated upon cross-linking Fc receptors (32â€”34).There
fore, we examined whether MDX-H210 could elicit TNF-a release
from monocytes when they are cultured in the presence of HER2/neu
expressing target cells. Although some donor variability was ob
served, a specific induction of TNF-a was found in supernatants of
monocytes cultured with the SK-BR-3 cells and MDX-H2l0. The
bispecific antibody alone did not elicit any TNF-a release. This result
was expected because MDX-H2l0 is monovalent for Fc'yRI, and
signaling through FcgR generally require cross-linking of these re
ceptors (14). Further, TNF-a induction was not observed with HER2/
neu-negative tumor cells or an irrelevant bispecific antibody in com
bination with SK-BR-3 cells. Although TNF-a is known to mediate
cytotoxic effects (30), it is not known whether the induction of TNF-a
release is involved in MDX-H210-mediated cytotoxicity of HER2/
neu-expressing tumor cells.

A Phase I clinical trial with MDX-210 was recently completed (31),
and others with MDX-H210 are currently ongoing (35). The in vivo
observations were consistent with induction of immune activation and
proper targeting of the bispecific antibodies. I.v. administration of
MDX-2l0 or MDX-H2l0 to patients, primarily those with late-stage
breast or ovarian carcinomas expressing the HER2/neu antigen, was
well tolerated, with only grade 1â€”2toxicities (fevers, malaise, and
hypotension) observed in most patients. The human antimurine (IgG)
antibody (HAMA) levels of the single-dose trial were low; however,
multiple doses of MDX-H210 elicited measurable HAMA responses
in most patients. Most importantly, the bispecific antibody treatment
induced a temporary monocytopenia, with greater than 80% of the
circulating monocytes saturated with MDX-210 at doses of 3.5 mg/m2
and greater. A significant elevation in the serum levels of TNF-a,
IL-6, and G-CSF was also noted. In several patients, mixed or partial
responses have been observed. The elicited cytokines are likely to be
monocyte derived and may be the result of Fc'yRI cross-linking via the
bispecific antibody and HER2/neu-expressing cells. This is consistent
with our observations that MDX-H210 elicited TNF-a secretion from
monocytes cultured with HER2/neu-expressing SK-BR-3 cells.

These in vitro data demonstrate that MDX-H210 can mediate
selective tumoricidal activity against HER2/neu-overexpressing cell
lines. Cytokines that up-regulate Fc'yRI levels and activate effector
cells enhanced the cytotoxic activity of MDX-H210. Collectively, the
in vitro data and the Phase I clinical trial results suggest that combi
nation therapy with MDX-H210 and specific immune modulating
cytokines may provide the optimum antitumor potential for this bispe
cific antibody.

REFERENCES

1. Herlyn, D., Herlyn, M., Steplewski. Z., and Koprowski, H. Monoclonal antibodies in
cell-mediated cytotoxicity against human melanoma and colorectal carcinoma. Eur.
J. Immunol., 9: 657â€”659,1979.

2. Steplewski, Z., Lubeck, M. D., and Koprowski, H. Human macrophages armed with

murine immunoglobulin G2a antibodies to tumors destroy human cancer cells.
Science (Washington DC), 221: 865â€”867, 1983.

3. Hellstrom, I., Garrigues, U., Lavie, E., and Hellstrom, K. E. Antibody-mediated killing of
human tumor cells by att@hedeffector cells. Cancer Rca.,48: 624-627, 1988.

4. Herlyn, D., and Koprowski, H. IgG2a monoclonal antibodies inhibit human tumor
growth through interaction with effector cells. Proc. NatI. Acad. Sci. USA. 79:
4761â€”4765,1982.

5. Adams, D. 0., Hall, T., Steplewski, Z., and Koprowski, H. Tumors undergoing
rejection induced by monoclonal antibodies of the lgG2a isotype contain increased
numbers of macrophages activated for a distinctive form of antibody-dependent
cytolysis. Proc. Nail. Aced. Sci. USA, 81: 3506â€”3510, 1984.

6. Johnson,W.3.,Steplewski,Z.,Mathews,T. J., Hamilton,T. A..Koprowski,H.,and
Adams, D. 0. Cytolytic interactions between murine macrophages. tumor cells, and
monoclonal antibodies: characterization of lytic conditions and requirements for
effector activation. J. Immunol., 136: 4704â€”4713,1986.

7. Tripathi, A. K., Taplits, M., Puri, J., and Hoffman, T. Down-regulation of surface
FcRI and decrease in antibody-dependent cellular cytotoxicity of cultured monocytes.
J. Immunol., 146: 1309â€”1315, 1991.

8. Fanger, M. W., Shen, L., Graziano, R. F., and Guyre, P. M. Cytotoxicity mediated by
human Fc receptors for IgG. Immunol. Today, 10: 92â€”99,1989.

9. Key, M. E., and Haskill, J. S. Antibody dependent cellular cytotoxicity (ADCC): a
potential anti-tumor defense mechanism in situ in a mw-inc mammary adenocarci
noma. In: H. S. Koren (ed), Macrophage Mediated Cellular Cytotoxicity, pp. 243â€”
262. New York: Plenum Press, I984.

10. Graziano, R. F., and Fanger, M. W. Fc@yR1,and Fc'yRll on monocytes and granulo
cytes are cytotoxic trigger molecules for tumor cells. J. Immunol., /39: 3536â€”3546,
1987.

I I. Perussia, B., Dayton, E. T., Lazarus, R., Fanning, V., and Trichieri. 0. Immune
interferon induces the receptor for monomeric IgGI on human monocytic and
myeloid cells. J. Exp. Med., 158: 1092â€”1113, 1983.

12. Guyre, P. M., Morganelli, P. M.. and Miller, R. Recombinant immune interferon
increases immunoglobulin G Fc receptors on cultured human mononuclear phago
cytes. J. Clin. Invest., 72: 393â€”397,1983.

13. Kerst, J. M., van de Winkel, 3. G. J., Evans, A. H., de Haas, M., Slaper-Cortenbach,
I. C. M., de Wit, T. P. M., von de Borne, A. E. G. K., van der Schoot, C. E., and van
Oers, R. H. J. Granulocyte colony-stimulating factor induces hFcgRI (CD64 antigen)-
positive neutrophils via an effect on myeloid precursor cells. Blood. 81: 1457â€”1464.
1993.

14. Anderson, C. L., Guyre, P. M., Whitin, J. C., Ryan, D. H., Looney, R. J., and Fanger,
M. W. Monoclonalantibodiesto Fc receptorsfor IgG on humanmononuclear
phagocytes: antibody characterization and induction of superoxide production in a
monocyte cell line. J. Biol. Chem., 261: 12856â€”12864, 1986.

15. Graziano, R. F., Tempest, P. R., White, P., Keler, T., Deo, Y., Ghebremariam, H.,
Coleman, K., Pfefferkorn, L. C., Fanger, M. W., and Guyre, P. M. Construction and
characterization of a humanized anti--y-Ig receptor Type I (Fc'yRl) monoclonal
antibody.J. lmmunol.,155:4996â€”5002,1995.

16. Guyre, P. M., Graziano. R. F., Vance, B. A., Morganelli. P. M., and Fanger, M. W.
Monoclonal antibodies that bind to distinct epitopes on FcyRI are able to trigger
receptor function. J. Immunol., 143: 1650â€”1655, 1989.

17. Michon. J., Moutel, S., Barbet, J.. Romet-Lemonne, J. L., Deo, Y. M., Fridman.
W. H., and Teillaud, J. L. In vitro killing of neuroblastoma cells by neutrophils
derived from granulocyte colony-stimulating factor-treated cancer patients using an
anti disialoganglioside/anti-FcyRI (CD64) bispecific antibody. Blood, 86: 1124â€”
1130, 1995.

18. Ely, P., Wallace. P. K., Givan, A. L., Graziano, R. F., Guyre, P. M., and Fanger,
M.W. Bispecific-armed,interferonrny-primedmacrophage-mediatedphagocytosisof
malignant non-Hodgkin's lymphoma. Blood, 87: 3813â€”3821,1996.

19. Frankel, A. E., Ring, D. B., Tringale, F., and Hsieh-Ma, S. T. Tissue distribution of
breast cancer-associated antigens defined by monoclonal antibodies. J. Biological
Response Modif., 4: 273â€”286,1985.

20. Slamon, D. J., Godolphin, W., Jones, L. A. Holt, J. A., Wong, S. G., Keith, D. E.,
Levin, W. J., Stuart, S. 0., Udove, J., Ullrich, A., and Press, M. F. Studies of the
HER2/neu protoâ€”oncogenein human breast and ovarian cancer. Science (Washington
DC). 244: 707â€”712,1989.

21. Hetzel, D. J., Wilson, T. 0., Keeney, G. L.. Roche, P. C., Cha, S. S., and Podratz,
K. C., HER2/neuexpression:a major prognosticfactor in endometrialcancer.
Gynecol. Oncol., 47: 179â€”185,1992.

22. Press, M. F., Pike, M. C., Hung, 0., Zhou, J. Y., Ma. Y., George. J., Dietz-Band, J.,
James, W., Slamon, D. J., Batsakis, J. G., and El-Naggar, A. K. Amplification and
overexpression of HER2/neu in carcinomas of the salivary gland: correlation with
poor prognosis. Cancer Res., 54: 5675-5682, 1994.

23. Yu, D., Wang, S. S., Dulski, K. M., Tsai, C. M., Nicolson, G. L., and Hung, M. C.
c-erbB-2/neu overexpression enhances metastatic potential of human lung cancer
cells by induction of metastasis-associated properties. Cancer Res.. 54: 3260â€”3266,
1994.

24. Montiero, R., Cooper, M. D., and Kubagawa, H. Molecular heterogeneity of Fca
receptors detected by receptor-specific monoclonal antibodies. J. Immunol., 148:
1764â€”1770, 1992.

25. Mabonzo, A., Houssin, F., Raoul, H., LeNaour, R., Gras, G. S., Vaslin, B., Romet
Lemonne, J. L., and Dormont, D. Antibody dependent cellular cytotoxicity and
neutralization of human immunodeficiency virus type 1 (HIV-l) by high affinity
cross-linking of gp4l to human monocyte Fc IgG receptor using bispecific antibody.
J. Gen. Virol., 75: 1451â€”1456,1994.

26. Glennie, M. J., McBride, H. M., Worth, A. T., and Stevenson, 0. T. Preparation and
performance of bispecific F(ab')2 antibody containing thioether-linked Fab' frag
ments. J. Immunol., 139: 2367â€”2375,1987.

4013

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/18/4008/2464507/cr0570184008.pdf by guest on 19 M

ay 2023



BISPECIFIC ANTIBODY LYSIS OF HER2/neu-EXPRESSINGCELLS

27. Goldstein, J., Graziano, R. F., Sundarapandiyan, K., Somasundaram, C., and Deo,
Y. M. The cytolytic and cytostatic properties of an anti-human Fc-yRI (CD64) X epi
dermal growth factor bispecific fusion protein. J. Immunol., 158: 872â€”879,1997.

28. Valerius, 1., Repp, R., de Wit, T. P. M., Berthold, S., Platzer, E., Kalden, J. R.,
Gramatzki, M., and van de Winkel, J. G. J. Involvement of the high-affinity receptor
for lgG (FcgRI; CD64) in enhanced tumor cell cytotoxicity of neutrophils during
granulocyte colony-stimulating factor therapy. Blood, 82: 931â€”939,1993.

29. Stockmeyer, B., Valerius, T., Repp, R., Heijnen, I. A. F. M., Buhring, H-J., Deo,
Y. M., Kalden, J. R., Gramatzki, M., and van de Winkel, J. G. J. Preclinical studies
with Fc-yR bispecific antibodies and granulocyte colony-stimulating factor-primed
neutrophils as effector cells against HER2/neu overexpressing breast cancer. Cancer
Res.. 57: 696â€”701.1997.

30. Urban, J. L., Shepard, H. M., Rothstein, J. L., Sugarman, B. J., and Schreiber, H.
Tumor necrosis factor: a potent effector molecule for tumor cell killing by activated
macrophages. Proc. NatI. Acad. Sci. USA, 83: 5233â€”5237, 1986.

31. Valone, F. H., Kaufman, P. A., Guyre, P. M., Lewis, L. D., Memoli, V., Deo, Y.,
Graziano, R., Fisher, J. L., Meyer, L., Mrozek-orlowski, M., Wardawell, K., Guyre,

V., Morley, T. L., Arrizu, C., and Fanger, M. W. Phase Ia/lb trial of bispecific
antibody MDX-2l0 in patients with advanced breast or ovarian cancer that overex
press the proto-oncogene HER2/neu. J. Clin. Oncol., 13: 2281â€”2292,1995.

32. Krutmann, J., Kirnbauer, R., Kock, A., Schwarz, T., Schopf, E., May, L. T., Sehgal,
P. B., and Luger, T. A. Cross-linking Fc receptors on monocytes triggers IL-6
production. J. Immunol., 145: 1337â€”1342,1990.

33. Debets, J. P. M. H., van de Winkel, J., Ceuppens, J. L., Dieteren, I. E. M., and
Buurman, W. A. Cross-linking of both FcyRI and FcyRII induces secretion of tumor
necrosis factor by human monocytes, requiring high affinity Fc-Fc-yR interactions.
J. Immunol., 144: 1304â€”1310,1990.

34. Marsh, C. B., Gadek, J. E., Kindt, G. C., Moore, S. A., and Wewers, M. D. Monocyte
Fc@yreceptor cross-linking induces IL-8 production. J Immunol., 155: 3161â€”3167,
1995.

35. Deo, Y. M., Graziano, R. F., Repp, R., and van de Winkel, J. 0. J. Clinical
significance of IgG Fc receptors and FcyR-directed immunotherapies. Immunol
Today.18:127â€”135,1997.

4014

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/18/4008/2464507/cr0570184008.pdf by guest on 19 M

ay 2023




