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We have developed an antibody fusion protein (anti-rat TfR 19gG3-
Av) with the ability to deliver different molecules into cancer cells.
It consists of avidin genetically fused to the Cy3 region of a human
I9G3 specific for the rat transferrin receptor. It forms strong,
noncovalent interactions with biotinylated molecules such as glu-
cose oxidase and B-galactosidase, and delivers them into the rat
myeloma cell line Y3-Ag1.2.3 through receptor-mediated endocy-
tosis. Importantly, the B-galactosidase retains activity after inter-
nalization. Furthermore, we have unexpectedly discovered that
anti-rat TfR IgG3-Av, but not a recombinant anti-rat TfR IgG3 or a
nonspecific IgG3-Av, possesses proapoptotic activities against
Y3-Ag1.2.3 and the rat T cell lymphoma cell line C58 (NT)
D.1.G.OVAR.1. These activities were not observed in two rat cell
lines of nonhematopoietic lineage (bladder carcinoma BC47 and
gliosarcoma9l). Anti-humanTfRIgG3-Avalsodemonstrated proapo-
ptotic activity against the human erythroleukemia cell line K562.
Studies showed that anti-rat TfR IgG3-Av exists as a dimer, sug-
gesting that cross-linking of the surface transferrin receptor may
be responsible for the cytotoxic activity. These findings demon-
strate that it is possible to transform an antibody specific for a
growth factor receptor that does not exhibit inhibitory activity into
a drug with significant intrinsic cytotoxic activity against selected
cells by fusing it with avidin. The antitumor activity may be
enhanced by delivering biotinylated therapeutics into cancer cells.
Further development of this technology may lead to effective
therapeutics for in vivo eradication of hematological malignancies,
and ex vivo purging of cancer cells in autologous transplantation.

he primary function of transferrin (Tf) is to transport iron

through the blood (1) and deliver it to cells through the
transferrin receptor (TfR) (1). After binding the TfR on the cell
surface, Tf is internalized into an acidic compartment where iron
dissociates and the apo-Tf is returned to the cell surface where
ligand-receptor dissociation occurs. Because of its pivotal role in
iron uptake, the TfR is more abundantly expressed in rapidly
dividing cells than quiescent cells (2-4). In normal tissues,
constitutive expression of the TfR is limited to the liver, epider-
mis, intestinal epithelium, vascular endothelium of brain capil-
lary, and certain populations of blood cells in the bone marrow
(5-9). In contrast, high levels of TfR expression have been
identified on many tumors (5, 10-15). In fact, studies have shown
that the TfR is expressed more abundantly in malignant tissues
than their normal counterparts (5, 13, 16, 17). Therefore,
the TfR expressed on tumor cells should be suitable for the
delivery of therapeutics into cancer cells by receptor-mediated
endocytosis.

Both Ab specific for the TfR and Tf have been used to target
cytotoxic molecules to tumors (18-22). Immunotoxins and Tf-
toxin conjugates can be constructed either by chemically con-
jugating the Ab or Tf to the toxins, or by genetically fusing the
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two moieties. Chemical conjugates have many drawbacks, in-
cluding a lack of homogeneity (23, 24). On the other hand, use
of fusion proteins requires that a different protein be con-
structed for each application, which is cumbersome, and some-
times there is a decrease in activity of one or both covalently
conjugated partners. It would, therefore, be desirable to develop
a universal delivery system that eliminates the need to make a
specific construct for each application.

We previously reported the production of anti-rat TfR
IgG3-Av and showed that it can deliver biotinylated molecules
across the blood-brain barrier (BBB) and into the brain through
TfR-mediated endocytosis and transcytosis across brain capil-
lary endothelial cells (25). In the present study, we describe an
application of anti-rat TfR IgG3-Av as a universal delivery
system to deliver different biotinylated compounds into cells
expressing the TfR. In addition, we have found that anti-rat TfR
IgG3-Av and anti-human TfR IgG3-Av have intrinsic proapo-
ptotic activities against selected cells.

Materials and Methods

Antibodies and Antibody Fusion Proteins. Anti-rat TfR IgG3-Av
and anti-human TfR IgG3-Av were constructed by substituting
the variable regions of the heavy and light chains of anti-dansyl
(5-dimethylamino naphthalene-1-sulfonyl chloride) IgG3-
Cu3-Av (26) with the variable regions of anti-rat TfR IgG2a
monoclonal Ab OX26 (6) and anti-human TfR IgG1 monoclonal
Ab 128.1 (27), respectively. Anti-rat TfR IgG3-Av and anti-
human TfR IgG3-Av were expressed in the murine myelomas
P3X63Ag8.653 and Sp2/0-Ag14, respectively, as H,L, molecules
of the expected sizes. Recombinant anti-rat TfR IgG3 containing
the variable regions of OX26 and recombinant anti-dansyl IgG3
have been described (28, 29). Ab and Ab fusion proteins were
purified from culture supernatants by using protein G immobi-
lized on Sepharose 4B fast flow (Sigma). Purity was assessed by
Coomassie blue staining of SDS/PAGE gels. All protein con-
centrations were determined by the bicinchoninic acid based
protein assay (BCA Protein Assay, Pierce) and ELISA. 0OX26
and 128.1 were kindly supplied by William M. Pardridge (Uni-
versity of California, Los Angeles) and Phillip M. Friden (Alk-
ermes, Cambridge, MA). The murine IgG1 anti-human IgG3
monoclonal Ab HP6050 was a gift from Robert G. Hamilton
(John Hopkins University, Baltimore). Goat anti-human IgG
was purchased from Zymed.

Abbreviations: Tf, transferrin; TfR, Tf receptor; GOX, glucose oxidase; b-GOX-FITC, biotin-
ylated GOX conjugated with FITC; b-FITC, biotinylated FITC; b-B-gal, biotinylated p-galac-
tosidase; Pl, propidium iodide.
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Cell Lines. Y3-Agl.2.3, a myeloma from the Lou strain of rats
resistant to azaguanine, was a generous gift from Vernon T. Oi
(Stanford University, Palo Alto, CA) (30). C58 (NT)
D.1.G.OVARL.], a rat T cell lymphoma from the WFu strain
resistant to 0.1 mM 6-thioguanine and 1 mM ouabain (31), was
purchased from American Type Culture Collection. BC47 is a rat
bladder carcinoma (32) kindly provided by H Tanoguchi (Keio
University, Tokyo). The 9L gliosarcoma (33, 34) was a generous
gift from J. Laterra (Johns Hopkins University). The human
erythroleukemia cell line K562 (35) was kindly provided by J.
Larrick (Palo Alto Institute of Molecular Medicine, Mountain
View, CA). Cells were cultured at 37°C, 5% CO, in DMEM
(GIBCO/BRL) supplemented with 5% CS (HyClone); C58
(NT) D.1.G.OVAR.1 required 10% CS.

Conjugation of Glucose Oxidase (GOX) with Biotin and FITC. GOX
(Sigma) is a 186-kDa protein that generates H,O, by using
glucose as a substrate. 2 mg of GOX dissolved in PBS was
incubated at a 1:10 molar ratio with EZ-Link NHS-LC-Biotin
(Pierce) on ice for 2.5 h and then dialyzed into dialysis buffer (50
mM Tris base/150 mM NaCl at pH 7.8). The biotinylated GOX
(b-GOX) was conjugated with FITC (b-GOX-FITC) following a
procedure suggested by the manufacturer using the Alexa Fluor
488 Protein Labeling Kit (Molecular Probes).

Internalization of Antibody Fusion Proteins Complexes. Ab fusion
proteins complexed with biotinylated FITC (b-FITC) (1:10
molar ratio) or b-GOX-FITC (1:2 molar ratio) in dialysis buffer
for 3 h at room temperature, b-FITC or b-GOX-FITC were
incubated with 106 cells for 3 h on ice. The cells were washed and
incubated for 45 min (b-GOX-FITC experiment) or 2.5 h
(b-FITC experiment) on ice, or at 37°C, resuspended in 2%
paraformaldehyde, and analyzed by flow cytometry using a
FACScan (Becton Dickinson) equipped with a blue laser exci-
tation of 15 mW at 488 nm. Alternatively, the cells were treated
twice for 45 min with a protease solution (50 ug/ml chymotryp-
sin and 50 ug/ml proteinase K in HBSS with 0.35 g/liter of
NaHCOs3;, pH 7.8) to remove surface-bound fusion proteins
before analysis. The percentage of internalized protein was
calculated for cells incubated at 37°C using the following equa-
tion: (mean fluorescence intensity treated with proteases —
background) X 100/(mean fluorescence intensity not treated
with proteases — background).

All solutions used for incubation in the b-GOX-FITC exper-
iment contained 100 pg/ml of catalase (Sigma). Some cells in the
b-FITC experiment were mounted on glass slides by using
ProLong Antifade Kit (Molecular Probes) and analyzed on a
Leica TCS-SP confocal microscope (Leica, Heidelberg).

Ab fusion proteins complexed with biotinylated B-galactosi-
dase (b-B-gal) (Sigma) were added to 10° cells and incubated at
37°C for 3 h. The cells were then washed and prepared for the
detection of intracellular B-gal activity following a procedure
suggested by the manufacturer, using the DetectaGene Green
CMFDG lacZ Gene Expression Kit (Molecular Probes).

Proliferation Assays. BC47 and 9L, which are adherent cells, were
plated 1 day before treatment at 5 X 103 cells per well.
Y3-Agl.2.3 (10* per well) or C58 (NT) D.1.G.OVAR.1 (5 x 10*
per well) were placed in wells on the day of treatment. Cells were
treated with dialysis buffer, Ab, or Ab fusion proteins in 96-well
plates (Becton Dickinson) for 48 h at 37°C. After 24 h, [methyl-
*H]thymidine (ICN) was added to a final concentration of 4
nCi/ml (1 Ci = 37 GBq). Cells were cultured for an additional
24 h and then harvested onto glass fiber filters by using a 11050
Micro Cell Harvester (Skatron, Lier, Norway) and counted in a
1205 Betaplate Liquid Scintillation Counter (Wallac, Gaithers-
burg, MD). Each value presented is the mean of quadruplicate
samples expressed as % of the [*H]thymidine incorporation in

Ng et al.

120

A I /\
AN
ﬂmn 10 10 0% w0t 10° 1ot 102 10 0?
2 B ¥ F
T
2l .l \.
Ee) .
E 10° 10! 0? 10 wt g w0 102 w 104
=]
= i
S| .4 /N,
TR TR T ST T
] H
D /‘1\ H
\ AN
O O S i e s A

Relative Fluorescence

Fig. 1. Flow cytometry demonstrating the internalization of biotinylated
FITC complexed with anti-rat TfR 19G3-Av. Eight micrograms of anti-dansyl
19G3-Av (A-D) or anti-rat TfR 1gG3-Av (E-H) was complexed with b-FITC and
incubated with Y3-Ag1.2.3 cells for 2.5 h on ice (A, B, E, and F), or at 37°C (C,
D, G, and H). Cells were then analyzed by flow cytometry either directly (A, C,
E, and G) or following protease treatment (B, D, F, and H).

cells treated with anti-dansyl-IgG3 for the cross-linking assay or
dialysis buffer for other assays. In the cross-linking assay, anti-rat
TfR IgG3 was mixed at 1:5 molar ratio with monoclonal anti-
human IgG3 or with polyclonal anti-human IgG in DMEM
containing 5% CS for 2 h at room temperature before addition
to cells. K562 cells (5 X 103 per well) were treated with dialysis
buffer or different concentrations of anti-human TfR IgG3-Av
in 96-well plates for 72 h at 37°C. The cells were then cultured
in the presence of [methyl-*H]thymidine for 24 h and harvested
as described above.

Assays for Apoptosis. Fifty thousand cells were treated with
anti-rat TfR IgG3-Av for 48 h and 5,000 cells were treated with
anti-human TfR IgG3-Av for 96 h. The cells were then washed
with ice-cold PBS. The Annexin V/propidium iodide (PI) assay
or terminal deoxynucleotidyltransferase-mediated dUTP end
labeling (TUNEL) assay was conducted following procedures
suggested by the manufacturer, using the Vybrant Apoptosis
Assay Kit #2 and APO-BrdU TUNEL assay Kit (Molecular
Probes), respectively.

FPLC. Purified Ab and fusion proteins were analyzed in 0.5 M
NaCl/20 mM phosphate solution, pH 6.5, using two consecutive
analytical Superose 6 HR 10/30 columns (Amersham Pharmacia
Biotech) at a flow rate of 0.25 ml/min. The injection volume of
100 ul contained 50 wg of protein.

Statistical Analysis. Statistical analysis of the experimental find-
ings was made using a two-tailed Student’s ¢ test. Results were
regarded as significant if P values were =0.05.

Results

TfR-Mediated Endocytosis of Anti-Rat TfR 1gG3-Av Complexed with
Biotinylated FITC. To test the ability of anti-rat TfR IgG3-Av to
trigger receptor-mediated endocytosis after binding to the TfR,
Y3-Agl.2.3 cells were incubated with anti-dansyl IgG3-Av (Fig.
1 A-D) or anti-rat TfR IgG3-Av (Fig. 1 E-H) complexed with
biotinylated FITC (b-FITC) on ice (Fig. 1 4, B, E, and F) or at
37°C (Fig. 1 C, D, G, and H) for 2.5 h. Cells were then incubated
on ice with buffer (PBS) (Fig. 1 4, C, E, and G) or treated with
protease (Fig. 1 B, D, F, and H) before flow cytometry analysis.
No cell-associated fluorescence was seen under any conditions
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Fig. 2. Internalization of biotinylated FITC complexed with anti-rat TfR
19G3-Av detected by confocal microscopy. Y3-Ag1.2.3 cells incubated with
anti-rat TfR1gG3-Av-b-FITC conjugates onice (A) and at 37°C(B) were analyzed
by confocal microscopy. Representative cells are shown. (Scale bar, 2 um.)

following treatment with anti-dansyl IgG3-Av-b-FITC (Fig. 1
A-D) or b-FITC (data not shown). In contrast, anti-rat TfR
I1gG3-Av-b-FITC was bound to the cells (Fig. 1 E-H). Because
endocytosis ceases at low temperature, following incubation on
ice, the anti-rat TfR IgG3-Av-b-FITC remained at the cell
surface and was removed by proteases (Fig. 1 £ and F). In
contrast, after 2.5 h incubation at 37°C, cells treated with
proteases showed only a modest decrease in the fluorescence
intensity with 80% of the cell-associated anti-rat TfR 1gG3-Av-
b-FITC internalized and protected from protease degradation
(Fig. 1 G and H).

Confocal microscopy also indicated that anti-rat TfR IgG3-
Av-b-FITC was taken up into the cells. When images of single
cells were captured with a focal plane across the midsection of
the cell, in cells treated with anti-rat TfR IgG3-Av-b-FITC on
ice, the majority of the Ab fusion protein was found bound at the
cell surface (Fig. 24). In contrast, following incubation at 37°C,
the Ab fusion protein was internalized, possibly accumulating in
endocytotic vesicles in the cytoplasm (Fig. 2B).

TfR-Mediated Endocytosis of Biotinylated Proteins Complexed with
Anti-Rat TfR 1gG3-Av. To determine whether anti-rat TfR IgG3-Av
could deliver cytotoxic proteins into cancer cells, Y3-Agl.2.3
cells were incubated with anti-dansyl IgG3-Av or anti-rat TfR
1gG3-Av plus biotinylated GOX-FITC (b-GOX-FITC) under
conditions similar to those described in Fig. 1. After incubation
for 45 min at 37°C, 60% of the cell-associated anti-rat TfR
IgG3-Av-b-GOX-FITC complex was internalized, whereas anti-
dansyl IgG3-Av-b-GOX-FITC or b-GOX-FITC alone did not
bind to the cells (see Fig. 8, which is published as supporting
information on the PNAS web site, www.pnas.org). This study
demonstrated that anti-rat TfR IgG3-Av is capable of delivering
a 186-kDa protein into Y3-Agl.2.3 cells by TfR-mediated
endocytosis.

To determine whether anti-rat TfR IgG3-Av could deliver a
larger protein into Y3-Ag1.2.3 cells and whether the internalized
protein remains active, b-B-gal (464 kDa) was added to anti-rat
TfR IgG3-Av or anti-dansyl IgG3-Av and incubated with Y3-
Agl.2.3 cells. Using a membrane-permeable, fluorogenic -gal
substrate that only detects intracellular B-gal activity (36), flow
cytometry showed that the b-B-gal was transported by anti-rat
TfR IgG3-Av into the cells and remained functional (Fig. 3, bold
line). Cells treated with the anti-dansyl IgG3-Av-b-B-gal com-
plex (Fig. 3, narrow line) showed no internal B-gal activity.

Anti-Rat TfR 1gG3-Av Exhibits Intrinsic Cytotoxic Activity on Selected

Rat Cancer Cell Lines. Although anti-rat TfR IgG3-Av was origi-
nally designed to deliver molecules into cancer cells, we observed
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Fig. 3. Internalization of biotinylated B-gal complexed with anti-rat TfR
1gG3-Av. Y3-Ag1.2.3 cells were incubated at 37°C, for 3 h with 0.1 ug of
anti-dansyl IgG3-Av (narrow line) or anti-rat TfR IgG3-Av (bold line) bound to
biotinylated B-gal (1:1 molar ratio). After washes, intracellular g-gal activity
was detected using a membrane permeable, fluorogenic g-gal substrate, and
flow cytometry.

that cells treated with the molecule appeared to undergo apo-
ptosis with cell shrinkage, budding, and the formation of clusters
of apoptotic bodies (data not shown). To further investigate this
phenomenon, we incubated Y3-Agl.2.3 cells with varying con-
centrations of anti-rat TfR IgG3-Av, anti-dansyl IgG3-Av, re-
combinant anti-rat TfR IgG3, anti-rat TfR IgG2a (0X26), and
recombinant anti-dansyl IgG3 (Fig. 44), and then monitored cell
proliferation by thymidine incorporation. Anti-rat TfR IgG3,
anti-rat TfR IgG2a, anti-dansyl IgG3, and anti-dansyl IgG3-Av
showed no inhibition of proliferation. In contrast, anti-rat TfR
I1gG3-Av showed 50% inhibition of proliferation (ICsg) at 4.5
nM. Statistical analysis of the three highest concentrations of
anti-rat TfR IgG3-Av and anti-dansyl IgG3-Av showed that the
anti-rat TfR IgG3-Av was a potent inhibitor of proliferation (P =
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Fig. 4. Antiproliferative effect of antibody fusion proteins on selected rat
cancer cell lines. (A) Y3-Ag 1.2.3 cells were treated with anti-rat TfR IgG3-Av
(m), anti-dansyl 1IgG3-Av (O), anti-rat TfR IgG2a (), anti-rat TfR 1gG3 (@), or
anti-dansyl 1gG3 (O) at various concentrations for 24 h. The cells were then
cultured in the presence of [3H]thymidine for an additional 24 h, harvested,
and [3H]thymidine incorporation was determined. Each value is the mean of
quadruplicate assays expressed as the % control mean (controls are cells
treated with buffer alone). (B) Y3-Ag 1.2.3 (m), BC47 (@), and 9L (») cells were
treated with various concentrations of anti-rat TfR 1gG3-Av for 24 h and
processed as described in A.
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Fig.5. Anti-rat TfR IgG3-Avinduces apoptosis in selected rat cancer cell lines.
Y3-Ag1.2.3 (A and B), C58 (NT) D.1.G.OVAR.1 (Cand D), BC47 (E and F), and 9L
(G and H) cells were incubated with buffer alone (A, C, E, and G), or 9 nM of
anti-rat TfR IgG3-Av (B, D, F, and H) for 48 h. The cells were then washed,
stained with Alexa Fluor 488 Annexin V and PI, and analyzed by flow cytom-
etry. The percentage of cells located in each quadrant is shown at the corner.

0.002). Similar results were obtained in two independent studies
of Y3-Agl.2.3, as well as in C58 (NT) D.1.G.OVAR.1 cells (data
not shown). Growth inhibition was observed only when the
anti-rat TfR variable regions and the avidin moiety were present
in the same molecule. Although the fusion protein was able to
inhibit the growth of two cancer cell lines of hematopoietic
lineage, under the same condition, it did not inhibit the growth
of the rat gliosarcoma 9L or the rat bladder carcinoma BC47
(Fig. 4B). Anti-dansyl IgG3-Av, anti-rat TfR IgG3, anti-dansyl
IgG3, and anti-rat TfR IgG2a also did not inhibit the prolifer-
ation of BC47 and 9L (data not shown).

Anti-Rat TfR 1gG3-Av Induces Apoptosis in Selected Rat Cancer Cell
Lines. To confirm that cell death mediated by anti-rat TfR
IgG3-Av was through apoptosis, cells treated with anti-rat TfR
IgG3-Av were assayed for the translocation of phosphatidylser-
ine from the inner to the outer leaflet of the plasma membrane
by using the annexin V affinity assay (37). Dead cells can be
stained by PI, which enters cells with disrupted plasma mem-
brane and binds to DNA. Following treatment with anti-rat TfR
I1gG3-Av, Y3-Agl.2.3 (Fig. 5 A and B), and C58 (NT)
D.1.G.OVAR.1 (Fig. 5 C and D), cells showed an increase in the
number of dead cells (annexin V/PI bright) compared with cells
treated with buffer (compare Fig. 5 4 and C with 5 B and D). In
Y3-Agl.2.3 cells, a large population that stained brightly with
annexin V but less brightly with PI appeared after treatment with
anti-rat TfR IgG3-Av. Furthermore, even the population that
did not stain with PI showed stronger staining with annexin V,
suggesting that apoptosis had been initiated in all cells (Fig. 5 A4
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Fig. 6. Noncovalent association of anti-rat TfR IgG3-Av results in a dimeric
structure. Anti-rat TfR 19G3 (173 kDa) and anti-rat TfR IgG3-Av (200 kDa for
monomer) were analyzed by FPLC. As a standard the profile of dimeric IgA
(360 kDa) and monomeric IgG (150 kDa) separated under identical conditions
is shown. Fraction size is 1 ml.

and B). Increased genomic DNA fragmentation in all Y3-
Agl.2.3 cells treated with anti-rat TfR IgG3-Av was also seen
when using the TUNEL assay (data not shown). After similar
treatment of BC47 (Fig. 5 E and F) and 9L (Fig. 5 G and H),
significant numbers of cells undergoing apoptosis were not
observed.

Anti-Rat TfR IgG3-Av Exists as a Noncovalent Dimer. Avidin is a
tetramer comprised of four noncovalently linked monomers.
Each molecule of anti-rat TfR IgG3-Av contains only two avidin
moieties. FPLC analysis was performed under nondenaturing
conditions to determine whether anti-rat TfR IgG3-Av forms a
dimeric structure with four avidin moieties (Fig. 6). Under these
conditions, anti-rat TfR IgG3 eluted at the position expected
given its size (173 kDa), but anti-rat TfR IgG3-Av appeared to
have a molecular mass of ~400 kDa, corresponding to a non-
covalent dimer composed of two fusion protein monomers of 200
kDa. The fact that anti-rat TfR IgG3 does not dimerize suggests
that noncovalent interactions among the avidin molecules led to
dimerization.

Recombinant Anti-Rat TfR 1gG3 Cross-Linked with Secondary Antibod-
ies Inhibits Cell Growth. To further investigate whether dimeriza-
tion or multimerization of anti-rat TfR is associated with a
growth inhibitory effect, we incubated Y3-Ag1.2.3 cells with 23.7
nM of anti-dansyl IgG3, anti-rat TfR IgG3 alone, anti-rat TfR
IgG3-Av, or anti-rat TfR IgG3 cross-linked by secondary Ab.
Y3-Agl.2.3 cells treated with anti-rat TfR IgG3 incorporated
94.1% as much thymidine as control cells treated with anti-
dansyl IgG3. In contrast, cells treated with anti-rat TfR IgG3-Av,
or anti-rat TfR IgG3 premixed with either a monoclonal or
polyclonal anti-human IgG had lower levels of thymidine incor-
poration: 23.6%, 25.8%, and 27.1%, respectively, of the amount
incorporated by control cells treated with anti-dansyl IgG3 (P <
0.0001 compared with controls). Therefore, multimeric forms of
anti-rat TfR inhibit growth of Y3-Agl.2.3.

Anti-Human TfR 1gG3-Av Exhibits Intrinsic Cytotoxic Activity on a

Human Cancer Cell Line. Anti-rat TfR IgG3-Av is specific only for
the TfR expressed on rat cells (6, 25). To determine whether
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Fig. 7. Antiproliferative effect of anti-human TfR 1gG3-Av on K562 cells.
K562 cells were treated with buffer (A), 25.9 nM (B), 51.9 nM (C), or 104 nM (D)
of anti-human TfR 19G3-Av for 72 h. The cells were then cultured in the
presence of [3H]thymidine for another 24 h before being harvested. The
amount of [3H]thymidine incorporation is expressed as the % the incorpora-
tion seen when cells were treated with buffer.

anti-human TfR IgG3-Av also possesses cytotoxic activity
against human cancer cells, we constructed a fusion protein
virtually identical to anti-rat TfR IgG3-Av but with specificity for
the human TfR. The fusion protein binds biotin and triggers
receptor-mediated endocytosis after binding to the TfR on
human erythroleukemia cell line K562 (data not shown). Anti-
human TfR IgG3-Av inhibited the growth of K562 cells in a
dose-dependent manner (Fig. 7). In contrast, the proliferation of
K562 cells was not inhibited by anti-dansyl IgG3-Av or anti-
human TfR IgG1 (128.1) (data not shown). In addition, flow
cytometry analysis using the Annexin V/PI assay confirmed that
anti-human TfR IgG3-Av induces apoptosis in K562 cells (see
Fig. 9, which is published as supporting information on the PNAS
web site, www.pnas.org).

Discussion

The original goal of the present study was to determine whether
anti-rat TfR IgG3-Av could be used to deliver different mole-
cules to cancer cells. Anti-rat TfR IgG3-Av contains the variable
regions of the mouse monoclonal Ab OX26, which binds spe-
cifically to the rat TfR without blocking Tf binding (6). Chemical
conjugation of OX26 with recombinant ricin A chain yielded an
immunotoxin exhibiting strong inhibition of protein synthesis in
Y3-Agl.2.3, NBT II, and 9L cell lines (38, 39). These findings
suggested that anti-rat TfR IgG3-Av could be used to deliver
molecules into rat cancer cells through receptor-mediated en-
docytosis, and we have now demonstrated that anti-rat TfR
IgG3-Av can deliver different biotinylated molecules into Y3-
Agl.2.3 cells. We found that 60% of the cell-associated anti-rat
TfR IgG3-Av-b-GOX-FITC complex was internalized after 45
min at 37°C. This efficiency of uptake is comparable to that
observed for '2I-Tf in the human leukemia cell line HL-60 (53%
in 45 min; ref. 27), and for anti-PECAM -'2’I-GOX in PECAM-
positive human umbilical vein endothelial cells (HU VECs) (60%
in 90 min; ref. 40). Anti-rat TfR IgG3-Av was able to deliver
proteins as large as B-gal into a cell with the intracellular B-gal
retaining enzymatic activity, suggesting that at least a fraction
escaped lysosomal degradation.

Unexpectedly, anti-rat TfR IgG3-Av was found to induce
apoptosis in two rat malignant cell lines [Y3-Agl.2.3 and C58
(NT) D.1.G.OVAR.1] of hematological origin. This effect re-
quires both the specificity for TfR and the avidin moiety. FPLC
analysis showed that anti-rat TfR IgG3-Av exists as a noncova-
lent dimer, leading us to speculate that the cytotoxic activity of
the molecule may be, at least in part, due to its dimeric structure.
In fact, we found that whereas anti-rat TfR IgG3 alone did not
have any inhibitory activity, anti-rat TfR IgG3 cross-linked with
secondary Ab exhibited an antiproliferative activity comparable
to that of anti-rat TfR IgG3-Av.
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A correlation between the valence of anti-TfR and effects on
cells expressing the TfR has been described (41). Divalent
anti-TfR IgG increases the rate of TfR internalization and
degradation, resulting in a decrease in TfR expression and cell
growth rate in certain cases. On the other hand, treatment with
multivalent anti-TfR, such as IgM (valence = 10-12), causes
extensive receptor cross-linking which inhibits internalization
and leads to severe growth inhibition (41). Dimeric (tetravalent)
anti-rat TfR IgG3-Av would be expected to cause less extensive
T1R cross-linking than anti-TfR IgM because of its lower valence
and, unlike IgM, anti-rat TfR IgG3-Av was able to efficiently
deliver biotinylated molecules via receptor-mediated endocyto-
sis. The inhibition of growth by anti-rat TfR IgG3-Av may reflect
a combination of a partial block of iron uptake and TfR
down-regulation. Earlier studies showed that the addition of
ferric citrate as an iron supplement can completely prevent
apoptosis in cells treated with anti-TfR (42). Preliminary data by
our group showed that addition of 50 uM of ferric citrate greatly
attenuated the growth inhibitory effect of anti-rat TfR IgG3-Av
on Y3-Ag 1.2.3 (unpublished data), supporting a role for iron
deprivation in the cell growth arrest observed.

Despite the fact that anti-rat TfR IgG3-Av inhibited the
growth of the two hematological malignant cell lines tested,
similar treatment did not inhibit the growth of the rat gliosar-
coma 9L and bladder carcinoma BC47, cell lines of mesenchymal
and epithelial origin, respectively. Low or no expression of the
TfR is unlikely to explain the result seen with 9L, which has been
successfully treated with an anti-TfR immunotoxin (38). Instead,
these findings are consistent with previous studies showing that
hematopoietic cells are generally more sensitive to the antipro-
liferative effects of anti-TfR monoclonal Abs than other cell
types (43). The reasons for these differences are not well
understood, but may reflect the capacity of individual cell type
to respond to iron deprivation (43). Alternatively, an iron uptake
pathway independent of the Tf-TfR system has been demon-
strated in a murine cell (44), and it is possible that different cells
vary in their dependence on the Tf-TfR system for iron.

The cytotoxic effects of anti-TfR IgG3-Av are not limited to
hematopoietic cells of rat origin but were also observed when an
anti-human TfR IgG3-Av was used to treat the human cell line
K562. Anti-human TfR IgG3-Av is similar in structure to anti-rat
TfR IgG3-Av, and would be expected to form dimers. Indeed, we
found that anti-human TfR IgG3-Av induces apoptosis in K562
cells. In the U.S., more than 100,000 new cases of blood-related
cancers are diagnosed every year (see The Leukemia and
Lymphoma Society’s web page, www.leukemia.org). Leukemia
and lymphoma cells, which are of hematopoietic origin, overex-
press the TfR compared with normal tissues (6, 9, 14, 15) and
may be especially sensitive to the cytotoxic effect of anti-TfR.
Furthermore, it is possible that tumor-specific cytotoxicity can
be enhanced by using anti-human TfR IgG3-Av to deliver
biotinylated cytotoxic molecules. Because anti-TfR IgG3-Av
contains an intact Fc, it may also be effective in recruiting
humoral and cellular effector mechanisms to kill tumor cells. In
addition to in vivo applications, anti-human TfR IgG3-Av may
also be used to eliminate residual tumor cells following standard
ex vivo purging procedures (6).

One concern is that nonspecific cytotoxicity may be associated
with the in vivo use of anti-human TfR IgG3-Av alone or in
association with biotinylated cytotoxic agents. However, treat-
ment of mice challenged with SL-2 leukemic cells twice weekly
for up to 4 weeks with 3 mg of an IgM anti-mouse TfR produced
no evidence of gross toxicity or cellular damage (45). In addition,
when Tf-cytosine arabinoside conjugates were administered i.v.
for the treatment of SL-2 leukemia, all of the control animals
succumbed to the disease in 2 weeks, whereas 70% of the treated
mice remained free of tumor until the termination of experiment
at the 20th week (19). These results suggest that systemic
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administration of anti-human TfR IgG3-Av alone or conjugated
with toxins may have antitumor activity with limited nonspecific
toxicity. Furthermore, systemic toxicity may be minimized and
high local concentrations of drug achieved by regional therapy of
tumor-containing cavities, such as the brain. Direct intratumoral
injection of Tf-diphtheria toxin conjugate showed efficacy with
little systemic toxicity in patients with brain tumors (22). An
alternative approach to eliminating toxicity to normal cells would be
to use anti-human TfR IgG3-Av to deliver DNA encoding a
“suicide gene” driven by a cancer-specific promoter (46).

An important issue in the use of anti-human TfR IgG3-Av as
a therapeutic agent is its immunogenicity. Although this will not
be a problem for ex vivo purging of cancer cells, one component
of the fusion protein that can possibly elicit an immune response
during in vivo use is the avidin moiety. However, its immuno-
genicity may be reduced because nearly everyone has been
exposed to chicken avidin by eating eggs, and therefore may be
tolerant to this oral antigen (47). Although a humoral immune
response against the murine variable regions of the fusion
protein may occur during treatment in individuals with a normal
immune system, many patients undergoing chemotherapy for
hematological malignancies are immune compromised and many
chimeric antibodies with non-human variable regions have been
used successfully in the clinic.

In conclusion, our results have demonstrated that anti-rat TfR
IgG3-Av can be used as a vehicle for delivering different
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biotinylated compounds into cancer cells. In addition, both
anti-rat TfR IgG3-Av and anti-human TfR IgG3-Av have been
shown to possess intrinsic cytotoxic activity against malignant
cell lines of hematopoietic origin. These findings demonstrate
that it is possible to transform an Ab specific for a growth factor
receptor (such as TfR) that does not exhibit growth inhibitory
activity into a drug system with significant cytotoxic activity
against selected cells by fusing it with avidin. Further develop-
ment of this approach may lead to more effective therapeutics
for in vivo eradication of hematological cancers and other
malignancies, and for ex vivo purging of cancer cells in autolo-
gous transplantation.
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