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ABSTRACT

Two rat monoclonal antibodies to the murine transferrin receptor
(TFR) were each conjugated to recombinant ricin toxin A chain (rRTA).
The monoclonal antibodies, RI7 217 and YE1/9.9, bound to partially
overlapping antigenic determinants on the murine TFR that were distinct
from the transferrin binding site. Immunotoxins RI7 217-rRTA and YE1/
9.9-rRTA were potent cytotoxins for mouse cell lines in vitro. Animal
toxicity studies showed that they were 10 to 20 times more toxic to mice
than were control immunotoxins, including the anti-human-TFR Â¡mmu-
notoxin 454A12-rRTA. The mouse toxicity of i.p. injected RI7 217-rRTA
could be partially blocked by the i.p. or i.v. administration of unconjugated
RI7 217 monoclonal antibody. I.p. but not i.v. administration of anti-
mouse-TFR immunotoxins prolonged the survival of mice given implants
of syngeneic peritoneal P388D1 lymphoid tumors. The anti-mouse-TFR
immunotoxins killed at least 99.9% of the P388D1 tumor cells in vivo.
In addition, i.p. treatment with immunotoxin RI7 217-rRTA was able to
prolong the survival of mice given an implant of a murine ovarian
teratocarcinoma. The results show that anti-TFR Â¡mmunotoxinscan be
efficacious in homologous species when the tumor is confined to a specific
body cavity and immunotoxin can be delivered into that cavity.

INTRODUCTION

TFR3 is a cell surface glycoprotein responsible for binding of
transfemn-iron complexes and their subsequent internalization
into the cell. Transferrin receptors are expressed on cells as a
function of their rate of proliferation (1). The receptor is
prevalent on most tumor cells and on a limited number of
normal tissues (2-7). These properties of the TFR make it a
possible target antigen for antitumor therapy using monoclonal
antibody-toxin conjugates.

Immunotoxins to the TFR are among the most potent im
munotoxins known in terms of in vitro cytotoxicity (8-13).
Trowbridge and Domingo (8) used an anti-human TFR mono
clonal antibody and an anti-human TFR immunotoxin to suc
cessfully treat nude mice given an implant of a human mela
noma. The positive effects of the immunotoxin were probably
attributable to the antibody portion of the conjugate. More
recently, FitzGerald et al. ( 14,15) have demonstrated antitumor
effects using anti-human TFR immunotoxins in a nude mouse
model of human ovarian cancer, where the tumor cells were
confined to the peritoneal cavity. However, these xenograft
models do not take into account the effect of normal tissue
binding on efficacy and animal toxicity, since anti-human TFR
monoclonal antibodies do not cross-react with the mouse TFR.

In order to investigate the effects of binding to normal tissue
and tumor tissue, Trowbridge and Domingo (8) proposed that
anti-mouse TFR Â¡mmunotoxins be tested for antitumor efficacy
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in mice carrying syngeneic tumors. Despite excellent potency
in vitro, the conjugate was not efficacious in vivo (16). The
tumor type, its location, and the route of immunotoxin admin
istration were not specified, so it is difficult to draw conclusions
as to what factors contributed to the lack of an antitumor effect.

In this paper, we describe further studies on anti-mouse TFR
immunotoxins. We show that i.p. treatment with anti-mouse
TFR immunotoxins can prolong the survival of mice bearing
syngeneic peritoneal tumors (i.e., where the tumor and host are
homologous).

MATERIALS AND METHODS

Monoclonal Antibodies. A description of the monoclonal antibodies
used in this study are shown in Table 1. A hybridoma cell line secreting
monoclonal antibody RI7 217, originally isolated by Lesley and Schulte
(17) and by Lesley et al. (18), was obtained from The American Type
Culture Collection, Rockville, Ml), and a hybridoma secreting mono
clonal antibody RBW21.3.5 (19) was kindly provided by Jayne Lesley,
Salk Institute. An ascites sample containing monoclonal antibody YE1/
9.9 (20) was obtained from F. Takei, University of British Columbia.
All other hybridomas and monoclonal antibodies have been described
elsewhere (12, 21). Murine monoclonal antibodies were produced in
ascites of BALB/c mice, and rat monoclonal antibodies were produced
in ascites of athymic nu/nu BALB/c mice. One preparation of mono
clonal antibody RI7 217 was prepared from a hybridoma grown in
serum-free tissue culture medium (by S. Weiss, Cetus Corporation).
Purification of monoclonal antibodies, from either ascites or serum-
free tissue culture medium, was by ammonium sulfate precipitation,
ion exchange chromatography on DEAE-resins, and size-exclusion
chromatography.

Cell Cultures. P388D1 is a murine lymphoid neoplasm of the mon-
ocyte-macrophage lineage originally described by Dawe and Potter (22).
1.121(1is a murine lymphocytic leukemia, EL4 and YAC-1 are murine
lymphomas, L (clone 929) is a murine fibroblast-like culture from
connective tissue, and MCF7 is a human epithelial-like breast adeno-
carcinoma.

P388D1, EL4, and YAC-1 were cultured in RPMI 1640 medium
supplemented with 10% fetal calf serum, 1% L-glutamine, 1% antibi-
otic-antimycotic mixture (penicillin, Fungizone, streptomycin; Gibco),
and 50 Â«M2-mercaptoethanol. LI210 was grown in the same medium
but without 2-mercaptoethanol. P388D1, EL4, YAC-1, and LI210
were maintained at 5% ( ( ) . The mouse L line was cultured in Dulbec-
co's minimum essential medium containing 10% fetal calf serum, 1%

glutamine, and 1% antibiotic-antimycotic. MCF7 was grown in Dui
becco's minimum essential medium supplemented with 6% fetal calf

serum, 1% glutamine, 1% nonessential amino acids (Gibco), and 0.2
Ã•/IMM!bovine insulin (Sigma). MCF7 and L cultures were maintained
at 9% CO2.

Radiolabeling of Monoclonal Antibodies. Monoclonal antibodies RI7
217 and YE 1/9.9 were radiolabeled with '"I by the iodogen method

(23). Samples (100 Â¿tg)of purified monoclonal antibodies RI7 217 or
YE1/9.9 in 0.5 M NaPO4, pH 7.6, were added to a glass tube coated
with 10 tig iodogen (Pierce); 0.5 mCi of carrier-free '"I (Amersham)

was added, and the tube was incubated 30 min on ice. The reaction was
stopped by the addition of solid potassium iodide. Labeled antibodies
were separated from free iodine on a I'D in column (Pharmacia)

equilibrated in PBS, pH 7.6, containing 0.1% bovine serum albumin
and 0.1 % sodium azide. The specific activities of radiolabeled monoclo
nal antibodies RI7 217 and YE 1/9.9 were 0.32 and 0.26 nCi//ig,
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Table 1 Monoclonal antibodies used in this study

Antibody Species Isotype Antigen Recognized Ref.

K17 217 Rat IgG2a Mouse transfemn receptor 10,16-18,29
YE1/9.9 Rat IgG2a Mouse transferrin receptor 20
RBW21.3.5 Rat IgG2a Mouse leukemia virus 19

glycoprotein with a molecular
weight of 70,000

454A12 Mouse IgGl Human transferrin receptor 12,21
MOPC21 Mouse IgGl None known 12
280D11 Mouse IgGl Human breast cancer antigen 12,21

withrespectively. In each case, 98% of the radioactivity associated
antibody was trichloroacetic acid precipitatile.

Cell Binding Studies. The P388D1 cell line was used for binding
assays. The standard cell binding reaction mixture (0.2 ml) consisted
of 40 IHMsodium phosphate, pH 7.6, 200 mM sodium chloride, 0.4%
sodium azide, 1 mg/ml bovine serum albumin, 2.5% fetal calf serum,
and 100,000 P388 cells, to which was added ""I-labeled monoclonal

antibodies RI7 217 or VE1/9.9 (20,000 cpm of each). In blocking
studies, unlabeled monoclonal antibodies, immunotoxins, or transfeirin
was also added. Binding was allowed to proceed for 3-4 h at 37*C, at

which time free and cell-bound radioactivity was separated by cen-
trifugation.

Conjugation of Monoclonal Antibodies to Recombinant Ricin A Chain.
Monoclonal antibodies were derivati/ed with 2-iminothiolane, using
modifications of existing procedures (13), until about 2 mol of lysine
residues were modified per mol of monoclonal antibody. The deriva
ti/ed monoclonal antibodies were then coupled to rR TA (prepared by
R. Ferris, Cetus Corporation) through the reactive sulfhydryl group on
rR I.V. Purification of immunotoxins was by size-exclusion and hydro-
phobic interaction chromatography. Purified immunotoxins contained
less than 5% (mass/mass) of either unconjugated antibody or uncon-
jugated rK I A. as judged by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis.

Protein Synthesis Inhibition Cytotoxicity Assay. The cytotoxicity
assay, based on incorporation of ["S]methionine into cellular proteins,

has been described (12, 24). Incubation of cells with immunotoxin was
for 22 h.

Colony Formation Inhibition Assay. Inhibition of colony formation
was performed as described previously (12), with L-cells as the target.
Cells were added to the plates followed immediately by the addition of
immunotoxins or other test substances. Incubation in the presence of
immunotoxin was allowed to proceed for 10 days, at which time the
colonies were.stained with crystal violet and counted.

Mouse Toxicity. Female CD-I mice (18-22 g) were used for toxicity
testing, unless noted otherwise. Serial 2-fold dilutions of test anieles
were injected into groups consisting of 4 mice each. Test articles were
diluted in PBS containing 100 Â¿tg/mlof carboxymethylated bovine
serum albumin (Sigma). Carboxymethyl bovine serum albumin was
used as the carrier protein to minimize the chance of sulfhydryl-disulfide
exchange between unmodified bovine serum albumin and the immu
notoxin. Test articles were injected into mice i.p. The injection volume
was 20 ml/kg (0.4 ml/20-g mouse). Mice were weighed at least every
other day. Surviving and dead mice were scored daily for 10-14 days.
For toxicity blocking studies, mice were given injections i.p. or i.v. of
monoclonal antibodies RI7 217 or 280D11, followed immediately by
an i.p. injection of immunotoxin RI7 217-rRTA.

Tumor Models. P388D1 cells were maintained in culture prior to
inoculation into mice. A frozen vial containing murine E6496 ovarian
teratoma cells (25-27) was kindly provided by R. Ozols, National
Cancer Institute. E6496 cells were passaged as ascites in B6D2F|/
CRLBR (Charles River Laboratories) mice.

For efficacy testing, 18- to 22-g female B6D2F,/CRLBR mice were
given injections i.p. of 100,000 P388D1 or E6496 cells (day 0). On
days 1-7 after tumor implantation, mice were treated daily with im
munotoxins or other substances i.p. The injection volume was 20 ml/
kg body weight. The diluent was PBS containing 100 /ig/ml carboxy
methylated bovine serum albumin (saline/albumin). When treatments
were given i.v., the volume injected was 5 ml/kg body weight (0.1 ml/
20-g mouse). Each dosage group consisted of 10 mice.

Antitumor effects were calculated by determining the survival time
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of treated animals relative to control (saline-treated) animals (T/C
ratio).

RESULTS

Binding Characteristics of the Monoclonal Antibodies. The
monoclonal antibodies of particular interest here are designated
RI7 217 and YE 1/9.9. Both bind to the mouse TFR (Table 1).
Radiolabeled monoclonal antibodies RI7 217 and YE 1/9.9 had
indistinguishable association constants of 1-2 x 10" inverse M

as determined by Scatchard plot analysis of P388D1 binding
data (not shown). Blocking studies showed that it took 40 ng
of unlabeled monoclonal antibody RI7 217 to inhibit the bind
ing of '"I-labeled RI7 217 to P388D1 cells by 50% (Fig. IA).

Similarly, about 40 ng of unlabeled monoclonal antibody YE I/
9.9 were required to cause a 50% reduction in the binding of
'"I-YEI/9.9 to P388D1 cells (Fig. IB).

Some reciprocal cross-blocking was also seen. About 200 ng
of monoclonal antibody YE1/9.9 blocked '"I-labeled RI7 217

cell binding by 50%, and 400 ng of monoclonal antibody RI7
217 blocked I25I-YE1/9.9 cell binding by 50% (Fig. 1). By

contrast, 500 ng of control monoclonal antibodies RBW21.3.5
or 454A12 did not block 125I-labeled RI7 217 or YE1/9.9

binding to P388D1 cells. Lesley and Schulte (17) have previ
ously stated that monoclonal antibody RI7 217 caused minimal
inhibition of the binding of mouse transferrin to the mouse

100

so

100 10OO

COMPETING ANTIBODY (ng added)

B

1000

COMPETING ANTIBODY (ng added)
Fig. 1. Blocking the cell binding of '"I-labeled anti-TFR monoclonal antibod

ies. A. ability of monoclonal antibodies RI7 217 (â€¢)and YE1/9.9 (O) to block
the binding of '"(-labeled RI7 217 to P388D1 cells; B, ability of monoclonal
antibodies YE 1/9.9 (â€¢)and RI7 217 (D) to block the binding of'"I-labeled YE I/

9.9 to P338D1 cells.
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TFR. Similarly, the binding of '"I-labeled YEI/9.9 to murine

cells was not blocked by mouse transferrin, even at 5 fig. Taken
together, these results show that monoclonal antibodies RI7
217 and YE 1/9.9 bind to partially overlapping determinants
on the TFR that are both distinct from the transferrin binding
site.

Immunotoxins RI7 217-rRTA and YEl/9.9-rRTA were
slightly less effective than their homologous unconjugated
monoclonal antibodies in blocking the cell binding of radiola
beled monoclonal antibodies. About 70-80 ng of either caused
a 50% reduction in the cell binding of their homologous 12SI-
labeled monoclonal antibodies. This result shows that deriva-
tization of the monoclonal antibodies with iminothiolane and
their conjugation to rRTA caused only a slight decrease in their
affinity for the TFR.

In Vitro Cytotoxicity. Immunotoxins RI7 217-rRTA and
YEl/9.9-rRTA were potent cytotoxins for murine cell lines in
vitro (Fig. 2 and Table 2). A conjugate between RI7 217 and
native ricin A chain has previously been shown to make an
effective immunotoxin for mouse cells in vitro (10). The inhib
itory doses that resulted in 50% decrease in cellular protein
synthesis for mouse cell lines were typically in the 0.01-1.0 nvi
range (Table 2). In some cases, immunotoxins RI7 217-rRTA
and YEl/9.9-rRTA were as cytotoxic as ricin toxin (Fig. 2).
Sensitivity of cultured mouse cells to anti-TFR immunotoxins
was related to their proliferativi- state. Cells taken from actively

growing cultures were 2 orders of magnitude more sensitive to
immunotoxin RI7 217-rRTA than cells taken from stationary-
phase cultures (not shown).

The potent cytotoxicity of the RI7 217-rRTA immunotoxin
for I,-cells was further demonstrated by its ability to inhibit
colony formation in a clonogenic assay, even at relatively low
concentrations (Fig. 3). The resistance of L-cells to diphtheria
toxin (28) was used as a confirmation of their origin as mouse
cells (Fig. 3).

Immunotoxins RI7 217-rRTA and YEl/9.9-rRTA were spe-

IMMUNOTOXIN OR ANTIBODY InM)

Fig. 2. Cytotoxicity of anti-TFR immunotoxins for the murine L-cell line.
L-cells were incubated with immunotoxins, monoclonal antibodies, or ricin toxin
for 22 h, then they were assayed for cellular protein synthesis as described in
"Materials and Methods." RI7 217-rRTA (â€¢);YEl/9.9-rRTA (â€¢);454A12-

rRTA (Â«);ricin toxin (A); RI7 217 (O), and YEI/9.9 (CD-

Table 2 Cytotoxicity of immunotoxins for the mouse cell lines L, P388D1,
LI210, EL4, and YAC-l and the human breast cancer cell Une MCF7

Concentration of immunotoxin required to decrease
cellular protein synthesis by 50% in cell line (niw)

ImmunotoxinRI7

217-rRTA
YEl/9.9-rRTA
454A12-rRTA
RBW21.3.5-rRTA
MOPC21-rRTAL0.03

0.07
>IOO
>100
>100P388D10.05

0.07
>100
>100
>IOOL12100.03

ND"

ND
ND
NDEL40.05

ND
ND
ND
NDYAC-l0.17

ND
ND
NDNDMCF7100

>100
0.1

>100
>50

I
10 1.0 01 .01 10 1.0 0.1 .01 10 10 0.1 ,01 IO 1.0 0.1 01

Fig. 3. Inhibition of murine L-cell colony formation by an anti-mouse TFR
immunotoxin. A, 454A12-rRTA; B, diphtheria toxin; C, ricin toxin; D, RI7 217-
rRTA. -, no colonies were detected on the plate after 10 days of incubation.

M 50

" ND, not determined.

Fig. 4. Blocking the cytotoxicity of an anti-mouse TFR immunotoxin with
unconjugated anti-mouse TFR monoclonal antibody. Monoclonal antibodies or
mouse transferrin was added to the cells followed immediately by the addition of
immunotoxin RI7 217-rRTA. Cells were incubated for 2 h at 37'C. The medium

was then aspirated, the cells were washed with saline, fresh medium was added,
and the cells were incubated for a further 20 h before processing for cellular
protein synthesis. For the blocking components, the lower concentration (30 nivt)
is the bar to the left, and the higher concentration (300 nM) is the bar to the right.
Immunotoxin RI7 217-rRTA (0.4 IIM) plus A, saline; B, monoclonal antibody
454A12; C, mouse transferrin; D, monoclonal antibody YE 1/9.9; E, monoclonal
antibody RI7 217.

cifically cytotoxic to mouse cells, and the specificity of killing
was afforded by the immunoglobulin portion of the immuno-
toxin. Cytotoxicity blocking experiments showed that monoclo
nal antibody RI7 217 protected L-cells from the cytotoxic
effects of immunotoxin RI7 217-rRTA (Fig. 4). Monoclonal
antibody YE 1/9.9 was slightly protective, whereas transferrin
and control monoclonal antibodies were not (Fig. 4). Similarly,
monoclonal antibody YE 1/9.9 protected cells from the toxic
effects of immunotoxin YEl/9.9-rRTA but only partially from
the toxic effects of immunotoxin RI7 217-rRTA (not shown).
Neither unconjugated RI7 217 nor YE 1/9.9 were cytotoxic to
mouse cell lines at doses as high as 100 IIM(Fig. 2).

Immunotoxins 454A12-rRTA and MOPC21-rRTA, made
with murine monoclonal antibodies that lack binding to mouse
cells, were weak cytotoxins for mouse cells (Figs. 2 and 3 and
Table 2). The same was true for immunotoxin RBW21.3.5-
rRTA, made with a rat IgG2a monoclonal antibody directed at
a murine leukemia virus coat protein (19) (Table 2). Immuno
toxins RI7 217-rRTA and YEl/9.9-rRTA were not cytotoxic
for the human breast tumor cell line MCF7 at doses of about
50 nM and below, whereas immunotoxin 454A12-rRTA, which
binds to the human TFR, was highly cytotoxic to this line
(Table 2).
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Mouse Toxicity. Table 3 summarizes the LD50 values for
control immunotoxins and the anti-mouse TFR immunotoxins
RI7 217-rRTA and YEl/9.9-rRTA. Monoclonal antibodies
RI7 217 or YE 1/9.9 were nontoxic at 25-50 mg/kg, the highest
doses tested. Similarly, mouse monoclonal antibodies 280D11
and MOPC21 were nontoxic at these high levels. The LD50s of
i.p. administered immunotoxins MOPC21-rRTA and 454A12-
rRTA were about 20 mg/kg, and the LD50 of immunotoxin
RBW21.3.5-rRTA was greater than 10 mg/kg, the highest dose
tested. Although no animals died at this dose of immunotoxin
RBW21.3.5-rRTA, substantial weight loss was noted, indicat
ing that 10 mg/kg was approaching the LD50. Unconjugated
rRTA was toxic to mice, with an i.p. LD50 of 16 mg/kg (not
shown).

In contrast, the 1.1>*,,of i.p. administered immunotoxin RI7
217-rRTA was 1.1 mg/kg (Table 3), making it about 20 times
more toxic than the control immunotoxins previously de
scribed. Immunotoxin RI7 217-rRTA was about equally toxic
for CD-I, BALB/c, and B6D2F,/CRLBR mouse strains. The
LD50 of i.p. administered immunotoxin YEl/9.9-rRTA was 1.9
mg/kg (Table 3). Although immunotoxin YEl/9.9-rRTA was
slightly less toxic than the RI7 217-rRTA immunotoxin, it was
still 10-fold more toxic than the control immunotoxins.

The LD50s of i.v. administered immunotoxins RI7 217-rRTA
and YEl/9.9-rRTA were also determined and were 0.4 and 0.8
mg/kg, respectively. Thus, these immunotoxins were about 2-
fold more toxic by the i.v. as compared to the i.p. route.

Administration of immunotoxins RI7 217-rRTA and YE I/
9.9-rRTA caused a dose-dependent weight loss. Mice given
injections i.p. of RI7 217-rRTA at the approximate LD50 value
of 1 mg/kg lost about 10% (2 g) of their starting weight (day 0)
by day 3. For those animals that died at this dose, the mean
time to death was 3 days. Those mice that survived beyond day
6 almost always survived to the end of the 15-day observation
period.

Gross examination of mice lethally intoxicated with immu
notoxins RI7 217-rRTA and YE 1/9.9-rRTA showed major
damage to the liver, spleen, and occasionally kidney. Sauvage
et al. (29) have shown that RI7 217 preferentially accumulates
in these organs after i.p. injections in mice. It should be noted
that the same organs were damaged by lethal levels of control
immunotoxins such as MOPC21-rRTA. Further studies will be
needed to determine the organs most affected by the specific
TFR binding of the anti-TFR immunotoxins.

Blocking the Toxicity of Immunotoxin RI7 217-rRTA with
Monoclonal Antibody RI7 217. Administration of a 14-fold M
excess of monoclonal antibody RI7 217 protected mice from
the lethal effects of immunotoxin RI7 217-rRTA (Table 4).

Approximately equal protection was provided when monoclo
nal antibody RI7 217 was administered i.p. (Table 4A) or i.v.
(Table 4B). In contrast, monoclonal antibody 2801)11, which
lacks binding to mouse cells, did not protect mice from the
lethal effects of immunotoxin RI7 217-rRTA.

Even though monoclonal antibody RI7 217 totally protected
mice from the lethality of immunotoxin RI7 217-rRTA, it only
partially protected them from the associated weight loss. Mice
that received 1.75 mg/kg of immunotoxin RI7 217-rRTA plus
25 mg/kg of monoclonal antibody RI7 217 (either i.p. or i.v.)
lost about 10% of their body weights during the initial 3-day
period, even though they survived the treatment. In contrast,
mice that received 1.75 mg/kg of immunotoxin RI7 217-rRTA
alone or 1.75 mg/kg of immunotoxin RI7 217-rRTA plus 25
mg/kg of monoclonal antibody 280D11 suffered a 20-25%
decrease in body weight during the first 3 days, and most of the
animals in these groups did not survive.

In Vivo Antitumor Effects of Immunotoxins RI7 217-rRTA
and YEl/9.9-rRTA for Murine P388D1 Tumors. Representative
examples of the antitumor effects of immunotoxins RI7 217-
rRTA and YE 1/9.9-rRTA are shown in Fig. 5. Mice were given
injections i.p. of 100,000 P388D1 cells on day 0 and then they
were treated daily with i.p. injections on days 1-7. Using this
dosing regimen, we found that the maximally tolerated doses
were 0.2 mg/kg (x 7 injections; 1.4 mg/kg total) for immuno
toxin RI7 217-rRTA and 0.4 mg/kg (x 7 injections; 2.8 mg/
kg) for immunotoxin YE 1/9.9-rRTA. Test articles were admin
istered in a relatively large volume (20 ml/kg) in order to
facilitate access to the entire surface area of the peritoneum
(30, 31). For perspective, a dose of 0.2 mg/kg delivered in a
volume of 20 ml/kg represents an initial concentration of
immunotoxin in the peritoneal cavity of about 50 HM.

Both anti-mouse TFR immunotoxins caused a significant

Table 4 Blocking by unconjugated monoclonal antibody A/7 217 oftoxicity of
immunotoxin RI7 217-rRTA for Mice

Group
Blocking antibody

(25 mg/kg i.p.)
RI7 217-rRTA

(1.75 mg/kg i.p.)
Survived/

total

ABCA.

Administration i.p. of blockingantibodya
,RI7217

+280D1
1 +0/86/80/8

D
E
F

Blocking antibody
(25 mg/kg i.V.)

B. Administration i.v. of blocking antibody

R17217
280D11

2/10
10/10
2/10

1Mock treatment with saline/albumin.

Table 3 Mouse LDx's of monoclonal antibodies and immunotoxins

Monoclonal antibodies and immunotoxins were administered i.p. (single dose)
into female CD-I mice.

(mg/kg)

Monoclonal antibody
RI7 217
YE 1/9.9
280D11
MOPC21

Immunotoxin
RI7 217-rRTA
YE 1/9.9-rRTA
RBW21.3.5-rRTA
454A12-rRTA
MOPC21-rRTA

3.50*
3Â»25
Â»50

1.1
1.9

24
19

20 30 40 SO

DAYS
Fig. 5. Survival of P388D l -bearing mice treated with anti-mouse TFR im

munotoxins. Mice were given injections i.p. of 100,000 P388D1 cells on day 0,
then they were given injections i.p. daily on days 1-7 of saline/albumin or
immunotoxins. Doses indicated are the daily doses. Â».saline/albumin; 0, 0.2

' None of the unconjugated monoclonal antibodies caused death or weight loss mg/kg immunotoxin RI7 217-rRTA; A, 0.2 mg/kg immunotoxin YE 1/9.9-rRTA;

at the highest dose tested. D, 0.4 mg/kg immunotoxin YE 1/9.9-rRTA.
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increase in animal survival (Fig. 5 and Table 5). In the experi
ment shown in Fig. 5, saline/albumin-treated mice had a me
dian survival of 21 days, and none of the mice in this group
survived past day 27. Mice treated with 0.2 mg/kg of immu-
notoxin RI7 217-rRTA had a median time of survival of 30
days (T/C = 1.43), and 8 of 10 survived past day 27. Although
i.p. treatment of P388D1 -bearing mice resulted in increased
survival, no increase in survival was demonstrated by i.v. treat
ment with immunotoxin RI7 217-rRTA, even at the maximally
tolerated dose.

Treatment with immunotoxin YEl/9.9-rRTA i.p. was even
more effective than treatment with the RI7 217-rRTA immu-
notoxin. At 0.2 mg/kg of immunotoxin YEl/9.9-rRTA, the
median survival time was 38 days (T/C = 1.81), and at 0.4 mg/
kg of immunotoxin YEl/9.9-rRTA, the medium survival time
was 52 days (T/C > 2.48). Two of 10 mice treated with 0.2
mg/kg of immunotoxin YEl/9.9-rRTA and 5 of 10 mice treated
with 0.4 mg/kg of immunotoxin YEl/9.9-rRTA survived past
day 200 after tumor implantation. These mice were then sacri
ficed and no tumors were observed by gross examination. No
antitumor effects, in terms of an increase in survival time, were
observed when treatment with YEl/9.9-rRTA was delayed until
day 4 after tumor cell implantation.

In contrast to the antitumor effects seen with i.p. adminis
tered anti-TFR immunotoxins, treatment with control immu
ninox ins MOPC21-rRTA or RBW 21.3.5-rRTA was ineffective
(Table 5). As a further demonstration of specificity, administra
tion of a stochiometric excess of unconjugated monoclonal
antibody RI7 217 partially blocked the antitumor activity of
RI7 217-rRTA (not shown). The use of immunotoxin RBW
21.3.5-rRTA as a negative control was considered critical. Rat
monoclonal antibody RBW 21.3.5 is of the same isotype
(IgG2a) as the 2 anti-mouse TFR immunotoxins. The finding
that RBW 21.3.5-rRTA was nontoxic to mouse cells in vitro
and ineffective as an immunotoxin in vivo argues against a
major contribution of Fc-mediated cell-binding as a cause of

the antitumor effects of the anti-mouse TFR immunotoxins.
Treatment i.p. with unconjugated monoclonal antibody RI7

217 was not effective in prolonging the survival of P388-bearing
mice (Table 5). Surprisingly, i.p. treatment with unconjugated
monoclonal antibody YE 1/9.9 did result in a small increase in
the survival time of P388D1-bearing mice, relative to saline/
albumin-treated mice (Table 5). Immunotoxin YEl/9.9-rRTA
was still much more effective in prolonging mouse survival than
was unconjugated monoclonal antibody YE 1/9.9 (Fig. 5 and
Table 5).

Table 6 shows the survival time of mice as a function of the
number of P388D1 cells implanted i.p. Mice given injections
of 10s, IO4, or IO3 cells had similar median survival times of
25-26 days. When the inoculum was decreased to IO2cells, the

survival time increased substantially to a median of 30 days.
Extrapolation of these results to the survival data for anti-TFR
rRTA-treated mice showed that immunotoxin treatment pro
longed the survival times of the animals by an extent corre
sponding to that expected if >99.9% of the P388D1 cells had
been eradicated by the immunotoxin.

Antitumor Effects for a Murine Ovarian Teratoma. Immuno
toxin RI7 217-rRTA was tested for antitumor effects against
murine ovarian teratoma cells that had been implanted into the
peritoneal cavity of mice (Table 7). Treatment i.p. with the RI7
217-rRTA immunotoxin caused a 3- to 4-fold increase in sur
vival time (T/C = 3.3-3.4) whereas treatment with either un
conjugated monoclonal antibody RI7 217 or the nontargeting
control immunotoxin MOPC21-rRTA was ineffective.

DISCUSSION

Immunotoxins directed at the TFR have been shown to be
potent cytotoxins for a number of target cell lines in vitro.
However, the potential use of anti-TFR immunotoxins as an-
titumor agents for in vivo therapy is complicated by the fact
that many normal tissues express the TFR and may thus be

Table S Treatment ofP388Dl-bearing mice with anti-mouse TFR and control immunotoxins and unconjugated monoclonal antibodies

Median survival (days)

Test substance Dose (mg/lcg) Treated

Unconjugated anti-mouse TFR monoclonal antibodies and control immunotoxins

RI7217

YE 1/9.9

RBW21.3.5-rRTA

MOPC21-rRTA

0.8
0.4

0.8
0.4

0.2

0.4
0.2

22
23

27
25

21

20
26

Control

21
26

20
20

26

26
24

' Survival of treated animals significantly greater than survival of control animals, at P < 0.000 1.
'No significant increases in survival of treated animals compared to control animals.
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IJKf
OMf

1.35"
1.25'

O.Sr'

* Median survival days of treated animals divided by median survival days of control (saline/albumin-treated) animals.
*/>< 0.001.
CP<0.0\.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/24_Part_1/6639/2958568/cr04724p16639.pdf by guest on 19 M

ay 2023



TUMOR THERAPY USING ANTI-TFR RECEPTOR IMMUNOTOXINS

Table 6 Survival of mice as a function ofi.p. challenge with P388DI cells

No. of
P388D1

cells injectedIO5

10*IO3

10*
10'Survival

(days)Median25

26
2630

>130Mean25.2

26.5
28.2
53.4

105.4Range

(days)*19-34

24-36
24-36
29->200*
37->200<

* Analysis terminated after 200 days.
'Two of 10 mice surviving at day 200.
' Seven of 10 mice surviving at day 200.

Table 7 Effect of immunotoxin RII 217-rRTA on the survival of mice challenged
with murine ovarian teratoma cells

TestsubstanceRI7

217-rRTAMOPC21-rRTAR17

217Dose

(mg/kg)0.1

0.05
0.4
0.4Median

survival(days)Treated84

82
2227Control25

25
2525T/C3.4"

3.3Â°
0.9*
1.1*

* Survival of treated animals significantly greater than survival of control

animals, at P < 0.0001.
* No significant difference between survival of treated and control animals.

adversely affected by such constructs. One approach to testing
the antitumor effects of anti-TFR immunotoxins is presented

in this paper. This approach takes into account the effects of
normal tissue binding on the toxicity and efficacy of anti-TFR
immunotoxins. These factors have been ignored in previous
studies, which utilized human xenograft tumors in athymic
mice.

Two anti-mouse TFR monoclonal antibodies were used. Cell
binding and cytotoxicity experiments have shown that mono
clonal antibodies RI7 217 and YE 1/9.9 bound to distinct but
partially overlapping regions on the TFR. Neither monoclonal
antibody bound to the transferrin binding site on the transferrin
receptor. Both made potent immunotoxins for murine cell lines
i/i vitro. Given the presence of TFR on many normal tissues, it
was not surprising that immunotoxins RI7 217-rRTA and YE1/
9.9-rRTA were more toxic to mice than were the immunotoxins
directed at human or irrelevant antigens.

Because of the normal tissue binding associated with anti-

TFR monoclonal antibodies and the resulting toxicity associ
ated with anti-TFR immunotoxins, we felt that it would be
difficult to successfully treat s.c. or metastatic tumors with i.v.
administered anti-TFR immunotoxins. Instead, we chose an
animal model system in which the tumor cells were localized
to the peritoneal cavity, a semiconfined body space. Treatment
was by i.p. injection. Pharmacological studies with conventional
drugs have shown that i.p. administration leads to high i.p.
drug levels but comparatively low plasma drug levels (26, 30-

35). Clearance of small molecular weight drugs from the peri
toneal space occurs primarily by transmembrane diffusion (26,
35-38). The pharmacological advantage may be even greater
with immunotoxins, since the clearance of macromolecules in
this size range is primarily via lymphatic drainage (37-38).
Additionally, with some peritoneal tumors (e.g., ovarian can
cer), clearance of drugs from the peritoneal space is further
delayed by lymphatic obstruction (39-40).

The tumor chosen for most of these studies was the murine
leukemia P388D1 (22). Although leukemia cells are not nor
mally associated with peritoneal growth, i.p. injected P388D1
cells have the property of remaining localized to the peritoneal
space and do not usually metastasize. The P388D1 tumor is an
aggressive, rapidly proliferating tumor that normally causes

mouse lethality 20-25 days after the i.p. implantation of
100,000 cells.

Treatment i.p. with either of 2 different anti-mouse TFR
immunotoxins prolonged the survival of mice bearing the
P388D1 peritoneal tumor. In one experiment, 50% of the
animals treated with 0.4 mg/kg of immunotoxin YE1/9.9-
rRTA were still living 200 days after tumor implantation,
whereas all control animals had died by day 27.

Immunotoxin YE 1/9.9-rRTA was more effective in prolong
ing the survival of tumor-bearing mice than was immunotoxin
RI7 217-rRTA. This may be partly attributable to the finding
that treatment with unconjugated monoclonal antibody YE I/
9.9 slightly prolonged the survival of P388D1-bearing mice,
whereas treatment with unconjugated monoclonal antibody RI7
217 did not. However, monoclonal antibodies YE 1/9.9 and RI7
217 were of the same rat isotype (IgG2a), had similar associa
tion constants for TFR on P388D1 cells, did not block trans
ferrin binding to the TFR, and did not inhibit protein synthesis
in mouse cells in vitro. We have not formally ruled out the
possibility that monoclonal antibody YE 1/9.9 was participating
in antibody-dependent cell-mediated cytotoxicity. However,
Clark et al. (41) have observed that rat antibodies of the IgG2b
isotype participated in antibody-dependent cell-mediated cyto
toxicity whereas rat IgG2a antibodies did not.

Although positive antitumor effects were observed in the anti-
TFR immunotoxin treatment groups, cures were not routinely
observed. This was true even though the tumor cell inoculum
(100,000 cells) was relatively low and treatment was started
early (day 1). When immunotoxin treatment was delayed until
day 4 after tumor cell challenge, no antitumor effects were seen.
Thus, successful treatment required a relatively small tumor
burden. Why was treatment not more successful? Perhaps a
small number of tumor cells became implanted on peritoneal
surfaces inaccessible to immunotoxin. Alternatively, the rate of
cell kill may not have been sufficient to eliminate all of the cells
prior to their replication. Based on the survival data shown in
Table 6, if even 100 of the 100,000 cells injected escaped
immunotoxin treatment, then median survival would be in
creased by only 5 days.

The pharmacological advantage of i.p. injected antitumor
agents for peritoneal tumors is supported by the findings re
ported here. Immunotoxin RI7 217-rRTA administered i.p.
prolonged the survival of tumor-bearing mice, whereas i.v.
administered RI7 217-rRTA did not. Although we have not
directly measured the levels of immunotoxin in the peritoneal
space or the blood, this finding implies that high levels of
immunotoxin in the peritoneal space are needed for a significant
antitumor effect and that these critical levels cannot be reached
by i.v. administration (without killing the animals).

Sauvage et al. (29) have recently examined the antitumor
effects of certain monoclonal antibodies (unconjugated) that
block murine transferrin receptor function. Using high doses of
the monoclonal antibodies (e.g., 50 mg/kg/day for 14 days),
they were able to demonstrate antitumor responses in mice
challenged with SL-2 leukemic cells. Their results provide
further evidence that tumor cells may be more sensitive than
normal cells to transferrin receptor-based therapeutics.

Potential applications of anti-TFR immunotoxins include
treatment of pleural effusions in breast cancer, intravesicular
treatment of bladder cancer, intrathecal treatment of some
malignancies, and Â¡.p.treatment of ovarian cancer. Ovarian
cancer is an example of a tumor that may be a particularly
promising target, since the tumor remains confined to the
peritoneal cavity during most of its natural history. In this
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report, we have tested immunotoxin RI7 217-rRTA for anti-
tumor effects against a murine ovarian teratocarcinoma. This
tumor has an i.p. metastatic spread similar to that of human
ovarian cancer, with ascites, diaphragmatic tumor implants,
and intraabdominal masses (27). Immunotoxin RI7-217-rRTA
caused a significant prolongation in survival of tumor-bearing
mice in this model (Table 7).

Our results support and extend previous findings showing
that anti-TFR immunotoxins prolong the survival of mice given
implants <>tperitoneali) restricted tumors (14, IS) and raise the
possibility of the further development of anti-TFR immunotox
ins as therapeutic agents in certain human malignancies.
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