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Therapeutic Effect of Ansamitocin Targeted to Tumor by a Bispecific

Monoclonal Antibody
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We have constructed a murine hybrid hybridoma that secretes a hispecific monoclonal antibody
(mAb) by fusing a hybridoma secreting an anti-ansamitocing mAb with a hybridoma secreting an
anti-human transferrin receptor (TfR) mAb that binds to human A431 epidermoid carcinoma cells.
The bispecific mAb, reactive to both ansamitocins and TfR, was purified by a combination of
hydrophobic celumn chromatography and hydrexyapatite high-performance liquid chromatography,
and evaluated in in vivo experiments using human tumor cell-implanted nude mice. Ansamitocin P-3
targeted through one of the antigen combining sites of the bispecific mAb was potentially more
effective in suppressing the growth of established A431 tumor xenografts implanted on nude mice than
unconjugated ansamitocin P-3 or the immunoconjugate of ansamitocin P-3 and monospecific anti-
ansamitocins antibody, and the targeted ansamitocin P-3 finally eradicated the tumor mass. The
bispecific mAb also played an important role in reducing such undesirable side-effects of ansamitocin
P-3 as the loss of body weight, the damage to liver functions and the decrease in the number of white

bloed cells.
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Ansamitocins were discovered as a novel class of
maytansinoids produced in the fermentation broth of
Nocardia species” and showed high anti-tumor activity in
in vitro and in vivo experiments.”® However, they had to
be withdrawn from clinical studies because of their
potent toxicity.

Bispecific antibodies have been used in enzyme-linked
immunosorbent assays (ELISA) and in immunohisto-
chemistry,”” and have also been applied to the targeting
of tumor cells for attack by toxin molecules or effector
T cells.'*'¥ As for chemotherapeutic agents, Corvalan et
al. developed a bispecific antibody with specificity for
both carcincembryonic antigen (CEA) and vinca alka-
loids, allowing the antibody to be specifically located on
CEA-expressing cells with the ability to concentrate
circulating vinblastine around the tumor mass.'*'®
Tsukada er al also reported a bispecific antibody which
targeted adriamycin to hepatoma cells, prolonging the
survival of tumor-bearing rats.'” Nitta et al. have done a
clinical trial using lymphokine-activated killer celis
targeted to malignant glioma by a bispecific antibody that
was prepared by chemical conjugation.'®

Recently we have developed several hybrid hybrid-
omas secreting bispecific antibodies which can be used in
an ELISA for human lymphotoxin,'” in tumor-targeting
of Pseudomonas aeruginosa exotoxin A™ and in fibrin
clot-targeting of tissue-plasminogen activator’” or pro-
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urokinase.”” We applied this bispecific antibody tech-
nique to eradicate cancer cells by use of the potent
antitumor activity of ansamitocins while reducing their
systemic toxicity. Here we describe the construction of a
murine hybrid hybridoma secreting a bispecific mono-
clonal antibody (mAb) that recognizes both ansami-
tocins and human transferrin receptor (TfR) expressed
on tumor cells, and its selective anti-tumor activity in
nude mice xenografted with human epidermoid carci-
noma A431 cells.

MATERIALS AND METHODS

Materials Ansamitocin P-3 and ansamitocin $-3 were
purified from a fermentation product of Nocardia
species,” and two related compounds TAC-580 and
TAC-582 were chemically synthesized from ansamitocin
P-3. Their structures are shown in Fig. 1.

Conjugates TAC-580 containing a free carboxyl group
was conjugated with bovine serum albumin (BSA) using
water-soluble 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide™ and used as the immunogen for producing
anti-ansamitocins antibodies, TAC-582 containing a free
amino group was maleimidated with N-(y-maleimido-
butyryloxy)succinimide and coupled to human serum
albumin (HSA) dithiopyridylated with N-succinimidyl-
3-(2-pyridyldithio)propionate. TAC-582-HSA conju-
gate obtained was used as the solid-phase antigen in an
ELISA. Ansamitocin S-3 containing a sugar moiety was
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Fig. 1. Chemical structure of ansamitocins and related com-
pounds.

oxidized with sodium periodate and coupled with BSA.
After reduction with sodium borohydride, ansamitocin
S-3-BSA conjugate was labeled with biotinyl-N-hydroxy-
succinimide ester and used in an ELISA.

Fusion procedures Splenocytes were harvested from
BALB/¢ mice immunized with TAC-580-BSA conju-
gates or TfR preparations isolated from human pla-
centa,” and were fused with mouse myeloma P3-X63-
Ag8-Ul cells using polyethylene glycol (PEG).” Fused
cells were selected in a hypoxanthine-aminopterin-thy-
midine medium, and their culture supernatants were
screened by an ELISA for anti-ansamitocins or anti-TfR
antibody. Positive hybridomas were cloned by a limiting
dilution method, and the hybridomas AS6-44 and 22C6é
secreting anti-ansamitocins (IgGl, k) and anti-TfR
(IgGl, 1) antibodies, respectively, were obtained. Fur-
ther fusion and selection to produce hybrid hybridomas
were carried out on the AS6-44 hybridoma and the 22C6
hybridoma using a fluorescence-activated cell sorter
(FACStar 1V, Becton Dickinson) according to the
method described by Karawajew er al®® Briefly, the
hybridomas AS6-44 and 22C6 were labeled with fluores-
cein isothiocyanate (FITC) and tetramethylrhodamine
isothiocyanate, respectively, and fused with PEG. The
heterofluorescent cells were sorted out and cultured as
described before.”” The cuiture supernatants of hybrid
hybridomas were screened by an ELISA for a bispecific
mADb, and one of the positive hybrid hybridomas, ATF1-
170 was cloned by a limiting dilution method.
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Screening assays for hybridomas Two ELISA systems
and one fluorescence immunoassay (FIA) were adopted
for screening hybridomas secreting anti-ansamitocins,
anti-TTR and bispecific antibodies. In an anti-ansamito-
cins assay, samples were added to TAC-582-HSA conju-
gate-coated microplates, followed by incubation at 37°C
for one hour. After washing of the plates, bound anti-
ansamitocins antibody was detected with horseradish
peroxidase (HRP)-labeled anti-mouse IgG antibody,
followed by an enzyme reaction using 6 mM hydrogen
peroxide and 40 mM o-phenylenediamine in 0.1 M citrate
buffer (pH 5.5) as substrates.”” In a bispecific mAb
assay, TAC-582-HSA conjugate-coated plates were used
as solid-phase antigen and biotinylated anti-mouse im-
munoglobulin A chain-specific antibody as labeled anti-
body. Bound bispecific mAb was detected with HRP-
labeled avidin, followed by the enzyme reaction as
described above.

In an FIA for the measurement of anti-TfR antibody,
samples were added to human erythroleukemia K562
cells,™ followed by incubation at 37°C for one hour.
After washing of the cells, bound anti-TfR antibody was
detected with FITC-labeled anti-mouse IgG antibody by
using a fluorometer (Baxter FCA-VIP).

Purification of bispecific antibody Hybrid hybridoma
cells, ATF1-170, were grown as ascitic fluids in hybrid
nude mice (Jcl:AF-nu), and the ascites were directly
applied to an ether-Toyopearl column (Toye Soda) em-
ploying a linear gradient of ammonium sulfate (ranging
from 1.3 M to O M in 0.1 M phosphate buffer, pH 7.0)
for elution.*” Immunoglobulin fractions containing bi-
specific mAb activity were further subjected to hy-
droxyapatite high-performance liquid chromatography
(HPLC) (Mitsui Toatsu) employing a linear gradient of
potassium phosphate (ranging from 10 mM to 300 mM,
pH 6.8) for elution.”” Elution was monitored by measur-
ing the absorbance at 280 nm.

In vitro cytotoxicity assay Human K562 cells (2.0 10*
cells/well) were plated in a sterile tissue culture plate
with 24 flat-bottomed wells (Flow Laboratories) and
sample drugs were added to the wells. After incubation at
37°C for 4 days, cell growth was judged by counting the
cell number with a Coulter counter (TCA Microcell
Counter CL-108)}.

In an alternative method, the target cells were plated in
microplates with 96 flat-bottomed wells and incubated
in the presence of drugs at 37°C for 4 days. The number
of viable cells was then measured by a conventional
colorimetric assay using 3-(4,5-dimethylthiazol-2-y1}-2,5-
diphearé)yltetrazo]ium bromide (MTT; Sigma Chemical
Co.).

In vivo anti-tumor assay Human epidermoid carcinoma
A431 cells (1.0X 10° cells/mouse) were subcutaneously
inoculated into hybrid nude mice (Jcl:AF-nu), and then



ansamitocin P-3 either alone or together with antibodies
was injected intravenously. Tumor volumes were esti-
mated at frequent intervals by using the following equa-
tion based on two perpendicular diameters of the
products.*”

Tumor volume (cm®)=length X (width)* X 0.5

Systemic toxicity Ansamitocin P-3 was injected in-
travenously into BALB/c mice and the change of their
body weight was measured. The numbers of white blood
cells and platelets, and the serum level of glutamic ox-
aloacetic transaminase (GOT) in blood samples were
also determined using a Coulter counter (Sysmex CC-
180A) and a test kit (Wako), respectively.
Pharmacokinetic studies Pharmacokinetics of ansami-
tocin P-3, bispecific mAb and the conjugate of ansamito-
cin P-3 and bispecific mAb were studied in BALB/c
mice. Ansamitocin P-3 in plasma specimens of mice
intravenously injected with ansamitocin P-3 at the dose
of 50 ug/mouse, was determined by an ELISA employ-
ing competitive binding of ansamitocin P-3 in plasma and
biotinylated ansamitocin 8-3 to anti-ansamitocing anti-
body-coated microplates. Bispecific mAb in plasma spec-
imens of mice iniravenously injected with the mAb at the
dose of 1.5 mg/mouse was determined by the anti-ansa-
mitocins ELISA described aove. The immunoconjugate
of ansamitocin P-3 and bispecific mAb in plasma speci-
mens of mice intravenously injected with the conjugate at
the dose of 10 gg/mouse as ansamitocin P-3 was assayed
for cytotoxicity against K562 cells. The plasma levels of
these three drugs were analyzed with a computer pro-
gram based on the Simplex method.*”

RESULTS

Preparation of the bispecific antibody A bispecific mAb-
secreting hybrid hybridoma ATF1-170 was constructed
by fusing a hybridoma AS6-44 secreting an IgG1l anti-
body against ansamitocins with a hybridoma 22Cé
secreting an IgG 1 antibody against human TfR. Grow-
g tetraoma cells were screened for their ability to
secrete a bispecific mAb composed of two different light
chains, as described in “Materials and Methods.”

A bispecific mAb ATF1-170 was purified from mouse
ascites by two consecutive chromatographies employing
ether-Toyopear]l and hydroxyapatite columns. Mouse
ascites gave several IgG peaks when they were directly
applied to hydroxyapatite HPLC (Fig. 2a). Ontly in the
middle peak was bispecific antibody activity detectable,
but the isolated product was contaminated with mono-
specific antibodies against ansamitocins and TfR. Pre-
fractionation of ascites on a hydrophobic column using
ether-Toyopearl followed by hydroxyapatite HPLC,
however, gave almost complete separation of a bispecific

Therapeutic Effect by a Bispecific mAb

1-300
b=
E
j4b]
T
£
Q.
@
o
J
o
X

L 10

0.04

002}

Absorbance at 280 nm  Absorbance at 280 nm

0 20 40 60 80
Elution Time (min)

Fig. 2. Hydroxyapatite HPLC of immunoglobulins produced
by the hybrid hybridoma ATFI1-170. (a) Ascitic fluid was
analyzed by hydroxyapatite HPLC and each fraction was
assayed for the activities of bispecific, anti-ansamitocin and
anti-transferrin receptor antibodies. 1 and 2, anti-ansamitocin
antibody; 3, bispecific antibody, 4, anti-transferrin receptor
antibody. (b) Ascitic fluid was fractionated on an ether-
Toyopear]l column and then the fraction with bispecific anti-
body activity was subjected to hydroxyapatite HPLC. The
HPLC procedures were carried out at a flow rate of 1 ml/min
with a linear gradient of 10-300 mM potassium phosphate
buffer (pH 6.8), employing hydroxyapatite HPLC column
HCA (Mitsni Toatsu, 20X250 mm). The column effluent was
monitored by measuring the absorbance at 280 nm.

mAb from other parental and hybrid antibodies (Fig.
2b). This purified bispecific antibody preparation demon-
strated antibody activities in anti-ansamitocins and bi-
specific mAb ELISA, and in an anti-TfR FIA using K562
cells (data not shown).

Neutralization of ansamitocin P-3 by antibodies An-
samitocin P-3 demonstrated a highly potent cytotoxic
activity in an in vitre test against K562 cells, but its
toxicity was significantly reduced in the presence of
monospecific mAb AS6-44 or bispecific mAb ATF1-170
(Table I). Ansamitocin P-3 also exerted a lethal effect
upon BALB/c mice with an LDy, of 30-50 ig/mouse,
causing a significant loss of body weight, decreases of
white blood cells and platelets, and increased GOT,
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together with diarrhea and rough hair (Fig. 3). The
immunoconjugate of ansamitocin P-3 and anti-ansa-
mitocins mAb, however, demonstrated little or no toxic
effect upon mice in terms of body weight and white blood
cells, or liver damage, when injected at the dose of 30 g/
mouse, a level at which ansamitocin P-3 itself would
cause severe side effects (Fig. 3).

Therapeutic effect of the immunoconjugates Ansami-
tocin P-3 was incubated with monospecific mAb AS6-44
and bispecific mAb ATF1-170 and then intravenously
injected at the dose of 10 yg/mouse (as ansamitocin P-
3), on the 2nd, 5th and 7th days after cell inoculation,
into nude mice xenografted with human A431 carcinoma
cells (Fig. 4). The mice receiving ansamitocin P-3 alone

Table I. Neutralization of Ansamitocin P-3 Cytotoxicity by
Antibodies

Ansamitocin P-3 % Cytotoxicity against K562 cells?

(pg/ml) Antibody free AS6-447 ATF1-1707
10 11 0 7
30 54 7 19
100 95 95 92

a) Numbers of K362 cell were determined by a Coulter counter.
b) Monospecific anti-ansamitocins antibody (20 ng/ml).

¢) Bispecific anti-ansamitocins/anti-human transferrin recep-
tor antibody (20 ng/ml).

demonstrated a marked reduction in tumor size and the
tumor mass apparently disappeared on the 21st day after
tumor implantation in two out of five animals. But on the
30th day recurrent tumor growth was observed in all the
mice of this group. One out of six mice given ansamitocin
P-3 alone died on the 9th day after tumor implantation
because of the systemic toxicity of the drug and the other
five mice demonstrated a significant weight loss (Fig. 5).
The mice receiving ansamitocin P-3 together with the
bispecific mAb, however, developed no tumor mass and
the trace finally disappeared by two weeks after inocula-
tion without loss of body weight. No reoccurrence was
observed by the 30th day after inoculation (Fig. 6). On
the other hand, the monospecific anti-ansamitocins mAb
AS6-44 did not enhance the antitumor activity of an-
samitocin P-3, but blocked it completely. The tumor
volumes of the mice given the immunoconjugate of
ansamitocin P-3 and AS6-44 were similar to those in
control mice dosed with phosphate-buffered saline in-
stead of drugs, although the mice showed little weight
loss.

Pharmacokinetics of the immunoconjugate Prolongation
of the half-lives of ansamitocin P-3 by immunoconju-
gation with the antibody was investigated by measuring
the plasma levels of ansamitocin P-3 or its antibody
conjugate after intravenous injection into mice. The
results were plotted on semilogarithmic paper and fitted
with a sum of two exponential terms by graphical curve
peeling, then the exponents describing the half-lives of
the drugs were calculated. Table II summarizes the half-
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Fig. 4. Anti-tumor effects of ansamitocin P-3 conjugated with
antibodies. Results are means ( =SE) of tumor volumes from
groups of 6 nude mice bearing the A431 human tumor xeno-
graft; control ( @), ansamitocin P-3 (10 gg, M), ansamitocin
P-3 (10 #g) +monospecific mAb (AS6-44, 1.5 mg) (2~ ) and
ansamitocin P-3 (10 gg) + bispecific mAb (ATF1-170, 1.5 mg)
{O). Ansamitocin P-3 or the conjugates with AS6-44 and
ATF1-170 antibodies was intravenously dosed three times on
the 2nd, 5th, and 7th days after tumor implantation.
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Fig. 5. Toxic effects of ansamitocin P-3 and the conjugates
with antibodies upon tumor-bearing nude mice. Changes in
their body weight are shown; control (@), ansamitocin P-3
(M), ansamitocin P-3+AS6-44 (£ ) and ansamitocin P-3+
ATF1-170 (QO). Experimental details were the same as in
Fig. 4.
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Fig. 6. Whole-body photographs of human tumor-bearing
nude mice on the 30th day after tumor implantation. Experi-
mental details were the same as in Fig. 4. a) Control, tumor
volume 1.40%+0.25 cm®, b) ansamitocin P-3, tumor volume
0.1510.06 cm®, c) ansamitocin P-3+ AS6-44, tumor volume
1.34?0. 13cm?, d) ansamitocin P-3 +ATF1-170, tumor volume
Ocm’.

lives of ansamitocin P-3, bispecific mAb and the conju-
gate. Ansamitocin P-3 rapidly disappeared from blood
following intravenous injection of ansamitocin P-3 alone
with half-lives of 12.4 and 159 s in the a- and SB-phases, -
respectively. Ansamitocin P-3 immunoconjugated with
bispecific mAb, however, was found to have approxi-
mately 300-fold longer half-lives than unconjugated
ansamitocin P-3 in both the a- and 3-phases. The half-life
in the a-phase was almost equal to that of the bispecific
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Table II. Plasma Half-lives of Ansamitocin P-3, ATF1-170,
and Ansamitocin P-3/ATF1-170

Plasma half life?

Sample a-Phase B-Phase
Ansamitocin P-3 1245 159.0s
ATF1-170% 14 h 1130 h
Ansamitocin P-3/ATF1-170 I.Th 13.5h

a) Plasma clearance curves were analyzed biphasically.
b) Bispecific anti-ansamitocins/anti-human transferrin recep-
tor antibody.

antibody itself, although there was a marked difference in
the S-phase.

DISCUSSION

Many researchers have covalently linked chemothera-
peutic agents to anti-cancer antibodies and successfully
applied them to selective tumor killing.***® Such chemi-
cal conjugates, however, were usually much less potent in
vivo than the parental free drugs, because the drugs can
hardly be released in the free and pharmacologically
most active form. Corvalan et gl reported that a
bispecific mAb recognizing both CEA and vinca alka-
loids was able to deliver the drugs to tumor sites while
retaining them in an active form. The immunochemical
conjugate was significantly effective in suppressing tumor
growth of established tumor xenografts.'>'® We applied
this technique to targeting ansamitocins with a highly
potent cytotoxicity which is 10- to 100-times higher than
that of vinca alkaloids and other clinically useful drugs.*®

We have been able to prepare a bispecific mAb re-
cognizing both ansamitocins and human TfR, and have
observed the specific targeting of ansamitocins to tumor
xenografts implanted subcutaneously on nude mice by
the bispecific antibody. Two methods have been reported
for the preparation of a bispecific antibody; one is chem-
ical conjugation and the other is a hybrid hybridoma
technique. The former method allows easy and rapid
preparation of a bispecific antibody, but the product
would usually be heterogeneous and often in a poly-
merized form.’” The latter cell fusion method, however,
gives a homogenous preparation in a large quantity,
although there would be some difficulties in purifying
a bispecific antibody from immunoglobulin mixtures
secreted by a hybrid hybridoma."” A hybrid hybridoma
stably secreting a bispecific mAb was easily constructed
by the method of Karawajew et al using a double-
fluoresceinating technique.” The hybrid hybridoma,
ATF1-170, thus obtained seemed to produce mainly
three kinds of immunoglobulin species: one of them was
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the relevant bispecific mAb and the others were the
parental mAbs. The bispecific mAb was isolated from
other immunoglobuling by a combination of hydrophobic
column chromatography and hydroxyapatite HPLC, As
shown in Fig. 2b, the hybrid column chromatography
was found to be useful for the isclation of the bispecific
mAb from the parental and other hybrid immuno-
globulins, and its purity reached approximately 78%
after a single chromatographic procedure. The bispecific
mAb-containing fraction was further purified by hydroxy-
apatite HPLC for use in ir vitro and in vive experiments.

The bispecific mAb neutralized the highly potent toxic-
ity of ansamitocin P-3 not only in an in virro cytotoxzicity
test using human K562 cells as the target but also in an
in vivo experiment using BALB/¢ mice dosed with the
antibody conjugate. There was little apparent toxicity, on
injection of the immunoconjugate, even at a dose equiv-
alent to an LDy, dose of unconjugated ansamitocin P-3.
Conjugation of ansamitocin P-3 with the antibody might
block the entry of the drug into cells.

The TfR on human cells is thought to have an essential
role in iron transport across the cell membrane and is
selectively expressed on proliferating cells.***” In some
cases, TfR can be used as a marker to distinguish be-
tween tumor cells and normal tissues.* ¥ Here we
employed human epidermoid carcinoma A431 cells
highly expressing TfR as the target and investigated the
therapeutic effect of ansamitocin P-3 targeted to the
established tumor xenografts by the bispecific mAb.
Three successive doses of the drug immunoconjugated
with the bispecific mAb seemed completely to eradicate
the tumor mass, while the administration of the drug
alone did not prevent reoccurrence of tumor growth,
Moreover, the immunoconjugate did not induce systemic
toxicity such as that observed in experimental animals
given the unconjugated drug. On the other hand, the
immunoconjugate of ansamitocin P-3 and the mono-
specific anti-ansamitocins mAb showed no therapeutic
effect upon tumor-implanted nude mice, although the
systemic toxicity was not seen. The anti-ansamitocing
monospecific mAb or the bispecific mAb is likely to block
the active site of ansamitocin P-3 and to inhibit its
toxicity in test animals. As for the tumor eradication by
the immunoconjugate of ansamitocin P-3 and the bi-
specific mAb, it is probable thai the bispecific mAb
delivered the drug to tumor sites, where the conjugate
was endocytosed by fumor cells, followed by the release
of the drug in a free and active form. The prolonged half-
lives of ansamitocin P-3 immuncconjugated with the
antibody might also contribute to the increased thera-
peutic effect. Biodistribution of ansamitocin P-3 and the
bispecific antibody was not investigated in this study, but
specific killing of target cells in cell cultures and regres-
sion of solid tumors growing as subcutaneous xenografts



by a chemical conjugate of a toxin and an anti-TfR
antibody have been reported.* *” Moreover, our in vivo
results demonstrated a remarkable difference in therapeu-
tic effects between the parental anti-ansamitocins mAb
and the bispecific mAb.

Further studies of this bispecific mAb will require care,
because TfR is obviously not a tumor-specific antigen but
is expressed in some normal hematopoietic cells. How-
ever, the present technique employing the immunocon-
jugate of ansamitocins and a bispecific antibody could
be applied to an anti-tumor antibody with sufficient
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