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ABSTRACT Daunomycin was covalently attached via a dex-
tran bridge to specific antibodies against rat a-fetoprotein pro-
duced in a horse. The effect of this conjugate on an ei-fetoprotein-
producing tumor was investigated in terms of cytotoxicity and in-
hibition or retardation of tumor development. Under the experi-
mental conditions used, the covalent conjugate was by both criteria
more efficient than either daunomycin alone or a mixture of dau-
nomycin and specific antibodies or a conjugate ofdaunomycin with
horse immunoglobulin. These results show that the conjugate may
be useful as a specific cytotoxic agent against at-fetoprotein-pro-
ducing tumors.

The cytotoxic activity of a specific antiserum to a-fetoprotein
(AFP) on AFP-producing tumors was determined both in vitro
(1, 2, t) and in vivo (3, 4). The observation that tumor cells that
produce very low levels ofAFP are able to survive selectively
on treatment with the antiserum in vitro (5) suggests that the
cytotoxic activity of the antiserum may depend on the level of
AFP production by the tumor cells. Recent studies (1, 6, 7) have
shown that AFP is detectable on the cell surface of AFP-pro-
ducing tumor cells and suggest that the binding of antibody to
AFP may have a fundamental role in its cytotoxic effect on such
cells.

Daunomycin (8, 9) is a well-known antitumor drug, widely
used in cancer therapy. The major drawback, however, is that
daunomycin, like many other drugs effective in killing tumor
cells, also has detrimental effects on rapidly proliferating normal
cells. This toxicity, which limits the effective use of chemo-
therapy in treatment of neoplastic diseases, may perhaps be
overcome or reduced by binding the drug to a carrier that has
specific affinity to the tumor cells (10, 11). In previous studies,
we have tested the effects of daunomycin-antitumor immu-
noglobulin conjugates on various tumors (12). These conjugates
retained most of their original drug and antibody activities (13,
14). Conjugates with specific antibodies were more effective
than drug conjugates with normal immunoglobulin and, under
certain conditions, were an improvement over the free drug
(15).
The aim of this study was to test specific antibodies produced

in a horse against rat AFP as carriers of daunomycin. Dauno-
mycin-anti-AFP conjugates were tested for their effect on rat
hepatoma and compared with free daunomycin, anti-AFP, and
a mixture of anti-AFP and daunomycin linked to normal horse
immunoglobulin. A preliminary report ofthese studies has been
presented. § A report describing the in vitro effect of dauno-
mycin attached by a direct linkage to anti-mouse a-fetoprotein
has also appeared (16).

MATERIALS AND METHODS
Specific Antibodies to AFP. Specific antiserum to rat AFP

was produced in a horse by weekly subcutaneous injections of

1 mg of purified AFP (17) emulsified in Freund's complete ad-
juvant. Specific antibodies to rat AFP were purified by affinity
chromatography on activated Sepharose 4B coupled to rat AFP
(18). (Fab')2 fragment from the specific antibody was prepared
by pepsin digestion in 0.1 M citric acid/NaOH, pH 4, for 18
hr at 370C. The resulting (Fab')2 was separated from small pep-
tides by gel filtration.$
Tumor Cells. The rat ascites cell line AH66 was used

throughout the experiments. It was maintained by intraperi-
toneal passage in syngeneic Donryu rats or cultivated in vitro
(19, 20).

Chemicals and Reagents. Daunomycin hydrochloride was
from Farmitalia (Milano, Italy). [3H]Thymidine (specific activ-
ity, 25 Ci/nmol; 1 Ci = 3.7 x 10l° becquerels) was from the
Radiochemical Centre (Amersham, England). Sodium per-
iodate and sodium borohydride were from British Drug House
(Poole, England). Sepharose 4B and Dextran T 10 (Mr 10,000)
were from Pharmacia (Uppsala, Sweden), Bio-Gel P-60 was
from Bio-Rad, and other chemicals and reagents were from
Wako Pure Chemicals (Japan).

Binding of Antibody to Daunomycin. Normal horse IgG or
specific antibodies to rat AFP were linked to daunomycin via
a dextran bridge. The binding procedure was previously re-
ported (13). In brief, oxidized dextran to which daunomycin had
been linked was incubated overnight with specific antibodies
at 4°C and the resulting complex was reduced by NaBH4. Dau-
nomycin-dextran-bound antibodies were separated from free
daunomycin by gel filtration.

Activity of Specific Antibody, Daunomycin, and the Con-
jugates. The pharmacological activities of the specific antibod-
ies, daunomycin, and the conjugates were measured by inhi-
bition ofDNA synthesis. The assay was carried out in microtest
plates (Falcon No. 2024) in Eagle's minimal essential medium/
kanamycin (Nisui, Japan). Cells were suspended in medium at
5 X 104/ml and dispensed into the wells of the plates in 50-,ul
aliquots. Drugs were diluted in 0.15 M NaCl/0.01 M sodium
phosphate, pH 7.2, and then added to the cells in 50-,ul por-
tions. The plates were incubated for 2 hr at 370C in humidified
5% C02/95% air. Then, 10 ,uCi of [3H]thymidine was added
to each well; after another 2 hr of incubation, 25 u1l of 25% tri-
chloroacetic acid was added, and the plates were kept at 40C
overnight. Trichloroacetic acid precipitates were washed, sol-
ubilized in tissue solubilizer (NCS, Amersham), and transferred

Abbreviation: AFP, a-fetoprotein.
t Tsukada, Y. & Hirai, H. (1973) Abstracts ofthe 32nd GeneralAssembly
ofJapan Cancer Association, Tokyo, Japan, p. 63 (abstr.).

§Tsukada, Y., Bischof, W. K.-D., Hurwitz, E., Sela, M. & Hirai, H.
(1980) Eighth Meeting of the International Society for Oncodevelop-
mental Biology and Medicine, Tallin, U.S. S. R.

¶ Kobayashi, K., Hara, A. & Nishi, S. (1979) Abstracts of the Third
Conference for Anti-AFP Antiserum, Tokyo, Japan, pp. 7-8 (abstr.).
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to vials for assay in a liquid scintillation counter. Assays were
performed in triplicate and generally showed < 10% variation.
Another assay of drug activity used was the measurement of
cytotoxicity as judged by trypan blue dye uptake.

Determination of the Presence of AFP-Producing Tumor
Cells. Tumor cells (5 X 104/ml) were incubated with various
amounts of specific antibodies to rat AFP or the appropriate
controls and then washed three times with 0.15 M NaCl and
incubated with 100 Al of "2I-labeled protein A (1 ACi/ng) at
40C overnight. Then, the tubes containing the tumor cells were
washed thoroughly with 0.15 M NaCl, and the cells were as-
sayed for radioactivity with a gamma counter (Aloka, Japan).

Determination of Antibody Activity of the Conjugate. The
antibody activity ofthe conjugates was measured by solid-phase
radioimmunoassay. Paper discs coated with rat AFP (2 Ag per
disc) were put into the wells of microtest plates (Falcon No.
2024), anti-rat AFP-specific antibodies (100 Al) or specific an-
tibody-daunomycin conjugates (5-20 ug of antibody protein
per ml) were added to each well, and the mixtures were incu-
bated for 2 hr at room temperature. Then, the wells were
washed, 50 dul of a solution of "2I-labeled protein was added,
and these mixtures were incubated with shaking at 40C over-
night. The plates were washed three times with 0.15 M NaCl,
and the discs were transferred to new tubes for assay by a gamma
counter.

In Vitro Studies. The hepatoma cells were maintained in
basal medium containing various amounts of conjugate or con-
trol substance for 48 hr. The growth and viability of the cells
were judged by counting the cells with a hemocytometer using
trypan blue dye uptake.

In Vivo Studies. Hepatoma cells that had been treated with
conjugate or various controls were tested for their ability to grow
after transplantation, and the effect of the conjugate was eval-
uated by the prolongation ofsurvival time and serum AFP levels
in recipient rats.

Determination ofAFP. The amount ofAFP in recipient rats
was determined by Mancini's radial immunodiffusion technique
(21). To detect AFP at a concentration of< 5-10 Ag/ml, which
is the sensitivity limit of gel-precipitation techniques, we used
a radioimmunoassay procedure modified by Nishie et al'1 from
a method described by Ceska and Lundkvist (22) for the de-
termination of IgE.

RESULTS

Formation of AFP-Anti-AFP Antibody Complexes on Tu-
mor Cells in Vitro. Rat hepatoma cells producing AFP were
incubated with specific antibody to rat AFP or various controls.
The cells incubated with the specific antibodies showed dose-
dependent reactivity with "2I-labeled protein A (Fig. 1). In
contrast, the cells incubated with normal horse IgG or with
(Fab')2 purified from specific antibodies to rat AFP showed little
reactivity with 125I-labeled protein A. Some binding of '"I-la-
beled protein A was also found when the cells were incubated
with specific antibodies to human AFP.

Antibody Activity of the Conjugate. The antibody activity of
anti-AFP and ofdaunomycin-dextran-anti-AFP conjugates was
measured indirectly by the binding of radioactive protein A
(Fig. 2). Only e10% of the original antibody activity was re-
tained when protein A binding was used as the criterion for
antibody activity. However, this is probably a minimum value;
the actual antigen binding activity retained by the conjugates
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FIG. 1. Binding of anti-rat AFP-specific antibody on the surface
of AFP-producing tumor cells. AH66 hepatoma cells (1 x 104 per ml)
were incubated with various amounts of antibody to ratAFP or control
substance for 2 hr at 37TC, washed three times with '0.15 M NaCl, in-
cubated with 125I-labeled protein A at 40C overnight, rewashed, and
assayed for radioactivity. o, Anti-rat AFP; *, (Fab')2 of anti-rat AFP;
*, anti-human AFP; o, normal horse immunoglobulin.

may be much higher, as some of the sites binding to protein A
may be blocked by daunomycin-dextran.

Pharmacological Activity of Daunomycin-Anti-Rat AFP.
The inhibition of [3H]thymidine incorporation by tumor cells,
which was used as the criterion for drug activity, was measured
by incubating the hepatoma cells with daunomycin-anti-AFP
conjugate, free drug, or specific antibody (Fig. 3). The specific
antibody by itselfinhibited 30% of[3H]thymidine incorporation
at 400 pug/ml. The inhibition by the daunomycin-dextran-anti-
AFP conjugate [antibody/drug, 50:1 (mol/mol)] was compared
with -that by equivalent concentrations of free daunomycin. As
indicated by the similar inhibition curves, the conjugated drug
maintained most of the original cytotoxic activity.

Specific Cytotoxicity of Antibody-Daunomycin Conjugate
and Various Controls on Tumor in Vitro Inhibition of tumor
growth was tested by using an in vitro system (Fig. 4). The con-
trol substances included free daunomycin, normal horse IgG,
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FIG. 2. Antigen binding activity of the antibodies. Discs coated
with rat AFP were incubated with various amounts of horse anti-rat
AFP (e) or a daunomycin-dextran-antiLAFP conjugate [50:1 (mol/
mol)] (o) for 2 hr at' room temperature. The discs were then washed,
treated with '25I-labeled protein A, incubated overnight at 4VC, re-
washed, and assayed for radioactivity.

11 Nishi, S., Kobayashi, K. & Hirai, H. (1974) Proceedings of the 33rd
Annual Meeting of the Japanese Cancer Association, Tokyo, Japan, p.
161.
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FIG. 3. Inhibition of [3H~thymidine incorporation by daunomycin
or an anti-AFP-daunomycin conjugate. AH66 hepatoma cells (50 ,ul;
5 x 104/Ml) were incubated with 50,u1-portions of solutions of various
concentrations of daunomycin (e), anti-AFP (L), or daunomycin-anti-
AFP conjugate [50:1 (mol/mol)] (o) for 2 hr at 37°C and then treated
with 10 ,ulI of [3H~thymidine (1 ,u~i) for 2 hr at 37°C. The reaction was
terminated by precipitation with trichloroacetic acid, and the precip-
itates were washed and assayed in a liquid scintillation counter.

specific antibodies to rat AFP, a conjugate or mixture ofnormal
horse IgG and daunomycin, and a mixture of the specific an-
tibodies and daunomycin. For every concentration of dauno-
mycin and immunoglobulins or antibodies used, the highest
cytotoxic effect was found with the specific antibody-daunomycin
conjugate. The effect was 100-fold that of a mixture of specific
antibodies and daunomycin, which showed a synergistic effect
in comparison with the effects ofeither free daunomycin or spe-
cific antibodies alone. The conjugate or mixture ofnormal horse
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FIG. 4. Specific cytotoxicity of the conjugate in vitro. AH66 hep-
atoma cells were incubated with various amounts of conjugate or con-

trol substance for 48 hr at 3700, and then the viable cells were counted
by a hemocytometer. x, Normal horse IgG; A, daunomycin; A, specific
antibodies to AFP; *, normal horse IgG/daunomycin; *, specific an-

tibodies to rat AFP/daunomycin; o, conjugate of daunomycin with
normal horse IgG; o, conjugate of daunomycin with specific antibodies
to rat AFP.

IgG and daunomycin showed almost the same effect as that of
free daunomycin.

In Vivo Studies. Treatment of tumor cells with specific an-
tibody-daunomycin conjugate. The conjugate was tested for
effect on tumor cell growth. AH66 hepatoma cells were treated
with the conjugate at 370C for 15 min, and then the cells were
transplanted intraperitoneally into syngeneic Donryu rats. Sur-
vival times of rats receiving 104 cells each are shown in Fig. 5.
The mean survival times ofrats receiving cells treated with 0. 15
M NaCl or normal horse IgG were 17 and 21.4 days, respec-
tively. Two-fold prolongation of survival time was observed in
the group of rats receiving cells treated with free daunomycin
or specific antibody. The conjugate or a mixture ofnormal horse
IgG and daunomycin showed an effect similar to that of free
daunomycin. A slightly synergistic effect was observed in the
group of rats receiving cells treated with the mixture of specific
antibodies and daunomycin. The group having the highest sur-
vival rate, however, was that receiving cells treated with the
conjugate of specific antibody and daunomycin. Five out of 10
rats survived and showed resistance against repeated challenge
with the tumor cells.

Therapeutic efficacy ofdaunomycin-anti-rat-AFP conjugate.
Rats treated with 1 x 104 hepatoma cells received intraperi-
toneal injections of the conjugate and the various controls on
the third, fifth, and seventh day after transplantation, and their
survival was followed (Fig. 6). The mean survival times of rats
injected with 0.15 M NaCl or normal horse IgG were 16.2 and
20.4 days, respectively. The survival time of rats injected with
specific antibodies, daunomycin, the conjugate or a mixture of
normal horse IgG and daunomycin, or a mixture of specific an-
tibody and daunomycin were 33.3-45.2 days (i.e., those groups
had survival times 1.5-2.3 times those of rats injected with nor-
mal horse IgG). The longest survival time (64 days) was that for
the group of rats injected with the conjugate of specific anti-
bodies and daunomycin.

The AFP levels in the ascites were quantitated in this ex-
periment (Fig. 7). High AFP levels, which were accompanied
by rapid growth of tumor cells, were observed in the groups of
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FIG. 5. The effect of previous treatment of AFP-producing tumor
cells with daunomycin-anti-AFP conjugates on tumor growth in vivo.
AH66 hepatoma cells were treated for 15 min in vitro with various spe-
cific and nonspecific conjugates and controls and injected into rats.
Treatment:- - 0.15 M NaCl; -----, normal horse IgG (400 gg/
ml); , specific antibodies to rat AFP (400 gg/ml); ---, daunomycin
(70 Atg/ml); --, normal horse IgG/daunomycin, 400:70 (wt/wt);
- -- -, conjugate of daunomycin and normal horse IgG (70 Mig of dau-
nomycin bound via dextran to 400 ,gg of IgG); -, specific anti-AFP/
daunomycin (400 tug of antibodies and 70 pg of daunomycin/ml);

,conjugate of daunomycin and specific antibodies to rat AFP (70
,g of daunomycin bound via dextran to 400 ,g of antibodies). Cells
were then washed and transplanted into syngeneic Donryu rats (104
cells per rat). Each group had 5-10 rats.
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FIG. 6. Therapeutic effects of daunomycin-anti-AFP conjugates
and.controls on the development of AFP-producing tumor cells. AH66
hepatoma cells were injected into rats at 104/rat. Treatments were

given 3, 5, and 7 days later. Symbols are the same as in Fig. 5. Each
group had 5-10 rats.

rats injected with 0.15 M NaCl or normal horse IgG. Transient
decreases in the AFP levels, which were followed by abrupt
increases, were observed in the groups ofrats injected with free
daunomycin or with the conjugate or with a mixture of dau-
nomycin and normal horse IgG. Low AFP levels were main-
tained in the groups of rats injected with specific antibodies or

with the conjugate and a mixture of specific antibodies and dau-
nomycin, although gradual increases in the AFP levels were

observed at terminal stages in each of these groups.
Therapeutic and Toxic Effects of the Specific Anti-

AFP-Daunomycin Conjugate on Hepatoma-Inoculated Rats.
The therapeutic and toxic effects of the specific anti-
AFP-daunomycin conjugate at increasing doses were tested and
compared with the following control treatments: free dauno-
mycin, daunomycin-dextran, daunomycin-dextran-normal horse
IgG, and daunomycin mixed with specific antibodies (Table 1).
Rats were injected simultaneously with 1 x 104 tumor cells and
the test substance(s), and the survival time was followed. The
rats receiving 0.2 or 0.5 mg of daunomycin, or mixtures con-
taining equivalent amounts, showed a dose-dependent increase
in median survival time. The conjugate of specific antibodies
and daunomycin was the most effective therapeutically.

At 2 mg per rat, free daunomycin was toxic, whereas the spe-
cific antibody-daunomycin conjugate became more effective
than at lower doses, with 80% ofthe rats being completely cured
by this treatment. The conjugate of normal horse IgG and dau-
nomycin also showed a dose-dependent antitumor effect and
was not toxic at the 2-mg dose, but it was much less effective
than the specific conjugate.
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FIG. 7. AFP levels in rat ascites treated with daunomycin-antibody
conjugate, daunomycin, and control substances. AFP levels in the as-
cites of rats that had been treated with the conjugate or a control sub-
stance (the experiment described in Fig. 6) were plotted vs. time after
the injection. *, 0.15 M NaCl; _---_, normal horse IgG; *- *, dau-
nomycin; o-o, daunomycin/normal horse IgG; o---o, conjugate
of daunomycin and normal horse IgG; *, specific antibodies to rat AFP;
o-n, specific antibodies/daunomycin; o---o, conjugate of dau-
nomycin and antibodies to rat AFP.

DISCUSSION
Our results suggest that the anti-rat AFP-specific antibody-
daunomycin conjugate has a preferential cytotoxicity against
AFP-producing target tumor cells. Once the specific attach-
ment of the conjugate to the target cells occurred, subsequent
growth of the tumor cells was retarded or prevented. Specific
binding of anti-rat AFP antibodies to AFP-producing cells sug-
gests the presence ofAFP on the cell surface (Fig. 1). The small
amount of reactivity of anti-human AFP antibodies may be due
to the immunological crossreactivity between rat and human
AFP. The lack of reactivity of the (Fab')2 of anti-rat AFP anti-
body was due to the absence ofbinding sites for protein A, which
was used as the criterion for antibody activity. The antitumor
effect of antibody-daunomycin conjugate indicates that the at-
tachment of the conjugate to the cells must have persisted in
vivo as well as in vitro (23). This persistent attachment must
have been due to the antibody activity ofthe conjugate, because
the conjugate of normal horse IgG and daunomycin was much
less effective than that of the conjugate of specific antibodies
and daunomycin (Figs. 4-6). In systems in which anti-IgG an-

tibodies react with IgG-producing normal or tumor cells, there

Table 1. Toxicity of the daunomycin-anti-AFP conjugate vs. that of daunomycin and control substances
0.2 mg of daunomycin/rat 0.5 mg of daunomycin/rat 2 mg of daunomycin/rat

Life span,* Survival,t Life span,* Survival,t Life span,* Survival,t
Treatment days % days % days %

Dau 21 0 30 0 12 0
Dau-dex 20 0 44 0 24 0
Dau-dex-NIgG 24 0 48 0 47 20
Dau/sp ab 28 0 32 0 28 0
Dau-dex-sp. ab 38 0 54 20 60 80

Donyru rats (200 g) were injected intraperitoneally with 104 tumor cells and simultaneously with daunomycin-anti-AFP conjugate or a control
substance. Dau, daunomycin; dex, dextran; NIgG, normal goat IgG; sp ab, specific anti-rat AFP antibodies.
* Median value.
t Calculated by dividing the number of rats surviving >2 months by the number(s) of rats in the group.

Proc. Nad Acad. Sci.- USA 79 (1982)
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is ample evidence for the internalization of the surface-bound
antibodies or their conjugates (24, 25); thus, daunomy-
cin-antibody conjugates could also gain access by this route.
One of the important problems studied here is retaining both

the activity of the drug-i. e., its cytotoxicity-and the activity
of the antibody-i.e., the capacity to bind AFP. The drug ac-
tivity of the conjugates was quantitated by the inhibition of
[3H]thymidine incorporation into target cells. Binding of dau-
nomycin via a dextran bridge caused reduction in its activity but
this could be compensated for by increasing the concentration
(Fig. 2). The cell-killing effects, as estimated by trypan blue
uptake, confirmed the results of the [3H]thymidine incorpo-
ration assay.
The antibody activities of the conjugate were diminished as

a result of the extent of drug substitution. However, because
the antibody binding was measured indirectly by the binding
of "2I-labeled protein A, it is possible that at least some of this
decrease was due to blocking ofthe protein A sites, whereas the
antigen binding sites may have been much less affected. Ex-
periments using the drug-antibody conjugates in vivo indeed
suggest that a higher extent ofantibody activity was maintained .

The specific cytotoxicity of the conjugate toward AFP-pro-
ducing tumor cells was shown by incubating these cells in me-
dium containing the conjugate and various controls. The cyto-
toxicity of the conjugate was assessed by the inhibition of cell
growth for 48 hr. Marked cytotoxicity was observed in the cells
to which the conjugate was added (Fig. 4). The results indicate
that it is possible to obtain conjugates of daunomycin with spe-
cific antibody to AFP with sufficient retention ofboth drug and
antibody activity to be potentially useful.

The cell-killing effect of the conjugate was also assessed by
interference with the transplant capability of tumor cells and
their capacity to develop into ascitic tumors in recipient rats.
The growth of the tumor cells subsequent to in vitro treatment
with the conjugate was prevented entirely in 50% of the recip-
ient rats (Fig. 5). The therapeutic effect of the conjugate was
evaluated by testing its ability to prevent in vivo development
of tumors. The effect was assessed by the suppression of tumor
growth as indicated by prolongation of the life span of the re-
cipient rats (Fig. 6). In this experiment, the conjugate of dau-
nomycin and specific antibodies to AFP showed a higher in-
hibitory effect on tumor growth than any of the controls. The
persistant low levels of AFP in the group of rats receiving the
conjugate clearly show that it may selectively affect AFP-pro-
ducing tumor cells (Fig. 7). It is still too early to decide whether
this approach will develop into a therapeutic procedure for the
treatment of cancer. The results described in Table 1 are
encouraging.
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