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ABSTRACT

The present study evaluates whether the in vitro activity of inumino
lovins can be enhanced by verapa.mil or by various antagonists of cal-
modulin (dansylcadaverine, trifluoperazine, chlorpromazine). The follow
ing immunotoxins made with either Pseudomonas exotoxin (PE), recom
binant ricin A chain (rRTA), or ricin A chain (RTA) were used: HB21-
PE and 4S4A12-rRTA that both recognize the human transferrin recep
tor; and 260F9-rRTA and 454C11-RTA that both react with human
ovarian and breast cancer cells. The cytotoxicity of these immunotoxins
was determined in human ovarian carcinoma cell lines and KB cells.
Verapamil, that was demonstrated previously to enhance the cell-killing
activity of PE immunotoxins, enhanced the activity of several ricin A
chain immunotoxins, including 4S4A12-rRTA, 260F9-rRTA, and
454C11-RTA. Comparing 50% inhibitory dose values for inhibition of
protein synthesis by 454A12-rRTA, enhancement ranged from 2- to >2S-
fold, was dependent on the concentration of verapamil, and was greatest
at short incubation times. In addition, the cytotoxicity of HB21-PE and
of selected RTA immunotoxins was increased up to 30-fold by the addition
of various calmodulin antagonists. The enhancing drugs did not decrease
the specificity of the immunotoxins.

INTRODUCTION

Monoclonal antibodies that recognize antigens on the surface
of tumor cells can be linked to holotoxins or their catalytically
active subunits. The resulting antibody-toxin conjugates, usu
ally termed ITs3, are being evaluated for their potential use as

anticancer agents (1). Previously, we characterized several ITs
directed against human ovarian carcinoma cells (2-5).

ITs enter cells via receptor-mediated endocytosis and are
usually rapidly delivered to lysosomes and degraded (1, 6). In
order to be cytotoxic, however, the catalytic subunits of the ITs
must reach the cell cytoplasm where they inhibit protein syn
thesis. The inefficient delivery of catalytic subunits into the
cytoplasm is a major problem in designing effective ITs. This
applies especially to ITs made with RTA (7). When direct
comparisons were made, ITs directed against human ovarian
carcinoma cells made with RTA were 10- to 500-fold less potent
than the corresponding ITs made with chemically modified PE
(3). One possible explanation for this finding is that PE-ITs
contain the entire toxin molecule whereas RTA-ITs lack the
ricin B chain. Low activity of ITs may be a more significant
problem in vivo since it is expected that relatively few ITs will
gain access to tumor cells, particularly in the case of solid
tumors. Therefore it would be useful to devise ways to enhance
the activity of ITs.
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Verapamil, a clinically used calcium channel blocker, was
previously shown to enhance the activity of an anti-transferrin
receptor monoclonal antibody linked to PE in human tumor
cell lines (2, 8, 9). In the present study, we extend this finding
to RTA-ITs and in addition show that calmodulin antagonists
such as DC and TFP enhance the activity of ITs made with
either PE or RTA.

MATERIALS AND METHODS

Chemicals. Verapamil-HCl was a gift of Knoll Pharmaceutical Co.,
Whippany, NJ. Dansylcadaverine [A'-(5-aminopentyl)-l-dimethylami-
nonaphthalin-S-sulfonamide] was obtained from Fluka AG, Buchs SG,
Switzerland. Trifluoperazine dihydrochloride, chlorpromazine hydro-
chloride, and monensin were purchased from Sigma Chemical Com
pany, St. Louis, MO.

Cells. NIH-OVCAR-2, -3, and -4 are human ovarian carcinoma cell
lines (10) kindly provided by Drs. R. F. Ozols and T. C. Hamilton
(Medicine Branch, National Cancer Institute, Bethesda, MD 20892).
The cells were grown in RPMI Medium 1640 supplemented with 10%
fetal bovine serum and 10 Mg/m' insulin (Elanco Products Co., Indian
apolis, IN). KB cells, a human epidermoid carcinoma cell line, were
grown in DMEM containing 10% calf serum. All media were supple
mented with glutamine and penicillin-streptomycin. Cells were culti
vated at 37Â°Cin a humidified atmosphere containing 5'V CO... Tissue

culture media, sera, glutamine, and antibiotics were purchased from
Grand Island Biological Co., Grand Island, NY.

Immunotoxins. 454A12-rRTA, 260F9-rRTA, 260F9-RTA, 454C11-
RTA, and MOPC21-RTA were provided by Cetus Corporation, Emer
yville, CA. In the case of 454A12-rRTA and 260F9-rRTA, recombinant
RTA was used for the construction of the ITs. 454A12-rRTA recognizes
the human transferrin receptor, whereas 260F9-rRTA, 260F9-RTA,
and 454C11-RTA react with human breast carcinoma and ovarian
carcinoma cells (3, 11). MOPC21-RTA, which does not bind to the
surface of human cells, was used as an irrelevant IT for the ovarian
carcinoma cell lines. Monoclonal antibody HB21 (American Type
Culture Collection, Rockville, MD) that recognizes the human trans
ferrin receptor was linked to PE as described (2). PE was purchased
from Swiss Serum and Vaccine Institute, Bern, Switzerland. Conjugates
consisting of one PE molecule and one antibody molecule were synthe
sized as described (2).

Protein Synthesis Assay. The activity of ITs was determined by
measuring their effect on protein synthesis. Cells were plated at a
density of 1.5-2 x IO5cells/35-mm dish and grown at 37Â°Cfor 18-24
h. Then cells were washed twice with Dulbecco's modified Eagle's
medium containing 2 mg/ml bovine serum albumin (DMEM-BSA) and
incubated in DMEM-BSA containing different concentrations of both
ITs and modulating agents for the times indicated at 37*C. Then the
medium was replaced by medium containing [3H]leucine (specific activ

ity, 147 Ci/mmol, about 5 Â¿iCi/dish;England Nuclear, Boston, MA).
Cells were incubated for 70-90 min, washed, and dissolved in 0.1 N
NaOH. Proteins were precipitated with trichloroacetic acid, washed,
and the incorporated radioactivity was determined. Protein synthesis
was expressed as a percentage of controls that did not receive ITs. The
results of representative experiments are shown.

Colony Formation Assay. KB cells were plated at a density of 500
cells/60-mm dish and incubated at 37Â°Cfor 24 h. Then the appropriate

amounts of both ITs and DC were added to the dishes and the cells
were incubated for 4 h at 37"C. After replacing the medium with fresh
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medium containing neither ITs nor DC, the cells were grown at 37"C

for 7-10 days. The colonies were stained with 0.5% mÃ©thylÃ¨neblue in
50% ethanol. The number of colonies per dish was determined and
expressed as a percentage of controls that did not receive ITs.

RESULTS

Enhancement of RTA IT Activity by Verapamil. Verapamil
was shown previously to enhance the activity of PE ITs. To
evaluate its ability to enhance other ITs, various concentrations
of verapamil and RTA-ITs were added to several tissue culture
cell lines. Verapamil enhanced the activity of 454A12-rRTA in
a dose-dependent manner in all cell lines tested. After a 7-h
incubation of OVCAR-3 cells with 454A12-rRTA and different
concentrations of verapamil, the ID5o value decreased from 90
ng/ml for the IT alone to 54, 20, and 15 ng/ml in the presence
of 5, 10, and 20 ng/m\ verapamil, respectively (Table 1). En
hancement of the activity of 454A12-rRTA by verapamil was
also seen in OVCAR-4 cells, KB cells (Table 1), and in OVCAR-
2 cells (data not shown). Several specificity controls were per
formed: (a) the effect of verapamil on the activity of MOPC21-
RTA, an irrelevant IT for the ovarian carcinoma cells, was
studied in OVCAR-3 cells. The amount of enhancement of
MOPC21-RTA (1.9-fold) was less than that seen for 454A12-
rRTA (6-fold) indicating that verapamil did not decrease the
specificity window of the ITs (Table 1); (b) both in the presence
and absence of verapamil, excess antibody competed for the
activity of 454A12-rRTA (data not shown).

The effect of verapamil (20 Mg/ml) on the kinetics of the
inhibition of protein synthesis by 454A12-rRTA was studied in
OVCAR-3 cells (Fig. 1). Cells were incubated with increasing
concentrations of the IT with and without verapamil for the
times indicated. At the end of each incubation, protein synthesis
was measured. Inhibition of protein synthesis by 454A12-rRTA
followed first-order kinetics and the rate of the inhibition of
protein synthesis increased with increasing concentrations of
454A12-rRTA reaching a maximum at 1 ng/m\ 454A12-rRTA.
Verapamil increased the rate of the inhibition of protein syn
thesis. In the absence of verapamil, 50% inhibition of protein
synthesis by 454A12-rRTA at 1, 10, 100, and 1000 ng/ml
occurred after >24, 12, 5, and 3 h, respectively, and when the

Table 1 Effect of verapamil on the activity of RTA ITs
Cells were incubated with ITs and different concentrations of verapamil for 7-

8 (OVCAR) or 4 (KB) h at 37'C; then protein synthesis was measured. Enhance

ment was determined as the ratio of the IDÂ»value without verapamil to the in,,
value with verapamil. At the indicated concentrations no inhibition of protein
synthesis was noted when verapamil alone was added to cells.

Verapamil
Immunotoxin Cell(Mg/ml)4S4A1

2-rRTA OVCAR-3 05

10
20OVCAR-4

020KB

0
10

20MOPC21-RTA

OVCAR-3020260F9-rRTA

OVCAR-3 0
5

20OVCAR-4

0
20IDÂ»

value -Fold
(ng/ml)enhancement90

5420

1586

24570

170
11038,500

20,000>1,000

700
12048

121.74.5

63.63.4

5.21.9>1.4

>8.34.0

4 8 12 16 20 24

Time Ih)

Fig. 1. Verapamil-increased rate of inhibition of protein synthesis by 4S4A12-
rRTA. OVCAR-3 cells were incubated with different concentrations of 454A12-
l K 1A both with and without 20 Â»ig/mlverapamil for the times indicated and then
assayed for protein synthesis. With (bottom) and without verapamil (top), the rate
of the inhibition of protein synthesis increased with increasing concentrations of
4S4A12-rRTA reaching a maximum at 1 Mg/ml 454A12-rRTA. The rate of
protein synthesis inhibition by 4S4A12-rRTA was increased by verapamil.
454A12-rRTA Oig/ml); Â»,0.001 ; O, 0.01 ; â€¢.0.1 ; A, 1; O, 5.

IT was added in the presence of verapamil at 24, 6, 2, and 1 h.
Comparing II),,. values, the amount of enhancement was greater
at shorter incubation times (Table 2). Enhancement was also
more pronounced in experiments where protein synthesis was
assessed immediately after the exposure of the cells to the ITs
rather than in experiments where exposure to ITs was followed
by an additional incubation of the cells in medium alone (Table
2).

Enhancement by verapamil was not limited to 454A12-rRTA
but was also seen with 260F9-rRTA, 260F9-RTA, and 454C11-
RTA (Table 1 and Fig. 2). When added to OVCAR-3 cells,
260F9-rRTA alone had an ID50 of > 1000, which decreased to
700 and 120 ng/ml in the presence of 5 and 20 ng/m\ verapamil,
respectively (Table 1). In OVCAR-4 cells, the IDSOvalue of
260F9-rRTA was decreased 4-fold by 20 Mg/ml verapamil (Ta
ble 1). Similarly, the activity of 1 ng/ml 454C11-RTA was
enhanced by verapamil in a dose-dependent manner and en
hancement could be blocked by excess antibody (Fig. 2).
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Table 2 Enhancement of the activity of454A12-rRTA by verapamil depending on
the time of incubation

OVCAR-3 cells were incubated with different concentrations of 454A12-rRTA
both with and without verapamil (20 ,m ml) for the times indicated in Column A
followed by an incubation in medium alone for the times indicated in Column B.
Then protein synthesis was measured, that is, protein synthesis was measured
either instantly after the incubation with ITs or after an additional incubation in
medium alone.

Incubation
time

(h)A2

47

12
24

2
4
7B0

00

0
022

20
17ID,o

value of 454A12-rRTA(ng/ml)Without

verapamil>5000

160
34

8.7
4.6
6
8
4With

verapamil200

31
6.3
2.81.2

Not done
42-Fold

enhancement>25

5.2
5.4
3.1
3.822

100r

980c

ooÃ¯"U]11

40tfÃC120Ã».iT

Pi150

5 1020Verapamil

(ng/ml)

Fig. 2. Verapamil-enhanced activity of 454C11-RTA. OVCAR-3 cells were
incubated with 4S4C11-RTA (1 pg/ml) and increasing concentrations of verapa
mil for 7 h and protein synthesis was determined. Verapamil enhanced the activity
of 454C11-RTA in a dose-dependent manner. The enhancement of the activity
of 454C11-RTA by 20 Mg/ml verapamil could be blocked by excess 454C11
antibody (100 ng/m\) P).

Enhanced Activity of HB21-PE in Presence of Calmodulin
Antagonists. Sundan et al. (12) reported that calmodulin antag
onists enhanced the cytotoxic activity of native PE. Therefore,
we tested several of these antagonists for their effects on the
activity of PE-ITs. OVCAR-3 cells were incubated with various
concentrations of HB21-PE and increasing concentrations of
DC at 37Â°Cfor 8 h. At the end of the incubation, protein

synthesis was measured (Table 3). Without DC, 50% inhibition
of protein synthesis occurred at 660 ng/ml HB21-PE. In the
presence of 10, 25 and 50 MMDC, the ID50 values of HB21-PE

decreased to 260, 64 and 22 ng/ml, respectively. With and
without DC, the activity of HB21-PE could be competed by
excess corresponding antibody (data not shown). Enhancement
of the activity of HB21-PE by DC was also observed in OV-
CAR-2 cells, the other ovarian carcinoma cell line studied

(Table 3). DC at the concentrations used above was not toxic
by itself but 100 //m DC decreased protein synthesis to 70% of
the controls (data not shown).

TFP was also examined for its ability to enhance the activity
of HB21-PE towards ovarian carcinoma cell lines. The cells
were incubated with different concentrations of HB21-PE and
TFP at 37"C for 4 (OVCAR-2) or 8 (OVCAR-3, OVCAR-4) h

and protein synthesis was measured. TFP at 1,5, and 10 MM
enhanced the activity of HB21-PE in OVCAR-3 cells 1.5-, 4-,
and 13-fold, respectively (Table 3). A similar amount of en

hancement of HB21-PE by 5 MMTFP was seen in OVCAR-2
and OVCAR-4 cells (Table 3).

A kinetics analysis of the inhibition of protein synthesis by
HB21-PE with increasing concentrations of TFP was done in
OVCAR-2 cells (Fig. 3). Cells were incubated with 0.5 Mg/ml
HB21-PE and 0, 5, or 10 MM TFP at 37Â°Cfor the times

indicated and protein synthesis was measured. The major im
pact of TFP was to shorten the lag time before protein synthesis
began to decline. In addition, the rate of the inhibition of protein
synthesis increased with increasing concentrations of TFP. The
time to achieve 50% inhibition of protein synthesis was reduced
from 5.5 h without TFP to 4 and 3 h with 5 and 10 MMTFP,
respectively.

The effect of DC, TFP, chlorpromazine, and the carboxylic
ionophore monensin on the activity of HB21-PE was also
studied in KB cells (Table 3). Cells were treated with HB21-PE
with and without modulating agents at 37Â°Cfor 4 h and protein

synthesis was measured. The ID50 values for the inhibition of
protein synthesis by HB21-PE decreased from 54 ng/ml with
out any modulating agent to 19, 13, and 5 ng/ml with 5 MM
TFP, 10 MMchlorpromazine, and 50 MMDC, respectively. In
contrast, monensin blocked the activity of HB21-PE.

The effect of DC on the activity of HB21-PE was also studied
in a colony formation assay. One day after plating, KB cells
were exposed to different concentrations of HB21-PE with and
without 50 MmDC for 4 h. Then the cells were grown in medium
containing neither ITs nor DC for 7 days and the number of
colonies determined. A 50% inhibition of colony formation was
seen at 27 ng/ml HB21-PE without DC but at 2 ng/ml HB21-
PE with 50 MMDC (Fig. 4).

Enhanced Activity of RTA-ITs by Calmodulin Antagonists.
The effect of DC and TFP on the activity of 454Al 2-rRTA,
260F9-rRTA, or 260F9-RTA was also studied. When added to
OVCAR-3 cells, DC enhanced the activity of 454A12-rRTA in
a dose-dependent manner decreasing the IDso values of 454A12-
rRTA from 120 ng/ml without DC to 21 and 5 ng/ml with 25
and 50 MMDC, respectively (Table 3). With and without DC,
excess 454A12 antibody (200 Mg/ml) blocked the toxicity of
454 Al 2-rRTA (data not shown). The activity of 454A12-rRTA
was enhanced 6-fold by 5 MMTFP (Table 3). DC, TFP, and
chlorpromazine were found to enhance the activity of 260F9-
RTA when added to OVCAR-2 cells. Whereas in the absence
of any enhancing agent, the IDso value of 260F9-RTA was
>1000 ng/ml, the ID50 values decreased to 1000, 900, and 300
ng/ml in the presence of 5 MMTFP, 10 MMchlorpromazine,
and 50 MMDC (Table 3). In KB cells, 50 MMDC enhanced the
activity of 454A12-rRTA 14-fold but only slightly affected the
activity of 260F9-rRTA, an irrelevant IT for KB cells, indicating
that DC did not decrease the specificity window of the ITs (Fig.
5).

DISCUSSION

We have tested various drugs for their ability to enhance the
cell killing activity of ITs. The activity of RTA-ITs could be
enhanced by verapamil and calmodulin antagonists. DC, TFP,
and CP were found to enhance the activity of HB21-PE. Pre
viously verapamil was shown to enhance the activity of ITs
made with PE (2, 8, 9). Enhancement was seen in all cell lines
studied and was not limited to ITs directed against the human
transferrin receptor but was also observed with two ITs specific
for human breast carcinoma and ovarian carcinoma cell lines.
With and without enhancing agents, excess antibody competed
for the activity of the corresponding ITs indicating that the ITs
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Table 3 Activity oflTs in the presence of dansylcadaverine, trifluoperazine, chlorpromazine, or monensin
Cells were incubated with different concentrations of ITs with and without various modulating agents at 37Â°Cfor the times indicated; then protein synthesis was

measured. Enhancement was expressed as the ratio of the IDsÂ»value in the absence of any modulating agent to the 11IM,value in the presence of the drug. Under the
.issay conditions described, the modulating agents by themselves were nontoxic.

IT Cell
Incubation

time (h)
Drug concentration

IDM (ng/ml)
-Fold en

hancement
HB21-PE OVCAR-2

OVCAR-3

454AI2-rRTA

260F9-RTA

OVCAR-4

KB

OVCAR-3

KB

OVCAR-2

DC (50)
TFP(5)

DC (10)
DC (25)
DC (50)

TFP(l)
TFP (5)
TFP(IO)

TFP (5)

DC (50)
TFP (5)
Chlorpromazine (10)
Monensin (0.5)

DC (25)
DC (50)

TFP (5)

DC (50)

DC (50)
TFP (5)
Chlorpromazine (10)

800
57

250

660
260

64
22

700
470
170
53

32
5

54
4.7

19
13

>100

120
21

5

750
120

750
54

Â»000
300

1000
900

14
3.2

2.5
10.3
30

1.5
4.1

13.2

6.4

11.5
2.8
4.2

<0.5

5.7
24

6.3

13.9

>3

260F9-rRTAOVCAR-4444DC
(50)TFP

(5)350641905.51.8

246

Fig. 3. Trifluoperazine-increased rate of inhibition of protein synthesis by
HB21-PE. OVCAR-2 cells were incubated with HB21-PE (0.5 Â»g/mi)and differ
ent concentrations of TFP for the times indicated and protein synthesis was
determined. The rate of the inhibition of protein synthesis by HB21-PE increased
with increasing concentrations of TFP. TFP (^M); â€¢,0; A, I: â€¢.5; O, 10.

120

100

I 80

60

0 40
U

20

0.1 1 10
H821-PE (ng/ml)

100

Fig. 4. Dansylcadaverine-enhanced cell killing ability of HB21-PE. One day
after plating, KB cells were exposed to different concentrations of HB21-PE with
(O) and without (â€¢)50 nM dansylcadaverine for 4 h. Then cells were incubated
for 7 days in fresh medium containing neither IT nor dansylcadaverine. The
number of colonies per dishes was expressed as a percentage of the number of
colonies of control dishes that did not receive HB21-PE. The activity of HB21-
PE was enhanced by dansylcadaverine.

bound to the cell surface via the antibody. The enhancing agents
did not decrease the specificity window of the ITs. In contrast,
enhancement by verapamil was greater for the relevant IT than
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M 80

60

40

e 20

0.01 0.1 1
Immunotoxin (^g/ml)

10

Fig. 5. Effect of dansylcadaverine on activity of either 4S4A12-rRTA or
260F9-rRTA in KB cells. Cells were incubated with different concentrations of
ITs both in the presence and absence of 50 MMdansylcadaverine for 4 h at 37'C

and protein synthesis was determined. Dansylcadaverine enhanced the activity of
454A12-rRTA but only slightly affected the activity of 260F9-rRTA, an irrelevant
IT for this cell line. Â»,O, 454A12-rRTA; â€¢D, 260F9-rRTA; Â»,â€¢IT alone; O,
D, IT with 50 nM dansylcadaverine.

for the irrelevant IT indicating a gain in specificity by the
addition of verapamil (Table 1).

The amount of enhancement ranging from about 2-fold to
more than 20-fold was dependent on the experimental condi
tions. Enhancement was greater in short-term experiments
where cells were exposed to ITs with and without enhancing
agents for a few hours and protein synthesis was assessed
immediately thereafter. The amount of enhancement was also
dependent on whether protein synthesis was measured imme
diately after the exposure to ITs or after an additional incuba
tion of the cells in medium alone. Additional incubation in
medium alone led to less enhancement (Table 2). These findings
suggest that in long incubation assays in the absence of enhanc
ing agents enough ITs will eventually escape into the cell
cytoplasm to inhibit protein synthesis.

As shown for HB21-PE and DC, enhancement was also
observed in a cell killing assay where cells were exposed to ITs
with and without DC for 4 h and then incubated in medium
alone for seven days. This finding is encouraging for any poten
tial in vivo use of ITs and enhancing agents because these
experimental conditions are similar to an in vivo setting where
malignant cells will be exposed to ITs and enhancing agents for
only a short period of time.

First-order kinetics were observed for the rate of the inhibi
tion of protein synthesis by 454A12-rRTA with and without
verapamil, by HB21-PE with and without verapamil (2), and
by HB21-PE with increasing concentrations of TFP (Figs. 1
and 3). These findings are consistent with previous reports on
the kinetics of protein synthesis inhibition by other ITs (2, 7,
13, 14). Monensin, a carboxylic ionophore, was found to block
the activity of HB21-PE. Similar results have been reported for
PE in BHK cells (12). However, monensin was shown to
enhance the activity of RTA-ITs (13).

The mechanisms of enhancement remain to be determined.
The enhancing agents could increase the efficacy of the delivery
of the ITs to the cell cytoplasm. This could be achieved by
transporting the ITs to intracellular places that are more favor

able to the escape of the ITs into the cell cytoplasm, a mecha
nism discussed for the sensitization of cells to PE by calmodulin
antagonists (15). Alternatively, lysosomal degradation of the
ITs could be inhibited as proposed for the enhancement of the
activity of HB21-PE by verapamil (8). Finally, the enhancing
agents could act by increasing membrane permeability (16, 17)
or by favorably altering the pH of receptosomes or lysosomes.
In addition, the mechanisms involved could be dependent on
the concentrations of the drugs and on the experimental con
ditions such as incubation time. Future studies on the mecha
nisms of enhancement could contribute to a better understand
ing of the factors that guide the activity of ITs. While it is not
possible to achieve serum verapamil levels as high as those
needed to enhance immunotoxin activity in vitro, less toxic
analogues of these drugs should be quite useful. Also, high
levels of enhancer drugs might be achievable in regional thera
peutic situations such as the treatment of i.p. disease.
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