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ABSTRACT

The utilization of carboxylic ionophores such as monensin for immu-
notoxin potentiation may be hampered by the poor solubility and short
in vivo half-life of these highly lipophilic compounds. Therefore, the use
of monensin formulated in a lipid/water emulsion was investigated for
the in vitro and in vivo potentiation of immunotoxins. Monensin in
emulsion or in buffer Â»asequally effective for the in vitro potentiation of
the cytotoxicity of both anti-human transferrin receptor and anti-carci-
noembryonic antigen immunotoxins against target cells. In mice, buffer
and lipid emulsion were compared as vehicles for the i.p. administration
of monensin. The half-life of monensin in the peritoneal cavity of BALB/
c x DBA/2 FI Â«1)21 , ) mice was increased 20-fold by inclusion in lipid
emulsion (13 min versus 0.75 min). Treatment i.p. with anti-human
transferrin receptor immunotoxin or anti-carcinoembryonic antigen im-
munotoxin and monensin emulsion prolonged the survival of mice with
macroscopic i.p. tumor xenografts of H-Meso-1 mesothelioma and
LS174T colorÃ©ela!carcinoma (200-250% increased length of median
survival). The in vivo antitumor effect of the cell-specific immunotoxin
plus monensin emulsion was superior to immunotoxin alone or to immu
notoxin plus monensin in buffer (P < 0.03; Mann-Whitney I test). This
indicates that delivery of monensin in preformed lipid emulsion may
produce a reservoir effect of the ionophore in the peritoneal cavity of
tumor-bearing mice. Nonspecific control immunotoxin plus monensin
emulsion produced no increase in survival. Long-term tumor-free survival
(>150 days versus a median survival of 25 days for controls) of mice
bearing microscopic LS174T xenografts was obtained by treatment with
anti-human transferrin receptor immunotoxin plus monensin emulsion.
Administration of either monensin in buffer or monensin in emulsion
without immunotoxin had no significant effect on survival. Monensin in
this pharmacologically available form significantly improved the in vivo
efficacy of both anti-human transferrin receptor immunotoxin and anti-
carcinoembryonic antigen immunotoxin when used as regional therapy.

INTRODUCTION

Immunotoxins composed of ricin A chain coupled to a cell-

specific monoclonal antibody have continued to show promise
as a new class of antitumor agents (1). However, most A chain-

based immunotoxins display relatively slow kinetics of tumor
cell killing, a shortcoming which limits their full cytotoxic
potential (2, 3). Recently, several agents have been reported to
enhance the speed and potency of ricin A chain immunotoxins,
in vitro. These potentiators have included adenovirus capsid
protein (4, 5), carboxylic ionophores such as monensin (5-7),
and ricin toxin B chain (8). Apparently the ability of immuno
toxins to gain access to and damage ribosomes is accelerated in
the presence of such agents, and these agents greatly increase
the rate of tumor cell killing and the specific cytotoxic potency
of immunotoxins (9).

In particular, the carboxylic ionophore monensin has been
shown to enhance the cytotoxicity of various immunotoxins.
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including anti-TfR-IT' and anti-CEA-IT. The potentiation of

Â¡mmunotoxins in vivo may be an important application of
ionophores. However, carboxylic ionophores are extremely li
pophilic, and the in vivo use of free ionophores may be hindered
by the poor solubility of these compounds in aqueous solutions
and their short half-life after parenteral administration. In one
study, when monensin in buffer and immunotoxin were coad-
ministered i.p., no in vivo potentiation was seen (9). This lack
of effect appeared to be related to the rapid disappearance of
monensin from the peritoneal cavity. By contrast, a conjugate
formed by esterification of the primary alcoholic function of
monensin with linoleic acid provided a substantial prolongation
of survival over treatment with immunotoxin alone (9).

Preformed lipid emulsions have been used for the effective
delivery of highly lipid-soluble drugs (10, 11). This study ex
amined whether monensin in lipid emulsion retained biological
activity in vitro and produced sustained i.p. levels and resultant
biological activity in vivo. This was determined by the ability of
monensin emulsion, in combination with specific immunotox
ins, to inhibit protein synthesis both in vitro and in ascitic
tumor cells obtained from nude mice bearing human tumor
xenografts. Finally, the effectiveness of monensin emulsion and
specific immunotoxin was further established through its ability
to prolong the survival of tumor-bearing mice over treatment
with immunotoxin alone.

MATERIALS AND METHODS

Chemicals. Monensin was purchased from the Sigma Chemical Co.
(St. Louis, MO). The ionophore was prepared as a 10~2Mstock solution

in ethanol and diluted for use to an appropriate final concentration in
buffered saline (0.14 M sodium chloride-0.01 M NaH2PO4, pH 7.4).

Preparation of pHjMonensin. Preparation of [3H]monensin was ac
complished by exchanging approximately 100,000 mCi of carrier-free
tritium gas in the presence of catalyst with monensin in ethanol to
produce 31.5 mCi of [3H]monensin (Dupont NEN, North Billerica,

MA). The homogeneity of the radiolabeled product was confirmed by
silica thin-layer chromatography with autoradiography and high-pres
sure liquid chromatography. The radiochemical purity of the completed
product was 98.5%, and the specific activity was 1.0 uCi/pg.

Monoclonal Antibodies and Immunotoxins. The 7D3 murine mono
clonal antibody, IgGl, is directed against the human transferrin recep
tor. The AB-2 (CI IO) murine monoclonal antibody, IgGl, is directed
against the human carcinoembryonic antigen. Cl 10 was a gift of Abbott
Laboratories. Immunotoxins were produced by conjugation of
these antibodies to native ricin A chain via the jV-succinimidyl-3-(2-
pyridyldithio)proprionate reagent. The preparation of both anti-TfR-
IT and anti-CEA-IT has been described in previous publications (9,
12). Briefly, freshly prepared ricin A chain was reacted with the 2-
pyridyl disulphide-substituted antibody in a 2:1 molar excess for 18 h
at 23Â°C.The mixture was then applied to a Sephacryl S-300 sizing

column (dimensions, 1.5 cm x 170 cm; LKB, Pleasant Hills, CA). The
first elution peak containing immunotoxin was dialyzed against 0.05 M
phosphate (pH 7.0). Affinity chromatography on Blue Sepharose was
used to separate the immunotoxin from free Ig (13). The conjugate was

1The abbreviations used are: anti-TfR-IT. anti-human transferrin receptor
immunotoxin; anti-CEA-IT. anti-carcinoembryonic antigen immunotoxin; IT,
immunotoxin; DT, diphtheria toxin; CEA, carcinoembryonic antigen; MCT,
mixed-chain triglycÃ©rides;PBS, phosphate-buffered saline; IC50, 50% inhibitory
concentration; ILS, increased length of median survival.
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applied to a Blue Sepharose CL-6B column (dimensions, 1.5 cm x 30
cm; Vu= 0.1 liter; flow rate, 0.03 liter/min) in 0.05 M phosphate buffer
(pH 7.0). The fraction eluted with 1 M NaCl was collected and dialyzed
against phosphate-buffered saline.

Cell Lines. H-Meso-1 is a human malignant mesothelioma cell line
which grows both in tissue culture and as a xenograft in nude mice.
The original cell line was derived from a surgical biopsy specimen of a
pleural malignant mesothelioma. H-Meso-1 were cultured in flasks in
RPMI 1640, with 10% fetal bovine serum, penicillin, streptomycin,
glutamine, and kanamycin. The growth characteristics of H-Meso-1 in

athymic mice have previously been described (9, 14, 15). The human
colorectal cancer cell lines LoVo and LS174T were grown in Eagle's

minimal essential medium (penicillin-streptomycin, 1% glutamine, and
kanamycin). LoVo cells were grown in Nutrient Mixture F-12 (Ham's

medium), with 10% fetal bovine serum, penicillin-streptomycin, gluta
mine, and kanamycin. Tissue culture media, glutamine, fetal bovine
serum, and antibiotics were purchased from Sigma Chemical Co.

Preparation of Monensin in Emulsion. Monensin was introduced into
a water/oil emulsion by first dissolving it in MCT oil and then emul
sifying the mixture by sonication and shearing. Monensin (20 mg) was
dissolved in absolute ethanol, and egg phosphatides were then added
to the monensin-ethanol solution. The MCT oil (40 g) was added, and
the evaporation of the ethanol was begun. Upon evaporation of the
ethanol, the MCT oil-egg phosphatide-monensin solution was injected
into an egg phosphatide-water solution and passed through a micro-
fluidizer. Following emulsification, the pH was adjusted with l N
NaOH, and the solution was brought up to volume with double-distilled
water. The final concentration of the constituents of the emulsion were:
monensin, 0.01%; MCT oil, 20%; egg phosphatide, 5.0%; and ethanol,
trace. The average diameter of the phospholipid microemulsion was
100-200 nm, as assessed by a laser submicron particle sizer (Coulter,
Hialeah, FL). The monensin emulsion was stored in capped 10-cc vials
under nitrogen and was stable for more than 1 year. For the in vitro
and in vivo experiments, the monensin emulsion was diluted to the
designated final molarity with phosphate-buffered saline. A sham emul
sion of MCT oil in egg phosphatide, without monensin, was produced
by a similar method and used for control experiments.

To verify the inclusion of monensin in the emulsion, 100 p\ 0.1 MM
[3H]monensin emulsion or 100 jul of 0.1 MM['Hjmonensin in aqueous

solution was loaded onto a 20 cm x 0.7 cm Sephadex G-25 column.
Phosphate-buffered saline (pH 7.2) was used to elute the ['Hjmonensin

from the column. Fractions (500 M')were collected, and 100-^1 aliquots
were counted via 0 scintillation. The elution of the radioactive peak of
pHJmonensin in emulsion occurred at the void volume of the column
(fraction 8-12, peak fraction 5). while the radioactive peak of
[^Hjmonensin in buffer eluted at the column volume (fraction 22-28,

peak fraction 24).
An alternative method of preparing monensin in emulsion involved

the 100-fold dilution of monensin:ethanol (10 mM) by vortex mixing
with commercially obtained Intralipid (Abbott Laboratories, North
Chicago, IL). Although full characterization of this preparation was
not performed, the biological effects in vitro and in vivo appeared to be
similar to those of monensin in emulsion prepared by the first method.

Determination of Single-Dose Peritoneal Half-Life of |'H|Monensin.
Either ['Hjmonensin in buffer (IO6 cpm pHjmonensin in 1 ml of 0.1
mM monensin) or ['Hjmonensin in preformed emulsion (IO6 cpm
['Hjmonensin in 1 ml of 0.1 mM monensin in emulsion) was injected

into the peritoneal cavity of BALB/c x DBA/2 Ft mice (hereafter
referred to as CD2Fi mice) (4 mice/test group). Peritoneal fluid samples
(100 M!)were obtained via a 26-gauge needle at designated time points
following injection, and the radioactivity present in the samples was
counted in scintillation fluid (Biofluor, NEN-Dupont). The i.p. half-
life of monensin in buffer or emulsion was determined by plotting the
amount of radioactivity in the ascitic fluid versus time.

Cytotoxicity Assays. The in vitro cytotoxic effects of specific immu-
notoxin on tumor cells with or without monensin was assessed by the
inhibition of pHjleucine incorporation. H-Meso-1, LoVo, and LS174T
cells were seeded into 96-well flat-bottomed microtitration plates
(~50,000 cells in a final volume of 200 M'/well). The cells were then

incubated for 18 h at 37Â°Cin 5% CO2 with serial dilutions of the

designated immunotoxins, with or without 0.1 MMmonensin or monen
sin emulsion. Thereafter, the medium was removed and replaced by
leucine-free medium supplemented with ['HJleucine at a concentration

of 0.5 MCi/well. Following a 2-h pulse, the cells were collected onto
glass fiber filter discs (5, 9. 12). Incorporation of ['Hjleucine was

determined by scintillation counting. Each experiment was repeated at
least four times. Protein synthesis inhibition by immunotoxin with or
without monensin was also determined in vivo by using cells grown as
human tumor ascites in the mouse peritoneum. At designated intervals,
mice were sacrificed, and a sample of ascitic fluid (1-2 ml) and selected
solid tumor nodules were removed. The solid tumors were placed in
individual wells of a 24-well tissue culture plate with 100 M'of culture
medium and were mechanically disaggregated with a glass pestle.
Separated cells were brought into suspension by vigorous washing with
a Pasteur pipet. Cells from either the disrupted solid tumor or malig
nant ascites were then centrifuged to obtain a tumor pellet (approxi
mately 0.5 ml). The pellet was resuspended in leucine-free medium.
Protein synthesis inhibition assays identical to those described above
were then done to determine the efficacy of potentiated or unpotentiated
immunotoxin on these cells. The inhibition of protein synthesis by
diphtheria toxin was assayed by an identical method.

Use of Anti-TfR-IT with or without Monensin in Mice Bearing H-
Meso-1 as a Macroscopic i.p. Tumor. Further in vivo assessment of the
efficacy of potentiated and unpotentiated immunotoxin was determined
by the effect of treatment on both the magnitude of ascites (as deter
mined by mouse weight) and the length of mouse survival in the H-
Meso-1 macroscopic tumor model. Groups of 4-8 BALB/c-nu/nu mice
were injected i.p. with 1.5 x IO7 H-Meso-1 cells. The mice rapidly

gained weight starting about 5 days after injection of the cells due to
the development of a prodigious hemorrhagic ascites. This parameter
was therefore used to monitor the progression of ascitic disease. Treat
ment was begun 10-20 days after tumor cell injection. Mice weighed
28-32 g on average (normal mouse weight, 24 g) at the start of
treatment, with the excess weight due to malignant ascites and i.p.
tumor. If the ascites was drained and the cells counted after dispersing
cell clusters with a 23-gauge needle, tumor burdens in excess of 10'

cells was found at this body weight (15). The mice were then randomly
assigned to the treatment and control groups. Treatment groups, con
sisting of four mice each, received anti-transferrin immunotoxin (100

Mgin 1 ml of PBS), 1 ml of monensin (10 MM)in PBS, monensin ( 1 ml
of 10 MM)in emulsion, immunotoxin plus monensin in buffer, or
immunotoxin plus monensin emulsion. A control immunotoxin (anti-
CEA-IT) alone or with monensin was also used against the H-Meso-1
xenograft. A vehicle control group consisting of 8 mice received phos
phate-buffered saline. All treatments were administered i.p. every other

day for seven doses.
Mouse weight and mortality were monitored daily. A decrease in

ascites or an increase in life span versus controls was used to access the
efficacy of the various treatments. The experimental end point was the
death of the study animal. The cause of death was determined by
autopsy. No animal deaths were attributable to treatment with the
designated doses of immunotoxin, ionophore, or the immunotoxin/
ionophore combination. All animal survival studies were repeated at
least twice, with representative results shown.

Use of Anti-CEA-IT with or without Monensin in Mice Bearing
LS174T as a Macroscopic i.p. Tumor. To perform in vivo studies with
the anti-CEA-IT, which is ineffective against the H-Meso-1 cell line,

the LS174T colorectal cancer cell line was established as an i.p. xeno
graft. On day 0, BALB/c-nu/nu mice were pristane primed by i.p.
injection and inoculated i.p. 14 days later with IO7LS174T cells. The

i.p. xenograft produced by LS174T consisted of a proteinaceous ascites
containing human malignant cells along with multiple i.p. nodules. On
days 20-21, treatment with the anti-CEA-IT was begun. The dose and

schedule of immunotoxin administration were identical to those in
mice bearing H-Meso-1. Monensin in buffer or in emulsion were
coadministered with immunotoxin as described above. Mice were also
assessed for survival in a manner similar to those bearing H-Meso-1.
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Table 1 Inhibition off'HJIeucine incorporation by IT Â±ionophore, in vitro, 16-h

incubation

IC50 (PM)

Immunotoxin Cell line IT alone

IT
+ mo-
nensin

IT
+ monensin

emulsion

Anti-TfR
Anti-TfR
Anti-CEA

H-Meso-1
LoVo
LS174T

80
160

10,000

6.4
2.7

210

6.8
5.3

200

1000- =

8.
0.
o

45
10 50 6020 30 40

Minutes Post Injection
Fig. 1. Single-dose elimination of |3H]monensin in buffer or emulsion from

the peritoneal cavity of CDF, mice. â€¢,monensin in buffer; O, monensin in
emulsion.

Use of Anti-TfR-IT with or without Monensin in Mice Bearing
LS174T as a Microscopic i.p. Tumor. The LS174T cell line was also
used to evaluate treatment of a microscopic tumor model of i.p. disease.
BALB/C-/IW//IWmice were pristane primed and 14 days later inoculated
with 107LS175T cells. Twenty-four h later, these mice began treatment.
Treatment groups, consisting of 4 mice each, received anti-TfR-IT (100
Mgin 1 ml PBS) or immunotoxin plus 1 ml of monensin emulsion (10
/JM) given as an i.p. injection every other day for seven doses. Concur
rent controls received i.p. phosphate-buffered saline.

RESULTS

In Vitro Activity of Monensin on Immunotoxin Cytotoxicity.
The in vitro cytotoxic effects of immunotoxin were assessed by
inhibition of [3H]leucine incorporation, as previously described

(5, 9). In previous studies, coincubation of monensin (0.1 UM)
produced a 10- to 1000-fold decrease in the IC5o of specific
immunotoxin for inhibition of [3H]Ieucine incorporation in

target cells (5, 6, 9). To determine whether monensin included
in the emulsion has a similar capability to potentiate immuno
toxin action, the median inhibitory concentration for protein
synthesis was determined for immunotoxin, immunotoxin plus
monensin in buffer, and immunotoxin plus monensin in emul
sion. The target cells for the anti-TfR-IT were H-Meso-1 human
malignant mesothelioma cells and LoVo human colonie ade-
nocarcinoma cells. Both these cell lines have previously been
shown to be highly sensitive to the anti-human transferrin
receptor immunotoxins (9, 16). The human colon cell line
LS174T was utilized for the anti-CEA immunotoxin. As can
be seen in Table 1, monensin in buffer decreased the IC50 by
12-fold for anti-TfR-IT for H-Meso-1 in a 16-h incubation
assay, by 60-fold for anti-TfR-IT against LoVo cells, and by
more than 50-fold for anti-CEA-IT for LS174T. Similar de
grees of potentiation were obtained with monensin in emulsion,
demonstrating retention of the biological potency of the iono

phore in in vitro assays. Incubation of H-Meso-1 with anti-TfR-
IT and 1:10 and 1:100 dilutions of a sham emulsion (without
monensin) produced cytotoxicity similar to that of immuno
toxin alone (IC5o = 0.1 nw for immunotoxin with or without
sham emulsion).

Clearance of Monensin Administered i.p. in CD2Fi Mice. The
single-dose pharmacokinetics of [3H]monensin, in buffer or

emulsion, in the peritoneal fluid of CD2P! mice is shown in
Fig. 1. The concentration of [3H]monensin in the peritoneal

fluid is shown as a function of time after injection of the
monensin-containing vehicles. The data demonstrate first-order
elimination kinetics for both vehicles, with the elimination half-
life of monensin emulsion (13 min) being 20-fold greater than
for monensin in buffer (0.75 min).

Inhibition of [3H]Leucine Incorporation in H-Meso-1 Ascitic

Cells and Peritoneal Nodules after i.p. Injection. Inactivation of
protein synthesis in H-Meso-1 cells withdrawn from the peri
toneal cavity 18 h after the injection of immunotoxin or poten
tiated immunotoxin was determined by [3H]leucine incorpora

tion. Results are shown in Table 2. Immunotoxin plus monensin
in buffer inhibited 53% of control protein synthesis, while
immunotoxin plus monensin in emulsion further inhibited con
trol protein synthesis by 83%. Immunotoxin alone at this dose
(100 ng) produced little inhibition of protein synthesis (9%),
while immunotoxin at a dose of 5 ng was similarly ineffective
(10%) even when combined with monensin in emulsion.

Diphtheria toxin administered i.p. to mice with macroscopic
H-Meso-1 xenografts was curative (15), while treatment with
the a-TfR-IT and monensin emulsion prolonged survival of
these mice, but produced no cures (Fig. 2). Therefore, the in
vivo inhibition of protein synthesis in tumor produced by diph
theria toxin and potentiated immunotoxin were directly com
pared (Table 3). The ability of immunotoxin plus monensin
emulsion to inhibit protein synthesis differed in ascitic cells
versus solid nodules, in contrast to diphtheria toxin, which
produced equivalent cytotoxicity in the two cell populations.

Effect of Anti-TfR-IT with or without Monensin on the Tumor
Burden and Survival of Mice Bearing H-Meso-1 as a Macro
scopic i.p. Xenograft. Anti-TfR-IT plus monensin emulsion
produced a prompt decrease in malignant ascites in the H-
Meso-1 macroscopic tumor model system. Representative re-

Table 2 Inhibition of[}Hlleucine incorporation in H-Meso-1 ascitic cells 18 h

after i.p. injection

TestPBSITITITITDTDose1

ml100MglOOMg5Mg100

Mg3
MgIonophoreMonensin

(10MM)Monensin
emulsion (10MM)Monensin
emulsion (10 MM)%of

inhibition0953108397

Table 3. Inactivation of H-Meso-1 cells in peritoneal ascitic fluid and solid tumors
of treated mice

Eighteen h after injection of 3 Mgof DT or 200 Mgof an anti-human transferrin
receptor-ricin A chain IT in 1 ml of 2 x 10~4M monensin emulsion, a sample of

ascitic fluid and several solid tumor nodules were removed from each mouse.
Spleen cells (murine) were included as a negative control.

Ascites % of Tumor % of Spleen % of
Test (cpm) inhibition (cpm) inhibition (cpm) inhibition

PBSDT
i.p.DT
i.V.IT

i.p. +monensinemulsion52,8521,3291,21694897989823,6481,7532,5405,79893897563,79259,61348,82361,6037233
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Fig. 2. Survival of mice bearing the H-Meso-1 as a macroscopic tumor after
treatment with immunotoxin. Anti-TfR-IT equals specific immunotoxin and anti-
CEA-IT equals control immunotoxin. D, vehicle control; â€¢,control (anti-CEA)
immunotoxin and monensin emulsion; A. specific (anti-TfR) immunotoxin; â€¢,
specific (anti-TfR) immunotoxin and monensin emulsion. Survival of mice treated
with specific IT versus control IT. P < 0.05. Mann-Whitney U test. Survival of
specific IT plus monensin emulsion versus specific IT alone or combined with
monensin in buffer, P < 0.01, Mann-Whitney U test.
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Fig. 3. Mean weights of tumor-bearing mice (H-Meso-1) treated with immu
notoxin. Animals (n = 4/group) were weighed daily, and data were plotted as
mean weight gain over time in days. SEM < Â±7%for all data points. D, vehicle
control; â€¢control (anti-CEA) immunotoxin and monensin in emulsion; O, anti-
TfR immunotoxin; â€¢,anti-TfR immunotoxin and monensin in buffer; A, anti-
TfR immunotoxin and monensin in emulsion; A, injection dates.

suits are illustrated in Fig. 3. These mice typically showed a
disappearance of ascites and a normalization of weight within
2-3 injections of the potentiated immunotoxin. By contrast,
control mice rapidly gained weight as their tumor burden in
creased. Mice treated with immunotoxin alone demonstrated
no decrease in weight from ascites, while mice treated with
immunotoxin plus monensin in buffer showed a decrease with
out return to normal weight.

The effect of treatment with anti-TfR-IT, with or without
monensin, on the survival of mice bearing i.p. H-Meso-1 is
shown in Fig. 2. Mice treated with PBS rapidly developed
massive ascites and died from progressive tumor growth (me
dian length of survival, 25 days). Administration of either
monensin in buffer or monensin in emulsion without immu
notoxin had no significant effect on survival. Treatment of
animals with anti-transferrin receptor immunotoxin alone or in
combination with monensin in buffer produced identical im
provement in survival (126% ILS). A significantly greater pro
longation of survival was seen in mice treated with anti-TfR-IT
plus monensin emulsion (ILS, 226%; longest survivor, 50 days;

P < 0.03 versus immunotoxin alone, or immunotoxin plus
monensin in buffer, Mann-Whitney U test). That this increase
in survival was due to the specific cytotoxic effect of immuno
toxin potentiated by the monensin in emulsion was supported
by the fact that control immunotoxin (anti-CEA-IT), even when
coadministered with monensin in emulsion, had no effect on
the survival of mice bearing H-Meso-1 (Fig. 3). Additionally,
the injection of anti-TfR-IT with sham emulsion (without mo
nensin) produced a length of survival similar to that of immu
notoxin alone (ILS, 120%).

Effect of Anti-CEA-IT with or without Monensin on the Sur
vival of Mice Bearing LS174T as a Macroscopic i.p. Xenograft.
To determine whether the in vivo potentiation of monensin in
emulsion was unique to an immunotoxin directed against the
rapidly internalized anti-transferrin receptor, we examined its
effect in combination with an anti-CEA-IT. The effect of treat
ment with the anti-CEA-IT, with or without monensin, on the
survival of mice bearing LS174T as a macroscopic tumor is
shown in Fig. 4. In vitro, LS174T is relatively resistant to this
immunotoxin with an IC50 of >0.1 /IM. This resistance is
partially overcome by the addition of monensin since a combi
nation of anti-CEA-IT plus monensin (0.1 /Â¿M)produced an
ICso of 0.1 pM. In this macroscopic tumor model, the anti-CEA
immunotoxin alone or with monensin in buffer had no effect
on mouse survival (median survival, 22 days; Fig. 4) when
compared to vehicle-treated controls. In contrast, anti-CEA-IT
plus monensin emulsion produced a significant improvement
in the median survival of treated mice, with survivors of up to
66 days (median survival, 49 days; ILS, 220%; P < 0.01 versus
vehicle control, immunotoxin, or immunotoxin plus monensin
in buffer, Mann-Whitney U test).

Ability of Specific Immunotoxin Plus Monensin Emulsion to
Cure Mice with Microscopic LS174T Tumor Burden. Tumor
burden may play a major role in the in vivo efficacy of immu
notoxin. In our previous studies of H-Meso-1 as a microscopic
tumor model (cells injected 24 h prior to treatment) (9), treat
ment with anti-TfR-IT alone increased the length of survival of
mice bearing H-Meso-1 (40 /xg/dose) 200%, while in the present
study treatment of H-Meso-1 as a macroscopic tumor (cells
injected 20 days prior to treatment) with anti-TfR-IT (100 fig/
dose) increased the ILS of H-Meso-1-bearing mice only 126%,
despite the use of a 2.5-fold greater dose of immunotoxin.
Therefore, we examined the in vivo potency of anti-TfR-IT plus

120

100

5 10 15 20 25 30 35 40 45

DAYS SURVIVED

50 55 60 65 70

Fig. 4. Survival of mice bearing LS174T as a macroscopic i.p. tumor. In these
experiments, the specific antitumor immunotoxin was anti-CEA-IT. O, vehicle
control; â€¢anti-CEA-IT; A, anti-CEA-IT plus monensin in buffer; D, anti-CEA-
IT plus monensin in emulsion. Anti-CEA-IT plus monensin emulsion versus other
groups, P < 0.05, Mann-Whitney U test; anti-CEA-IT + emulsion versus anti-
CEA-IT -I-monensin in buffer, P < 0.02, Mann-Whitney U test.
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monensin emulsion in a microscopic tumor model of the human
colorectal cancer cell line LS174T. Mice treated with i.p. im-
munotoxin 24 h after i.p. inoculation of cells survived four
times longer than the vehicle-treated controls (Fig. 5). The
addition of monensin emulsion to anti-TfR-IT produced a
further improvement in the tumoricidal effect, with the median
survival of the treated mice greater than 150 days (1000% ILS).
Moreover, 40% of these mice showed no evidence of tumor
recurrence during 200 days of observation.

DISCUSSION

These studies demonstrated that the in vitro biological activ
ity of monensin was not altered by inclusion within a lipid/
water emulsion. The concentration required for the maximal in
vitro enhancement of immunotoxin was identical for monensin
in emulsion and monensin in buffer (0.1 Â¿Â¿M),and the degree of
enhancement of monensin cytotoxicity was similar for monen
sin in the two vehicles. By using emulsion rather than buffer as
a vehicle for the i.p. injection of monensin, more sustained
levels were achieved in the peritoneal cavity. Moreover, monen
sin emulsion greatly increased the tumoricidal action of im-
munotoxins coadministered in vivo. By contrast, this increased
antitumor efficacy of immunotoxin was not seen when monen
sin was codelivered in buffer. Regional (i.p.) therapy with anti-
TfR and anti-CEA immunotoxin combined with monensin
emulsion prolonged the survival of mice with advanced mac
roscopic i.p. tumors. In mice with microscopic colorectal tumor,
long-term disease-free survival was obtained in up to 40% of
animals treated with specific immunotoxin and monensin
emulsion.

The mechanism of tumor cell uptake of highly lipophilic
drugs from a lipid/water emulsion is ill defined. It is possible
that the tumor cells are exposed only to the lower concentration
of monensin present in the aqueous phase. If this is so, the
maintenance and equivalency of the monensin biological effect
may derive from an efficient cellular uptake of monensin mi-
croparticles or direct lipid-to-cell transfers. In preliminary ex
periments, cellular uptake of ['Hjmonensin (in 10 UM monen
sin) in emulsion was unaffected by temperature (0Â°Cversus
37Â°C)for up to 4 h of incubation. This suggests that endocytosis

is not a major process of monensin cellular uptake. The process
and kinetics of cellular uptake of monensin, both in vitro and
in vivo, require further study.

Ricin A chain immunotoxins have had a somewhat limited
tumoricidal effect in most animal tumor models (17). Some of
this limitation may be due to the rapid serum clearance of
immunotoxin after i.v. injection (18). Immunotoxins given i.p.
are more likely to remain in contact with i.p. tumor cells.
Nonetheless, suboptimal effects have also been seen with i.p.
immunotoxins. In the current study, long-term tumor-free sur
vivors were seen in mice with microscopic LS174T i.p. tumor
after treatment with immunotoxin and monensin emulsion.
However, no cures were produced in mice with advanced mac
roscopic disease. Therefore, tumor cell kill was incomplete,
despite the extreme in vitro cytotoxicity (IC50 10-100 p\i; Table
1) of monensin-potentiated immunotoxins against specific tar
get cells. One explanation for this restricted in vivo antitumor
activity is suggested in Table 3. This comparison makes use of
the pronounced antitumor efficacy of diphtheria toxin in the
H-Meso-1 model system. A very low dose of diphtheria toxin
(3 Mg/mouse) produced cures in the macroscopic H-Meso-1
model when administered by either the i.p. or i.v. route (15).
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Fig. 5. Survival of mice bearing the LS174T xenograft as microscopic i.p.
tumor. O. vehicle control; â€¢specific (anti-TfR) immunotoxin; â€¢.specific (anti-
TfR) immunotoxin plus monensin emulsion.

The data in Table 3 demonstrate that immunotoxin plus mo
nensin emulsion is equivalent to diphtheria toxin in the inacti-
vation of protein synthesis in malignant ascites cells (98% versus
97-98%) but less effective in inhibition of protein synthesis in
cells obtained from the solid tumor nodules (75% versus 98%).
These data are consistent with the observation that mice treated
with immunotoxin plus monensin in emulsion typically died
with large i.p. tumor nodules but little ascites. The biodistri
bution after i.p. injection of specific immunotoxin labeled with
'"In in this model system (data not shown) demonstrated much

higher levels of specific localization of immunotoxin on malig
nant ascites cells (specific ITxontrol IT ratio, 12:1) in compar
ison to the localization ratio in macroscopic tumor nodules
(specific IT:control IT ratio, 3:1). Therefore, access of immu
notoxin to vascularized peritoneal nodules after i.p. injection
may be suboptimal for tumor cell killing. Alternatively, the
concentration of monensin obtained in the peritoneal fluid even
with emulsion may be insufficient for complete penetration of
the drug into solid tumor nodules, or the antigenic density or
immunotoxin processing may differ between ascites and solid
tumor cells. These and other explanations for this differential
cytotoxicity are currently under study.

lonophores are a class of compounds which catalyze ion
exchange across cellular membranes (19). Carboxylic iono-
phores, such as monensin, have been shown to potentiate the
effects of immunotoxins against human leukemia (6), mela
noma (7), glioma (20), colorectal carcinoma (5, 16), breast
carcinoma (21), and mesothelioma (9). The mechanism of
action of monensin as a potentiator is unclear. In one experi
mental system, monensin did not alter the rate of immunotoxin
internalization (5). The presence of a reducible disiili ule bond
in the immunotoxin (rather than a thioether bond) (5) and an
incubation temperature of 37Â°C(rather than 23Â°C)(21) ap

peared necessary for monensin potentiation. At high concentra
tions, monensin alters the pH of lysosomes. However, the
concentration necessary to potentiate immunotoxins does not
produce a detectable change in vesicle pH (22). Considerable
evidence now exists that intracellular trafficking is the rate-
limiting step in tumor cell killing by immunotoxins (22). It
appears that monensin may affect or retard the intracellular
pathways of immunotoxin (22, 23) and, in this way, improve
their ability to inhibit protein synthesis. An increase in the
efficacy of specific tumor cell killing by immunotoxins in vivo
may be anticipated if it were possible to deliver monensin to
tumor cells along with immunotoxin. However, due to the
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highly lipophilic nature of these drugs, altered chemical forms
(24, 25) or novel drug formulations may be necessary for
ionophores to be useful in vivo.

Lipid emulsions for drug delivery have been useful for the in
vivo administration of other highly lipophilic drugs like monen-
sin. Repta (10) demonstrated increased bioavailability in animal
models of the ionophore, valinomycin, in lipid emulsion.
Wickes and Howell (11) compared saline and Intralipid as
vehicles for the i.p. administration to mice of the lipophilic
anticancer drug hexamethylmelamine to mice. The peritoneal
half-life of hexamethylmelamine in emulsion was 12.5-fold
greater than that in saline. Whether the increased peritoneal
exposure to this drug obtained by its administration in lipid
emulsion led to improved antitumor effect was not determined
in these studies.

The lack of an efficient cellular transport system may limit
the potency of ricin A chain immunotoxins against different
antigens. The holotoxin ricin through its B chain possesses an
efficient mechanism to assist A chain traversal into the cyto
plasm. Immunotoxins constructed with ricin A chain alone may
lack this ill-defined B chain function. However, the inclusion
of B chain may greatly enhance the nonspecific toxicity of the
conjugate due to binding to the cell surface glycoproteins and
glycolipids of normal tissue. In an attempt to decrease the
nonspecific toxicity of B chain while retaining increased po
tency, several groups of investigators have developed antibody
conjugates with blocked galactose binding sites on the B chain
(26-28). These "blocked ricin" conjugates have excellent in

vitro specific cytotoxicity but continue to have considerable
whole-body toxicity (LD50 in mice of blocked conjugates, 10-
100 Â¿ig;Ref. 28; LD50 of ricin A chain conjugates in mice,
typically 2-5 mg). This suggests that the modified B chain is
still adding to the nonspecific toxicity of the conjugates.

Other investigators have used point mutation and molecular
biological techniques to engineer improved toxins (29-32). For
example, Greenfield et al. (29) utilized point-mutated diphthe
ria toxin variants with reduced receptor binding. Normally,
receptor binding allows the nonspecific entry of diphtheria toxin
into human cells causing toxicity. These altered toxins, conju
gated to specific monoclonal antibodies, continue to possess in
vitro cytotoxicity comparable to that of native diphtheria toxin
conjugates. By contrast, they demonstrated decreased nonspe
cific toxicity, indicating the ablation of the binding function
with maintenance of full entry activity. Therefore, the possibil
ity of point-mutated or engineered ricin B chains that retain
their membrane-penetrating activity while losing their nonspe
cific toxicity is an attractive one. Ricin A and B chains each
have been cloned (33, 34). However, high-resolution X-ray
crystallography of the B chain has not yet revealed a structural
domain with defined membrane-penetrating activity (35). Fur
thermore, the galactose-binding function and potentiating prop
erties of ricin B chain may be intimately related (36), although
this is by no means established (8).

We examined an alternative approach, the use of a drug
potentiator to increase the cytoplasmic access of ricin A chain.
In vitro, this approach is as effective as holotoxin conjugates
and may avoid the nonspecific toxicity seen with such conju
gates. Specific immunotoxin plus monensin emulsion have also
shown a significant effect on human tumor xenografts. Im
provements in immunotoxin biodistribution may make a fur
ther contribution to in vivo efficacy. We are now studying
further refinements of the delivery method of monensin, such
as the use of liposomal monensin linked to antitumor antibody.
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