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Inhibition of Human Acute Lymphoblastic Leukemia

Cells by Immunotoxins: Potentiation by Chloroquine

Abstract. Immunotoxins containing pokeweed antiviral protein and monoclonal
antibodies against human T cells or human transferrin receptor efficiently killed
acute lymphoblastic leukemia cells. Chloroquine specifically enhanced the rate of
protein synthesis inhibition by immunotoxin. Depending on its concentration,
chloroquine (10 to 100 micromolar) reduced by up to 65-fold the amount of
immunotoxin required to inhibit protein synthesis in the target cells 50 percent.

The specificity with which chemother-
apeutic drugs act is far from absolute;
because of this, side effects may be unac-
ceptably severe. The ability of monoclo-
nal antibodies to seek out specific cell
types (/) and to image tumors (2) in vivo
has been demonstrated in several model
systems. On the basis of the antigens
carried by the target cell, the use of
monoclonal antibodies to accurately de-
liver lethal agents promises to create a
new generation of therapies in which
side effects may be eliminated or greatly
reduced. Passive serum therapy has had
only limited success (3), but monoclonal
antibodies alone may have some role in
therapy (3, 4). We believe that antibody-
drug conjugates (5) and immunotoxins
[plant toxins or hemitoxins (6—8) coupled
to monoclonal antibodies (9)] will be
even more useful and may allow the
absolute amount of a highly toxic agent
given to a patient to be safely increased.
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In the present study we used two differ-
ent immunotoxins containing pokeweed
antiviral protein (PAP) directed against
antigens found on human acute lympho-
blastic leukemia (ALL) T-cell lines and
found that chloroquine stimulated the
potent inhibitory effect of the immuno-
toxins.

We previously found that PAP-con-
taining immunotoxins targeted against
Thy 1.1 antigen are as effective as ricin A
chain-containing immunotoxins at inhib-
iting protein synthesis in target cells (10).
Both are active at very low concentra-
tions (nanograms of immunotoxin per
milliliter) and show nearly absolute
specificity toward Thy 1.1-bearing cells
compared to a leukemia cell line bearing
Thy 1.2 allotype. Thy 1.1 (3, /1) and Thy
1.2 (I12) monoclonal antibodies prevent
growth in vivo of Thy 1.1 and 1.2 leuke-
mia cells, respectively; however, remov-
al of the Fc portion of the antibody

eliminates the protection afforded by
Thy 1.1 antibody (11). The divalent
F(ab’), fragment, coupled by a disulfide
bond to PAP, prevents the growth of
leukemia cells in vivo, showing that the
immunotoxin has a tumor-suppressive
effect (11).

The transport mechanisms for differ-
ent immunotoxins are not known and
may differ considerably. Not all immu-
notoxins are cytotoxic (/0), indicating
that transport of immunotoxins with var-
ious specificities is mediated through dif-
ferent mechanisms that distribute them
to different cellular compartments or that
simple binding at the cell surface is not
sufficient for internalization.

Agents that affect lysosomal pH affect
the internalization of various ligands.
Therefore we explored the effect of chlo-
roquine, an agent that raises lysosomal
pH (13), on the cytotoxic activity of
immunotoXxins containing monoclonal
antibody SE9-11 (directed against human
transferrin receptors) or T3-3A1 (direct-
ed against human T cells) linked to PAP
by a disulfide bond (/4). Figure 1 illus-
trates the effects of these immunotoxins
on three different human cell lines. Both
immunotoxins inhibited protein synthe-
sis in HSB-2 cells better than in MOLT-3
or CEM cells. With the more resistant
cells, a significant portion of the protein
synthesis activity could not be inhibited
even at high concentrations of immuno-
toxin. Immunotoxins T3-3A1-PAP and
SE9-11-PAP inhibited protein synthesis
in HSB-2 cells by 50 percent at concen-
trations from 10 to 40 ng/ml (5.6 x 10~!!
to 22 x 107"'M1). Similar concentrations
of PAP-containing immunotoxins were
previously found to be similarly effective
against Thy 1.1 antigen (10).

Two control experiments showed the
specificity of chloroquine’s enhance-
ment of immunotoxin action. First, nei-
ther T3-3A1-PAP nor 5E9-11-PAP (4.5
pg/ml) inhibited AKR SL3 cells, a spon-
taneous T-cell lymphoma line from
AKR/J mice. Second, an immunotoxin
(2.9 pg/ml) containing 31-E6 monoclonal
antibody directed against a mouse T-cell
antigen (Thy 1.1) and PAP was unable to
inhibit protein synthesis in HSB-2 cells.
Immunotoxin 31-E6-PAP does not cross-
react with human HSB-2 cells and inhib-
its 50 percent of protein synthesis in
AKR SL3 cells at 190 ng/ml (10).

Chloroquine at 100 wA inhibited pro-
tein synthesis by 50 to 60 percent under
the standard assay conditions (overnight
incubation of 1 x 10° cells per 0.2 ml);
50 wM chloroquine usually had no effect
on protein synthesis but occasionally in-
hibited it by 10 to 15 percent. Chloro-
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quine at concentrations not affecting
overall protein synthesis in control cells
promoted the cytotoxicity of SE9-11-
PAP immunotoxins (Fig. 2A). Incuba-
tion in 10 wM chloroquine reduced the
amount of immunotoxin needed to inhib-
it 50 percent of protein synthesis to 20
ng/ml from 65 ng/ml (3.6 X 107'°M) in
its absence. Increasing the concentration

of chloroquine to 50 wM further de-.

creased this valie to 9 ng/ml (5.0 x
10""'M). When the concentration of
chloroquine was raised to 100 wM there
was a loss of protein synthesis activity in
the controls, but the amount of immuno-
toxin needed to achieve 50 percent inhi-
bition of protein synthesis was reduced
to nearly 1 ng/ml (5.6 x 107'2M). The
potentiation of immunotoxin activity
was a specific effect since AKR SL3
cells were equally resistant to high con-
centrations of immunotoxin in the pres-
ence or absence of 50 wM chloroquine.
We further demonstrated the specificity
of the enhanced activity of specific im-
munotoxins by showing that 31-E6-PAP
(2.9 pg/ml, a 30-fold excess over the
concentration of T3-3A1-PAP that com-
pletely blocks protein synthesis in HSB-
2 cells) still did not inhibit protein syn-
thesis in HSB-2 cells in the presence of
40 wM chloroquine.

The promotional effect of chloroquine
was not limited to the immunotoxin di-
rected at human transferrin receptor.
Fifty micromolar chloroquine reduced

Protein synthesis
(percent of control)

-

102 103 104

Immunotoxin (ng/ml)

10" 102 103 104 107

Fig. 1. Effect of PAP-linked immunotoxins on
human ALL T-cell lines. Human T-cell lines
HSB-2 (®), MOLT-3 (O), and CEM-CCL-119
() (28) were grown in RPMI 1640 medium
supplemented with 20 percent fetal bovine
serum (Dutchland Laboratories), 2.0 mM glu-
tamine, and 50 wM B-mercaptoethanol. The
cells (1 x 10° in a volume of 180 wl) were
mixed with 20 pl of T3-3A1-PAP (A) or SE9-
11-PAP (B). After incubation for 18 hours at
37°C, the cells were centrifuged at 500g for 6
minutes and resuspended in serum-free RPMI
1640 containing [*H]leucine as before (29).
After a 1-hour pulse exposure the cells were
harvested on Gelmen glass fiber filter, washed
with saline, precipitated with 5 percent tri-
chloroacetic acid (TCA), and washed with
cold ethanol. The radioactivity present in the
TCA-insoluble fraction was then determined.
Each value is a mean of triplicate cultures.
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the amount of T3-3A1-PAP needed to
achieve 50 percent inhibition of protein
synthesis from 20 to 1.5 ng/ml (Fig. 2B).
T3-3A1-PAP was more cytotoxic than
SE9-11-PAP.

Antigen 3Al is present in all three
ALL T-cell lines. However, line HSB-2
has relatively higher amounts of the anti-
gen than MOLT-3 or CEM-CCL (15).
This difference in antigen density could
account for the higher sensitivity of
HSB-2 cells to the immunotoxins, but
MOLT-3 and CEM-CCL were resistant
even to very high immunotoxin concen-
trations. The promotional effect appears
to be general and not restricted to the
two conjugates described here because
another PAP-containing immunotoxin
directed against ALL B cells was also
potentiated by chloroquine (/6).

Chloroquine speeds the rate at which
protein synthesis is inhibited. Figure 3
shows the kinetics of protein synthesis
inhibition by the same three concentra-
tions of SE9-11-PAP in the absence (Fig.
3A) and presence (Fig. 3B) of 40 pM
chloroquine. In the absence of chloro-
quine SE9-11-PAP inhibited protein syn-
thesis with a lag period at the lowest
concentration of immunotoxin used (43
ng/ml). This is in line with our earlier
observations with Thy 1.1 antibodies,
but is not in agreement with the results of
Youle and Neville (17). At higher con-
centrations, however, no lag period was
observed. The time required for 50 per-
cent inhibition of protein synthesis at the
highest immunotoxin concentration used
was about 3.5 hours and first-order ki-
netics were observed.

In the presence of chloroquine the lag
period observed at low immunotoxin
concentrations was abolished and con-
siderably faster irhibition of protein syn-
thesis was achieved. At the two higher
immunotoxin concentrations the kinetics
of inhibition were biphasic. The highest
immunotoxin concentration inhibited
protein synthesis 50 percent in about 1
hour, compared to 3.5 hours in the ab-
sence of chloroquine. Corresponding
times for the intermediate immunotoxin
concentration were 2 hours in the pres-
ence of chloroquine and 6 hours in its
absence. The kinetics of inhibition in the
presence of chloroquine and PAP-im-
munotoxin are about the same as those
of ricin-Thy 1.1 antibody conjugates (18)
and are faster than inhibition by Thy 1.1-
ricin immunotoxin in the presence of
galactose. A similar stimulation of cyto-
toxicity with ricin A chain-containing
immunotoxins has been observed on cul-
tured cells by 10 mM NH,CI, another
lysosomotropic agent (19).

Chloroquine may stimulate immuno-
toxin-mediated inhibition of protein syn-
thesis by increasing the amount of im-
munotoXin internalized, préventing the
degradation of the immunotoxin once
inside the cell (leading to a faster accu-
mulation of threshold levels of immuno-
toxin), changing the compartmentaliza-
tion of the immunotoxin to a more favor-
able location, or enhancing the release of
the immunotoxin from acidic compart-
ments. The chloroquine effect was spe-
cific since it did not induce immuno-
toxin-mediated cytotoxicity in nontarget
celis (Fig. 2A). Chloroquine does not
inhibit the binding of specific immuno-
globulin G (IgG) directed against plasma
membrane antigens (20). Antigen modu-
lation and internalization are critical ele-
ments in the activity of conjugates of
common ALL antigen and ricin A chain
(21). Our preliminary data indicate that
chloroquine enhances the amount of im-
munotoxin bound or internalized by the
target cells.

A number of phenomena may affect
the efficacy of immunotoxin action in
vivo and its ability to reach its target.
These include antigen shedding and

100rp
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Fig. 2. Dose-dependent enhancement of im-
munotoxin activity by chloroquine. (A) HSB-
2 cells (1 x 10%) in a volume of 160 ul weré
mixed with 20 pl of SE9-11-PAP and 20 pl of
chloroquine or medium to make a final con-
centration of 10 pM (@), 50 uM (00), 100 wM
(W), or 0 pM (O) chloroquine. After incuba-
tion for 18 hours under standard culture con-
ditions, the extent of protein synthesis was
determined. As a control, the effect of immu-
notoxin and chloroquine (50 wM) was
checked on nontarget AKR SL3 cells (A).
The same amount of protein synthesis was
obtained in the presence and absence of chlo-
roquine at both immunotoxin concentrations.
(B) Human T-cell antibody linked to PAP (T3-
3A1-PAP) was tested for cytotoxicity in the
presence (@) or absence (O) of 50 wM chloro-
quine as described above.
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Fig. 3. Kinetic changes in immunotoxin action
induced by chloroquine. The toxicity of 43 ng
(0), 430 ng (OJ), and 4.3 pg (A) of SE9-11-PAP
immunotoxin per milliliter toward HSB-2
cells was determined after the indicated incu-
bation periods in the absence (A) or presence
(B) of 40 wM chloroquine.

modulation, circulating antigehs, tumor
vascularization, tumor heterogeneity
and absence of antibody receptors on
some tumor cells, immunogenicity of the
immunotoxin, and rate of clearance and
degradation of immunotoxin. Neverthe-
less, some successes have been réported
in treating tumor-bearing (22) or tumor-
challenged mice (I, 12) with immuno-
toxins, and there have been several in-
stances in which tumor cells in culture
were specifically killed by immunotoxins
0, 12, 21, 23, 24). Immunotoxins may
be of considerable value in eliminating
metastatic cells after surgery. Their use
outside the body in bone marrow trans-
plantation has even more potential.

The use of PAP-containing immuno-
toxins in vivo offers several advantages
over ricin A chain-containing immuno-
toxins. The lack of an analog of ricin B
chain in PAP circumvents' the difficult
task of purifying ricin A chain, greatly
reducing problems of nonspecificity en-
countered because of contaminating ri-
cin B chain in preparations of ricin A
chain used for conjugation to antibodies.
The effectiveness of disulfide-linked im-
munotoxins will be eliminated if reduc-
tion of the disulfide bond occurs in vivo.
One particularly important advantage is
the retention of cytotoxicity when PAP
and antibody are coupled by a noncleav-
able cross-link (J0), in contrast to the
loss of cytotoxicity when ricin A chain
and antibody are similarly linked (25).
Because the three species of PAP are
immunologically distinct and at least two
of them are actually different proteins
(8), the PAP species in the immunotoxin
can be easily switched and their activity
retained if antibodies against the immu-
notoxins are raised in an immunotoxin-
treated patient.

If the rate of tumor cell killing by
immunotoxins is slow in relation to the
" rate of tumor cell proliferation, then
therapy will not succeed. For this rea-
son, and because chloroquine has long
been used safely at high doses (0.3 g/day)
for long times, the use of chloroquine
treatment in conjunction with immuno-
toxins may be useful in vivo. However,
its more immediate application may be in
treating bone marrow in vitro. The rate
of killing of cultured cells by ricin A
chain—-containing immunotoxins has gen-
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erally been slow compared to the raté of
killing by ricin. Depending on the dose,
ricin can completely inhibit protein syn-
thesis in 30 to 40 minutes, but ricin A
chain—-containing immunotoxins general-
ly require 6 to 24 hours to inhibit protein
synthesis by 50 percent. Ricin-contain-
ing immunotoxins are less specific due to
the B-chain carbohydrate binding site in
ricin, but addition of galactose or lactose
can partially prevent this nonspecificity.
The carbohydrate binding site on ricin-
containing immunotoxins may also be
blocked by a photoactivable derivative
of galactose (26).

‘Much attention is being focused on
immunotoxin treatment for autologous
or heterologous bone marrow transplan-
tation. Immunotoxins seem particularly
well suited for this since treatment of the
cells can be done outside the body. The
kinetics of killing tumor cells and T cells
by immunotoxins are important because
exposing bone marrow preparations for
long periods at room temperaturé can
significantly reduce the viability of stem
cells. This presents particular problems
for complement-mediated killing of tu-
mor cells. Moreover, such killing re-
quires much higher concentrations of
antibody than of an immunotoxin to
eliminate BCL; cells in bone marrow
preparations (24). Chloroquine could en-
hance the kinetics of immunotoxin ac-
tion or reduce the amount of immuno-
toxin required, resulting in better preser-
vation of the stem cell populations. Be-
cause T3-3A1-PAP is so potent in Killing
human T-cell lines and because all ALL
T-cell lines tested have been positive for
3A1 (27), it may be possible to use this
immunotoxin to remove ALL T cells and
mature T cells for autologous and alloge-
neic bone marrow transplantation.

S. RAMAKRISHNAN
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Department of Biochemistry,
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Coexistence of Acetylcholinesterase and Somatostatin-

Immunoreactivity in Neurons Cultured from Rat Cerebrum

Abstract. Cultures derived from rat cerebral hemispheres were sequentially
stained for acetylcholinesterase activity and for either somatostatin-like immunore-
activity or cholecystokinin-like immunoreactivity. Somatostatin-like immunoreactiv-
ity was found to coexist with acetylcholinesterase activity in individual neurons of
several morphological subtypes, but cholecystokinin-like immunoreactivity and
acetycholinesterase activity were never seen in the same neurons. These findings
suggest a specific anatomical association, perhaps even an overlap, of the choliner-
gic and somatostatinergic systems in the mammalian cerebrum, and indicate that
the combined deficiencies of somatostatin and cholinergic markers in Alzheimer’s
dementia and senile dementia of the Alzheimer type may be of pathophysiological

importance.

Numerous studies have demonstrated
that there are relatively selective and
profound decreases in cholinergic mark-
ers such as choline acetyltransferase
(ChAT) and acetylcholinesterase (AChE)
in cerebral cortex and hippocampal for-
mation in Alzheimer’s disease and senile
dementia of the Alzheimer type (AD/
SDAT) (I-4). More recently, studies in
several laboratories have shown that
there is also a significant decrease in the
assayable levels of somatostatin (SOM)
in AD/SDAT (5, 6). Levels of six other
neuropeptides, including vasoactive in-
testinal polypeptide (7, 8), arginine vaso-
pressin (9), cholecystokinin (CCK) (8),
and thyrotropin-releasing hormone, lu-
teinizing hormone-releasing hormone,
and substance P (10) have been reported
as being unchanged in AD/SDAT, and an
additional study reported only small de-
creases in substance P levels as com-
pared with the larger decreases in SOM
(11). These data therefore suggest that
the decrease in SOM, like that of the
cholinergic markers, is relatively selec-
tive. However, to date there has been no
evidence to suggest possible neuronal
associations of the cholinergic and soma-
tostatinergic systems in the brain, and at
least three recent studies have suggested

that the two systems do not overlap (12— .

14).

Cultures of dispersed cells derived
from cerebrum of fetal rats have proved
to be useful for analysis of physiological,
biochemical, and pharmacological prop-
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erties of cortical neurons (I15-18). All of
these studies have emphasized the simi-
larities of neurons in culture with those
of comparable neurons in situ. Neurons
in these cultures have been character-
ized by numerous techniques, including
both silver and tetanus toxoid staining
and by extensive intracellular electro-
physiological recordings (15), and more
recently by morphological classification
after intracellular dye injections (19),
such that individual cells can be readily
identified as neurons on the basis of their
phase-contrast appearance in either the
living or fixed state.
Immunohistochemical staining has de-
lineated a neuronal localization of sever-
al neuropeptides including SOM (20) and
cholecystokinin octapeptide (CCK-8)
(21), and the cultures have subsequently
been used to study the neuronal biosyn-
thesis and release of SOM (22, 23) and to
analyze some of the complexities of the
neuronal response to SOM (24). A previ-
ous study has also demonstrated the
feasibility of histochemical staining for
ACHE in these cultures (25). In the pres-
ent study we utilized a sequential stain-
ing technique for AChE activity and then
for either SOM-like immunoreactivity
(SOM-LI) or CCK-8-like immunoreac-
tivity (CCK-8-LI) to determine whether
one or both of these peptides might coex-
ist with AChE in the cultured cerebral
neurons. Our findings of the frequent
coexistence of SOM-LI and AChE in
individual neurons suggest a relationship

between the cholinergic and somatosta-
tinergic systems in the mammalian cere-
brum.

Dissociated cell cultures were pre-
pared from cerebral hemispheres of 15-
to 16-day-old rat embryos (5, 16). Cul-
tures were grown on collagen and polyly-
sine-covered glass cover slips in mini-
mum essential medium and S percent rat
serum in a 5 percent CO, atmosphere at
36°C. Cultures were inhibited with cyto-
sine arabinoside for 24 hours when back-
ground cells reached confluency. Studies
were performed on mature neurons in
culture 4 to 8 weeks after plating. To
enhance staining for both AChE and
SOM, cultures were first incubated with
colchicine (100 nM) for 24 hours immedi-
ately prior to fixation. Cultures were
then rinsed in a Hepes buffer (NaCl, 140
mM; Hepes, 20 mM; glucose, 10 mM;
MgSO,, 1.5 mM; K,HOP,, 1.5 mM,
CaCl,, 1.8mM; brought to pH 7.4 with
tris), fixed at room temperature in 4
percent paraformaldehyde for 30 min-
utes followed by 5 percent dimethyl sulf-
oxide for 30 minutes.

AChE histochemistry was performed
by a method modified from Koelle (26).
Cover slips were incubated overnight in
a mixture of 4 mM acetylthiocholine
iodide (Sigma), 10 mM glycine, and 2
mM copper sulfate in 50 mM sodium
acetate (pH 5.0) at 4°C. Ethopropazine
(0.2 mM) (27) was included in this mix-
ture to inhibit nonspecific cholinester-
ases. The stain was developed in 40 mM
sodium sulfide (pH 7.8) for 150 seconds
followed by an intensification in a freshly
prepared 1 percent silver nitrate solution
for 2 minutes at room temperature.

For immunohistochemical staining for
SOM-LI and CCK-LI, cover slips were
first incubated for 1 hour at 36°C under a
drop (40 wl) of a 1: 200 dilution of a rabbit
polyclonal antibody raised against either
bovine serum albumin-conjugated cyclic
SOM-14 (28) or against hemocyanin-
p,p’'-difluoro-m, m’-dinitro-diphenyl sul-
fone-conjugated CCK-8 (anti-CCK-8)
(Immunonuclear Corporation). The sec-
ond incubation was with a 1:30 dilution
of an FITC-conjugated goat antiserum to
rabbit immunoglobulin (Cappel Labora-
tories) for 1 hour at 37°C. Rinsing was
accomplished using Hepes buffer to
which 0.2 percent Triton-X had been
added. For the CCK-8 staining only, the
cover slips were incubated with nonim-
mune goat serum 1:1 for 30 minutes pri-
or to each immunoglobulin incubation.
Cover slips were mounted in buffered
glycerol (pH 9.0) and examined using a
Zeiss Universal microscope equipped for
epifluorescence, bright field, and phase
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