bstract. An immunotoxin was constructed
with an activity that discriminated between two T cell
lines based on the expression of the T cell growth factor
(TCGF) receptor on their cell surface. A toxic protein
conjugate, designated PE-anti-TAC, was made by chem-
ically coupling pseudomonas exotoxin (PE) to a mono-
clonal antibody (anti-TAC) that recognizes the human
TCGEF receptor. This conjugate was toxic to HUT-102
cells, a cell line that expresses the TCGF receptor, but
was nontoxic for MOLT-4 cells, a receptor-negative line.
The toxicity of PE-anti-TAC was enhanced 50-fold in
the presence of human adenovirus type II and was
reduced to control levels by adding excess anti-TAC
antibody. The toxicity of PE-anti-TAC for HUT-102
cells was compared with PE-anti-transferrin receptor.
To compare the route of entry for both anti-TAC and
anti-TFR using electron microscopy, protein conjugates
were made by coupling horseradish peroxidase (HRP)
to each antibody. Anti-TFR-HRP entered HUT-102
cells by concentrative adsorptive endocytosis via coated
pits, and the majority of the antibodies bound to the
cell surface at 4°C were seen in receptosomes by 10
min after warming to 37°C. Anti-TAC-HRP was also
found to enter HUT-102 cells via coated pits and
receptosomes; but, in contrast to anti-TFR, anti-TAC
did not selectively concentrate in coated pits, and there-
fore the majority of this surface-bound antibody were
not internalized in HUT-102 cells by 10 min at 37°C.
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Introduction

Currently, there is great interest in using cell-specific antibodies
to construct immunotoxins for use in cancer chemotherapy
and other therapies where it is desirable to kill specific popu-
lations of cells (see references 1-3 for reviews). Ideally, im-
munotoxins should discriminate to a high degree between
target and nontarget tissue. Such is not possible, for instance,
with immunotoxins that are directed against the transferrin
receptor, where many cell types are likely to be susceptible
even if the receptor is enriched on target cells (4). Thus it is
important to develop immunotoxins that are highly toxic for
specific populations of cells.

Anti-TAC, a monoclonal antibody that was first described
by Uchiyama et al. (5, 6), recognizes the human T cell growth
factor (TCGF)' receptor on several TAC-antigen-positive cell
types (7). Anti-TAC reacts with the TCGF receptor on both
antigen (or mitogen) activated T cells and on all T cell lines
that are infected with human T cell leukemia virus (HTLYV)
(7, 8). HTLV is a C type retrovirus that is associated with a
cutaneous T cell lymphoma/leukemia known as adult T cell
leukemia (9, 10). The HUT-102 cell line, which was derived
from an adult T cell leukemia patient, grows well in tissue
culture, expresses the TCGF receptor, and is reactive with
anti-TAC (7). MOLT-4 is a long-term T cell line that does not
bind TCGF (interleukin 2) and is nonreactive for anti-TAC
(5). Neither cell line requires exogenous TCGF for growth.
Both cell lines are reactive, as are virtually all cell lines of
human origin, with antibodies that recognize the human
transferrin receptor (TFR) (4).

To construct a “successful” immunotoxin, using a cell-
binding antibody and a protein toxin, one must select an
antibody that is capable of efficient internalization and delivery
of the toxin to its intracellular target. Previous studies have

1. Abbreviations used in this paper: anti-TAC, antibody that recognizes
the human TCGF receptor; HRP, horseradish peroxidase; HTLV,
human T cell leukemia; PHA, phytohemagglutinin; PE, pseudomonas
exotoxin; PE-Ab, PE antibody; TFR, transferrin receptor.
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demonstrated that at least two monoclonal antibodies (B3/25,
HB21) that recognize the human TFR are internalized efficiently
into cultured human cell lines via coated pits and receptosomes
(11). These antibodies were used to construct cytotoxic mole-
cules by chemically coupling them to either pseudomonas
exotoxin (PE) or to the A-chain of ricin (4, 11). In this study,
anti-TAC was used to construct a cell-specific immunotoxin
with HUT-102 cells as the target cells. To do this, anti-TAC
was coupled to PE and assayed to TCGF receptor positive and
negative cell lines. Further, adenovirus, which was shown
previously to enhance the toxicity of various toxin conjugates
(12), was assayed for its ability to potentiate PE-anti-TAC
activity. Using electron microscopy, a morphologic investigation
was carried out of the site of initial interaction of anti-TAC
with HUT-102 cells. The activity of the anti-TAC conjugate
and the cellular location of the antibody were compared with
those of an antibody to the transferrin receptor.

Methods

Cells. HUT-102 and MOLT-4 cells were grown in suspension in RPMI
1640, 10% fetal bovine serum (Gibco Laboratories, Grand Island, NY),
and pencillin-streptomycin.

Pseudomonas exotoxin. PE was the generous gift of S. A. Leppla,
Fort Detrick, Federick, MD.

Antibodies. Anti-TAC and anti-TFR (HB21-ATCC) were purified
from ascites fluid according to methods previously described (13).
Anti-TAC is an IgG2a antibody (5) and HB21 an IgG, (14). The HB21
antibody is designated anti-TFR throughout this report. RPC 5, an
irrelevant IgG2a antibody, was purchased from Litton Bionetics,
Kensington, MD.

Virus. Human adenovirus type II was propagated in KB cells that
were grown in suspension culture and purified as described (12, 15).

Antibody conjugates with PE. Conjugates were constructed by
disulfide exchange as described previously (11). PE-antibody (PE-Ab)
molecules were purified by a two-step procedure. Typically, 1 ml of
conjugate at 3-5 mg/ml was passed over a Sepharose 6-B column.
Large aggregates in the void volume were of low activity and were
discarded. The included protein was further purified and separated
from unreacted, derivatized PE on a G-200 column. Tracer amounts
of '*I-PE were used to follow the separation. As has been noted
before, the coupling of PE to antibody molecules did not diminish the
enzyme activity of this toxin (11, 12). Routinely, the antibody and PE
toxin were coupled in the ratio of one toxin to two antibody molecules
(Ab-PE-AD).

Antibody conjugates with horseradish peroxidase (HRP). Antibody
conjugates with HRP were made in a similar fashion to the toxin
conjugates. HRP and each antibody were initially reacted with methyl
4-mercaptobutyrimidate to introduce an average of one new sulfydryl
group per protein molecule. The disulfide linkage was completed after
the addition of dithionitrobenzoate to the methyl 4-mercaptobutyr-
imidate-treated HRP.

Toxicity studies of PE-conjugates on HUT-102 and MOLT-4 cells.
Cells were diluted in RPMI 1640, 10% fetal bovine serum, and
penicillin-streptomycin, and aliquoted to give ~4 X 10° cells/35-mm
dish. PE-Ab additions were made from concentrated stock solutions
directly into the cell cultures. Human adenovirus type II (ultraviolet
inactivated to 107® of original infectivity) was added where indicated

from a stock vial that contained 2 mg/ml (protein) of virus. The final
concentration of virus for cell cultures was 2 ug/ml. After the appropriate
incubation periods, [*H]leucine was added to the dishes for 1 h at a
concentration of ~4 uCi/ml. For determination of protein synthesis
levels, cells were washed in phosphate-buffered saline (PBS), the cell
pellet solubilized with 0.1 M NaOH, and the number of counts in
TCA precipitable material was determined. For both the HUT-102
and MOLT-4 lines, 7.5-10 X 10* cpm/dish was typical for control
cells.

Electron microscopic localization of anti-TAC-HRP and HB2I-
HRP on HUT-102 cells. HUT-102 cells were washed by centrifugation
and resuspended in cold (4°C) PBS-bovine serum albumin (BSA).
Anti-TAC-HRP or HB21-HRP was added at a concentration of 100
ug/ml in PBS-BSA for 1 h. After this binding step, the cells were
washed three times by centrifugation at 10,000 g for 30 s, resuspended
in PBS-BSA, and added to poly-L-lysine-treated 35-mm dishes (4°C)
for 1 h. This allowed the cells to attach to the plastic. After equilibrating
for 1 h, the dishes were washed to remove loosely attached cells, then
either fixed immediately or warmed to 37°C for 1 or 10 min. Cells
were fixed in 2% glutaraldehyde and processed for electron microscopy,
as described previously (11). Thin sections were prepared with a Sorvall
MT-5000 ultramicrotome and a diamond knife and, after lead citrate
counterstaining, were viewed with a Hitachi HU-12A electron micro-
scope that was operated at 50 kV.

Antibody binding to HUT-102 cells and phytohemagglutinin (PHA)-
treated peripheral blood lymphocytes. Anti-TAC was labeled with
tritium by reductive methylation to a high specific activity (7.3 uCi/
ug) (16). Anti-TFR was radioiodinated by a modified iodo-gen procedure
(17) to a specific activity of 9 uCi/ug. Peripheral blood mononuclear
cells or T cells were cultured with PHA and anti-TAC binding was
assayed after 3-4 d. HUT-102 cells, taken directly from tissue culture,
were used to assess anti-TFR binding. Both cell types were washed
twice in binding medium (RPMI 1640, 1% BSA, | mg/ml human IgG,
0.1% azide) before antibody additions. The presence of azide allowed
binding assessments to be made at 23°C rather than in the cold.
Binding experiments were performed in 1.5-ml centrifuge tubes on a
rocking platform. From preliminary experiments, equilibrium binding
was achieved for both antibodies at ~45 min. The results presented
represent the average of triplicate samples with a binding time of 60
min. Standard derivations for each point were <10% of the mean.
From a starting cell concentration of 2 X 107/ml, 50 ul was added to
the reaction tube, then 20-30 ul of unlabeled antibody (or immuno-
toxin), and finally 20 ul of radiolabeled antibody. The radiolabeled
antibody was kept at a constant concentration (well below half
saturation) while the unlabeled antibody was varied over a wide range
to determine the concentration of each antibody species that displaced
half the labeled antibody. At the end of 60 min the cells were
transferred to a second tube, which contained PBS, to which sucrose
was added to a 1-M concentration. After the appropriate washings, the
cell pellet was collected and counted in the appropriate beta or gamma
counter.

Results

Toxicity of PE-anti-TAC for HUT-102 and MOLT-4 cells.
PE-anti-TAC was added to cells at 37°C and the ability of
this conjugate to inhibit protein synthesis was determined after
a 20-h incubation (Fig. 1). The activity of PE-anti-TAC was

967  Immunotoxin against T Cell Growth Factor Receptor Cells



100 - a————— ——a 5100

PE-anti-TAC PE-anti-TAC
80 + XS anti-TAC _go

60 - 60

40 - T
PE-anti-TFR PE-anti-TAC

20+ 120

% CONTROL PROTEIN SYNTHESIS

1 ) — 1
10-10 10-9 10-8
PROTEIN CONCENTRATION (M)

Figure 1. Inhibition of protein synthesis by PE immunotoxin when
added to HUT-102 (solid lines) or MOLT-4 (broken lines). Immuno-
toxins were added to cells in small volumes from stock solutions to
give the final concentrations indicated above. Cells were incubated at
37°C for 20 h and [*H]leucine (3-4 uCi/ml, final concentration) was
added for a further 1 h. Control dishes incorporated ~70,000 cpm
into TCA insoluble material. XS, excess.

compared with a conjugate of PE coupled to an antibody
against the transferrin receptor (PE-anti-TFR) by assaying
each conjugate on HUT-102 and MOLT-4 cells. Both these
cell types contain TFRs, but only HUT-102 cells contain
TCGEF receptors (5, 18). Both cell types responded to the PE-
anti-TFR conjugate, with the MOLT-4 cell line being two- to
threefold less sensitive (Fig. 1). 50% inhibition of protein
synthesis occurred at 2.5 X 107'° M for HUT-102 and 6.5
X 107! M for MOLT-4. In contrast, there was at least a 100-
fold difference in the response of HUT-102 and MOLT-4 cells
to PE-anti-TAC. PE-anti-TAC caused a 50% reduction in
protein synthesis at 9 X 107! M with HUT-102 cells (an
additional purification step, using a TSK-250 HPLC column,
produces PE-anti-TAC that inhibits (50%) protein synthesis
of HUT-102 cells at 5 X 107'' M). There was no detectable
reduction of protein synthesis when PE-anti-TAC was added
to MOLT-4 cells at concentrations as high as 3 X 10~® M.
Thus, PE-anti-TAC was cytotoxic for cells expressing the
TCGF receptor but inactive against receptor negative cells.

The specificity of PE-anti-TAC toxicity was determined
by adding PE-anti-TAC in the presence of excess unconjugated
anti-TAC antibody. PE-anti-TAC toxicity was reduced by
~50-fold in the presence of 1.8 X 10~7 M anti-TAC antibody.
No reduction of toxicity was seen when PE-anti-TAC was
added to cells in the presence of the same concentration of an
irrelevant IgG2a (RPC 5) antibody. Reduction of toxicity by
excess anti-TAC is discussed below.

Adenovirus-mediated enhancement of PE-anti-TAC toxicity.
Human adenovirus type II enters cells by receptor-mediated
endocytosis (12, 19) and begins to escape into the cell cytosol
2-5 min after it is delivered from coated pits into receptosomes.
In human fibroblasts and human KB cells, it was found that
the virus allowed ligands cointernalized with the virus to be
released into the cytosol (11, 12). When the ligand was a toxin

or a toxin conjugate, there was an enhancement of toxicity
compared with the addition of toxin alone. To determine if
the phenomenon occurred in lymphoid cells, adenovirus (2
ug/ml) and PE-anti-TAC were incubated with HUT-102 cells
(Fig. 2). As observed with the other human cell types, adenovirus
enhanced toxicity. Toxocity of PE-anti-TAC was enhanced
~50-fold in the presence of adenovirus (2 ug/ml) when
compared with the addition of PE-anti-TAC alone.

Morphological characterization of the initial uptake of anti-
TAC-HRP and anti-TFR-HRP by HUT-102 cells. HRP was
conjugated to either anti-TAC or anti-TFR to form conjugates
suitable for cytochemistry with electron microscopy. HUT-
102 cells were incubated with anti-TAC-HRP or anti-TFR-
HRP for 1 h at 4°C, washed and allowed to adhere to poly-L-
lysine coated dishes for a further 1 h. Then the cells were
warmed to 37°C for either 1 or 10 min and fixed. Immobili-
zation of cells as a monolayer by poly-L-lysine was necessary
to allow the substrate for HRP to gain access to the cells.

At 1 min after warming to 37°C, the cells showed labeling
diffusely over the cell surface for both conjugates; and there
was also extensive clustering in clathrin-coated pits with anti-
TFR-HRP (Fig. 3 A), which was not seen with anti-TAC-
HRP (Fig. 3 C). This indicated that the anti-TAC conjugate
did not selectively concentrate in coated pits. At 10 min after
warming, the surface was substantially cleared of anti-TFR-
HRP, but large amounts of anti-TAC-HRP remained diffusely
distributed on the cell surface (Fig. 3, B and D). At this time,
some coated pits still showed heavy labeling of anti-TFR,
whereas the concentration of anti-TAC-HRP in coated pits
remained the same as the surrounding plasma membrane. At
10 min after warming, both conjugates were also found in
receptosomes. Anti-TFR-HRP was present at a very high
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Figure 2. Enhancement of PE-anti-TAC toxicity by adenovirus. PE-
anti-TAC alone, adenovirus alone (2 ug/ml), or PE-anti-TAC plus
adenovirus (2 ug/ml) were added to HUT-102 cells for 4 h at 37°C.
At that time [*H]leucine was added to a final concentration of 3—4
uCi/ml for a further 1 h. Protein synthesis inhibition was then
determined by measuring the reduction in radioactivity incorporated
into TCA insoluble material from treated cells vs. control cells that
received no additions of toxins or virus. Ad,, adenovirus type II.
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Figure 3. Morphologic appearance of anti-TAC-HRP and anti-TFR-
HRP after addition to HUT-102 cells. Anti-TFR-HRP, previously
bound to cells at 4°C, was warmed to 37°C 1 min (4) or 10 min (B).
Likewise, C and D represent 1 and 10 min warm-up times for anti-

concentration which reflected the concentration seen in coated
pits from which these receptosomes were derived. An example
is shown in Fig. 3 B. It is important to compare the large
amount of anti-TFR-HRP present in receptosomes with the
low levels of anti-TFR-HRP seen on the plasma membrane
of the same cell (Fig. 3 B). In contrast, the concentration of
anti-TAC-HRP in receptosomes was lower and appeared to
be the same or less than its concentration on the plasma

TAC-HRP. After fixation with glutaraldehyde, samples were treated
with diaminobenzidine and hydrogen peroxide to localize the peroxi-
dase activity of the antibody-HRP conjugate (bar equals 0.1 um).

membrane of the same cell (Fig. 3 D). This result agrees with
the lack of selective concentration of this ligand in coated pits
(Fig. 3 C). These differences in the concentration of anti-
TFR-HRP and anti-TAC-HRP were consistently seen in over
100 cell profiles that were examined with each of the two
conjugates, and the examples shown here are typical. With
anti-TAC-HRP, the label in a receptosome was never greater
than on the plasma membrane of the same cell. With anti-
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TFR-HRP the label in receptosomes and coated pits was
always more concentrated than on the rest of the plasma
membrane. These studies indicate that both ligands enter cells
by coated pits and receptosomes, and that anti-TFR-HRP is
selectively concentrated in coated pits before entry, whereas
anti-TAC-HRP is not.

Residual immunotoxin cell-binding activity. After the cou-
pling of PE to either anti-TAC or anti-TFR, the residual cell-
binding activity of each immunotoxin was determined. Only
antibody binding was assessed, since we have shown that the
chemical coupling of PE to epidermal growth factor and
various antibodies destroyed the toxin’s ability to bind to its
own receptor (11, 12). The relative binding activity of PE-
anti-TAC compared with anti-TAC was assessed on PHA-
stimulated lymphocytes, and PE-anti-TFR with anti-TFR on
HUT-102 cells. PE-anti-TAC was not assayed for binding
activity of HUT-102 cells for technical reasons that were
related to the very large number of anti-TAC binding sites
(22). *H-anti-TAC (3.5 X 107! M) was added to PHA
lymphocytes in the presence of various concentrations of either
anti-TAC or PE-anti-TAC. The binding of *H-anti-TAC was
reduced to a 50% level in the presence of 1.2 X 10~° M anti-
TAC or 2.8 X 1078 M PE-anti-TAC (Table I). In a similar
experiment, 7.4 X 107" M '®’I-anti-TFR was added to HUT-
102 cells and displaced to a 50% level by 1.6 X 10~7 M anti-
TFR or 1.4 X 10”7 M PE-anti-TFR. Thus, the coupling of
PE to anti-TAC reduced the binding activity of the antibody
by 20-fold, whereas the coupling of PE to anti-TFR had very
little effect on its cellular binding.

Discussion

Anti-TAC, a monoclonal antibody that recognizes the T cell
growth factor receptor, was chemically coupled to PE to make
a cell-specific immunotoxin. At a concentration of 9 X 107'°
M, PE-anti-TAC reduced protein synthesis by 50% after a 20-
h incubation with receptor-positive HUT-102 cells. Receptor-
negative MOLT-4 cells were unaffected by concentrations as
high as 3 X 107® M. While the MOLT-4 cells were refractory
to PE-anti-TAC, they were sensitive to the action of another

Table I. Displacement of Labeled Antibody to 50% Levels

Labeled Concentration giving 50%
antibody reduction of binding
3H-anti-TAC 1.2 X 107 M, anti-TAC

2.8 X 107 M, PE-anti-TAC
125]-anti-TFR 1.6 X 10”7 M, anti-TFR

1.4 X 1077 M, PE-anti-TFR

H-anti-TAC was added to PHA-stimulated lymphocytes (1 X 10°
cells) at a concentration of 3.5 X 107'° M. '*I-anti-TFR was added
to HUT-102 cells (1 X 10°) at a concentration of 7.4 X 10~'° M.

immunotoxin, PE-anti-TFR. Specificity of action was further
confirmed by results that demonstrated the competitive reduc-
tion of PE-anti-TAC toxicity with the addition of excess anti-
TAC-antibody (Fig. 1). Thus, the difference in susceptibility
to PE-anti-TAC between the two lines was due to the presence
and absence of TCGF receptors and not to an entry defect in
MOLT-4 cells that might not have allowed the expression of
any immunotoxin.

The toxicity of PE-anti-TAC was enhanced 50- to 100-
fold in the presence of human adenovirus type II. When added
to HUT-102 cells during a 4-h incubation (37°C) period, the
combination of 2 ug/ml of adenovirus and 1.5 X 10~° M PE-
anti-TAC gave a 50% reduction in protein synthesis. In the
same time period, PE-anti-TAC alone did not reduce protein
synthesis by any >20% even when present at 3 X 107 M. We
have shown previously that adenovirus enhances the toxicity
of various toxin conjugates when these conjugates were con-
structed from ligands that entered cells via coated pits and
receptosomes. We have shown also that toxins which are not
capable of binding or being internalized into cells are not
enhanced in activity to any great degree in the presence of
adenovirus. Thus, it appeared adenovirus enhanced PE-anti-
TAC activity because this immunotoxin was cointernalized
with the virus into coated pits and receptosomes.

To confirm this route of entry, we constructed a cytochem-
ical conjugate by coupling HRP to the anti-TAC antibody.
Anti-TAC-HRP was bound to HUT-102 cells in the cold, and
entry followed after a warm-up step to 37°C. Anti-TAC-HRP
was observed to enter HUT-102 cells via coated pits at 1 min
and was seen in receptosomes after 10 min. A comparison
was made with the entry of anti-TFR (anti-TFR-HRP), an
antibody we had previously shown enters cells via coated pits
and receptosomes (11). While both antibodies entered cells by
the same route, anti-TFR-HRP was seen concentrated in both
coated pits and receptosomes, while anti-TAC-HRP entered
nonconcentratively. After 10 min of warming, there remained
a strong uniform labeling of the HUT-102 cells’ surface by
anti-TAC-HRP.

Because we were interested in determining the pathway by
which PE-anti-TAC entered cells, we had to prepare a suitable
conjugate. HRP-anti-TAC was used because this conjugate is
about the same size as PE-anti-TAC, and the HRP was
coupled to anti-TAC in a similar manner to the way PE-anti-
TAC was prepared. Conjugates that used discrete markers such
as colloidal gold were not used because colloidal gold conjugates
are large and polyvalent and could affect the rate at which the
antibody entered the cell or the pathway it followed once
inside the cell (20, 21). Ferratin conjugates are also large and
tend to have a higher degree of nonspecific binding than HRP
conjugates.

Excess anti-TAC was used in competition studies to reduce
the toxicity of PE-anti-TAC (Fig. 1). Anti-TAC at 1.8 X 107’
M reduced the toxicity of PE-anti-TAC at 1.4 X 10~® M by
50-fold. Since a 10-fold excess native antibody displaced
toxicity 50-fold, we thought it necessary to examine the
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residual cell binding activity of each immunotoxin. Antibody
binding activity of both the PE-anti-TAC and the PE-anti-
TFR was measured on PHA-stimulated lymphocytes and
HUT-102 cells, respectively. PE-anti-TFR retained full binding
activity while PE-anti-TAC lost the ability to displace *H-
anti-TAC by a factor of 20 when compared with native
anti-TAC.

While the cellular toxicity of PE-aTFR and PE-anti-TAC
for HUT-102 cells were quite similar, there appear to exist
several possibilities for further enhancing the activity of PE-
anti-TAC. More favorable reaction conditions might be estab-
lished so that PE or another toxin could be coupled to anti-
TAC without loss of binding activity. Initially, anti-TAC does
not appear to enter HUT-102 cells by a concentrative uptake
mechanism. Presumably, a more rapid initial uptake of the
PE-anti-TAC would lead to greater cell killing. This hypothesis
could be tested if a specific agonist, such as interleukin 2,
induced receptor clustering and thereby increased the initial
rate of internalization. Other anti-TAC antibodies may be
isolated which induce clustering of the receptor in coated pits
and thereby increase its uptake. Also it is possible that anti-
TAC may induce receptor clustering and concentrative uptake
in other TCGF receptor positive cells.
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