Proc. Natl. Acad. Sci. USA
Vol. 84, pp. 4611-4615, July 1987
Immunology

Induction of cytotoxicity in resting human T lymphocytes bound to
tumor cells by antibody heteroconjugates

(monocyte-independent T-cell activation/melanoma/anti-CD3 monoclonal antibody /anti-CD28 monoclonal antibody /anti-tumor

antibody)

GUNDRAM JUNG*, JEFFREY A. LEDBETTERT, AND HANS J. MULLER-EBERHARD*

*Division of Molecular Immunology, Research Institute of Scripps Clinic, La Jolla, CA 92037; and *Oncogen Corporation, Seattle, WA 98121

Contributed by Hans J. Miiller-Eberhard, March 25, 1987

ABSTRACT An in vitro model for peripheral human T-cell
activation and resultant tumor cell killing is described. Cyto-
toxic T lymphocytes may be generated from resting lympho-
cytes by incubation of human peripheral blood mononuclear
cells for 3 days with the anti-CD3 monoclonal antibody OKT3.
Cytotoxicity in peripheral blood mononuclear cells can also be
induced by adding an anti-target-OKT3 antibody conjugate
and 10% (vol/vol) fetal calf serum to the culture medium.
Conjugate activation of T cells was almost completely blocked,
however, when 20% (vol/vol) human serum was added to the
medium. Conjugate-mediated peripheral blood mononuclear
cells activation was restored to some extent by the addition of
melanoma target cells to the culture and was markedly en-
hanced by a second conjugate containing anti-target cell and
anti-CD28 antibody. Monoclonal antibody 9.3 (anti-CD28)
provides a progression signal in T-lymphocyte activation when
used in combination with anti-CD3. Thus, presentation by the
tumor target cells of anti-CD3 and anti-CD28 to resting human
lymphocytes causes T-cell activation, which is independent of
monocytes, proceeds in the presence of human serum, and
results in tumor cell killing.

Monoclonal antibodies, directed to the murine T-cell antigen
receptor (1) or to the receptor-associated CD3 structure on
human T cells (2, 3) and chemically linked to anti-target cell
antibodies, can overcome the major histocompatibility com-
plex restriction of cytotoxic T lymphocytes (CTL) and trigger
cloned CTL to lyse the respective target cells. Thus such
antibody heteroconjugates may be capable of directing CTL
to target tumor cells in vivo. Since T cells in peripheral human
blood are resting cells that are virtually noncytolytic, the
generation of active CTL from resting T cells is required if
anti-CD3-containing heteroconjugates are to be used in any
therapeutic strategy. Our purpose in this study was to devise
a method for the monocyte-independent activation of resting
human T lymphocytes at the surface of tumor cells that
results in tumor cell killing. It is pertinent that certain
anti-CD?3 antibodies can induce proliferation of resting T cells
in a monocyte-dependent system (4, 5).

Human peripheral blood mononuclear cells (PBMC) be-
come potent CTL after 4 days of culture with the anti-CD3
monoclonal antibody OKT3. After the 4-day activation
period, the cells could kill tumor target cells in presence of the
anti-target-OK T3 heteroconjugates, as determined by a 4-hr
cytotoxicity assay (6). The time-dependent acquisition of
cytotoxic activity correlated with de novo synthesis of the
cytolytic C9-related protein (CORP) (7, 8) by the OKT3-
stimulated lymphocytes (9).

Monocytes are required for the activation of lymphocytes
by OKT3 for the solid-phase presentation of OKT3 by Fc
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receptors and for supplying second signals (4, 10, 11). Serum
IgG interferes with OKT3 binding to monocyte Fc receptors
and thus with T-cell activation (12, 13). Given these facts, we
have determined conditions that allow T-cell activation in
human serum (HS) without the participation of monocytes.
Considering the potential utility of antibody heteroconjugates
for tumor immunotherapy, the ability of such conjugates to
activate resting T cells was investigated. It was found that: (i)
Anti-target-OKT3 conjugates activate human PBMC held in
medium containing fetal calf serum (FCS), but that in medium
containing 20% (vol/vol) HS activation was minimal. (ii)
Inhibition by HS could be partly overcome by utilizing the
surface of the tumor cells for solid-phase presentation of
OKT3 within the anti-target-OKT3 conjugate. (iii) Employ-
ing monocyte-depleted PBMC, the second signals ordinarily
contributed by monocytes could be provided effectively by
an additional anti-target conjugate containing monoclonal
antibody (mAb) 9.3 that is known to transmit progression
signals in T-lymphocyte activation.

MATERIALS AND METHODS

Cells and Antibodies. M21 melanoma cells, originally pro-
vided by D. L. Morton (University of California, Los Ange-
les), were grown in complete medium [RPMI 1640 supple-
mented with 10% (vol/vol) FCS, 2 mM glutamine, and
gentamicin at 50 ug/ml]. mAb 9.2.27, which is directed to a
melanoma-associated glycoprotein-proteoglycan complex
(14), was supplied by Ralph Reisfeld (Research Institute of
Scripps Clinic). mAb 9.3 recognizes the T-cell differentiation
antigen Tp44 (CD28) found on most T cells (15-17) and acts
as a progression signal in T-cell activation (18-20). OKT3 was
purified from hybridoma (American Type Culture Collection)
supernatants. mAb 9.2.27 and mAb 9.3 were purified from
ascites fluid using protein A-Sepharose chromatography (21).

Conjugation of Antibodies. The mAb 9.2.27 was cross-
linked to OKT3 or mAb 9.3 using the heterobifunctional
reagent SPDP [N-succinimidyl 3-(2-pyridyldithio)propion-
ate, Sigma] as described (6, 22).

Isolation of PBMC. Human PBMC were isolated from
heparinized blood of healthy donors (General Clinical Re-
search Center of Scripps Clinic and Research Foundation) by
Ficoll-Hypaque density gradient centrifugation (Pharmacia).
Depletion of monocytes from PBMC was achieved by repli-
cate adherence to plastic tissue culture flasks, followed by
treatment with 5 mM leucine methyl ester for 40 min at room
temperature (23). Treated cells no longer responded to
mitogenic concentrations of OKT3 or OKT3 and mAb 9.3.

Induction of PBMC Activation. PBMC and monocyte-
depleted PBMC were cultured for 3 days under various

Abbreviations: CTL, cytotoxic T lymphocytes; PBMC, peripheral
blood mononuclear cells; HS, human serum; FCS, fetal calf serum;
mAb, monoclonal antibody; IL-2, interleukin 2.



4612 Immunology: Jung et al.

conditions as described in the figure legends. DNA synthesis
was measured by pulse-labeling 10° cells per ml with
[*H]thymidine at 5 #Ci/ml (1 Ci = 37 GBq; Amersham) for
6 hr. The cells were also analyzed with fluorescent mAb IL-2
R1 directed against the interleukin 2 (IL-2) receptor (Coulter)
and fluorescence cytometry using a FACS IV (Becton
Dickinson). In all figures mean values of at least three
different experiments with PBMC from different donors are
given.

Cytotoxicity Assay. To measure the cytotoxic activity of
PBMC after 3 days in culture, M21 melanoma cells labeled
with sodium [*!Cr]chromate were incubated with mAb
9.2.27-OKT3 conjugate at 3 ug/ml for 30 min at 37°C and
washed. PBMC activated under various conditions were then
added to 10* tumor cells per well at an effector/target cell
ratio of 40:1, and cytotoxicity was determined in a 4-hr
S1Cr-release assay as described (6).

RESULTS

Inhibition by Human Serum of PBMC Proliferation Induced
by the mAb Conjugate 9.2.27-OKT3. Fig. 1A shows that
during 3 days of culture in medium containing 10% (vol/vol)
FCS unconjugated OKT3 stimulated PBMC proliferation
over a wide concentration range, as determined by [*H]thy-
midine incorporation. In 20% (vol/vol) HS more antibody
was required than in 10% (vol/vol) FCS to achieve maximal
activation, and the inhibitory effect of high antibody concen-
trations was more pronounced. If ari anti-target cell-OKT3
conjugate (mAb 9.2.27-OKT3) (Fig. 1B) was used for acti-
vation of PBMC, the dose required for comparable activation
was higher than that needed of OKT3 alone; activation
proceeded in FCS, but was minimal in HS occurring only in
a narrow anti-target-OKT3 antibody concentration range.
Also, IL-2 receptor expression and induction of cytotoxicity
were almost completely inhibited by HS (Fig. 2).
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FiG. 1. Inhibition by HS of proliferation of PBMC induced by the
mAb 9.2.27-OKT3 conjugate. PBMC (8 x 10° cells per ml) were
cultured for 3 days in medium containing 10% (vol/vol) FCS (o) or
20% (vol/vol) HS (e) with the indicated amounts of OKT3 (A) or
mAb 9.2.27-OKT3 conjugate (B).
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FiG. 2. Positive effect of melanoma target cells on PBMC
activation by the mAb 9.2.27-OKT3 conjugate in the presence of HS.
PBMC (8 X 10° cells per ml) were cultured in 10% (vol/vol) FCS (bar
a), 20% (vol/vol) HS (bars b—e), mAb 9.2.27-OKT3 conjugate (150
ng/ml) (bars a—e), mAb 9.3 (600 ng/ml) (bars d and e), and M21
melanoma cells (initial PBMC/M21 cell ratio, 15:1) (bars ¢ and e).
After 3 days the lymphocytes were removed, washed, and subjected
to analysis for IL-2 receptor expression and cytotoxic activity toward
M21 cells.

Effects of Target Cells on mAb 9.2.27-OKT3 Conjugate-
Mediated PBMC Activation. In view of the HS inhibition of
conjugate-mediated PBMC activation, we explored whether
target cells with conjugate bound to their surface could
substitute for the OKT3-presenting function of monocytes.
The addition of target cells at an initial concentration com-
parable to that of monocytes in PBMC had a positive effect
on conjugate-mediated PBMC activation as assessed by IL-2
receptor expression and also on the cytotoxic activity of the
cells, although to a lesser extent (Fig. 2). That these effects
were not due to alloreactivity of PBMC toward the target
cells is supported by the following findings: (i) PBMC
cultured in 20% (vol/vol) HS for 3 days with or without M21
cells showed no signs of activation. (i{) When unconjugated
OKT3 was used for activation in HS (Fig. 14), addition of
target cells resulted in variable inhibition rather than stimu-
lation of activation. (iii) Excess mAb 9.2.27 specifically
inhibited the target cell effects in conjugate-induced activa-
tion.

Effects of mAb 9.3 on PBMC Activation by mAb 9.2.27-
OKT3 Conjugate and Target Cells. Target cells that present
anti-CD3 in the form of anti-target-anti-CD3 conjugate can
only stimulate the receptor-CD3 complex; they cannot sup-
ply second signals provided by monocytes that are also
necessary for T-cell activation to proceed (18-20, 24). We
attempted, therefore, to supply second-signal functions by
using mAb 9.3, an agonistic antibody directed to Tp44 (CD28)
furnishing progression signals (18-20). Fig. 2 shows that this
antibody markedly increased the positive target-cell effect in
mAD 9.2.27-OKT3-mediated PBMC activation. The effect of
mAb 9.3 was similarly pronounced when monocyte-depleted
PBMC were used (Fig. 3). No activation was seen if
unconjugated OKT3 was used under identical experimental
conditions (data not shown).
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Fi1G. 3. Activation of monocyte-depleted PBMC by mAb 9.2.27-
OKT3 and mAb 9.2.27-9.3 conjugates in the presence of melanoma
target cells assessed by IL-2 receptor expression. Monocyte-deplet-
ed PBMC (8 X 10° cells per ml) were cultured for 3 days in 20%
(vol/vol) HS in the presence of M21 cells (initial PBMC/M21 cell
ratio, 10:1), mAb 9.2.27-OKT3 conjugate (150 ng/ml), mAb 9.3 (600
ng/ml), and the mAb 9.2.27-9.3 conjugate (150 ng/ml) as indicated.

Activation of Monocyte-Depleted PBMC by Target Cells
Presenting OKT3 and mAb 9.3. A mixture of mAb 9.2.27-
OKT3 and mAb 9.2.27-9.3 conjugates in the presence of
melanoma target cells activated monocyte-depleted PBMC
as judged by IL-2 receptor expression (Fig. 3). When the
target cells were precoated with saturating amounts of the
respective conjugates and washed before addition to mono-
cyte-depleted PBMC, again a pronounced synergistic re-
sponse to the two conjugates was observed (Fig. 4). The
impact of the mAb 9.3-containing conjugate on the 3-day
activation phase was particularly apparent when the
cytotoxic activity of the pretreated cells was determined in a
4-hr S'Cr-release assay (Fig. 5). In contrast, monocyte-
depleted PBMC incubated with target cells and the mAb
9.2.27-OKT3 conjugate alone had no cytotoxic activity.
Effective PBMC activation could be observed at concentra-
tions of each of the two conjugates as low as 8 ng/ml.
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Fi1G. 4. Activation of monocyte-depleted PBMC by melanoma
cells precoated with mAb 9.2.27-OKT3 and mAb 9.2.27-9.3 conju-
gates assessed by IL-2 receptor expression. M21 melanoma cells (10°
cells per ml) were incubated with medium only, mAb 9.2.27-OKT3
conjugate (5 ug/ml), mAb 9.2.27-9.3 (5 ug/ml), or a mixture of mAb
9.2.27-OKT3 (5 pug/ml) and mAb 9.2.27-9.3 (5 ug/ml). After incu-
bation at 37°C for 30 min, cells were washed twice and added to
monocyte-depleted PBMC (8 x 10° cells per ml) at a PBMC/M21 cell
ratio of 10:1 and cultured in 20% (vol/vol) HS for 3 days. The
lymphocytes were then separated from the adhering tumor cells and
analyzed for IL-2 receptor expression.
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FiG. 5. Cytotoxic activity of monocyte-depleted PBMC activat-
ed by mAb 9.2.27-OKT3 and mAb 9.2.27-9.3 conjugates in presence
of melanoma target cells. Monocyte-depleted PBMC were incubated
in 20% (vol/vol) HS with or without M21 cells (initial PBMC/M21
cell ratio, 10:1) in the presence of mAb 9.2.27-OKT3 alone (150
ng/ml) or in combination with mAb 9.2.27-9.3 (150 ng/ml). Cyto-
toxicity was determined after 3 days in culture.

Fig. 6 shows photomicrographs of M21 cells cultured with
monocyte-depleted PBMC for 6 days. With mAb 9.2.27-
OKT3 (150 ng/ml) alone, the tumor cells proliferated forming
a dense layer of adhering cells. With mAb 9.2.27-OKT3 (150
ng/ml) and mAb 9.2.27-9.3 (150 ng/ml), the tumor cells died,
and only lymphocytes are seen. Three days after initiation of
these cultures, samples of lymphocytes were removed from
both flasks and tested for IL-2 receptor expression and
cytotoxicity. WithmAb 9.2.27-OKT3 alone, receptor expres-
sion was only slightly increased (Fig. 3), and cytotoxicity was
low (Fig. 5). When both conjugates were present, the cells
were IL-2 receptor positive (50-60%) (Fig. 3) and strongly
cytotoxic toward melanoma cells as determined in a 4-hr
SICr-release assay (Fig. 5).

DISCUSSION

An in vitro model for T-cell activation and tumor cell killing
has been designed to fulfill several key requirements perti-
nent to possible in vivo application. (i) The cells used are
uncloned resting T lymphocytes as they normally occur in
human blood. These cells lack the cytolytic, pore-forming
protein CORP (8, 9) and need to be activated to acquire
cytotoxic potential. (if) The resting cells are rendered cyto-
toxic by stimulation of the T-cell antigen receptor structure
CD3 with monoclonal antibody that, during the ensuing 3-day
period, results in critical changes of cellular functions includ-
ing de novo synthesis of CIRP (8, 9). (iii) The solid-phase
presentation of anti-CD3, obligatory for T-cell activation by
this antibody, has been assigned to the tumor target cells
rather than to the Fc receptor-bearing cells. Presentation of
anti-CD3 by the tumor cells is accomplished by means of an
anti-target-anti-CD3 heteroconjugate. This strategy obviates
Fc receptor involvement and, therefore, circumvents the
problem of inhibition of Fc receptor—anti-CD3 interaction by
free IgG in serum. (iv) The heteroconjugates employed show
little interaction with monocytes in presence of human
serum. The T-cell activating function of these conjugates is,
therefore, confined to the tumor cell surface. (v) The second
signal needed for T-cell activation by anti-CD3 and normally
provided by monocytes is supplied in the monocyte-indepen-
dent system by mAb 9.3 (18-20). (vi) To direct the second-
signal effect of mAb 9.3 toward the tumor cell surface, this
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F1G. 6. Photomicrographs of M21 cells cultured with monocyte-depleted PBMC in 20% (vol/vol) HS for 6 days. The initial PBMC/M21 cell
ratio was 10:1. Cells were incubated at initiation of culture with mAb 9.2.27-OKT3 conjugate (150 ng/ml) (A) or a mixture of mAb 9.2.27-OKT3
(150 ng/ml) and mAb 9.2.27-9.3 conjugates (150 ng/ml) (B). (x32.) Whereas the melanoma cells in A have proliferated to form a dense monolayer,
in B primarily lymphocytes are seen without evidence for surviving tumor cells.

antibody is furnished also in the form of a conjugate with
anti-target antibody. Thus, two distinct antibody heterocon-
jugates that alone or in combination have no apparent effects
on T lymphocytes induce T-cell activation in presence of
target cells to which they specifically bind (Figs. 3 and 5).
Activation was efficient in that minute amounts of the
conjugates sufficed; it was monocyte independent and, there-
fore, not inhibited by 20% (vol/vol) HS.

Tp44is a T-cell differentiation antigen, and mAb 9.3, which
reacts with Tp44, constitutes one of the second signals for
T-cell proliferation (18-20). Interleukin 1, IL-2 (10, 24), and
anti-Tp67 (CD5) (18, 19) are other second signals that are
capable of replacing monocyte requirement. mAb 9.3 by itself
has no detectable effect on T cells. However, in combination
with the tumor promoter phorbol 12-myristate 13-acetate (15)
or in conjunction with immobilized anti-CD3 (18, 20), mAb
9.3 provides a powerful stimulus for T-cell activation. In the
experiments described above, mAb 9.3 markedly enhanced
T-cell activation by the anti-CD3 presenting tumor target
cells. The biochemical events that are directly triggered by
the mAb 9.3-Tp44 interaction and that might also be elicited
by an as yet unidentified physiological ligand are currently
unknown, except for the reported increase in the concentra-
tion of free cytoplasmic calcium ions (20, 25, 26).

Whereas the described strategy of human T-cell activation
and resultant tumor cell killing is exceedingly efficient in vitro,
its feasibility and efficacy in vivo remain to be investigated.
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