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methotrexate. Clones secreting the fusion proteins were

identified by ELISA (16). The highest producers were grown

in increasing concentrations of methotrexate and subcloned
in medium containing 5 ,uM methotrexate. The CH3-IL2
fusion protein was purified using protein A-Sepharose (Rep-
ligen, Cambridge, MA) as affinity adsorbent. Small amounts
of the Fab-IL2 and CH2-IL2 proteins were purified using an
anti-human K chain immunoaffinity column.

Antigen-Binding Activity. The antigen-binding activity was
measured in a solid-phase ELISA using a chloroform extract
of human neuroblastoma cells as a source of GD2 (17). In
some cases the fusion proteins were first treated with plasmin
(0.125 casein unit/ml) in 50 mM Tris, pH 8/150 mM NaCl for
1-2 hours at 370C. Aprotinin (Sigma) was added at the end of
the digestion (200 kallikrein inhibitory units/ml) when the
digested protein was tested for antigen binding or IL2 activ-
ity.
Human TIL Culture. The 660 TIL line and its autologous

GD2' tumor line 660 mel were established from a human
melanoma tumor sample and maintained in culture as de-
scribed (14).
IL2 Assays. IL2 activity of antibody-IL2 fusion proteins

was assayed in standard T-cell proliferation assays using
either the mouse CTLL-2 line (18) or 660 TIL. After IL2
depletion for 48 hr, 3 x 104 CTLL-2 cells or 105 660 TIL cells
were added to individual wells of a 96-well microtiter plate in
a volume of 0.2 ml with various concentrations of fusion
protein (normalized for IL2 content) or recombinant IL2
[either yeast-derived (Genzyme) or bacteria-derived (Hoff-
mann-La Roche)]. After 72 hr, 0.5 uCi (18.5 kBq) of [methyl-
3H]thymidine was added to each well, and plates were
harvested 12 hr later. All samples were tested in duplicate.

Cytotoxicity Assays. Cytolytic activity of 660 TIL was

measured in 51Cr-release assays against 660 mel target cells.
The 660 TIL cells were depleted of IL2 for 4 days prior to
their use in assays except where noted. Target cells (3 x 106)
were labeled with 300 ,Ci of Na251 CrO4 (Amersham) for 1 hr
at 37°C and washed in RPMI 1640 with l1o heat-inactivated
fetal bovine serum. For experiments in which target cells
were coated with antibody, 51Cr-labeled target cells (106 in 1
ml) were incubated with chl4.18 or CH3-IL2 fusion protein
(50 ug/ml in RPMI 1640 with 10% heat-inactivated fetal
bovine serum). After 1 hr at 4°C with periodic mixing, cells
were washed three times with serum-containing medium to
remove excess antibody and were used in cytotoxicity as-

says. In some experiments the effect of adding either anti-
body or IL2 at the time of assay was determined. Duplicate
assay mixtures were incubated at 37°C for 7-16 hr.

RESULTS

Characterization of Immunoglobulin-IL2 Fusion Proteins.
Several forms of antibody-IL2 fusion proteins were con-
structed and expressed in transfected hybridoma cells. In
initial studies we compared antigen-binding and IL2 activities
of constructs consisting of a chimeric light chain, expressed
in the same transfected cell with various truncated heavy
chain-IL2 fusion proteins. In one case IL2 was fused to the
beginning of the first hinge domain of the human CY3 gene
(deleting CH2 and CH3 exons) and in another construct IL2
was fused to the end ofthe CH2 exon (deleting CH3; Fig. 1A).
These heavy-chain fusion protein constructs were expressed
together with the variable (V) regions of the anti-GD2 anti-
body 14.18 and the human C, gene. Secreted heavy chains
were found to associate with the chimeric light chain to form
Fab-IL2 or CH2-IL2 fusion proteins, but the latter did not
assemble into a whole antibody even though it contained an

intact hinge region (Fig. 1B). The covalent disulfide bonds
that are normally involved in inter-heavy-chain binding are
contained in the hinge.
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FIG. 1. Construction of fusion protein genes and analysis of the
expressed proteins. (A) IL2 sequence (hatched box) wasjoined to the
human C.3 (Fab-IL2) or Cyl heavy-chain gene by using synthetic
DNA linkers, to express (from top to bottom) Fab-IL2, CH2-IL2,
and CH3-1L2 constructs. Unlabeled open box represents the hinge
region. (B) Gel electrophoretic analysis of Fab-IL2 expressed with
B72.3 V regions (lanes 1), chimeric 14.18 whole antibody (lanes 2),
and CH2-IL2 expressed with 14.18 V regions (lanes 3). Samples
either were nonreduced (NR) or were reduced (R) with 2-mercap-
toethanol. The gel was stained with Coomassie blue.

The antigen-binding and IL2 activities of these proteins are
summarized in Table 1. The Fab-IL2 protein containing the
14.18 V regions had no antigen-binding activity (within the
limits of our binding assay), whereas the CH2-IL2 protein
was strongly positive. The 14.18 Fab, produced by genetic
engineering, had greatly reduced antigen binding (data not
shown), suggesting that bivalency is required for full activity.
We then constructed a second Fab-1L2 fusion protein using
the V regions of the anti-TAG 72 antibody B72.3 (19), to test
whether such a molecule could be made that retained both
IL2 activity and antigen binding. The B72.3 Fab-IL2 protein
had normal antigen-binding activity, and all of the fusion
proteins had IL2 specific activities ranging from 5 to 6.5 x 106
units/mg when normalized for IL2 content.
We next decided to construct a whole antibody-IL2 fusion

protein by fusing the coding sequence of IL2 to the end of the
heavy-chain CH3 exon (CH3-IL2). In this way we hoped to
produce fully assembled IL2 fusion proteins that might also
have more favorable pharmacokinetic properties in vivo and
that could most likely be purified by protein A-Sepharose
affinity chromatography. The CH3-IL2 protein constructed
with the 14.18 anti-GD2 V regions was found to be expressed
as a fully assembled antibody fusion protein (Fig. 2 Inset)
with full IL2 activity (see below) and to have enhanced
antigen-binding activity. Since the carboxyl-terminal lysine
residue of the heavy chain was contained in this construct
(just before the + 1 residue of mature IL2), we tested whether
this site would be accessible to cleavage with proteases such
as plasmin, which cleaves after lysine or arginine. The
CH3-IL2 protein was treated with plasmin and subsequently
analyzed by SDS/polyacrylamide gel electrophoresis.

Table 1. IL2 activity of immunoglobin-IL2 fusion proteins
Antigen

Construct V region binding IL2 activity

Fab-IL2 14.18 - 5.0 x 106
Fab-IL2 B72.3 + 6.0 x 106
CH2-1L2 14.18 + 6.5 x 106

IL2 activity in culture supernatants (without methotrexate) was
determined by thymidine incorporation into mouse CTLL-2 cells.
The amount ofeach fusion protein was determined by ELISA and the
activity is reported as units/mg of IL2. Antigen binding was deter-
mined using GD2-coated (14.18) or mucin-coated (B72.3) plates as
described (13).
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FIG. 2. Antigen-binding activity of CH3-1L2 (14.18) fusion pro-
tein before and after proteolytic cleavage to remove IL2. Purified
CH3-1L2 was assayed for direct antigen-binding activity on GD2-
coated plates before (o) and after (A) treatment with plasmin for 1 hr
at 37TC. *, Control. (Inset) Electrophoretic analysis ofchl4.18 (lanes
1 and 3), CH3-1L2 (lanes 2 and 4), and plasmin-treated CH3-1L2
(lane 5) under nonreducing (lanes 1 and 2) or reducing (lanes 3-5)
conditions. The unlabeled lane contained molecular size markers
(see Fig. 1 for sizes).

The untreated CH3-IL2 protein had much higher binding
activity in a direct antigen-binding assay than the chimeric
antibody, and this enhanced activity was lost when IL2 was
cleaved from the heavy chain with plasmin (Fig. 2). The gel
analyses showed that the antibody itself was resistant to
plasmin cleavage and that a heavy chain of the expected size
was generated by cleavage at the antibody/IL2 junction.
These results suggest that the fused IL2 domain actively
interacts in some way with the antibody to alter antigen-
binding activity. Upon removal of IL2, the normal level of
activity is restored.

Since the CH3-IL2 construct was fully assembled into an
antibody fusion protein, it is likely that this molecule has the
most favorable properties for both in vitro and in vivo studies.
It could also be readily purified by affinity chromatography
on protein A-Sepharose. The availability of a matched set of
TIL and its autologous tumor cell line, expressing the GD2
antigen, has allowed us to exploit this system as a model for
testing the biological properties of antibody-targeted IL2.
Such a system was not available for a tumor cell expressing
the TAG 72 antigen. For these reasons we have focused our
studies on the characterization of the chl4.18 CH3-IL2
fusion protein.

Biological Activities of Whole Antibody-IL2 Fusion Pro-
teins. The IL2 activity of the CH3-IL2 (14.18) fusion protein
was tested in a standard T-cell proliferation assay using either
the mouse CTLL-2 line or a human TIL line (660 TIL)
established from a metastatic melanoma. Both lines were
cultured without IL2 for 48 hr prior to assay. The activity of
the fusion protein was found to be somewhat less than that of
a recombinant IL2 made in bacteria but was identical to that
ofa recombinant IL2 preparation produced in yeast (2.5 x 106
units/mg) when either the murine or the human T cells were
used (Fig. 3). Thus, fusion of this cytokine at the carboxyl
terminus of an antibody or antibody fragment does not
significantly reduce its activity. We reported a similar result
when we found that lymphotoxin (tumor necrosis factor /)

retained its full activity when fused to the end of the CH3
domain (15). However, in that case some inactivation of
lymphotoxin activity occurred during the elution from the
protein A-Sepharose column. In contrast, the CH3-IL2
preparation used in this study was stable throughout the
purification and during subsequent storage for up to 18

48

0 365

x

Cf 24
C)

12

0-L
I

o 60

x

E 40
CL

10 100 1000 10000

1 10 100 1000 10000

IL-2, ng/ml

FIG. 3. IL2 activity of purified CH3-IL2 protein (o) as measured
by [3H]thymidine incorporation ofmouse CTLL-2 (Upper) or human
660 TIL (Lower) T cells. Recombinant IL2 expressed in Escherichia
coli (A) or in yeast (+) was used as control. Results were normalized
to the IL2 content of the fusion protein.

months at -20'C. The effector functions of the CH3-IL2
protein-i.e., the ability to mediate complement and Fc
receptor-dependent lysis-were also tested and found to be
maintained (but somewhat decreased) when compared with
that of the chimeric 14.18 antibody (data not shown). A
similar result was reported for the CH3-lymphotoxin fusion
protein (15).
Enhanced TIL Cytotoxic Activity of Autologous Tumor

Targets. The human 660 TIL line was used to test the ability
of the CH3-IL2 (14.18) fusion protein to stimulate the killing
ofGD2' autologous melanoma tumor cells (660 mel). The 660
TIL line is routinely cultured in serum-free medium contain-
ing IL2 (1000 units/ml) and is stimulated bimonthly with 660
mel to maintain killing activity (13). The lytic activity of this
CD8' cell line for its target varies over time in culture as a
function of antigen stimulation. For the purpose of this study
we have also examined the effect of IL2 depletion on TIL
cytotoxic activity and how this might be affected by subse-
quent addition of IL2 or the CH3-IL2 fusion protein. Con-
sequently, the level of killing varies from one experiment to
another, as does the ability of IL2 to enhance the killing in
both normal and IL2-depleted cell cultures.
An example of a killing assay peiformed with 660 TIL

shortly after antigen stimulation is shown in Fig. 4A. The
tumor target cells were first coated with the fusion protein or
with chl4.18 antibody and then used as targets in a 7-hr
51Cr-release assay. At the higher effector/target ratio (50:1),
the antibody alone stimulated killing, but to a much lesser
extent than CH3-IL2. The effect of CH3-1L2 was more
pronounced with TIL that had been deprived of IL2 for 4
days.

CTLL-2
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A similar experiment comparing the fusion protein and
exogenously added IL2 was performed 1 week later, when
the autologous killing activity had declined. For this reason
the duration of the cytotoxicity assay was extended to 16 hr.
As seen in Fig. 4B, the addition of IL2 (100 units/ml) to the
assay mixture had little effect. The stimulatory effect of
CH3-1L2 in these experiments was quite striking, especially
at the lower effector/target ratios and when IL2-depleted
effector cells were used. The results were less pronounced
once the TIL had been cultured without antigen stimulation
with 660 mel tumor cells (data not shown). In all cases, the
amount of stimulation obtained by coating the tumor cells
exceeded that obtained by adding equivalent levels of IL2.

DISCUSSION
A fusion protein consisting of an intact tumor-specific chi-
meric antibody and human IL2 (CH3-IL2) has been shown
to retain both antibody and IL2 functions. IL2 activity was
measured by the ability of the fusion protein to stimulate the
proliferation of resting human and mouse T cells. Constructs
containing smaller portions of the antibody molecule were
also found to retain full IL2 activity. These results contrast
with an earlier report (20) in which a purified Fab-IL2 fusion
protein was 200-fold less active than recombinant IL2 in a
proliferation assay. Our constructs also differ from those
reported by Fell et al. (20) in that we have directly fused
antibody and IL2 sequences, without the introduction of
artificial linker residues. In the case ofour 14.18 Fab-IL2, we
could not demonstrate antigen binding, but this was not likely
due to the fusion of IL2, since a similar construct made with
the V regions of B72.3 maintained both IL2 and antigen

- Untreated
660 NIEL
ch 14.18

CH3-IL2

FIG. 4. Stimulation of autolo-
gous cytolytic activity by CH3-
IL2-coated tumor cells. (A)
Freshly stimulated 660 TIL cells
were used as effectors against 660
mel targets in a 7-hr 51Cr-release
assay. Before the assay, the target
cells were either untreated (filled
bars) or coated with chl4.18
(cross-hatched bars) or CH3-IL2
(hatched bars). The effector cells
(660 TIL) were taken from grow-
ing cultures (normal) or were cul-
tured for 4 days without IL2
(-IL2) and were used at an effec-
tor/target ratio of 50:1 or 10:1. (B)
Normal and IL2-depleted 660 TIL
cells, 1 week after antigen stimu-
lation, were used as effectors
against untreated (filled bars) or
CH3-IL2-coated (hatched bars)
660 mel targets at the indicated
effector/target ratio in a 16-hr re-
lease assay. One set was incu-
bated with added IL2 [100 units
(U)/ml; cross-hatched bars].

-~Untreated
660 NEL
IL2
(100 U/ml)
CH3-1L2
Coated

binding activities. Genetically engineered 14.18 Fab was also
found to have greatly reduced antigen-binding activity.
Melanoma cells expressing GD2 that have bound the

CH3-IL2 fusion protein serve as much better targets for
cytotoxic T cells. This was demonstrated by using a TIL line
(660 TIL) that had been maintained in culture in the presence
of high concentrations of IL2 with periodic antigen stimula-
tion by autologous melanoma cells (660 mel). The stimulatory
effect was most pronounced when the TIL had been main-
tained without IL2 for several days. The amount of IL2 that
would be bound to the 660 mel cells under saturating condi-
tions would be equivalent to 50 units/ml in the assay, if these
cells express >107 GD2 sites as was reported for M21
melanoma cells (8). These levels of IL2 added to the assay
mixture were less effective than the fusion protein in stimu-
lating cytolytic activity.

In the experiment depicted in Fig. 4A, there was some
enhancement of killing of cells coated with chimeric antibody
alone at the 50:1 effector/target ratio, suggesting some
ADCC activity. However, the 660 TIL line does not contain
detectable numbers of cells expressing Fc receptors as shown
by immunofluorescence analyses (unpublished data).
The ability to combine the targeting of a tumor-specific

antibody together with a potent cytokine such as IL2 should
prove useful in directing and localizing its effect at tumor
sites. In this regard, tumors secreting either IL2, tumor
necrosis factor, or granulocyte colony-stimulating factor
after transfection with genes encoding these molecules are
rejected upon transplantation into syngeneic animals due to
the establishment of cellular immunity (21-23). Antibody
targeting of cytokines may achieve this same end by stimu-
lating a cytotoxic T-cell response and in this way augment the
helper T-cell function that may be lacking in cancer patients.
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The use of a whole antibody-IL2 fusion protein may have
advantages over antibody fragment-IL2 fusion proteins,
since additional effector functions (ADCC and CDC) will be
targeted to the same site. As discussed earlier, experiments
using peripheral blood cells from patients treated with IL2
have already shown that the ch14.18 antibody can mediate
ADCC against tumor cells (12). In this case the primary
effector cells are Fc receptor-positive (CD16') natural killer
cells. The work presented here suggests that cytotoxic T cells
can also be stimulated to kill autologous antigen-positive cells
that have been coated with the antibody-IL2 fusion protein.
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