
(CANCER RESEARCH 58. 3866-3872. September 1. 1998]

Tumor Targeting with Biotinylated Tumor Necrosis Factor a: Structure-Activity
Relationships and Mechanism of Action on Avidin Pretargeted Tumor Cells1

Angelo Corti,2 Anna Gasparri, Angelina Sacchi, Flavio Curnis, Romina Sangregorio, Barbara Colombo,

Antonio G. Siccardi, and Fulvio Magni
l)t'[nirlineitl oj HÃ¬olofiÃ¬ctiltimi Technnhtgical Rt'.-ÃeiirchÂ¡A.C., A. G., A. S., F. C. R. S., B. C. A. G. 5. / timi Maas Spt'i-lnimÃ'try Uihtiftiiory Â¡F.M.I, San Riiffnch1 Scientific Inslilnlt',

2UIJ2 Milan. Ilah

ABSTRACT

We have recently described a new strategy' for targeting biotinylated

tumor necrosis factor-a (TNF-a) to tumors, based on pretargeting with
biotinylated antibodies and avidin. Here, we have analyzed the structure-
activity relationships of several biotin-TNF-a conjugates and studied the
mechanism of their interaction with avidin and TNF-a receptors on tumor

cells.
The study has been carried out using an in vitro model based on human

melanoma Colo 38 cells and monoclonal antibody 225, an antibody against
the high molecular weight melanoma-associated antigen. Immunochemi-
cal and cytotoxicity studies showed that biotin-TNF-a but not TNF-a
persists for several hours on the surface of cells pretargeted with biotin-

monoclonal antibody 225 and avidin and triggers cytolytic effects. Studies
on the mechanism of action showed that biotin-TNF-a trimers can slowly
dissociate from targeted cells in a bioactive form, through trimer-
monomer-trimer transitions. Structure-activity relationship studies
showed that nonbiotinylated subunits must be present in the biotin-TNF-a
trimers for efficient release of bioactive TNF-a. Colo 38 cells targeted with
biotin-TNF-a were able to kill mouse L-M cells in coculture experiments,
indicating that the released TNF-a can interact also with TNF-a receptors

expressed by bystander cells. In conclusion, the targeting complex works
as a system that slowly releases bioactive TNF-a in the microenvironment

of the targeted cell. This opens up the possibility that cells other than those
reached by the targeting antibody (e.g., endothelial cells and local cells of
the immune system) can be affected in vivo.

INTRODUCTION

TNF-a1 is a proinflammatory cytokine that was originally identi

fied for its cytotoxic activity on tumor cells and found later to also
exert a wide range of biological effects on normal cells (1-4). Bio
active TNF-a is made of by three identical A/r 17,000 subunits that

slowly dissociate to inactive subunits at picomolar levels (5), and it
triggers most of its biological effects by homotypic clustering of two
cell surface receptors of Mr 55,000 and M, 75,000 (TNF-R1 and
TNF-R2, respectively; Ref. 6). Although TNF-a can exert impressive

antitumor effects in animal models, its use in patients is limited by
severe systemic toxicity (7, 8). However, the remarkable results
obtained with high doses in regional treatments of cancer patients
demonstrated that TNF-a is active also against human cancer, in a
manner reminiscent of that observed in preclinical studies (9-11).

This prompted new impetus for studies aimed at improving its ther
apeutic index for a systemic use.

Among various approaches attempted (7, 8, 12), we recently de-
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scribed a new strategy for the delivery of TNF-a to tumor sites, based
on "three-step" tumor targeting with biotinylated antibodies, avidin,

and biotinylated TNF-a (13). Tumor pretargeting with specific anti

bodies and avidin is currently used in nuclear medicine to increase the
uptake and the localization of radioactive-labeled biotin, either for
diagnostic or therapeutic purposes (14-16). For instance, in three-step

immunoscintigraphy, biotinylated antibodies (specific for tumor sur
face markers), avidin, and biotinylated radioisotopes are injected i.v.
at 1-day intervals, with improved tumonbackground ratios compared

to conventional immunoscintigraphy using directly radiolabeled anti
bodies ( 14, 17). We observed that avidin bound to tumor cells through
biotinylated antibodies can work as a high-affinity artificial receptor
not only for radiolabeled biotin but also for biotinylated TNF-a. In

particular, we found that the pretargeting system can increase the
amount and the persistence of biotin-TNF-a on tumor cells and that
cell-bound TNF-a can trigger antitumor responses m vitro and in vivo,
implying that targeted TNF-a can interact also with natural TNF-Rs

(13).
Here, we have analyzed the structure-activity relationships of sev

eral biotin-TNF-a conjugates and studied the mechanisms underlying
the interactions of biotin-TNF-a, bound to the antibody/avidin bridge,
with TNF-Rs. We describe one mechanism that relies on the slow
release of soluble bioactive TNF-a, which, in turn, diffuses and
interacts with TNF-Rs on targeted cells as well as on bystander cells.

Moreover, we have studied the structural requirements for optimal
activity.

MATERIALS AND METHODS

Preparation of Biotin-TNF-a and Biotin-mAb 225 Conjugates. Human
recombinant TNF-a (Escherichia co/i-derived, 5 x IO7 units/mg) was gener

ously provided by Dr. G. Adolf (Boehringer Ingelheim, Vienna, Austria).
TNF-a biotinylation was carried out using biotin-6-arninocaproyl-AÃ-hydroxy-

succinimide ester (SocietÃ  Prodotti Antibiotici, Milan, Italy), essentially as
described previously (13), in 0.1 M sodium citrate at various pH values.

The bioactivity of the final product was analyzed by standard L-M cytolytic
assay using L-M mouse fibroblasts (ATCC CCL1.2) as described previously

(18). The protein content was measured using a commercial protein assay kit
(Pierce. Rockford, IL).

The receptor affinities of biotin-TNF-a versus nonbiotinylated TNF-a were
estimated by comparing the binding of both products to sTNF-Rl and
STNF-R2 adsorbed onto a solid phase. sTNF-Rl and sTNF-R2 (R&D Systems)

solutions (6(X) ng/ml. in PBS) were left to adsorb onto Polyvinylchloride
microtiter plates for 1.5 h at 37Â°C.After washing with PBS, the plates were

incubated with 3% BSA in PBS for 2 h. Biotin-TNF-a and TNF-a solutions,

in PBS containing 0.05% BSA, were then added to different wells and left to
bind for 2 h at 37Â°C. Bound TNF-a antigen was detected with a rabbit

anti-TNF-a antiserum (1:2000 in PBS, 1 h). followed by goat antirabbit
IgG-horseradish peroxidase conjugate (1:1000 in PBS, 1 h) and o-phenylen-

diammine as chromogenic substrate (30 min). The final absorbance of each
well was plotted versus TNF-a concentrations, and the amount giving 50% of

maximum binding (50% ÃŸmâ€ž)were extrapolated. The 50% flmalls
(mean Â±SD) obtained in two separate experiments were: TNF-a to sTNF-Rl
and STNF-R2. 25 Â± 10 and 38 Â± 13 ng/ml, respectively (ratio, 1.52); and
biotin-TNF-a to sTNF-Rl and sTNF-R2, 53 Â±14 and 84 Â±15 ng/ml (ratio,
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1.58). These values suggest that the relative affinities of the two products for
sTNF-Rl and sTNF-R2 are similar.

mAb 225, provided by Dr. G. A. Scassettati (Sorin Biomedica, Vercelli,
Italy) was biotinylated using the same protocol, except that conjugation was
performed in 0.1 M sodium carbonate (pH 8.8). The activity of the antibody
after biotinylation was checked by FACS analysis of Colo 38 cells using
streptavidin-A-phycoerythrin (Sigma Chemical Co., St. Louis, MO) as detect

ing reagent.
Colo 38 Cell Cytolytic Assay. Human melanoma Colo 38 cells were

cultured in RPMI 1640 containing 10% FCS, 2 min glutamine, 100 units of
penicillin, 100 /^g/ml streptomycin, and 0.25 /xg/ml amphotericin B (RPMI/
FCS) and collected using a cell scraper. The assay was performed in 96-well
flat-bottomed polystyrene cell culture plates (Costar). Each well was filled
with 50-fil aliquots of a Colo 38 cell suspension (2 X IO5 cells/ml) in

RPMI/FCS, 40 mM lithium chloride, 0.02 ju,g/ml actinomycin D, and TNF-a
standard solutions (50 /xl) diluted with RPMI/FCS. After a 48-h incubation at
37Â°C-5%CO2, the medium was gently aspirated using a multichannel pipette

and replaced with 100 /xl/well of fresh RPMI without FCS. Living cells were
stained by the addition of 10 fd of 5 mg/ml MTT (Calbiochem, San Diego,
CA) and incubation for 4 h at 37Â°C. Then, a 100-ju.l aliquot of a 33%
Ar,A'-dimethylformamide-200 g/liter SDS solution in water, brought to pH 4.7

with acetic acid, was added to each well and further incubated for l h to
dissolve the dye.

The absorbance of each well was read using a microplate reader at 570 nm
and 650 nm (reference wavelength).

Three-Step Targeting of Colo 38 Cells with Biotin-TNF-t*. One
hundred-/j.l aliquots of a Colo 38 cell suspension (5 X IO6cells/ml) in 9 g/liter

SC were seeded in round-bottomed microtiter plates and centrifuged for 2 min
at 300 X g at 4Â°C.The cells were then subjected to three sequential incubations

with 10 /xg/ml biotin-mAb 225 in 9 g/liter SC containing 2% FCS (SC/FCS;

20 min on ice), 10 /xg/ml neutravidin (a deglycosylated avidin with neutral
isoelectric point. Pierce, Rockford. IL) in SC/FCS (20 min on ice: "pretar-
geted" cells), and finally TNF-a or biotin-TNF-a at various concentrations in

SC/FCS ( l h on ice). After every incubation, the cells were washed twice by
the addition of 200 jul/well of SC/FCS and centrifuged for 2 min at 300 X g
(4Â°C).After the final wash, the cells were resuspended in RPMI/FCS for

subsequent analysis.
Cytolytic Assay of Targeted-Colo 38 Cells. Colo 38 cells were targeted

with biotin-TNF-a according to the three-step principle (as described above)
and resuspended in RPMI/FCS containing 0.01 /ig/ml actinomycin D-20 mM
LiCl. The cells were seeded in a 96-well flat-bottomed polystyrene plate (100
^I/well) and incubated at 37Â°C-5% CO2 for 72 h. The medium was then

replaced with 100 Â¿Â¿I/wellof fresh RPMI without FCS. Living cells were
stained with MTT as described above.

Colo 38 and L-M Cell Cocultures and Cytolytic Assay. L-M mouse
fibroblasts were cultured in RPMI/FCS and collected using trypsin-EDTA.
One hundred-fil aliquots of the L-M cell suspension (3 X IO5 cells/ml in

RPMI/FCS) were seeded in 96-wells flat-bottomed polystyrene plates and
incubated for 24 h (37Â°C-5%CO2). After this period, roughly corresponding to

the doubling time, L-M cells covered most of the bottom of the wells. The

medium was then aspirated using a multichannel pipette and replaced with
fresh RPMI/FCS (100 /il/well). One hundred-Ail aliquots of Colo 38 cell
suspensions (1 X IO5cells/ml, in RPMI/FCS), pretreated with or without mAb

225-biotin, neutravidin, and biotin-TNF-a as described above, were then added
to each well. Microscopic inspection at this stage revealed an adherent L-M

cell monolayer plus the Colo 38 cells on it, with a round shape distinguishable
from that of flattened L-M cells. The plates were then further incubated for
72 h at 37Â°C.Living cells were stained by adding 20 Â¿Â¿I/wellof a MTT solution
(5 mg/ml in PBS) and incubating for 3 h at 37Â°C.The medium was removed,

and DMSO (200 fil/well) was added to dissolve the dye. The A570nm of each
well was then measured.

Cytofluorimetric Analysis. The TNF-a antigen present on the surface of
Colo 38 cells after three-step targeting with biotin-TNF-a was measured by
Cytofluorimetric analysis. Cells were pretreated with mAb 225-biotin, neutra
vidin, and biotin-TNF-a or TNF-a as described above. After the third step, the

cells were washed with PBS containing 2% FCS, resuspended in RPMI/FCS,
and incubated at 37Â°C.At various times, aliquots of the cell suspension were

withdrawn, washed again and incubated on ice with a rabbit anti-TNF-a

antiserum (1:1000, 15 min). Each aliquot was washed again with PBS/FCS and

further incubated with or without (for control of binding specificity) swine
antirabbit IgG-fluorescein conjugate (Sigma Chemical Co.. St. Louis, MO;

1:1000. 10 min). After the final washing, the cells were fixed with 0.25%
paraformaldehyde in PBS and analyzed using a FACScan (Becton Dickinson,
Oxnard, CA).

ELISA. TNF-a antigen was quantified by sandwich ELISA based on
anti-TNF-a mAb (mAb 78) and a polyclonal rabbit antiserum, as described
previously (5). Biotin-TNF-a was quantified with a similar assay, except that
streptavidin-peroxidase was used in place of the polyclonal anti-TNF-a anti-
serum in the detection step. Biotin-mAb 225 was quantified by sandwich

ELISA using purified goat antimouse IgG polyclonal antibody in the capturing
step and a goat antimouse IgG polyclonal immunoglobulins-peroxidase con

jugate in the detection step, according to standard procedures.
Neutravidin was quantified by competitive ELISA, based on competition

with streptavidin-peroxidase for binding to biotinylated BSA-coated plates.
The enzymatic reactions of all ELISAs were carried out using a chemilumi-

nescent substrate as described (19).

RESULTS

Characterization of Biotin-TNF-a Conjugates. To investigate
the structure of different biotin-TNF-a conjugates, we have deter
mined the molecular weight of their subunits by ESI-MS.

The expected molecular weight (Mr) of the nonbiotinylated TNF-a

subunit was 17352.7. Because each biotin group should give rise to an
increase in molecular weight of 338, the expected molecular weight of
biotinylated subunits is Mr + Â«338, where n corresponds to the
number of biotins. As shown in Fig. 1, various species corresponding
to nonbiotinylated and biotinylated subunits are present in each con
jugate. The distribution and the number of biotins per subunit were a
function of pH and concentration of reactants in the conjugation
reaction.

Optimal recovery of TNF-a biological activity (4.5 X IO7 units/

mg) was achieved by reacting 40 biotins/TNF-a molecule at pH 5.8
(conjugate 1-a; Table 1). Under these conditions, monomeric species

with 0 and 1 biotin accounted for 64.5 and 34.5% of the total,
respectively. Thus, under these conditions, ~0.3 biotins/subunit, i.e.,

one biotin per trimer (on average), were obtained.
At pH 6.4 and a TNF-a/activated-biotin ratio equal to 1/66 (con

jugate 3-a), incorporation of a maximum of three biotins per monomer

was achieved. Species with 1 and 2 biotins were predominant,
whereas nonbiotinylated subunits accounted for â€”¿�20%of the total.
The biological activity of this conjugate was relatively low (6 X IO6

units/mg).
Because TNF-a is in a trimer-monomer equilibrium (5, 20), it is

likely that all conjugates consist of heterogeneous mixtures of trimers
with 0, 1, 2, or 3 biotinylated subunits. Assuming that biotinylation
does not affect the affinity between subunits and considering a multi
nomial distribution (21 ), trimeric species in conjugate 1-a are consid
erably less heterogeneous than in conjugate 3-a (Fig. 2). Of note,
conjugate 1-a is expected to contain 43% of trimers with only one
biotin, 10 times more than conjugate 3-a.

Characterization of the Colo 38 Cell Model. In previous work,
we observed that biotin-TNF-a persisted for several hours on the

surface of mouse lymphoma RMA cells genetically engineered to
express the Thy 1.1 alÃeleand pretargeted with a biotinylated anti-Thy
1.1 antibody and neutravidin (half-life of ~7 h; Ref. 13). In the same
work, we also showed that TNF-a, bound to its natural receptors on
these cells, disappeared much more rapidly (half-life, 0.22 h).

To study the structure-activity relationships of biotin-TNF-a and
the mechanism of interaction with neutravidin and TNF-Rs, we set up

a less artificial model based on human melanoma Colo 38 cells. These
cells, naturally expressing the HMW-MAA, were pretreated with the
anti-HMW-MAA biotin-mAb 225 and neutravidin to generate binding
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Fig. 1. Deconvolved ESI-MS spectra of biotin-TNF-or conjugates prepared at various
pH values using different TNF-a/activated hiotin molar ratios for the conjugation reaction.
A. pH 5.8. TNF-o/biolin = 1/40; B. pH 5.8. TNF-o/biotin = 1/66; C pH 6.4. TNF-a/
hiotin â€”¿�1/66. Arrows, ions at tn/~ ~ 17349.5 + Â«338,where n corresponds to the number

of biotins per TNF-Â«subunit. ESI-MS analysis was performed using a Finnigan MAT95

magnetic mass spectrometer (Finnigan MAT. Bremen, Germany). Samples in 50% aque
ous mcthanol with 0.1% acetic acid were delivered to the instrument using a loop injector.
System calibration and sensitivity were daily evaluated using 0.5 pmol of apomyoglobin.
Bias for the molecular weight determined on the deconvoluted spectrum of the apomyo
globin (M, I6951) was Â±0.02%.

sites for biotinylated molecules on their surface. Throughout this
paper, these cells will be referred to as pretargeted cells.

To characterize the Colo 38 model, the effect of pretargeting on
biotin-TNF-a binding was first investigated by FACS analysis, using
the conjugate 1-a. As shown in Fig. 3, in vitro pretargeting of these
cells markedly increased the binding of biotin-TNF-a to the cell
surface, detected with anti-TNF-a antibodies, compared to nonpretar-
geted cells. Moreover, biotin-TNF-a persisted for several hours on the
surface of pretargeted cells because approximately one-third of the

fluorescence peak area detected immediately after binding was still
detectable after 24 h of incubation in culture medium (Fig. 4). The
binding of the fluorescent tracers in these experiments was specific
because no peak shift was observed when one or more components of
the complex (i.e., biotin-mAb 225, neutravidin, biotin-TNF-a, or
anti-TNF-a polyclonal antibody) were omitted. These results are in
good agreement with those previously reported using the RMA-TViv

/./ model (13).
Cytotoxicity studies were then carried out to prove that biotin-

TNF-a. bound to pretargeted cells, can interact with TNF-Rs and
trigger biological effects. The sensitivity of pretargeted cells to TNF-a
was first evaluated by incubating the cells with soluble TNF-a for

various times and in the presence of various amounts of actinomycin

D (a transcription inhibitor) and lithium chloride. Optimal cytotoxic
effects were observed after long incubations (48 h) and in the presence
of 10 ng/ml actinomycin D and 20 ITIMlithium chloride. Under these
conditions, 20 ng/ml TNF-a (1000 units/ml) were sufficient to kill
50% of the cells. In the absence of actinomycin D, neither TNF-a nor
biotin-TNF-a was able to kill these cells.

When pretargeted cells were incubated for only l h with up to 10
/ng/ml TNF-a, washed, and subsequently incubated for 72 h in the

presence of actinomycin D and lithium chloride, no killing was
observed (Fig. 5). In contrast, incubation with ~0.2 fig/ml biotin-
TNF-a for l h was sufficient to kill 50% of the cells. The treatment
of cells with biotin-mAb 225 alone did not increase the sensitivity of
Colo 38 cells to biotin-TNF-a or TNF-a.

These results indicate that biotin-TNF-a but not TNF-a persists for

sufficient time on the surface of pretargeted cells to stimulate natural
receptors and trigger biological effects. The lack of effects by nonbi-
otinylated TNF-a indicates that the interaction with neutravidin is

necessary for biological activity and suggests that cooperation occurs
between artificial (neutravidin) and natural receptors (TNF-Rs).

Mechanism of Action. To elucidate the mechanism of these inter
actions, we first checked whether cells pretargeted with biotin-mAb
225/neutravidin and coated with different biotin-TNF-a conjugates
(i.e., 1-a and 3-a) release bioactive TNF-a into the culture medium.
The release of TNF-a over a 72-h period was measured by sandwich
ELISA and by standard cytolytic assay using L-M cells.

As shown in Fig. 6, Colo 38 cells targeted with conjugate 1-a,
indeed, released TNF-a antigen in the culture supernatant, the max

imum concentration being reached after 1 day (Fig. 6/4). The release
of TNF-a antigen was concomitant with the release of bioactive
TNF-a (Fig. 6B). The bioactivity present in the supernatants at vari
ous times was completely neutralized by an anti-TNF-a mAb, con
firming that it was related to functional TNF-a (data not shown). It is
noteworthy that, during the first day, the specific activity of TNF-a in
the supernatants was consistent with that of functional trimeric TNF-a
(i.e., 4 X 107-5 X IO7 units/mg antigen). After the first day, the

specific activity decreased, as indicated by a marked reduction of
bioactive TNF-a and a minor reduction of TNF-a antigen. It is likely

that degradation or formation of inactive (but still immunoreactive)
forms occurred during prolonged incubations.

These results indicate that biotin-TNF-a, once bound to the cell
surface receptor through the antibody-neutravidin bridge, is slowly

released in solution.
As a control, the same experiment was carried out, in parallel, with

TNF-a in place of biotin-TNF-a. In this case, neither antigenic nor
bioactive TNF-a was detected in the supernatants (Fig. 6, A and B).
This indicates that the bioactivity observed with conjugate 1-a is not

dependent on the binding of nonbiotinylated subunits (present in the
conjugate) to the natural receptors.

When the biotin-TNF-a conjugate 3-a, with a lower content of
nonbiotinylated subunits, was used in place of conjugate 1-a, the
release of antigenic and bioactive TNF-a in the supernatants was
lower (Fig. 6, A and B). Thus, the presence of nonbiotinylated sub-
units in the biotin-TNF-a trimers is apparently necessary for the
efficient release of TNF-a in solution.

We then investigated which of the interactions present in the
antigen/mAb 225-biotin/neutravidin/biotin-TNF-a complex dissoci

ates to yield the observed release. To this aim, we first measured the
kinetics of the release of biotin-mAb 225 in the supernatants by

sandwich ELISA. As shown in Fig. 6C, the antibody was also released
and accumulated in the supernatant, the maximum concentration
being achieved after 72 h. This suggests that the entire macromolec-

ular complex may detach from the cells after long incubations. How
ever, the kinetics of antibody release were considerably slower than
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Table l Biotinylated monÃ´merie species in hiotin-TNF conjugales obtained ai various hiotinylafion conditions

ReactionconditionsConjugate

no.1-a1-b2-a2-b3-apH5.85.85.85.86.4TNF/biolin(molarratio)1/401/401/661/661/66n=064.561.6*0.839.5

Â±2.838.6
Â±1.219.8Relative

proportion of subunits"(%)n

=134.531.3+

1.145.0
Â±2.243.8
Â±2.733.2n

=2<27.2

-0.215.5
Â±3.417.6
Â±1.928.5n

=3<2<2<2<218.5Cytotoxic
activity(units/mg)4.5

XIO73.5
XIO73.3
XIO73
XIO70.6
X IO7

" Values represent the percentage of ions at m/c = 17349.5 + Â«338over the total, as calculated on Ihc basis of ES1-MSsignal intensity over the baseline signal, where n corresponds

to the number of biotins per TNF subunit. For conjugates Ib, 2a. and 2b. values correspond to the means of three determinations Â±SD.

those described above for TNF-a. Indeed, after 5 h of incubation, no

antibody was detected (detection limit, 1 ng/ml), whereas, at the same
time, high levels of bioactive TNF-a (~5 ng/ml) were already meas
ured. Thus, antigen-antibody dissociation does not appear to be the
main mechanism underlying the release of bioactive TNF-a in the

early phase.
Considering the high affinity of the biotin-avidin interactions (22),

we postulated that the early release of TNF-a is related to direct
detachment of TNF-a subunits and not to indirect detachment of the

neutravidin complex from the biotinylated antibody. To test this
hypothesis, we carried out experiments in which neutravidin was
covalently linked to the surface of polystyrene microtiter plates using
glutaraldehyde (23) and then incubated with biotin-TNF-a conjugate
1-a or TNF-a as a control, washed, and further incubated for 48 h in

cell culture medium. As expected, also in this case, a slow release of
TNF-a in solution was observed, the TNF-a content in the superna

tant after 24 and 48 h being 18 and 25 ng/ml, respectively, by ELISA.

0 h 24 h
100

1 10 100 1 10 100

Fluorescence Intensity
Fig. 4. Stability of hiotin-TNF-a on the surface of prelargeted Colo 38 cells. Cells,

pretargeted wilh hiotin-mAh 225 and neulravidin, were incubated wilh 10 p,g/ml biotin-
TNF-a for l h in SC/FCS and washed. Immediately after washing (0 h) and after
subsequent incubations for 4 and 24 h in culture medium al 37'C, aliquots of cells were
withdrawn, centrifuged. incubated with rabbit anti-TNF-a anliserum and with swine
antirabbit IgG-fluorescein conjugale (see "Materials and Methods"), fixed with 0.25%
paraformaidehyde for l h at 4Â°C.and analyzed by FACScan.

50 n

40-

30-

Conjugate #1-a

Conjugate *3-a

20-

10-

123456789

Biotin/ TNF trimer
Fig. 2. Multinomial distribution of biotinylated subunits per TNF-a trimers of conju

gates 1-a and 3-a.

85

10 100 1 10 100 1
Fluorescence Intensity

100

Fig. 3. Binding of biotin-TNF-a to Colo 38 cells pretargeted with biotin-mAb 225 and
with (A} or without (ÃŸ)neutravidin, as measured by FACS analysis. C, control of
pretargeted cells (with biotin-mAb 225 and neutravidin) without biotin-TNF-a.

Interestingly, no biotin-TNF-a in the supernatant was detected using
an ELISA based on sandwich reaction with the anti-TNF-a mAb 78
and streptavidin-peroxidase (detection limit, <5 ng/ml of conjugate
1-a). These results strongly suggest that TNF-a released in solution is
mostly made up by nonbiotinylated subunits. The release of TNF-a

was not mediated by neutravidin detachment because no appreciable
release of neutravidin from the plate was observed in control wells
(assay detection limit, <1 ng/ml). Moreover, no detection of TNF-a
antigen was observed in other control wells treated with TNF-a in
place of biotin-TNF-a or in wells lacking avidin. These results

strongly suggest that the mechanism of release relies on trimer dis
sociation and not on avidin-biotin dissociation. Of note, the released
TNF-a was bioactive in a cytolytic assay (the specific activity being
about 2.5 X IO7 units/mg of antigen), implying that â€”¿�50%of total

antigen was in a trimeric form or a form that was functionally
equivalent.

The hypothesis of trimer-monomer transition as a mechanism of
dissociation was further supported by the observation that a mono-
meric protein such as biotin-mAb 225, when used in place of biotin-
TNF-a in the above analytical system, did not significantly detach

from neutravidin after 24 h (ELISA detection limit, <0.2 ng/ml).
In conclusion, the results of studies on dissociation from cells and

immobilized neutravidin together suggest that the mechanism of
TNF-a release from targeted cells is mainly dependent on TNF-a

subunit dissociation from the pretargeting complex and, to a lesser
extent, on dissociation of the antibody from the cell surface.

We finally investigated whether biotin-TNF-a on pretargeted cells

can interact with the receptors on nonpretargeted bystander cells. To
this aim, we carried out experiments in which L-M mouse fibroblasts
were cocultured with biotin-TNF-a-targeted Colo 38 cells. The sen
sitivity of each cell line alone to soluble TNF-a (in the absence of
transcription inhibitors) was first studied: we found that L-M cells
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0.1 l

Effector (yg/ml)

Fig. 5. Colo 38 cell viability after the three-step targeting with biotin-TNF-a or TNK-a.
Cells were targeted with various amounts of biotin-TNF-a or TNF-a according to the
three-step principle and cultured for 72 h in the presence of 10 ng/ml actinomycin D and
20 IHMlithium chloride (see "Materials and Methods"). Dala points, mean absorbances

(n = 4 wells); bars. SD.

were killed by TNF-a after incubation for 72 h (EC5(), l ng/ml)

whereas Colo 38 cells were resistant to both soluble and targeted
biotin-TNF-a in these conditions. Colo 38 cells were then targeted
with biotin-TNF-a or TNF-a. according to the pretargeting approach,
seeded on a confluent monolayer of L-M cells, in an ~ 1:6 ratio, and

coculturcd for 72 h in the absence of transcription inhibitors. As
shown in Fig. 1A, a significant decrease of total cell viability was
observed in the wells containing Colo 38 cells targeted with 4 /xg/ml
biotin-TNF-a. In contrast, no or minor changes were observed in
control wells containing Colo 38 cells treated with TNF-a instead of
biotin-TNF-a (Fig. IB) or when neutravidin was omitted in the

pretargeting step. The decrease of total cell viability observed in these
coculture experiments can be ascribed to a large extent to L-M cell

killing, for the following reasons: (a) as indicated above, Colo 38 cells
are resistant to TNF-a, either in solution or surface-bound, under

these assay conditions; (b) control experiments carried out in parallel
with isolated cells indicated that the staining mostly accounted for
L-M cells, presumably because present in a higher proportion; and (c)
the monolayer of L-M fibroblasts was clearly necrotic by microscopic
inspection of the wells. We conclude, therefore, that the TNF-a bound

to the surface of Colo 38 cells was able to kill a good proportion of
bystander L-M fibroblasts in these assays. Although we cannot ex
clude that cell-cell contacts contributed to some L-M cell killing, the
fact that a small number of Colo 38 cells killed 4-5 times more L-M
cells strongly suggests that killing was mainly mediated by the TNF-a

released into solution. These results point to an important feature of
the TNF-a pretargeting approach, i.e., that nontargeted cells close to

targeted cells can be affected.

DISCUSSION

To study the mechanism of the interactions of biotin-TNF-a with
neutravidin and TNF-Rs on pretargeted cells, we have used an in vitro

model based on human melanoma Colo 38 cells and the biotinylated
anti-HMW-MAA mAb 225. This antibody conjugate has been used in
humans, together with avidin and radioactive-labeled biotin, for three-

step immunoscintigraphy of ocular melanoma (24).
Artificial binding sites for biotin-TNF-a on Colo 38 cells can be

easily generated by two in vitro sequential incubations and washings
of cells with biotin-mAb 225 and neutravidin (pretargeted cells).

Immunochemical and cytotoxicity studies have shown that biotin-
TNF-a but not TNF-a persists for sufficient time on the surface of

pretargeted cells to stimulate natural receptors and trigger cytotoxic
effects. Thus, this model is suitable to study the mechanism of
cooperation occurring between neutravidin and TNF-Rs on pretar

geted cells.
We have found that biotin-TNF-a, once bound to neutravidin,

slowly disappears from the cell surface, whereas a relatively large
amount of bioactive-TNF-a is released into the culture medium. The
kinetics of release were consistent with the decrease of biotin-TNF-a

on the surface, both taking several hours or even days to occur,
suggesting that biotin-TNF-a is not or is poorly internalized.

Dissociation kinetics studies have indicated that the mechanism of
TNF-a release is mainly dependent on TNF-a subunit dissociation

from the pretargeting complex and much less on dissociation of the
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Fig. 6. Dissociation kinetics of TNF-a and mAb 225 from the surface of Colo 38 cells

targeted with different biotin-TNF-a conjugates (3-a and 1-a). Cells were pretargeted with
biotin-mAb 225 and neutravidin as described in "Materials and Methods" and incubated

with 10 ftg/ml biotin-TNF-a or TNF-a. The cells were then washed, resuspended in
RPMI/FCS. seeded in a microtiter plate (1.5 X IO4 cells/well), and further incubated for
72 h at 37Â°C.At various times, aliquots of the supernatants were withdrawn and stored at
-20Â°C until analysis. TNF-a-antigen in the supernatants was measured by ELISA (A);

bioactive TNF-a was measured by cytolytic assay on L-M cells (B): and mAb 225 was
measured by ELISA (O. Dala points, means of two independent experiments, each
carried out in triplicate; hars. SD.
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antibody from the cell surface. Moreover, the contribution of biotin-

avidin dissociation appears to be negligible, as it was expected con
sidering the high affinity of this interaction.

Previous studies on the kinetics of trimer-monomer transition
showed that TNF-a trimer half-life ranges from 8 to â€”¿�20h, depend

ing on assay conditions (25). Although these values are consistent
with the kinetics of biotin-TNF-a dissociation from the cell surface

(Fig. 4), they may appear somewhat discrepant with the accumulation
of TNF-a in the supernatant, as the maximum levels were reached in
<20 h (Fig. 6). Assuming a trimer half-life of 8-20 h, one might
expect that TNF-a continuously increases in the supernatant for a

longer time. However, the fact that, after 20 h of incubation, the
TNF-a activity in the supernatants decreased, suggests that, after

detachment, some degradation takes place in our analytical system.
This may explain the apparent discrepancy, and we favor the hypoth
esis that trimer dissociation is, indeed, the main mechanism of TNF-a

release from targeted cells.
Most TNF-a antigen released in the supernatants after 20 h was

bioactive (~4 X IO7 units/mg). This implies that released subunits

reassociates to form trimers because monomers are not active in a
cytolytic assay (5). This is not totally surprising because we found
previously that reassociation is a relatively rapid reaction, even at
relatively low concentrations (5).

Structure-activity relationships studies carried out with biotin-
TNF-a conjugates containing one (conjugate 1-a) or three (conjugate
3-a) biotins per trimer, on average, have shown that the release

mechanism is strongly dependent on the number of biotins on each
trimeric molecule, with conjugate 1-a working better than conjugate
3-a. Of note, multinomial distribution of biotinylated subunits/trimer

in each conjugate, calculated on the basis of mass spectrometry data
and assuming that biotinylation does not affect the affinity between
subunits, predicted that the most abundant species in conjugate 1-a

consists of trimeric molecules with one biotinylated subunit (42%),
whereas this species in conjugate 3-a is expected to be only 4% of the

total. Apparently, nonbiotinylated subunits must be present in the
biotin-TNF-a trimers for the efficient release of bioactive TNF-a.

Presumably, hyperbiotinylation increases the binding strength and/or
rebinding of subunits to the immobilized neutravidin and, conse
quently, decreases the overall release.

It is noteworthy that we have also found that conjugate 1-a, bound

to the surface of Colo 38 cells, was able to kill a relative large number
of bystander L-M fibroblasts, indicating that TNF-a, after dissocia
tion, can diffuse and interact not only with TNF-Rs on the targeted

cell but also with the receptors expressed by bystander cells.
In conclusion, the results suggest that one mechanism of interaction

between targeted biotin-TNF-a and TNF-Rs relies on trimer dissoci-

â€¢¿�+ neutravidin
D - neutravidin

T .T

BYSTANDER CELL

0 0.4 4
biotin-TNF (ng/ml)

0 1 10
TNF (ng/ml)

Fig. 7. Killing of L-M cells by biotin-TNF-a targelcd-Colo 38 cells in cocultures. Colo
38 cells were pretargeted with biotin-mAb 225, with or without neutravidin. and with
biotin-TNF-a (A) or TNF-a (B). The targeted Colo 38 cells were then mixed with L-M
cells, cultured for 72 h. and stained as described in "Materials and Methods." Data points.

means of three independent experiments, each carried out in quadruplicate: bars, SD.

biotin-TNF

neutravidin

biotin-mAb225

HMW-MAA

TARGETED CELL

Fig. 8. Schematic representation of the mechanism proposed to explain the release of
bioactive TNF-a from the surface of targeted cells and its interaction with TNF-Rs on

targeted as well as on bystander cells.

ation, subunit reassociation, and interaction with TNF-Rs located on

targeted cells, as well as on nontargeted bystander cells (see Fig. 8 for
a schematic representation). Although we cannot exclude that biotin-
TNF-a can also interact with membrane receptors when it is bound to
the antibody-neutravidin complex, dissociation is at least critical for

the interaction between targeted cells and those bystander cells that
are not in close contact.

The slow release of TNF-a by targeted cells could have important
pharmacological implications. It must be kept in mind that TNF-a

exerts its antitumor activity through direct cytotoxic effects on tumor
cells and, perhaps more importantly, by damaging the tumor vascu-

lature and by inducing proinflammatory effects (7). The release of
bioactive TNF-a in the microenvironment of the targeted cells opens

up the possibility that cells other than those reached by the targeting
antibody (e.g., bystander tumor cells, endothelial cells, fibroblasts,
lymphocytes, macrophages, and so on) can be locally affected in vivo.
If this hypothesis is true, then different target antigens, including
tumor-associated antigens, tumor-associated extracellular matrix an

tigens, and tumor vessel endothelium markers may all serve as targets
to deliver biologically active TNF-a to the tumor vasculature or to

local cells of the immune system.
Of note, the results of a series of experiments based on immuno-

genic tumors in immunocompetent animals suggest that, indeed, in
vivo pretargeting of a tumor membrane antigen with avidin can
significantly increase the potency of systemically administered bioti
nylated mouse TNF-a (~5 times) through indirect mechanisms, with
no evidence of increased toxicity.4 The findings of this work could be

useful to further optimize the targeting system, as well as the biotin-
TNF-a structure, and to further improve the therapeutic value of
TNF-a.
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