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Abstract

Tumor necrosis factor (TNF) prodrugs are fusion proteins
comprised of an N-terminal single-chain antibody variable
fragment (scFv) targeting a TNF effector and a C-terminal
TNF receptor (TNFR)1-derived inhibitor module. Introduction
of matrix metalloproteinase (MMP)-2 recognition motifs
between TNF and the TNFR1 fragment allowed activation by
recombinant MMP-2 and MMP-expressing HT1080 cells.
Processing by endogeneous MMPs required specific mem-
brane binding of the TNF prodrug via the targeting scFv,
ensuring strictly antigen-dependent activation. Interestingly,
TNF bioactivity of the processed prodrug was B1000-fold
higher upon scFv-mediated targeting, and signaled juxta-
tropic cell death also to antigen-negative cells. Microscopical
analyses of TNFR2 clustering and TNF receptor-associated
factor 2 recruitment at contact sites to adjacent cells revealed
the formation of stable TNFR complexes by target-bound,
processed prodrug, resembling the increased signal capacity
of natural, membrane-expressed TNF. MMP-2-sensitive TNF
prodrugs represent novel cytokine-based reagents for
targeted cancer therapy, which should be exploitable for
MMP-overexpressing tumors.
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Introduction

Until today, the clinical use of tumor necrosis factor’s (TNF’s)
potent antitumor activity is restricted to the regional treatment
strategies of isolated limb or liver perfusion, where TNF is
successfully applied in combination with melphalan in
unresectable extremity sarcoma, in transit melanoma and
advanced refractory cancers confined to the liver.1 Conven-
tional systemic administration of TNF has been impeded
so far because of its severe systemic toxicity. To overcome
this problem, several attempts are presently undertaken to
achieve a useful therapeutic window for systemic TNF
application (for reviews, see Mueller2 and Corti3).
A particular promising strategy aims at specific enrichment

of TNF in the tumor area by targeting TNF via antibody (Ab)
or ligand conjugation to tumor-associated antigens. Several
recent examples where TNF has been fused to recombinant
antibodies4,5 or short peptides6,7 illustrate the potential of
this approach. In mouse tumor models, these TNF derivatives
have been shown to possess superior antitumor activity com-
pared to recombinant soluble TNF, and this effect was more
pronounced in combination with chemotherapeutics.4,8,9

Other strategies to increase the therapeutic activity of TNF
by decreasing its systemic toxicity include mutagenesis,10,11

covalent modification with polyethylene-glycol or bioconjuga-
tion to polyvinyl-pyrrolidone.12–14 Despite this progress, none
of these approaches has entered clinical evaluation yet. It is
therefore uncertain whether improvements revealed in
preclinical models are sufficient to achieve a level of safety
amenable for clinical application. Accordingly, the develop-
ment of safer and more efficient variants is still a major goal in
TNF-based cancer therapy.
Previously, we demonstrated that, in principle, it is possible

to construct a TNF prodrug displaying, like chemical pro-
drugs,15–17 features of targeted activity. By fusion of a TNF
receptor (TNFR) fragment via a protease-sensitive linker to
the C-terminus of a single-chain Ab variable fragment (scFv)-
TNF fusion protein, an inactive human TNF prodrug was
generated. This TNF prodrug was a homotrimeric protein that
could be activated by limited tryptic digest.18 The aim of this
work here was to construct TNF prodrugs (i) targeted to
abundant and frequent markers of solid tumors, (ii) comprising
linkers specified for cleavage by tumor-pathophysiology-
relevant proteases and (iii) study their mechanisms of
activation and signaling towards targeted and nontargeted
tumor cells. The targeting devices are single-chain fragments
(scFv) specific for two abundant tumor stroma markers,
fibroblast activation protein (FAP), highly expressed in
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reactive stromal fibroblasts,19 and fibronectin extra domain B
(ED-B), respectively, found associated with the neovascula-
ture of solid tumors at high levels.20,21 Promising enzymes
for prodrug activation are matrix metalloproteinases (MMPs),
in particular MMP-2 (gelatinase A). MMPs are reported to be
expressed largely in the stromal fibroblasts of many types of
solid tumors, such as melanoma, breast and colon cancer,
and are considered to be involved in tumor progression,
angiogenesis and metastasis.22–25 To generate an MMP-
2-sensitive TNF prodrug, we have created two linkers with
different, repeated sequence motifs optimized for MMP-2
cleavage26,27 for insertion between TNF and the TNFR
fragment. The in vitro models show the functionality of
TNF prodrugs, which are targeted to and processed by
antigen positive, MMP-2-expressing cells, thereby unmasking
a high signal capacity of the membrane-bound, activated
construct.

Results and Discussion

Production of recombinant TNF prodrugs

The molecules constructed here (Figure 1a) are comprised of
mutant form of mouse TNF in which the first nine amino acids
of its soluble form had been deleted and amutation introduced
at position 11 (D1-9, K11E) in order to avoid potential
cleavage of the prodrug by its natural processing enzyme
TNF alpha-converting enzyme (TACE). Species cross-
reactive scFvs were used as targeting modules, separated
from TNF by either a serine–glycine linker or a tenascin linker,
which allows formation of intermolecular disulfide bridges,
thereby potentially enhancing the homotrimeric assembly and
stability of the prodrug at dilute concentrations.18 The tenascin
linker variant was extended by a stretch of 23 amino acids of
the murine TNF proform as an additional spacer. No apparent
differences in expression and in vitro stability were observed
for constructs differing in the linker between scFv and TNF
(data not shown). The ligand-binding domain of human
TNFR1, which binds murine and human TNF with equal
affinity, was used as the TNF-inhibiting module. TNFR1 was
connected to the scFv–TNF fusion protein via two distinct
linkers (PL1 and PL2), each comprising three consecutive
repeats of the motive GPLG-VRGK27 and HPVG-LLAR,26

respectively, reported to be preferentially cleaved by MMP-2.
An MMP-2-insensitive control construct (aFAP-S-PL0),
in which the MMP-2-sensitive linker was replaced by a
serine–glycine linker of equal length, was also generated
(Figure 1a).
Based on our previous results with a human TNF prodrug,18

we expected that the murine TNF prodrug fusion proteins
generated here should assemble into homotrimeric molecules
of B200 kDa by virtue of TNF’s intrinsic property to form
trimers. Under reducing conditions, Western blot analysis
showed one band of B65 kDa for each of the four fusion
proteins (Figure 1b), corresponding to the calculated mole-
cular weight of a prodrugmonomer of 63 kDa for aEDB-S-PL2,
66 kDa for aFAP-S-PL2 and aFAP-S-PL0 and 68 kDa for
aEDB-T-PL1. Under nonreducing conditions, the TNF pro-
drugs containing the serine–glycine linker migrated in
SDS-PAGE similar as under reducing conditions, while the

construct with the tenascin linker revealed the appearance of
higher oligomeric complexes (data not shown), which is
indicative for the formation of intermolecular disulfide
bonds. Unexpectedly, in contrast to the homotrimeric
organization of the previously reported human TNF prodrug,18

we noted that aFAP-S-PL2, which cannot form intermolecular
disulfide bonds, migrates in gel filtration and native gel
electrophoresis in a MW range corresponding to a hexamer
(Figure 1c). A hexameric state might be driven by a
specific intermolecular interaction, for example between
TNF and TNFR, or the scFv component, due to diabody
formation. As the TNF prodrug aFAP-S-PL2 differs from
the previously described prodrug18 in the peptide linkers,
but not the scFv module used, the former may be
responsible for allowing TNF–TNFR interactions to take
place between molecules. The existence of higher MW
complexes of TNF prodrugs may affect the functional activity
(see below), pharmacokinetic properties and tissue distribu-
tion, which has to be considered and assessed in in vivo
studies.
In some batches of purified prodrug, for example, of aFAP-

S-PL2 (Figure 1b), we observed an additional band migrating
at the size of the activated prodrug. Detection of this band
via the C-terminal His tag failed (data not shown), suggesting
that it is a C-terminally truncated form of the prodrug
protein, probably generated by endogeneous proteases of
the producer cells. Nevertheless, in terms of bioactivity, this
partial processing was ineffective as long as the band
corresponding to the complete prodrug was dominant.
Assuming that only a totally processed homotrimer is
bioactive, the formation of heterotrimers comprised of
processed and full-length prodrug forms would not lead to
restoration of TNF activity.

MMP-2-mediated cleavage and antigen-specific
binding of the TNF prodrug

Western blot analyses of aEDB-T-PL1, aEDB-S-PL2 and
aFAP-S-PL2 revealed processing upon in vitro treatment
with recombinant, active MMP-2 by shift in the apparent MW
corresponding to the size of native prodrugs to that of a
scFV-TNF fusion protein (B45 kDa, Figure 1b). By contrast,
treatment of aFAP-S-PL0 with recombinant MMP-2 did not
result in detectable processing, as evident from a quantita-
tively unchanged band migrating at the size of the untreated
molecule. Thus, MMP-2 cleavage of the prodrug was
dependent on a specific MMP-2 cleavage motif within the
linker region between the TNF and TNFR1 domains.
Specific target binding of the prodrugs was shown by

ELISA for aEDB-S-PL2 and aEDB-T-PL1 (Figure 2a), and by
immunofluorescence flow cytometry using FAP-expressing
(Figure 2b) and parental (Figure 2c) HT1080 cells for prodrugs
aFAP-S-PL2 and aFAP-S-PL0. Moreover, there was no
difference in binding properties of the prodrugs before and
after processing with recombinant MMP-2, as exemplified for
the ED-B-specific prodrug aEDB-T-PL1 (Figure 2d). These
data indicate that neither the TNFR fragment nor MMP-2
processing affected the antigen-binding capacity of the
prodrug.
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Figure 1 Schematic overview and biochemical analyses of expressed TNF prodrug constructs. (a) Scheme of the TNF prodrug constructs aEDB -T-PL1, aEDB-
S-PL2, aFAP-S-PL2 and aFAP-S-PL0. aEDB: scFvL19; aFAP: scFv 36; T: tenascin domain linker; S: (serine4-glycine)3 linker; muTNF: N-terminal deletion mutant of the
soluble form of murine TNF; PL1: protease sensitive linker with three GPLG-VRGK motifs; PL2: protease sensitive linker with three HPVG-LLAR motifs; PL0: protease
insensitive linker with serine-glycine motif; TNFR1: fragment of the extracellular domain of human TNFR1. (b) Western blot analysis of the TNF prodrug in its inactive and
activated form. TNF prodrug aEDB-T-PL1, aEDB-S-PL2, aFAP-S-PL2 and aFAP-S-PL0 were treated for 4 h at 371C with or without recombinant MMP-2. Proteins were
separated by 12% SDS-PAGE (reducing conditions) and detected by Western blot with rabbit murine TNF-specific antibodies. (c) Gel filtration analysis of the TNF
prodrug aFAP-S-PL2. Fractions corresponding to the observed peaks were analyzed by Western blot as described in (b)
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Cytotoxicity of the TNF prodrug activated by
recombinant MMP-2

Bioactivity of TNF prodrugs was assessed in cytotoxicity
assays on Kym-1 cells, as shown for the prodrug aEDB-T-PL1
in Figure 3a and summarized for all constructs in Table 1. As
Kym-1 cells do not express the target antigens (ED-B, FAP)
recognized by the different prodrugs, this assay only reveals
nontargeted TNF activity, that is, activity resembling a
standard recombinant, soluble TNF molecule. All three
prodrugs turned out to have a strongly reduced activity (less
than 0.1%) compared to soluble murine TNF (Figure 3a,
Table 1). Treatment of the prodrugs with purified, preactivated
recombinant MMP-2 led to an at least 100-fold increase in
TNF bioactivity in this nontargeted TNF assay system
(Table 1). Both linker sequences used proved to be suitable,
which is in accordance with published data.26,27 Prodrug
activation could be abrogated by preincubating MMP-2 with
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Figure 2 Antigen specificity of the TNF prodrugs. (a) Binding properties of
ED-B-specific TNF prodrugs. aEDB-T-PL1 (open bar) and aEDB-S-PL2 (filled
bar) were incubated on surface immobilized recombinant ED-B and detected by
ELISA via protein A, which binds to the L19 scFv. (b, c) Binding properties of
FAP-specific TNF prodrugs. Binding of aFAP-S-PL2 (3) and aFAP-S-PL0 (4) to
cell-expressed FAP was analyzed by FACS. The constructs were incubated with
HT1080-FAP (b) or HT1080 WT (c) cells and detection performed via the c-myc
tag by indirect immunofluorescence using FITC-labeled goat anti-mouse IgG.
aEDB-S-PL2 (2) was taken as negative control. Untreated cells (1). (d)
Processed and nonprocessed TNF prodrugs have the same antigen-binding
properties. aEDB-T-PL1 was incubated with (4 h, 371C; K) or without (J)
recombinant MMP-2, followed by binding analysis on recombinant ED-B by
ELISA. Detection was performed via Protein A. Buffer control is indicated by
asterisk
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Figure 3 Prodrug activation is dependent on MMP-2 and specific binding to
target antigen-expressing cells. (a) Activation of the soluble TNF prodrug by
recombinant MMP-2. aEDB-T-PL1 was incubated with recombinant MMP-2 (K)
or reaction buffer alone (J) or reaction buffer alone (open circles) for 4 h at
371C. Activity of the TNF prodrug was assayed by cytotoxicity on Kym-1 cells
using recombinant murine TNF (m) as a positive control. (b) Activation of TNF
prodrugs after binding to immobilized antigen. ED-B-specific prodrugs aEDB-
T-PL1 (open bar) and aEDB-S-PL2 (filled bar) were incubated for 1 h on plates
coated with recombinant ED-B, washed and followed by 6 h incubation with
recombinant MMP-2 (1 mg/ml). Plates were washed and Kym-1 cells added to
assess induction of cell death during an additional 16 h incubation period. (c)
Antigen-dependent TNF prodrug activation. HT1080-FAP (’,K) versus
HT1080 (&,J) cells were seeded and incubated the following day with the
FAP-specific aFAP-S-PL2 (square) or ED-B specific aEDB-S-PL2 (circle) TNF
prodrug at the indicated concentrations. (d) Binding competition assay. A FAP-
specific recombinant antibody interferes with cytotoxic activity of aFAP-S-PL2
prodrug. HT1080-FAP cells were seeded and incubated the next day with aFAP-
S-PL2 (17 ng/ml) in the presence or absence of blocking Ab (MB36) (13 mg/ml) as
indicated. Cell viability was determined using MTT (a, b) or crystal violet staining
(c, d)
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an MMP inhibitor (MMP-inhibitor III), demonstrating specific
cleavage by MMP-2 (data not shown). Of relevance, the TNF
prodrug can be processed and activated when bound to the
target antigen, as shown for the two ED-B-specific prodrugs
treated with MMP-2 subsequent to binding to ED-B-coated
surfaces. Restoration of TNF activity was revealed by
induction of cell death in Kym-1 cells added to the prodrug-
decorated ED-B culture dishes after MMP-2 treatment
(Figure 3b). Likewise, prodrug aFAP-S-PL2 can be activated
when bound to target-expressing cells (see below). Compa-
ring the nontarget-dependent bioactivities recovered after
proteolytic activation of the different prodrugs, we noted in
several independent experiments a higher specific activity
of prodrugs containing the ED-B-specific scFv (aEDB-S-PL2
and aEDB-T-PL1) compared to the FAP-specific prodrug
aFAP-S-PL2 (Table 1), despite no detectable differences in
processing efficacy, as revealed from Western blot analyses
(Figure 1b). As aEDB-S-PL2 and aFAP-S-PL2 differ only in
the scFvmodule, these findings suggest that, despite a similar
overall structure of Ab fragments, the sequence differences in
this module may have considerable effects on structure and
function of the whole fusion protein. Interestingly, use of the
FAP-specific scFv 36 together with human instead of murine
TNF has resulted in a fusion protein, termed TNF selectokine,
with bioactivities indistinguishable from a recombinant TNF
standard.18 This TNF fusion protein contains the tenascin
linker comprised of a 30 AA coiled-coil tenascin domain,
followed by a 23-AA sequence extracellular N-terminal portion
of the human TNF proform, and assembles as a homotrimeric
molecule, whereas the murine TNF containing aFAP-S-PL2
described here has a considerably shorter, 15-AA serine–
glycine linker, and is apparently a hexamer (Figure 1c). As
oligomerization of TNF ligands promotes bioactivity, it
appears unlikely that the hexameric organization of aFAP-
S-PL2 is the reason for reduced, nontargeted TNF activity of
the fusion protein. Concerning the influence of the two linker
sequences used between TNF and the TNFR fragment on
processing and bioactivity, we could not reveal differences
in the case of the EDB-specific scFv L19-based TNF fusion
proteins (aEDB-S-PL2 versus aEDB-T-PL1, Table 1). How-
ever, during construction of other cytokine fusion proteins, we

also noted a differential influence of various scFvs on the
functionality of the fusion proteins with different TNF ligand
family members.28 Accordingly, not only the length and
sequence of the peptide linker between scFv and effector
cytokine but also the particular combination of a scFv and the
TNF ligand could have an impact on overall structure and
function of the fusion protein. It is our experience that the
functionality of a given scFv and TNF family ligand combina-
tion is hard to predict, and extensive linker variations and/or
availability of a panel of scFv of the same target specificity
might be necessary to succeed in generation of functionally
useful fusion proteins.

Cell surface-targeted aFAP-S-PL2 induces strong
cytotoxicity on cells expressing endogenous
metalloproteinases

HT1080 cells are well known to express the metalloprotei-
nases MMP-2 and MMP-9.27,29 Moreover, in the presence of
low doses of cycloheximide, HT1080 becomes highly sensi-
tive towards apoptosis induced by all death-inducing ligands
of the TNF family.28,30 Therefore, the stable FAP-expressing
HT1080 transfectants enabled to study cell surface antigen-
dependent targeting of the TNF prodrug, and to assess its
conversion by endogeneous MMPs into an active, apoptosis-
inducing cytokine. Cytotoxicity assays on FAP-positive
HT1080 cells revealed that the FAP-specific prodrug aFAP-
S-PL2 exerted a high activity without addition of exogenous
MMP-2 (Figure 3c). Unexpectedly, the parental, target-
negative HT1080 cells, which are equally sensitive towards
TNF-induced apoptosis (EC50 of rec muTNF: HT1080
0.770.3 pM and HT1080-FAP 0.470.2 pM) and express
comparable protein levels and activity of MMPs (data not
shown), remained largely unaffected by treatment with aFAP-
S-PL2 (Figure 3c). This indicates that induction of cytotoxic
activity is targeting dependent, suggesting that prodrug
conversionmay largely occur at the cell surface. The essential
role of cell surface immobilization for efficient conversion of
the prodrug by endogenous MMPs was underlined with
aEDB-S-PL2, which does not bind to HT1080 cells. Only
minor cytotoxic activity at high concentrations of this prodrug
was noted on both FAP-positive and -negative HT1080 cells
(Figure 3c). Targeting-dependent induction of bioactivity of
the prodrug was further confirmed by competition of prodrug
aFAP-S-PL2 binding to membrane-expressed FAP with a
recombinant anti-FAP-specific minibody, which inhibited cell
death (Figure 3d).
Western blot analysis of the supernatant of FAP-expressing

HT1080 cells incubated for 16 h with prodrug showed
processing of aFAP-S-PL2 (Figure 4a), accompanied by
detection of cytotoxic activity in the culture supernatant,
which, however, was marginal as compared to a rec. TNF
standard (Figure 4b), indicating that apoptosis induction is by
and large mediated by the cell-bound, activated prodrug.
Under the same conditions, aEDB-S-PL2 (irrelevant antigen
specificity) or aFAP-S-PL0 (not cleavable by recombinant
MMP-2) remained unchanged in Western blot (Figure 4a). Of
note, the specific activity of aFAP-S-PL2 on HT1080-FAP cells
(EC50B1–2 pM), that is, of the targeted, cell autonomously

Table 1 Targeting independent cytotoxicity of activated/nonactivated TNF
prodrugs

EC50 (pM)a

muTNF 372

Prodrug
aEDB-T-PL1 42000
aEDB-S-PL2 42000
aFAP-S-PL2 42000

MMP-2-processed prodrug
aEDB-T-PL1 20717
aEDB-S-PL2 873
aFAP-S-PL2 77733

aEC50 of prodrug/muTNF was determined in cytotoxicity assays on Kym-1 cells
as described in experimental procedures. Data shown are themean7S.D. from
at least three independent bioassays and, in part, different preparations of the
prodrug proteins
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processed prodrug, was close to the muTNF standard
(B0.5 pM). Concerning the specificity of prodrug processing,
we observed that the aFAP-S-PL0 prodrug, lacking the MMP-
2-sensitive linker peptide, but otherwise identical to aFAP-
S-PL2, displayed almost no cytotoxic activity despite efficient
binding to FAP-positive HT1080 cells (Figure 4c). Moreover,
processing and cytotoxic activity of aFAP-S-PL2 could be
blocked by addition of the MMP inhibitor Ilomastat (Figure
4a, d), suggesting that endogenous MMPs are responsible
for prodrug activation. Together, these data provide strong
evidence that antigen-specific recruitment to the cell surface
of MMP-expressing cells is a prerequisite for efficient prodrug
conversion and that processing is cleavage sequence
specific. This mechanism ensures that restoration of TNF
activity is locally restricted.
The phenomenon of membrane-restricted prodrug proces-

sing could be related to the activation mechanism of MMP-2.
It is initially produced as a zymogen abundantly present in
culture supernatants of HT1080 cells, while the active form

of the enzyme can be barely detected.29 Activation of MMP-2
takes place on the cell surface in a complexmulti-step process
involving interaction with membrane-type matrix metallo-
proteinase 1 (MT1-MMP) and its physiological inhibitor TIMP-2,
and intermolecular autocatalytic cleavage.22,31 Therefore,
optimum cleavage of the TNF prodrug by the activated
MMP-2 might only be achieved by appropriate localization on
the cell surface, that is, upon prodrug binding to its target. The
finding that pretreatment of the aFAP-S-PL2 prodrug with
recombinant MMP-2 did not result in further enhancement of
cytotoxic activity on FAP-positive HT1080 cells indicated that
the processing of the antigen-bound prodrug by endogenous
MMPswas sufficient to reachmaximumactivation (Figure 4e).
Antigen-negative HT1080 cells do not process the TNF

prodrug and thus do not undergo apoptosis. Remarkably,
when comparing TNF activity of in vitro preactivated aFAP-
S-PL2 on FAP-positive versus -negative cells, it was striking
that, although now cytotoxic activity of the activated TNF
fusion protein could be discerned on FAP-negative cells,
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the MMP-2-specific linker sequence. HT1080-FAP cells were seeded and incubated with aFAP-S-PL2 (’) or aFAP-S-PL0 (&). (d) TNF prodrug activation is blocked
by an MMP-inhibitor. HT1080-FAP cells were seeded and pre-incubated for 1 h with MMP inhibitor Ilomastat (25 mM) before adding TNF prodrug aFAP-S-PL2 (1.33 pM).
(e) Cytotoxicity of aFAP-S-PL2 in its native (open symbol) and in vitro pre-activated (filled symbol) form on HT1080-FAP (squares) and HT1080 (circles) cells which were
seeded 1 day before overnight incubation with TNF prodrug. Cell viability was determined using crystal violet staining (b–d)

MMP-2 activated TNF prodrugs
J Gerspach et al

278

Cell Death and Differentiation



these cells were approx. 1000-fold less sensitive towards
the active TNF fusion protein compared to FAP-positive
cells (Figure 4e). Differences in the sensitivity towards TNF
induced cell death between FAP-positive and -negative
HT1080 cells could be ruled out, since not only soluble
wild-type TNF but also preactivated aEDB-S-PL2 prodrug
was comparably active on both cell lines (EC50 of muTNF
B0.5–1 pM; EC50 of activated aEDB-S-PL2 B90 pM; data
not shown). Thus, the enormous increase in TNF activity
recovered from the aFAP-S-PL2 prodrug on FAP-positive
HT1080 cells must be related to antigen-specific TNF fusion
protein binding to the cell surface.

The targeted, MMP-processed prodrug induces
stable TNFR complexes and signals cell death
towards target antigen-positive and -negative cells
in a juxtatropic mode

The observed enhancement of cytotoxicity of a targeted,
activated prodrug could be due to appropriate presentation of
the target antigen-bound, processed prodrug that enhances
the probability of receptor clustering, a prerequisite likely for
several, if not all, members of the TNFR family, and clearly
relevant for signal transduction of both TNFR types.32,33 A
high target antigen density may favor this presumed process
of membrane assembly of a signal competent TNF ligand.
Further, provided that the enhanced signal capacity is an
intrinsic property of the membrane-assembled, activated
prodrug, it follows that it should also signal in a juxtatropic
mode and with equal efficiency towards TNFRs expressed
on target-positive and -negative (bystander) cells. Indeed,
coculture of FAP-positive and control HT1080 cells at various
ratios induce overproportional cell death in the cultures upon
prodrug treatment, clearly indicating bystander killing
(Figure 5a). To resolve whether or not target antigen binding
of the activated prodrug affects initial events in TNFR signal
transduction and to formally prove juxtatropic action, we
treated mixed cultures of FAP-positive and -negative cells
with the TNF prodrug or an active derivative thereof, and
studied the formation of TNFR clusters in target-negative
HT1080 cells adjacent to target-positive HT1080 cells by
confocal fluorescence microscopy (Figure 5b, c). For this
purpose, target-negative cells were transiently transfected
with a TNFR2-yellow fluorescent protein (YFP) fusion protein,
because overexpression of TNFR1 and selection of stable
transfectants is not possible, likely due to constitutive
activation of TNFR1 and apoptosis induction. In order to
visualize prodrug-binding cells, target-positive cells were
transiently transfected with a cyan fluorescent protein (CFP)
encoding vector.
The data obtained revealed TNFR2 cluster formation only

in those cells that made close contacts to FAP-positive cells
when incubated with a TNF fusion protein resembling the
processed, active prodrug (Figure 5b, left panel), or upon
preincubation with the TNF prodrug to allow processing on
site (Figure 5b, right panel). A quantitative evaluation of
TNFR2 cluster formation revealed that, under the conditions
analysed (1 h treatment), approximately 50% of the TNFR2-
expressing cells in contact with a CFP-positive, that is,

potentially prodrug binding, cell showed clear cluster forma-
tion at the contact site (Table 2). By contrast, in cocultures of
TNFR2-expressing, target-negative, but MMP2-expressing
HT1080 cells with target-negative HT1080 cells, TNFR2
cluster formation at incidental contact sites was not observed
(Figure 5c, Table 2, o2%). Basically, the same data were
obtained using TNFR2-YFP-expressing Hela cells as target
antigen-negative bystanders (data not shown). Formation
of stable receptor complexes is a prerequisite for recruitment
of signal adaptors conveying the activation downstream
signal processes.32–34 For TNFR2, a receptor proximal event
is the recruitment of TNF receptor-associated factor 2
(TRAF2).35 To further assess the formation of cytosolic
receptor signal complexes, we used HT1080 cells stably
expressing nonfluorescent TNFR2 and analyzed TRAF2
recruitment.
Ligation of TNFRs in stable TNFR2-overexpressing trans-

fectants by juxtatropically presented activated prodrug
caused translocation of a transiently expressed YFP-TRAF2
fusion protein from the cytosol to the plasma membrane at
contact sites with prodrug-presenting cells (Figure 5d, f),
whereas YFP-TRAF2 distribution remained unchanged in the
absence of FAP antigen (Figure 5e). These data are formal
proof that the target membrane-bound, processed prodrug is
an efficient activator of TNFR2.
It has been shown that activation of TNFR2 can enhance

TNFR1-mediated cytotoxicity.36,37 However, TNFR2 expres-
sion could not be detected on HT1080 cells (FAP antigen
positive or negative) either by immunofluorescence flow
cytometry (data not shown) or by IL-8 production after
receptor stimulation (Figure 6a). Moreover, data from the
HT1080-TNFR2 transfectants showed that, even when
TNFR2 was overexpressed, coactivation of TNFR2 resulted
in no or only little enhancement of TNFR1-mediated cytotoxi-
city (Figure 6b). Therefore, unlike in Colo205 or Kym-1
cells,36,37 in HT1080 cells, the enhanced cytotoxicity of the
target membrane-bound, processed aFAP-S-PL2 cannot be
explained by an enhancement of the TNFR1 apoptosis
signalling via TNFR2 activation.
As overexpression of TNFR1 per se provokes ligand-

independent clustering and signalling of cell death (own
unpublished data), targeted ligand-induced receptor
clustering cannot be visualized in this case. Nevertheless, it
appears reasonable to assume that, as shown for TNFR2 (this
study) and Fas,32,34 target antigen-dependent presentation of
the processed prodrug likely induces stable complex forma-
tion of TNFR1, too, thereby enhancing apoptotic signal
capacity.
Accordingly, the data show juxtatropic action of the

processed prodrug and support our hypothesis that the
enhanced activity of the targeted TNF prodrug correlates with
its capability to mimick membrane TNF activity. This strikingly
different bioactivity of this particular FAP-specific, processed
TNF prodrug under targeted and nontargeted conditions
could be an apparent advantage in terms of the achievable
therapeutic window and safety for potential clinical applica-
tions. Even in the case of a systemic availability of a proportion
of this prodrug in its active form, which may occur due to
formation of an equilibrium between bound and unbound,
processed prodrug, the in vitro data indicate that its TNF
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activity is inferior compared to standard TNF on nontargeted
cells, whereas full activity requires antigen-directed cell
surface presentation at the reactive stromal compartment of
the tumor. As the latter is an abundant component of most
solid tumors and a rich source of MMP-2, and because of

potential juxtatropic action of a stroma-targeted cytokine,
MMP-2-sensitive TNF prodrugs targeting ubiquitous and
genetically stable markers such as FAP and ED-B appear to
be a promising concept for treatment of MMP-overexpressing
tumors.

Figure 5 Juxtatropic action of TNF prodrug. (a) Cytotoxic effect of cell-surface-presented aFAP-S-PL2 towards antigen-negative bystander cells. At 1 day before
incubating with TNF prodrug aFAP-S-PL2, HT1080-FAP and parental HT1080 cells were seeded either separately (’: HT1080-FAP; &: HT1080) or mixed (K: 50%
HT1080-FAP; m: 20% HT1080-FAP). The next day, cell viability was determined by crystal violet staining. (b, c) TNFR2 cluster formation induced by antigen-presented
aFAP-S-PL2 prodrug. CFP-expressing HT1080-FAP (b) or antigen-negative HT1080 (c) cells were cocultured with TNFR2-YFP-expressing HT1080 cells. Incubation
with bioactive FAP-specific TNF fusion protein (left panel) or aFAP-S-PL2 prodrug (right panel)-induced antigen-dependent receptor clustering at membrane sites of
juxtaposed cells (-). (d, e) aFAP-S-PL2 prodrug induces antigen-dependent TNFR2 activation evident from TRAF2 membrane translocation. CFP-expressing
HT1080-FAP (d) or antigen-negative HT1080 (e) cells were cocultured with YFP-TRAF2-expressing HT1080-TNFR2 cells. TRAF2 translocation from the cytosol to
plasma membrane at the contact sites with neighboring cells was only observed in cocultures with FAP antigen-expressing cells presenting prodrug (-). (f) Live imaging
of TRAF2 membrane translocation after prodrug stimulation. A CFP-expressing HT1080-FAP cell and a YFP-TRAF2-expressing HT1080-TNFR2 cell displaying close
contact were selected and observed before (left panel) and during stimulation with aFAP-S-PL2 prodrug (middle and right panel). Note the concurrent reduction in
cytosolic levels of soluble TRAF2 in the cell, showing TRAF2 membrane translocation to the juxtaposed site. Scale bar shown is 10 mm
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Materials and Methods

Cloning of the prodrug constructs

The human scFv L19, specific for fibronectin ED-B,38 was amplified with a
leader sequence from pIRES-AP39 (Schering AG) by proofreading PCR,
introducing an EcoRI (forward primer) and an EcoRV (reverse primer)
restriction site for insertion in the corresponding site of pcDNA3.1
(Invitrogen, Karlsruhe, Germany). The serin–glycin linker (Ser4Gly)3 was
synthesized as two complementary oligos and introduced by EcoRV and
NotI into pcDNA3.1 containing the L19 scFv. In parallel, the tenascin linker
(chicken tenascin AA: 110–139) was amplified by PCR from pW3218 and
incorporated into pcDNA3.1 containing the L19 scFv also using EcoRV/
NotI. The TNF module (deletion mutant of soluble murine TNF, DAA 1–9,

K 11 E)39 was added as PCR fragment (incorporation of NotI on the
N-terminal and StuI, FseI, AccIII, EcoRI and XbaI on the C-terminal end by
primer design) by NotI and XbaI. In case of the tenascin linker construct,
the TNF module was amplified together with part of the proform of murine
TNF (AA: �23 to �1) following the structural model of our previously
published human TNF prodrug.18 In the next step, the scFv–TNF fusion
constructs together with the leader sequence were cloned into the
vector pIRES-DHFR (provided by Schering AG) via EcoRI. Next, the
TNF inhibitory module represented by the human TNFR1 fragment
(12–138AA), followed by a c-myc- and a His-tag, was introduced C-
terminally to TNF by FseI and AccIII after PCR amplification from pW32.18

Finally, the protease-sensitive linker consisting of three repeats of a MMP-2
motif separated by three glycines was introduced via StuI/FseI in the form of
two pairs of complementary oligos encoding the following protein sequence,
PL1: GGGGPLG^VRGKGGGGPLG^VRGKGGGGPLG^VRGK;27 PL2:
GGGHPVG^LLARGGGHPVG^LLARGGGHPVG^LLAR.26 These final
prodrug constructs were designated as aEDB-S-PL1 and aEDB-S-PL2
for ED-B-specific TNF prodrugs comprising a serine–glycine linker
between scFv and TNF and MMP-sensitive linkers 1 and 2, respectively,
between TNF and TNFR fragments. Similar constructs in which the
serine–glycine linker was replaced by a tenascin linker were aEDB-T-PL1
and aEDB-T-PL2. To generate the FAP-specific prodrug aFAP-S-PL2,
scFv L19 was replaced by the FAP-specific scFv 3640 in the pIRES-DHFR
construct containing the full prodrug aEDB-S-PL2 via EcoRV. Before,
scFv 36 was amplified by PCR, introducing an EcoRV and an EcoRI site
on the 50 end and another EcoRV on the 30 end. The prodrug constructs
were cloned with the leader into the vector pCEP4 (Invitrogen, Karlsruhe,
Germany) or pIRESpuro3 (BD Biosciences Clontech, Heidelberg,
Germany) via EcoRI. For the FAP-specific control prodrug, aFAP-S-PL0
exchange of L19 was carried out in the corresponding pIRES-DHFR
construct before the linker lacking MMP-2 cleavage motifs was inserted via
StuI/FseI (PL0: (S4G)6) as described for the MMP-2 site containing linkers.
Finally, the aFAP-S-PL0 construct was transferred into the pIRESpuro3
vector (BD Biosciences Clontech, Heidelberg, Germany). As positive
controls, FAP-specific bioactive TNF fusion proteins comprising the scFv
36 and murine TNF either linked via serine glycine (aFAP-S) or tenascin
domain linker (aFAP-T) were designed in analogy to the constructs
described above. Restriction enzymes were purchased from New England
Biolabs and MBI Fermentas.

Production and purification of the prodrug

Fusion proteins were produced in HEK293-EBNA cells by transient
expression using Fugene (Roche, Mannheim, Germany) to introduce the
expression plasmid pCEP-4 in the cells. After 2–3 days of cell culture
in serum-free media, Optimem (Invitrogen, Karlsruhe, Germany) super-
natants were harvested, dialyzed, and the fusion protein purified by

Table 2 Prodrug-mediated juxtatropic TNFR clustering and TRAF2 membrane translocation depends on binding to target cells

Cell 1

Cell 2 HT1080, TNFR2-YFP HT1080-TNFR2, YFP-TRAF2

aFAP-S-PL2 HT1080-FAP, CFP 51.5% 64.6%
HT1080, CFP 1.9% 2.0%

aFAP-Ta HT1080-FAP, CFP 39.7% n.a.b

HT1080, CFP 0% n.a.

Relative numbers were revealed by counting contact-site-specific receptor clustering/TRAF2 translocation in relation to the total number of contact sites between a
CFP and a YFP fusion protein positive cell. In all, 100–270 contact sites were analyzed after 1 h incubation with FAP-specific fusion protein. aaFAP-T is a bioactive
TNF fusion protein. bNot analysed
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Figure 6 Enhanced cytotoxicity of antigen-targeted, activated TNF prodrug is
independent of TNF-R2. (a) TNF-R2 signaling is not detectable on HT1080/
HT1080-FAP cells. HT1080 (open bars), HT1080-FAP (hatched bars) and
HT1080-TNFR2 (filled bars) were stimulated for 6 h with aTNFR1 and/or
aTNFR2 antibodies (31 ng/ml) crosslinked with amouse Fc-specific antibodies
(2mg/ml), and receptor activation was analyzed by means of IL-8 production in
ELISA. (b) TNF-R1-mediated cytotoxicity is not enhanced by TNF-R2 activation
on antigen-positive or -negative HT1080 cells. HT1080 (open bars), HT1080-
FAP (hatched bars) and HT1080-TNFR2 (filled bars) were stimulated for 16 h
with TNFR-specific antibodies (18.5 ng/ml) as described in (a). The following day,
cytotoxicity was determined by measuring cell viability by crystal violet staining
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immobilized metalchelate chromatography (IMAC) on Zn2þ -loaded
Hi-Trap columns (Amersham Biosciences, Freiburg, Germany) (aFAP-
S-PL2; aFAP-S-PL0, aEDB-T-PL1), or by Protein-A affinity chromato-
graphy (Amersham Biosciences, Freiburg, Germany) (aEDB-S-PL2). After
dialysis against PBS, protein concentration was determined by the BCA
method (Uptima, Interchim, France) and purification grade analysed by
SDS-PAGE and silver staining (Sigma, Munich, Germany). Alternatively,
the construct aFAP-S-PL0 or aFAP-S-PL2 in pIRESpuro3 was transfected
with Lipofectamine 2000 (Invitrogen, Karlsruhe, Germany) in CHO or
HEK293 cells, respectively, and stable transfectants were selected with
puromycin. These cells were seeded and cultured with Optimem for 2–3
days. Supernatant was collected and proceded as described above.

Cell lines

The fibrosarcoma cell lines HT1080 and HT1080-FAP have been
described previously,28,30 and were a kind gift of W Rettig (Boehringer
Ingelheim Pharma, Vienna, Austria). HT1080-TNFR2 cells were
generated by transfection with TNFR2 in pCDM8 vector and stable
clones selected with 600 mg/ml G418, followed by repeated FACS.
HEK293-EBNA cells were provided by Schering AG. The TNF-sensitive
human rhabdomyosarcoma cell line KYM-1 was originally supplied by
M Sekiguchi (University of Tokyo, Japan). CHO cells were obtained from
ATCC. Cells were cultured in RPMI 1640 medium (Biochrom, Berlin,
Germany) supplemented with 5% fetal calf serum. HT1080-FAP cells were
grown in the presence of 250 mg/ml G418. Stable transfectants of aFAP-
S-PL0-expressing CHO cells were cultivated in the presence of 10 mg/ml
puromycin and HEK293 stably expressing aFAP-S-PL2 were cultivated
with 2 mg/ml puromycin.

Western blot analysis

Purified proteins or supernatants were separated on a 12% SDS-PAGE
under reducing conditions and electroblotted to nitrocellulose membrane
(Schleicher & Schuell, Deisenhofen, Düsseldorf). Nonspecific binding was
blocked with 2% Tween 80 and detection performed with rabbit antimurine
TNF-a Ab (HyCult Biotechnology, PB Uden, The Netherlands) and
alkaline phosphatase-conjugated goat anti-rabbit IgG Ab (Sigma, Munich,
Germany) or 9E10 (anti-c-myc) mouse mAb and alkaline phosphatase-
conjugated goat anti-mouse IgG Ab (Sigma, Munich, Germany) using nitro
blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Roth,
Karlsruhe, Germany) as substrates.

Size exclusion chromatography

Analysis of the apparent molecular weight of aFAP-S-PL2 was performed
by size exclusion chromatography on a Superdext200 (Amersham
Biosciences, Freiburg, Germany) column under standard conditions with a
flow rate of 0.5 ml/min and PBS as running buffer.

Immunofluorescence flow cytometry

HT1080 and HT1080-FAP cells were incubated for 2 h at 41C with
10mg/ml of aFAP-S-PL2, aFAP-S-PL0 or aEDB-S-PL2. Bound prodrug
was detected by anti-c-myc 9E10 mAb, followed by fluoresceine
isothiocyanate-labeled rabbit anti-mouse IgG Ab (Sigma, Munich,
Germany). Analyses were performed using EPICS-XL (Coulter, Krefeld,
Germany) according to standard procedures.

ELISA

96-well-plates were coated overnight at 41C with 130 ng/well of
recombinant ED-B (provided by Schering AG). After blocking with 3%
(w/v) dry milk in PBS containing 0.05% Tween 20, the prodrug (activated/
not activated) was titrated in duplicates. Detection was performed with
horseradish peroxidase-conjugated Protein A (Sigma, Munich, Germany),
using TMB substrate reagent set (BD Biosciences, Heidelberg, Germany)
and stopping the reaction with 1 M H2S04.

In vitro activation of the TNF prodrug

The optimized reaction conditions for complete proteolytic activation of the
TNF prodrugs were the following: 12mg/ml of purified prodrug was
incubated with 2 mg/ml recombinant MMP-2 (Merck Biosciences GmbH,
Schwalbach, Germany) in reaction buffer (50 mM Tris, 20 mM ZnSO4,
1 mM CaCl2, 0.05% Brij 35, pH 7.5) for 4–6 h at 371C. MMP-2 inhibition
was assayed by preincubation for 15 min. with 2.5mg/ml MMP Inhibitor III
(Merck Biosciences GmbH, Schwalbach, Germany). For prodrug
activation in an antigen-bound state, an ELISA plate was coated with
recombinant ED-B (230 ng/well) overnight at 41C. The following day, the
plate was blocked with 10% fetal calf serum in phosphate-buffered saline
(PBS), followed by incubation with 1 mg/ml prodrug for 1.5 h at RT. After
washing three times with PBS, the plate was incubated for 6 h at 371C with
1mg/ml recombinant MMP-2 in reaction buffer (50 mM Tris, 20 mM ZnSO4,
1 mM CaCl2, 0.05% Brij 35, pH 7.5). The plate was washed again and
2� 104 Kym-1 cells/well seeded to directly reveal the presence of
activated prodrug in a bioassay (induction of cell death) as described
below.

Cytotoxicity assays

Kym-1 cells (1.5� 104/well) were grown overnight in 100 ml of culture
medium in 96-well plates. The following day, prodrug (activated or not)
was titrated at the indicated concentrations on the cells in duplicates. After
overnight incubation, cell viability was determined using 3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) staining as described
previously.18 OD values of untreated control cells have been set as 100%
viability. For analyses of activation of antigen-bound prodrug (see above),
Kym-1 cells were added directly to the pretreated wells and analysed for
cell viability 16 h later. For the cytotoxicity assay on HT1080 or HT1080-
FAP cells, 2� 104 cells/well were seeded and purified prodrugs or
supernatants titrated in the presence of 2.5 mg/ml cycloheximide. After
overnight incubation, cell viability was assessed by crystal violet staining
as described.30 Binding competition was assayed by incubating the cells
for 1 h with 13 mg/ml of the recombinant Ab MB36 prior to the addition of
the prodrug. For endogenous MMP-2 inhibition, cells were preincubated
with 25mM Ilomastat (Chemicon International, Hofheim, Germany).
Cytotoxicity of FAP-specific prodrug towards cocultured FAP-expressing
and parental HT1080 cells was carried out similarly by seeding mixtures of
these cells in the indicated proportions. For Ab-mediated cytotoxicity,
HT1080, HT1080-FAP or HT1080-TNFR2 cells (2� 104/well) were
incubated with 18.5 ng/ml of H398 (mouse anti-TNFR1, own production)
and/or MR2-1 (mouse anti-TNFR2, HyCult Biotechnology, Uden, The
Netherlands). After 0.5–1 h, 2 mg/ml goat anti-mouse IgG, Fc-specific
(Jackson Immuno Research, Cambridgeshire, UK), was added for
crosslinking receptor specific antibodies and cell viability assessed after
overnight incubation.
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Analysis of prodrug fusion proteins after
incubation on HT1080 or HT1080-FAP cells

HT1080 or HT1080-FAP cells (2� 104/well) were grown overnight in
100ml culture medium in 96-well plates. The following day, the medium
was replaced by 100ml Optimem with 20 nM purified prodrug (aFAP-
S-PL2, aEDB-S-PL2, aFAP-S-PL0) or supernatant (aFAP-S). After 16 h
incubation, the supernatant was harvested, centrifuged and further
analyzed by Western Blot and cytotoxicity assay on HT1080 cells as
described above.

IL-8 ELISA

For analysis of IL-8 production after receptor activation, HT1080, HT1080-
FAP or HT1080-TNFR2 cells (1� 104/well) were grown overnight in
100ml culture medium in 96-well plates. The following day, the medium
was replaced by culture medium containing 31 ng/ml of H398 (mouse
anti-TNFR1, own production) and/or MR2-1 (mouse anti-TNFR2, HyCult
Biotechnology, Uden, The Netherlands). After 30 min, 2mg/ml goat
anti-mouse IgG, Fc-specific (Jackson Immuno Research, Cambridgeshire,
UK), was added for crosslinking receptor specific antibodies. After 6 h
incubation, supernatants were harvested, centrifuged and analyzed by
IL-8 ELISA kit (BD Biosciences, Heidelberg, Germany) according to the
manufacturer’s instructions.

Microscopic analysis

For transient expression of CFP, TNFR2-YFP or TRAF2-YFP, 5� 106

FAP-expressing, TNFR2-expressing or parental HT1080 cells were
transfected by electroporation (250 V, 1800 mF, EasyJecT Plus, Peqlab,
Erlangen, Germany) with 10mg of the respective DNA plasmids (pECFP-
C1, TRAF2 in pEYFP-C1 and TNFR2 in pEYFP-N1; original vectors were
obtained by BD Biosciences Clontech, Heidelberg, Germany). In order to
evaluate TNFR2 cluster formation or TRAF2 translocation, 1� 105 YFP
fusion protein-transfected cells were cocultured with 1� 105 of CFP-
transfected cells, either directly after transfection or 1 day later, in Sterilin
plates containing 18� 18 mm2 glass coverslips. After overnight incuba-
tion, cocultures were stimulated with 0.5mg/ml aFAP-S-PL2 or positive
control (a FAP-specific bioactive TNF fusion protein) for 30 min, 1 or 2.5 h,
followed by fixation with 3.5% paraformaldehyde for 10 min at 371C. Glass
coverslips with fixed cells were inverted and mounted on slides with
Fluoromount-G (Southern Biotech, Birmingham, AL, USA). Cells were
imaged with a Leica TCS SP2 confocal laser scanning microscope (LSM)
on a DM RE microscope stand using Leica LCS software. Images were
acquired with a HCX PL Apo � 40/1.25 UV objective lens. CFP was
excited with a 454 nm line of an argon laser and fluorescence was
detected from 465 to 500 nm. YFP was excited with a 514 nm line and
fluorescence was detected from 535 to 600 nm. Images were acquired
sequentially to minimize crosstalk of fluorescence emission. Quantitative
analysis was performed by counting the positive events (receptor
clustering or TRAF2 membrane translocation at contact sites) out of
100–270 total events (contact site between a CFP and a YFP fusion
protein-expressing cell).

For live cell imaging, cocultures of CFP- and TRAF2-expressing cells
were seeded in 35 mm glass-bottom culture dishes (MatTek Corporation,
Ashland, MA, USA; 5� 105 cells, respectively). Cell pairs of FAP-positive,
CFP-transfected and parental HT1080 cells, TRAF2-YFP-transfected,
were observed before and after stimulation with aFAP-S-PL2 at the
indicated time points. Experiments were carried out on a Leica TCS SL
LSM (on an inverted DM-IRBE microscope stand equipped with a CO2-

incubation chamber and a peltier element block for temperature control
(Pecon, Germany)). Images were acquired with a HCX PL Apo CS � 63/
1.32 UV objective lens. CFP-transfected cells were imaged with the
454 nm laser line and fluorescence was detected from 465 to 500 nm.
TRAF2-YFP cells were imaged with the 514 nm laser line and
fluorescence was detected from 550 to 650 nm. Both channels were also
acquired sequentially to minimize crosstalk between CFP and YFP
fluorescence.

Microscope systems and Leica LCS software were from Leica
Microsystems GmbH, Mannheim, Germany. Images were filtered with a
Median filter (radius 1 pixel) to reduce noise, and levels and contrast were
adjusted automatically with Photoshop software (Adobe, USA).
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