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Introduction

Summary

The ability to alter the cytokine microenvironment has the potential to
shape immune responses in many physiological settings, including the
immunotherapy of tumours. We set out to develop a general approach in
which cytokines could be functionally attenuated until activated. We
report the development and initial characterization of fusion proteins in
which human or mouse interleukin-2 (IL-2), a potent growth factor for
immune cells, is joined to a specific IL-2 inhibitory binding component
separated by a protease site. The rationale is that upon cleavage by a pro-
tease the cytokine is free to dissociate from the inhibitory component and
becomes biologically more available. We describe the successful develop-
ment of two attenuation strategies using specific binding: the first uses
the mouse IL-2 receptor alpha chain as the inhibitory binding component
whereas the second employs a human antibody fragment (scFv) reactive
with human IL-2. We demonstrated that the fusion proteins containing a
prostate-specific antigen or a matrix metalloproteinase (MMP) protease
cleavage site are markedly attenuated in the intact fusion protein but had
enhanced bioactivity of IL-2 in vitro when cleaved. Further, we showed
that a fusion protein composed of the IL-2/IL-2 receptor alpha chain with
an MMP cleavage site reduced tumour growth in vivo in a peritoneal
mouse tumour model. This general strategy should be applicable to other
proteases and immune modulators allowing site-specific activation of im-
munomodulators while reducing unwanted side-effects.

Keywords: cytokines; fusion proteins; interleukin-2; proteases; single chain
antibodies; T cells; tumour microenvironment

metastases that originate from the primary tumour.' T
cells that recognize tumour-associated antigens have been

Considerable progress has been made in the treatment of
cancer. However, a critical goal of cancer therapy remains
the improved treatment of metastatic disease. Immuno-
therapy is conceptually attractive for the treatment of dis-
seminated disease because cells of the immune system
circulate throughout the organism and could in principle
eliminate the widely distributed but relatively small

clearly identified not only in experimental animals but
also in human cancer patients and now many tumour-
associated antigens have been molecularly characterized.””
However, despite the remarkable success at identifying
tumour-associated antigens, the cellular immune response
has generally not been successful at eliminating tumours.
Generating clinically effective anti-tumour responses has

Abbreviations: 6His, 6 X Histidine; APMA, p-aminophenylmercuric acetate; i.p., intraperitoneal; IL-2, interleukin-2; IL-2Ra,
interleukin-2 receptor alpha subunit; LAP, latency-associated protein; MMP9, matrix metalloproteinase 9; MMPcs, matrix
metalloproteinase cleavage sequence; MTT, Thiazolyl Blue Tetrazolium Bromide; NTG, non-transgenic mouse; PBS-M-Tw,
phosphate buffered saline plus 5% w/v milk and 0.2% Tween-20; PCR, polymerase chain reaction; phscFvs, phage displaying
scFv on the cell surface; PSA, prostate-specific antigen; PSAcs, prostate-specific antigen cleavage sequence; scFv, single-chain
variable region of antibodies; SGPP, structural genomics of parasitic protozoa; TBS, Tris-buffered saline; TG, transgenic mouse.
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long been a goal of tumour immunology and remains a
challenge today.

One strategy for enhancing the immune response to
tumours has been the use of cytokines. Investigators have
not only focused on the use of cytokines to aid in the ini-
tiation of immune responses to tumours™® but also used
them systemically as therapeutic agents.” The cytokine
interleukin-2 (IL-2) is currently approved to treat mela-
noma and renal cancer.””® However, cytokines can have
serious side-effects when delivered systemically. Indeed,
these undesired side effects have limited the use of IL-2
clinically, which has, in some cases, brought about
remarkable and durable remissions.® From a conceptual
standpoint, these side-effects might be anticipated because
many cytokines function physiologically in a paracrine
fashion, over short distances between cells.® An important
challenge is to develop methods to deliver cytokines to
tumour sites where they might enhance immune
responses without producing undesirable systemic effects.
Experimentally this has been achieved in a variety of ways
including direct local injections of cytokines,'*"?
injection of tumours with viruses encoding cytokine
genes,"> "> or by transplanting genetically modified viable
tumours into animals.'®'” These approaches have greatly
contributed to our understanding of the effects of the
local production of cytokines on the number and func-
tion of immune cells within the tumour microenviron-
ment and also illustrated the considerable potential of
cytokines to enhance anti-tumour immune responses.
However, because metastatic lesions are often numerous
and not easily accessible, translating these advances into a
clinical setting remains a challenge. Hence, there remains
a critical need to develop ways in which the cytokine
milieu in the tumour microenvironment can be altered.

In our current work, we set out to develop a general
strategy to construct cytokines that are biologically inac-
tive but could be activated by proteases. Ultimately this
approach could be used to deliver inactive cytokines
systemically but have them activated locally by tumour-
site-expressed proteases. In principle, this should reduce
systemic side-effects but retain the enhancement of anti-
tumour immune responses. The strategy we are develop-
ing uses a fusion protein approach that takes advantage
of proteases that are secreted by tumours. As an initial
test of this general strategy, we have used different prote-
ases, prostate-specific antigen (PSA), matrix metallopro-
teinase 2 (MMP2) or MMP9. The expression of the
protease PSA is highly restricted to prostate epithelial
cells; PSA is produced by prostate tumours, and as such,
is an excellent target protease for activating the cytokine
fusion protein.'® The MMPs have been known to have
critical and varied roles in tumour development and pro-
gression and are preferentially expressed in a variety of
tumours.'® We have used IL-2 as the test cytokine in the
fusion protein because it is a potent factor for T-cell and

Protease-activated cytokines
natural killer (NK) cell developmentzo’21 and the local
production of IL-2 within tumours has demonstrated
anti-tumour immunological effects in animal models.'®"”
Moreover, an IL-2-containing fusion protein might be
able to be more easily translated to the treatment of
human cancers because IL-2 is already Food and Drug
Administration approved for the treatment of certain
tumours.””” In this report, we examine several strategies
of blocking the biological activity of IL-2, yet allowing it
to be functionally activated by PSA or MMP proteases.
We show that IL-2 biological activity can be markedly
attenuated in the context of a fusion protein consisting of
IL-2 and an inhibitory binding component separated by a
protease cleavage site, but that the biological activity of
the IL-2 increases after protease action. The significance
and potential application of this approach for the treat-
ment of tumours is also addressed.

Materials and methods

Construction of the mouse IL-2/PSAcs/IL-2Ro. fusion
protein

Interleukin-2 receptor alpha (IL-2Ro; generously provided
by Dr Jim Miller, University of Rochester) in pcEVX-3
was PCR amplified using primers (Table 1) to add the
Kpnl and BamHI restriction sites, remove the hydropho-
bic transmembrane region and, for some constructs,
addition of a 6 x Histidine tag (6 x His). This product
was cloned into pBluescript (pBluescript IL-2Ra). The
(GGGGS)y, linker of various repeat lengths was either syn-
thesized (GENEART Inc., Toronto, ON, Canada) or was
made by annealing primers from complimentary oligonu-
cleotides (Table 1) and then cloned into pBluescript using
the EcoRI and Kpnl restriction sites. The (GGGGS) linker
was excised and cloned into the pBluescript IL-2Ra plas-
mid. The linker and IL-2Ro were excised using the EcoRI
and BamHI sites and directionally cloned into the pBlue-
script IL-2/PSAcs plasmid containing murine IL-2 and
the PSA cleavage sequence (HSSKLQ) resulting in the
pBluescript IL-2/PSAcs/linker/IL-2Ro plasmid. This plas-
mid was then verified by sequencing and subsequently
cloned into pcDNA3.1 (Invitrogen, Carlsbad, CA) using
the Xhol and BamHI restriction sites to obtain flanking
restriction enzyme sites so that it could be shuttled into
pVL1392 for expression in the BD BaculoGold™ transfer
vector system (BD Biosciences, San Jose, CA) using the
Xbal and BamHI sites.

Construction of the mouse IL-2/MMPcs/IL-2Ra. fusion
protein

To change the cleavage sequence (cs) from HSSKLQ
(PSAcs) to SGESPAYYTA (MMPcs) the pBluescript plas-
mid containing the mouse IL-2 and the PSAcs portion of
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Table 1. PCR primers for construction of fusion proteins

Mouse IL-2

Forward CATAGGTCGACATGTACAGCATGCAGCTCGCATCC

PSAcs reverse CATAGGGAATTCCTGCAGCTTGCTGCTGTGTTGAGGGCTTGTTGAGATGATGCT
MMPcs reverse CGGGCGGAATTCAGCGGTGTAGTAAGCAGGGCTTTCACCGCTTTGAGGGCTTG

TTGAGATGATGCT
Mouse IL-2Ro

Forward GCGCGGGTACCGAACTGTGTCTGTATGACCCACCC

Reverse CGGCCGGATCCTCATTATGCTACCTTATACTCCATTGT
Reverse 6 His CGGCCGGATCCTCATTAGTGGTGGTGGTGGTGGTGTGCTACCTTATACTCCATTGT

Human IL-2

Forward GATACGTCGACATGTACAGGATGCAACTCCTG

Reverse TCGGAGAATTCCTGCAGCTTGCTGCTGTGAGTCAGTGTTGAGATGATGCT

Human scFv External primers

Forward GCGCGGGTACCCAGTCTGTGCTGACTCAGCCA

Reverse CCGGCGGATCCTGAGGAGACGGTGACCAGGGT

Reverse 6 His CCGGCGGATCCGTGGTGGTGGTGGTGGTGTGAGGAGACCAGGGT

Primers to insert stop codons and Not I site

Forward GCGCCGCGGCCGCGTCGACATGTACAGGATGCAACTC

Reverse GGCGCGGATCCTCATTATGAGGAGACGGTGACCAGGGTGCC

Reverse 6 His CGCGCGGATCCTCATTAGTGGTGGTGGTGGTGGTGTGAGGAGACGGTGACC

AGGGT
Linker oligos
Reverse

Forward GGCCGGAATTCGGTGGCGGTGGCTCTGGTGGCGGTGGCTCTGGTGGCGGTGGCTCT

GCGGGTACCAGAGCCACCGCCACCAGAGCCACCGCCACCAGAGCCACCGCCACCAGAGCC

the fusion protein was linearized using NotI and PCR was
performed using the IL-2 forward primer and the MMPcs
reverse primer (Table 1). This PCR product was then
digested with Sall and EcoRI restriction endonucleases and
cloned into pBluescript to create the pBluescript IL-2/
MMPcs plasmid. The pVL1392 vector containing the
mouse IL-2/PSAcs/(GGGGS),/IL-2Ro + 6 X His fusion
protein was digested with EcoRI and BamHI and the frag-
ment containing the (GGGGS), linker and IL-2Ro was iso-
lated and cloned into the pBluescript IL-2/MMPcs plasmid
using the EcoRI and BamHI sites. The fragment encoding
the entire fusion protein was then shuttled into pcDNA3.1
using the Xhol and BamHI sites and subsequently shuttled
into pVL1392 using Xbal and BamHI for expression.

Use of human phage display library to identify and
characterize IL-2 reactive scFv

A human phage display library constructed from periph-
eral blood lymphocytes was used to screen for phage
expressing single-chain fragments of antibodies capable of
binding to human IL-2 on their surface (phscFvs). The

22,23
a mono-

library was generated in the pAP-III6 vector,
valent display vector, by PCR amplification of VL and
VH immunoglobulin domains from peripheral blood
lymphocyte ¢DNA prepared from approximately 100
donors. The variable regions were PCR amplified with
primers that encode a 14-amino-acid linker between the
VL and VH domains, and then cloned into pAP-II16. The
library consists of approximately 2 x 10° independent
transformants and was screened using a modified ELISA

as described previously*” using recombinant human IL-2

(Peprotech, Rocky Hill, NJ) adsorbed to plates as the tar-
get antigen. After several rounds of phage panning purifi-
cation, a small panel of phage expressing scFv (phscFv)
was tested for the ability to bind human IL-2 in the pres-
ence of a neutralizing anti-human IL-2 monoclonal anti-
body (eBioscience, San Diego, CA). A recombinant form
of a Plasmodium falciparum protein (accession number
XM_001347271) and the phscFv from SGPP (structural
genomics of parasitic protozoa) that reacts with it,** was
used as a control to check for specificity of inhibition
with the anti-human IL-2 neutralizing antibody. In brief,
0-5 pg/ml human IL-2 or SGPP in PBS was used to coat
the ELISA plate, the wells were washed and 2 pg/ml anti-
human IL-2 neutralizing antibody (MQ1-17H12; eBio-
science), or blocking buffer was added. Supernatants con-
taining individual phscFv clones were then added and
phage binding was detected using an anti-M13 phage
horseradish peroxidase (HRP) -conjugated antibody (GE
Healthcare, Buckinghamshire, UK). The ELISA plate was
developed by adding 50 pl o-phenylenediamine (Sigma-
Aldrich, St Louis, MO) in 0-1 M citrate buffer pH 4-5 and
0-04% H,0,, stopped by adding 50 pl/well 2 M H,SO,
and the absorbance was read at 490 nm. The DNA from
phscFv-2 was isolated and used as the starting material
for the construction of the scFv human IL-2 fusion
construct.

Construction of the human IL-2/PSAcs/human scFv
fusion protein

The human IL-2 ¢cDNA in pBR322 (ATCC, Manassas,
VA) was PCR amplified using primers (Table 1) which
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added an N-terminal Sall site, the PSAcs (HSSKLQ) and
a C-terminal EcoRI restriction site. This insert was then
directionally cloned into pBluescript (Stratagene, La Jolla,
CA) using the Sall and EcoRI restriction sites. The
(GGGGS)y linker of various repeat lengths was cloned
into pBluescript using the EcoRI and Kpnl restriction
sites. The human IL-2 scFv was PCR amplified (Table 1)
from the M13 phage DNA from the phage clone scFv-2
and the 6 x His tag and the Kpnl and BamHI restriction
sites were added. This insert was then cloned into the
pBluescript human IL-2/PSAcs/linker plasmid and shut-
tled into pcDNA 3.1 and subsequently cloned into the
pVL1392 expression plasmid as described above.

Baculovirus production of fusion proteins

The generation of recombinant baculoviruses for the
expression of proteins in insect cells has been described
previously.”»** Recombinant viruses were created using
the pVL1392 transfer vector and the BD BaculoGold™
transfer vector system (BD Biosciences) as described by
the manufacturer. Initial virus production was performed
in Spodoptera frugiperda (Sf-9) cells cultured in Sf-900 II
SFM media (Gibco®; Invitrogen) and after several pas-
sages a high-titre stock was obtained. For final produc-
tion of fusion proteins, Trichoplusia ni cells (Invitrogen)
cultured in Express Five® SEM media (Gibco®; Invitro-
gen) plus 2 mm 1-Glutamine High Five™ were propa-
gated in 300-ml shaking cultures in 1-1 flasks (125 rpm,
27°) and were infected with the high-titre stock and
incubated with shaking for 72 hr at 27°. The supernatant
was used directly after clarification in some experiments,
or in some cases, the fusion proteins were purified via
the 6 x Histidine tag using Nickel-NTA agarose beads
(Qiagen, Valencia, CA) and Poly-Prep® Chromatography
columns (BioRad, Hercules, CA) using the manufac-
turer’s recommendations.

Detection of mouse IL-2 and IL-2Ro. in fusion proteins
by ELISA

Interleukin-2 or the IL-2Rx chain was detected using
either the anti-IL-2 monoclonal antibody (JES6-1A12; BD
Pharmingen) or the anti-mouse IL-2Ro monoclonal anti-
body (PC61; BD Pharmingen), respectively. Wells of a
96-well plate were coated with either antibody (2-5 pg/
ml) in PBS. Wells were blocked with 5% non-fat milk in
PBS with 0-2% Tween (PBS-M-Tw) and fusion proteins
were added for 1-2 hr at 37°. After washing, an anti-
mouse IL-2 biotin-labelled antibody (JES5H4; BD Pharm-
ingen) was added and binding was detected using
Strepavidin HRP (Southern Biotechnology Associates,
Birmingham, AL). The ELISA plate was developed by
adding 50 pl o-phenylenediamine (Sigma-Aldrich) in
0-1 M citrate buffer pH 4-5 and 0-04% H,O,, stopped by

Protease-activated cytokines

adding 50 pl/well 2 m H,SO, and the absorbance was
read at 490 nm.

Mouse IL-2, IL-2Ra, 6 X Histidine and MMP
Immunoblot analyses

Immunoblot analyses were performed as reported previ-
ously with minor modifications.”” The following mono-
clonal antibodies were used: rat anti-mouse IL-2 antibody
(JES6-1A12; BD Pharmingen), rat anti-mouse IL-2Ro
(PC61; BD Pharmingen), and mouse anti-6 X His mono-
clonal antibody (MMS5-156P; Covance, Princeton, NJ).
Detection was performed using a goat anti-rat HRP-con-
jugated antibody (Jackson Immuno Research, West
Grove, PA) and developed using the Amersham ECL Plus
Western blotting detection reagent (GE Healthcare) fol-
lowing the manufacturer’s recommendations. A determi-
nation of fusion protein concentration was established
using immunoblot analyses and quantitative densitometry
and compared with recombinant IL-2. For MMP immu-
noblot analyses, extracts or supernatants were probed
with goat anti-mouse MMP2 or MMP9 antibodies (R&D
Systems, Minneapolis, MN).

In vitro digestion conditions for fusion proteins

Fusion proteins were digested with PSA (Cortex Biochem,
San Leandro, CA) or prostate extracts in 50 mm Tris—
HCl, 100 mm NaCl pH 7-8 at 37°. For digestion of the
fusion protein containing the MMP cleavage sequence,
MMP9 or MMP2 (R&D Systems) was activated with
p-aminophenylmercuric acetate and this activated prote-
ase or equivalent amount of activating solution without
the protease was used to digest the fusion protein for
1 hr at 37° for MMP9 and 10 min for MMP2. Aliquots
of digests were loaded on 15% Laemmli gels for Western
blotting. The rat anti-mouse IL-2 primary antibody
(JES6-1A12; BD Pharmingen) and goat anti-rat HRP-con-
jugated secondary antibody (Jackson Immuno Research)
were used and blots were developed as described above.
Aliquots of digests were also used in the IL-2 functional
assay described below.

IL-2 functional assay

Functional IL-2 was measured using CTLL-2 cells (ATCC)
as described elsewhere’® with minor modifications. In
brief, digested samples were serially diluted 1:2, then
50 ul of test supernatant was added to 3-5x 10* to
5.0 x 10* CTLL-2 cells per well in 100 ul medium in a
96-well plate and incubated at 37° in 5% CO, for 18—
22 hr. At the end of this period, 75 pg/well Thiazolyl Blue
Tetrazolium Bromide (MTT) (Sigma-Aldrich) was added
and the plate was incubated for 8 hr at 37° in 5% CO.,.
Cells were lysed with 100 pl/well 10% SDS (Gibco®™; Invi-
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trogen) acidified with HCI, incubated at 37° in 5% CO,
overnight, and absorbance 570 nm was read.”’ Recombi-
nant human IL-2 standard (Peprotech) was serially
diluted with 0-5 ng delivered to CTLL-2 cells in the first
well.

Mice

All animal experiments were performed in accordance
with guidelines established by the National Institutes of
Health and the University Committee on Animal
Resources at the University of Rochester. C57BL/6] mice
were purchased from The Jackson Laboratory (Bar Har-
bor, ME). Human PSA transgenic mice were backcrossed
onto the C57BL/6J background and were used as a source
of PSA-expressing prostate tissue.”

Prostate explant cultures and preparation of prostate
extracts

Ventral prostates from wild-type C57BL/6] (Jackson)
(non-transgenic; NTG) and PSA transgenic C57BL/6]
(TG) mice were surgically removed and placed in
600 pl Dulbecco’s modified Eagle’s medium (Gibco®;
Invitrogen) supplemented with 0-005 mg/ml bovine
insulin (Sigma-Aldrich), 10 nm trans-dehydroandroster-
one (Sigma-Aldrich), 5% fetal calf serum (Hyclone,
Logan, UT), 5% Nu-serum IV (BD Biosciences), and
0-05% penicillin/streptomycin  (Sigma-Aldrich). Fusion
protein was added to explant culture and incubated at
37° in 5% CO, and 100 pl aliquots were removed at 1,
12, 24 and 48 hr and stored at —20° until use. Prostate
extracts were made using ventral prostates homogenized
in a Dounce homogenizer in 100 pul of 50 mm Tris—
HCI, 100 mm NaCl pH 7-8. Extracts were centrifuged
to remove debris and the supernatants were stored at
—20°. Total protein concentration was determined using
the Bio Rad Protein Assay (Bio Rad) according to the
manufacturer’s recommendation and equal amounts of
protein extracts were used for fusion protein digestions
described earlier. The PSA levels in culture supernatants
or in the prostate extracts were measured using a cap-
ture ELISA as described previously’' with minor modi-
fications.

Detection of human IL-2 by Immunoblot analyses

Human IL-2 was detected by standard Western blot tech-
nique using a rabbit anti-human IL-2 antibody (Leinco,
St Louis, MO; 1.0 pg/ml) in TBS-M-Tw followed by a
goat anti-rabbit HRP-conjugated antibody (Leinco;
0-2 pg/ml) in TBS-M-Tw. The blot was developed using
the Amersham ECL Plus Western blotting detection sys-
tem (GE Healthcare) according to the manufacturer’s rec-
ommendations.

Tumour growth experiments

For the tumour growth experiments, 5 x 10° Colon 38 cells
were injected intraperitoneally into syngeneic mice and
allowed to attach for 24 hr. Groups of mice were treated
daily for 6 days with fusion protein, treated with vehicle, or
untreated as indicated in the legend of Fig. 6. On day 7, the
animals were killed; the omenta were removed and treated
with collagenase, then stained for flow cytometry as
described previously with minor modifications.>* Prelimin-
ary experiments were performed using normal omental
cells, tumour cells and a reconstructed mixture of tumour
cells and omental cells to establish the gates shown. Col-
ony-forming assays were performed as described previ-
ously.”® Statistical analyses testing for significance were
performed as indicated in the figure legends.

Results

Construction and characterization of IL-2/PSAcs/IL-
2Ra fusion proteins

We set out to create a cytokine fusion protein that could
be cleaved by a tumour cell expressed protease so that it
becomes more active after cleavage. We initially tested a
strategy based on steric hindrance by constructing a
fusion protein consisting of IL-2 and Mipl-a separated by
a PSA cleavage sequence.”® We hypothesized that both
immunomodulatory proteins would be largely inactive in
the fusion protein because of their close proximity, but
would become more active if the fusion protein could be
successfully cleaved, thereby separating the two proteins.
Although the fusion protein could be expressed and
cleaved by PSA, IL-2 did not appear to be attenuated in
the intact fusion protein and the biological activity of the
IL-2 did not increase after cleavage (data not shown).
Hence, simply joining two molecules, even very closely,
does not necessarily interfere with their functional activ-
ity. However, we reasoned that if we constructed a mole-
cule in which the putative inhibitory portion of the
fusion protein bound the cytokine specifically, this would
be more likely to inhibit its activity. As we describe
below, we used two distinct strategies to inhibit the bio-
logical activity of IL-2. The first strategy employed a cyto-
kine receptor whereas the second used an antibody
fragment (scFv). The first strategy using specific inhibi-
tion employed IL-2 and a portion of the IL-2 receptor is
illustrated schematically in Fig. 1(a). We used mouse IL-2
c¢DNA and took advantage of the alpha chain of the IL-2
receptor (IL-2Ro) which can bind IL-2 in the absence of
the other subunits (f and y) of the high-affinity IL-2
receptor.” In this construct, we eliminated the transmem-
brane and cytoplasmic region of the IL-2Ro chain, creat-
ing a soluble form of the receptor. To increase flexibility
and allow the IL-2Ro portion of the molecule to fold
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Figure 1. Characterization of mouse IL-2/PSAcs/IL-2Ra fusion proteins. (a) Schematic diagram of mouse IL-2/PSAcs/linker/IL-2Ra fusion pro-

teins. The prostate-specific antigen cleavage sequence (PSAcs) indicates the amino acid sequence HSSKLQ that can be cleaved by the PSA prote-
ase followed by the 2 x (GGGGS), (shown) or 4 X (GGGGS), linker lengths. (b) ELISA analysis of fusion proteins using capture antibodies to
interleukin-2 (IL-2; JES6-1A12) or IL-2 receptor alpha chain (IL-2Ra; PC61) and a different biotin-labelled anti-IL-2-detecting antibody (JES5H4)
showing that both IL-2 and the IL-2Ra moieties are present on the same molecule. 2 x indicates (GGGGS), linker, 4 X indicates (GGGGS), lin-
ker, and (+) indicates that the construct contains the 6 X His tag. (¢) Immunoblot analyses of the fusion proteins using antibodies reactive with
IL-2 (JES6-1A12), IL-2Ra (PC61) and 6 x His epitope tag (MMS5-156P). Molecular weight standards are indicated. The full length fusion proteins
(FP) have an approximate molecular weight of 50 000 MW and medium was run as a negative control (M).

back and inhibit IL-2, we also introduced a repeating
Gly-Ser linker consisting of (GGGGS), (designated 2 Xx),
or (GGGGS),>° (designated 4 X), and in some cases also
added a 6 x His tag. These plasmids were used to con-
struct recombinant baculoviruses to mediate expression in
insect cells as described in the Materials and methods. As
shown in Fig. 1(b), we examined the fusion proteins with
a capture ELISA using antibodies reactive with IL-2Ro
and IL-2. Also, the immunoblot analysis in Fig. 1(c)
showed that the fusion protein is at the predicted appar-
ent molecular weight (MW) of approximately 50 000 and
is reactive with anti-IL-2, IL-2Ra and 6 x His antibodies.
These data show that the fusion proteins are produced,
secreted and contain both IL-2 and IL-2Rx on the same
molecule.

PSA cleavage of the IL-2/PSAcs/IL-2Ra fusion proteins
results in increased accessibility to antibodies and
biologically active IL-2

We characterized the IL-2/PSAcs/IL-2Ra fusion proteins
biochemically before and after cleavage with the prote-
ase PSA. Immunoblot analyses revealed that the fusion
proteins could be cleaved by PSA and that there was

an increase in intensity of the predicted low-molecular-
weight cleavage product of approximately 20 000 MW
reactive with an anti-IL-2 antibody (Fig. 2a). The
degree of cleavage was dependent upon the amount of
PSA as well as the time of incubation (Fig. 2b,c). Inter-
estingly, when we analysed the fusion protein before
and after PSA treatment by ELISA, we found that the
apparent amount of IL-2 was increased after PSA cleav-
age (Fig. 2d). In this experiment, there was an approxi-
mately twofold or fourfold increase in the amount of
IL-2 detected using this sandwich ELISA depending on
the construct, suggesting that the detection antibody
binding was partially hindered in the intact fusion pro-
tein. We also analysed aliquots of the same samples
shown in Fig. 2(a) after PSA treatment for functional
IL-2 using the CTLL-2 cell line. As seen in Fig. 2(e,f)
there is an increase in the amount of biologically active
IL-2 after PSA cleavage. After protease treatment, the
apparent amount of biologically available IL-2 increased
approximately 3-5-fold for the fusion protein with the
2 x linker and ninefold for the fusion protein with the
4 x linker. Hence, the above data show that after PSA
cleavage there is an increase in the predicted low-
molecular-weight cleavage fragment of approximately
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Figure 2. Prostate-specific antigen (PSA) treatment enhances antibody accessibility and interleukin-2 (IL-2) functional activity in mouse IL-2/
PSAcs/IL-2Ro fusion proteins. Fusion proteins (2 X and 4 x linker lengths) were treated with PSA or buffer controls for 1 hr at 37° and aliquots
were analysed by immunoblot, ELISA, or by functional analysis. (a) Anti-IL-2 immunoblot analysis of fusion proteins before and after treatment
with PSA. Bars indicate molecular weight markers, (+) indicates treatment with PSA, (—) indicates treatment with control buffer, and full length
and predicted cleavage product containing IL-2 have been denoted (arrowheads). (b) Titration of PSA using mouse IL-2/PSAcs/2 x linker/IL-2Ro
fusion protein at 37° for 1 hr and immunoblot analysis using an anti-mouse IL-2 antibody (JES6-1A12). Bars and numbers indicate molecular
weight markers. Full length and cleaved fusion proteins have been denoted. The amount of PSA used in the reaction is as follows: 11-25, 5-6, 2-8,
1-4 and 0 pg. (c) PSA time—course using mouse IL-2/PSAcs/4 x linker/IL-2Ro fusion protein digested with 5 pg for 0, 1, 3, 6, 12 and 24 hr at
37° analysed by immunoblot with an anti-mouse IL-2 antibody (JES6-1A12). Medium was run as negative control (M). (d) An ELISA used to
measure the amount of IL-2 before and after treatment with PSA. An apparent increase in IL-2 can be seen after PSA incubation for both fusion
proteins tested. (e, f) Functional analyses of IL-2 before and after cleavage. Biologically active IL-2 from the fusion proteins was measured using
the CTLL-2 functional assay. Fusion protein treated with PSA (O), or with buffer control (e), IL-2 standard (W), and medium control (A). The
same amount of fusion protein was present in the PSA-treated and untreated samples used in the CTLL-2 assay. Points represent the average of
three replicates and error bars indicate standard deviation. Representative of three independent experiments.

20 000 MW that is reactive with an anti-IL-2 antibody,
an increase in antibody accessibility, and most impor-
tantly, an increase in the amount of biologically active
IL-2. Because the 4 X linker fusion protein had a larger
fold increase in biologically active IL-2, this fusion pro-
tein was used in subsequent experiments.

Prostate explants or extracts expressing human PSA
can cleave the IL-2/PSAcs/4 X linker/IL-2Ra fusion
protein and increase the biological activity of IL-2

To examine the cleavage of the fusion protein in the con-
text of prostate tissue that expresses a complex mixture of
proteases, we took advantage of TG mice that express

human PSA®® in prostate explants. Because conventional
mice do not express PSA or any close homologue of human
PSA, NTG mouse prostates served as a control for the
expression of a variety of other proteases produced in the
prostates that might cleave the fusion protein. The pros-
tates were removed from TG mice and their NTG counter-
parts and placed into culture medium containing the IL-2/
PSAcs/IL-2Ra fusion protein. At various times, samples
were removed and analysed biochemically for cleavage and
functionally for IL-2 activity. Supernatants from the
explant cultures were analysed for PSA expression using a
PSA-specific ELISA, which shows that the media from
explants from TG mice contained PSA whereas those from
NTG mice did not (Fig. 3a). These same explant culture
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Figure 3. Interleukin-2 (IL-2) bioactivity increases when IL-2/PSAcs/4 x linker/IL-2Ra fusion protein is cultured with explanted prostates or
homogenized prostate extracts. Prostates were removed from non-transgenic (NTG) or prostate-specific antigen (PSA) transgenic (TG) C57BL/6]
mice, cultured at 37° with fusion protein and aliquots of media containing fusion protein were removed at 1, 12, 24, 48 hr for analysis. (a)
Detection of PSA in TG () or NTG (M) supernatant aliquots at 48 hr by ELISA. (b) Immunoblot analysis using an anti-IL-2 antibody of the
culture supernatants at the indicated time-points. Bars and numbers indicate molecular weight markers. The full length and the predicted cleav-
age products containing IL-2 are indicated by arrowheads. (c) IL-2 functional assay at 48 hr. Supernatant from cultures containing TG prostate
explants (O), NTG explants (e), media control (M). The same amount of culture supernatant was used for the CTLL-2 assay. (d) Analysis of PSA
by ELISA in homogenized prostate extracts from TG (O) and NTG (e) mice. The first well represents approximately 40 ng of NTG or TG
extract. (b) Immunoblot analysis using an anti-IL-2 antibody of the samples containing prostate extracts and the fusion protein at 0-5 or 6 hr at
37°. Bacterially derived non-glycosylated recombinant mouse IL-2 (10 ng) was used as a standard and has an approximate molecular weight of
18 500 MW. The band at approximately 37 000 MW in the control lane probably represents a dimer of IL-2. Medium-only control (M). Full-
length fusion protein and the predicted cleavage product containing IL-2 have been denoted by arrowheads. (f) IL-2 functional assay of fusion
proteins after incubation for 6 hr at 37° with prostate extracts. TG prostate extracts (O), NTG extracts (o) and media control (W). Equivalent
amounts of fusion protein were present in the PSA-treated and untreated samples used in the CTLL-2 assay.

supernatants were also analysed by immunoblot using the
anti-IL-2 monoclonal antibody JES6-1A12 and by func-
tional analysis using the IL-2-dependent cell line CTLL-2.
In Fig. 3(b), a lower apparent molecular weight band
of approximately 20 000 MW reactive with anti-IL-2
(cleaved) increased with time of culture in the TG explant
cultures, but not in the NTG cultures. These data suggest
that other proteases that might be expressed by prostate
cells did not cleave the IL-2/PSAcs/IL-2Ro fusion protein
effectively but that human PSA derived from the prostate
cells in the TG mouse could cleave the fusion protein.
These same supernatants were also analysed for functional
IL-2 activity (Fig. 3c). The amount of biologically active
IL-2 was approximately eightfold higher in the TG explant
cultures compared with the NTG cultures. This experiment
has been repeated three times with the degree of enhance-
ment of IL-2 activity ranging from fivefold to tenfold. As
an additional, and perhaps more stringent, test of specific
cleavage of the fusion protein by PSA but not by other pro-

teases found in the prostate, we made extracts of prostates
from PSA TG and NTG mice, and examined the ability of
these extracts to cleave the fusion protein in the absence of
any protease inhibitors that might be found in fetal calf
serum. As shown in Fig. 3(d), the TG prostate extracts con-
tain large amounts of PSA in comparison to the NTG
extracts. As can be seen in the immunoblot analysis in
Fig. 3(e), the extracts from the PSA TG mice effectively
cleaved the fusion protein, whereas the NTG extracts did
not. Importantly, there was an increase in the functional
activity of the IL-2 assessed by the CTLL-2 assay after incu-
bation with the PSA-containing TG extracts compared with
the NTG extracts (Fig. 3f).

Construction and analysis of human IL-2/PSAcs/
human scFv fusion proteins

The previous approach used a receptor as the inhibitory
component in the fusion protein. We also investigated
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the ability of a single-chain Fv antibody fragment (scFv) a non-IL-2-reactive scFv-expressing phage. We found that
to bind and inhibit IL-2. This strategy examines the this same anti-IL-2 neutralizing monoclonal antibody did
importance of specific binding in the protease-activated not block the binding of this non-IL-2-reactive phscFv to
cytokine approach by using a totally different binding its cognate antigen (designated SGPP), thereby illustrating
component. The use of an scFv also has some potential that the antibody blocking we observed was indeed specific
theoretical advantages as we delineate in the discussion. for human IL-2 (Fig. 4b). The antibody variable regions of
The scFv constructs we developed are outlined schemati- scFv-2 were sub-cloned and used to create the fusion pro-
cally in Fig. 4(a). Here we were able to take advantage of teins outlined in Fig. 4(a), which were then expressed in
an scFv phage display library previously constructed using insect cells via recombinant baculoviruses as described in
human VH and VL gene segments.”>*> As this phage dis- the Materials and methods. Analogous to the IL-2Ro chain
play library expressed human scFv, we used it to identify constructs, we made the scFv-2 fusion proteins with 2 X
phages (phscFv) that bound human IL-2 (M. Sullivan, and 4 X linker lengths. As preliminary experiments sug-
unpublished data) so that the components of the fusion gested the fusion protein with the 2 X and 4 x linker
protein constructed would all be derived from one species. length were similar in terms of their expression and their
From the small panel of phscFv that bound human IL-2 ability to be cleaved (data not shown), for subsequent
in a modified ELISA, we chose a phage (scFv-2) whose experiments we focused on the fusion protein containing
binding to IL-2 could be inhibited by a neutralizing anti- the scFv-2 with the 2 X linker length. As can be seen in
IL-2 antibody (Fig. 4b); the rationale for this choice was Fig. 4c using the human IL-2/PSAcs/human scFv-2 with
that the scFv-2 might also recognize a neutralizing epi- the 2 X linker fusion protein, a lower-molecular-weight
tope. The anti-IL-2 antibody blocked the binding of the fragment of approximately 20 000 MW reactive with an
scFv-2 phage by approximately 70%. As a control, we used anti-IL-2 antibody resulted after cleavage with purified
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Figure 4. Characterization and analyses of human IL-2/PSAcs/scFv fusion proteins. (a) Schematic diagram of human IL-2/PSAcs/scFv fusion pro-
teins containing human interleukin-2 (IL-2) fused to the prostate-specific antigen cleavage sequence (PSAcs), a (GGGGS), or (GGGGS), linker
unit followed by VL and VH fragments of an antibody tethered together by a linker (scFv) and a 6 X His carboxyl tag. (b) A modified ELISA
using scFv phage was performed and a phage clone expressing scFv (phscFv) that binds human IL-2 (scFv-2) was screened for the ability to be
inhibited by the anti-human IL-2 neutralizing antibody (MQI1-17H12). Black columns indicate recombinant Plasmodium falciparum protein
(SGPP) coating antigen, white columns indicate human IL-2 as the coating antigen. A phage which bound SGPP served as a control and this
binding was not inhibited by the anti-human IL-2 neutralizing antibody whereas the phage clone scFv-2 could be partially blocked by the anti-
body. (c) Anti-human IL-2 immunoblot analysis of fusion protein treated with purified PSA or with control PSA buffer treatment. Bars and
numbers indicate molecular weight markers. Full-length fusion protein (FP) and the predicted cleavage product containing IL-2 have been
denoted with arrowheads. Media negative control (M). Bacterially derived non-glycosylated recombinant human IL-2 (50 ng) was used as a stan-
dard and has an approximate molecular weight of 15 500. The fusion protein IL-2 was derived from insect cells and may be post-translationally
modified accounting for its slightly higher molecular weight. (d) IL-2 functional assay on fusion protein. Treatment with PSA (O), control buffer
(e) or media control (A). Equal amounts of fusion protein were used in the CTLL-2 assay.
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PSA. We also used the IL-2-dependent cell line CTLL-2
and the MTT assay to assess the biological effect of PSA
cleavage on the same samples. Samples were incubated
with or without purified PSA and assessed for functional
activity. The cleavage of the scFv-2 fusion protein with
PSA resulted in an increase in biologically active IL-2
(Fig. 4d).

Alteration of the protease cleavage site: use of an
MMP cleavage sequence

To extend the potential utility of the fusion protein
approach, we have also investigated whether the concept
of activating cytokines by proteases might be applied to
other proteases. For this purpose we have substituted an
MMP cleavage site that can be cleaved by MMP2 and
MMP9 (*” and our unpublished data) in place of the PSA
cleavage site used in the IL-2/PSAcs/IL-2Ro fusion pro-
tein. This construct encoding the MMP cleavage sequence
was expressed using the baculovirus system in insect cells
and the resulting fusion protein was tested for its ability
to be cleaved using MMP9 and MMP2 and analysed by
immunoblot analyses. As can be seen in Fig. 5(a,c), the
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fusion protein can be cleaved by MMP2 or by MMPO9.
After incubation with the proteases, a product with low
apparent molecular weight of approximately 20 000 MW
reactive with an anti-IL-2 antibody resulted, consistent
with the release of IL-2 from the fusion protein. Fig-
ure 5(b,d) compares the functional activity of the fusion
protein before and after cleavage with MMP2 or MMP9
and illustrates that the functional level of IL-2 assessed by
CTLL-2 is increased after cleavage. Taken together, these
data support the concept that the specific inhibitory moi-
ety can markedly inhibit the functional activity of the
cytokine in the intact fusion protein, but the cytokine
activity increases upon protease cleavage.

In vivo delivery of a protease activated fusion protein
results in decreased tumour growth

We next examined whether a fusion protein could have
biological effects in vivo. For these experiments, we used a
system developed previously, in which tumour cells
injected intraperitoneally rapidly and preferentially attach
and grow initially on the milky spots, a series of orga-
nized immune aggregates found on the omentum.”® This
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Figure 5. Evaluation of mouse IL-2/MMPcs/4 x linker/IL-2Ra + 6 x His fusion proteins digested with matrix metalloproteinase 2 (MMP2) or
MMP9. The fusion protein containing the MMP cleavage sequence was incubated with either MMP9 or MMP2 or buffer treated and the result-
ing material was tested by Western blotting analysis and for activity using the CTLL-2 assay. (a) Immunoblot analyses of the fusion protein
digested with MMP2 using an anti-interleukin-2 (IL-2) antibody. Bars and numbers indicate molecular weight markers. The full length and the
predicted cleavage product containing IL-2 are indicated by arrowheads. Media control (M). (b) Fusion protein digests were run in the CTLL-2
assay using equal amounts of fusion protein for the MMP2 treated or untreated fusion protein. Fusion protein plus MMP2 (O), fusion protein
no treatment (e), media control (A). (¢) Immunoblot analyses of the fusion protein digested with MMP9 using anti-IL-2 antibody. Bars and
numbers indicate molecular weight markers. The full length and the predicted cleavage product containing IL-2 are indicated by arrowheads.
Note that the + and — MMP9 digests were run in the same gel and exposed for the same amount of time but some intervening lanes were
removed. (d) Fusion protein digests were run in the CTLL-2 assay using equal amounts of fusion protein for the MMP9 treated or untreated
fusion protein. Fusion protein plus MMP9 (O), fusion protein no teatment (e), media control (A). Note: in some cases error bars are not visible
in CTLL-2 assay because of the size of symbols.
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Figure 6. Fusion protein treatment reduces Colon 38 tumour growth in vivo. (a) In vitro expression of matrix metalloproteinase 2 (MMP2) and
MMP9 using the Colon 38 tumour cell line. Immunoblot analyses of in vitro grown Colon 38 supernatants using the indicated antibodies.
(b) In vivo expression of MMP2 and MMP9 from omental lysates with and without Colon 38 tumour present. Lanes 1 and 2 were probed with
the anti-MMP2 antibody. Lane 1 contains omental lysate from an untreated mouse with no tumour. Lane 2 contains lysate from an omentum
that had Colon 38 grown in vivo. Lanes 3 and 4 are replicates of lanes 1 and 2 except they were probed with an anti-MMP9 antibody. Dashes
and numbers indicate apparent molecular weights. Note lower molecular weight bands probably represent cleavage products. (c) Gating scheme
and representative flow analyses used to identify tumour cells (high forward scatter, CD45 negative) growing in vivo on the omentum. Reconsti-
tution experiments in which tumour cells were added to omental cells were used to establish the tumour gate, which is indicated by the box. Bot-
tom panels are examples of flow analyses of omenta from mice which received tumour and MMP fusion protein treatment (panel I: tumour
+FP), mice which had received tumour but no treatment with MMP fusion protein (panel II: tumour No FP), or mice which received neither
tumour nor fusion protein (panel III: no tumour, No FP). (d) Compiled analyses of tumour cells detected on the omentum by flow cytometry.
Each symbol represents an individual mouse. Different symbols indicate mice from three experiments. The P-value between the indicated groups
was calculated using the Kruskal-Wallis test. (e) Viable tumour cells were determined by colony-forming assay. Symbols indicate individual mice.

P-value was calculated using the Mann—Whitney U-test.

system offers a convenient way to examine the effects of
fusion protein treatment on tumour growth because
fusion protein can be delivered intraperitoneally multiple
times and tumour growth can be analysed by examining
the dissociated omental cells. For these experiments we
used the Colon 38 cell line, a rapidly growing tumour cell
line that expresses both MMP2 and MMP9 in vitro
(Fig. 6a). The omental tissue normally expresses a rela-
tively small amount of MMP2 and MMP9 but when
Colon 38 tumour is present on the omentum, MMP lev-
els increase (Fig. 6b). Using this tumour model, we exam-
ined the ability of the IL-2/MMPcs/IL-2Ro: fusion protein
to affect tumour growth. Colon 38 cells were injected
intraperitoneally, allowed to attach and grow for 1 day,
and then treated daily with fusion protein intraperitone-
ally. At day 7 the animals were killed and the omenta
were examined for tumour growth using flow cytometry
and by a colony-forming assay (Fig. 6c—e). Figure 6(c)

illustrates the gating scheme employed to analyse the
tumour population present on the omentum by flow
cytometry and panels I, IT and III represent plots of single
mice from each of the three test groups studied. Fig-
ure 6(d) illustrates the compiled flow cytometry data
obtained from the individual mice.

We found that treatment with the fusion protein can
reduce tumour growth in vivo. In the mice that received
tumour and fusion protein treatment (group I), there was a
significant decrease (P < 0-01) in the percentage of tumour
cells detected on the omenta compared with the mice,
which were inoculated with tumour but not treated with
fusion protein (group II Fig. 6d). As expected, there was a
substantial fraction of cells in the tumour gate in mice that
received tumour but were not treated with fusion protein
(Fig. 6¢ panel II) and a very low fraction of cells in the
tumour gate of mice that did not receive tumour (Fig. 6¢
panel III). Similar results were obtained when the presence
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of tumour cells was assessed using a colony-forming assay”>
in which cells isolated from the omentum were tested for
their ability to form colonies in vitro. These compiled data
are shown in Fig. 6(e). Again, a significant difference was
observed (P = 0-0119) between the fusion-protein-treated
mice and the vehicle-treated mice in the number of viable
tumour cells present on the omenta. Hence, in both the
flow cytometry and the colony-forming assays there was a
clear decrease in the tumour burden with fusion protein
treatment although it should be noted that the decrease was
not evident in all the treated animals. Taken together these
data illustrate that the fusion protein can affect tumour
growth in vivo.

Discussion

The current work illustrates the feasibility of using prote-
ases to activate cytokines in the context of novel fusion
proteins. We demonstrated the protease-activated cyto-
kine approach with mouse and human IL-2 and two spe-
cific binding components, the IL-2Raz and an inhibitory
scFv. The specific binding component appears important
in this strategy as both of the fusion proteins with the
specific binding moieties (IL-2 Ro or the scFv) showed
enhancement of IL-2 activity comparing the cleaved with
the uncleaved fusion proteins (Figs 2 and 4). In contrast,
an approach that relied solely on steric hindrance using
IL-2 and Mipla resulted in a slight decrease in IL-2 activ-
ity after protease cleavage, supporting the importance of
specific binding (data not shown). Moreover, we could
also show that the biological activity of IL-2 is attenuated
> 50-fold in the intact fusion protein (IL-2/MMPcs/IL-
2Ra fusion protein) when comparing the cleaved and
uncleaved fusion proteins. We further show that the pro-
tease-activated cytokine can function with different prote-
ase cleavage sites in a cassette fashion. We successfully
used cleavage sites tailored for different proteases, includ-
ing PSA, MMP9 and MMP2, in the context of an IL-2/
IL-2Ro fusion protein. These proteases are relevant to
tumour immunotherapy as the MMP family of proteases
plays an important role in the development of a variety
193940 and because tumour cells, as well as
host cells such as activated macrophages, can contribute
to over-expression of MMPs at the tumour site.* ™ The
prostate-expressed protease PSA is also potentially useful
for the protease-activated cytokine approach. It is pro-
duced almost exclusively by prostate epithelial cells, and
the cancers that arise from them. Whereas PSA can be
found in serum, its expression is typically low even in
cancer patients (ng/ml range) and it can complex with
serum protease inhibitors.** The prostate is typically

of tumours

removed or ablated as part of the treatment for prostate
cancer,” but metatstatic prostate cancer cells often con-
tinue to express PSA and so could be targets for a PSA-
activated fusion protein.

Protease-activated cytokines

Our finding that cleavage of the fusion protein results
in increased biological activity might initially be surpris-
ing because the IL-2 could remain bound to the alpha
chain or the scFv after cleavage. Moreover, even if disso-
ciated, the inhibitory component could potentially rebind
free IL-2. Indeed, others have speculated that IL-2 recep-
tor alpha chain shed by cells such as activated T cells may
have a regulatory role in dampening the immune
response.*® However, there is probably competition for
the free IL-2 derived from the fusion protein by cellular
IL-2 receptors. In this light, it is useful to consider that
the alpha chain used in the fusion protein has a Ky of
approximately 10 nm.*” In contrast, the fy IL-2 receptor
on resting NK cells and memory phenotype T cells has a
Ky of approximately 1 nm whereas activated T cells
express the affy receptor, which has a Ky of approximately
10 pM (approximately 1000-fold lower than the isolated
alpha chain). These differences should favour the binding
of the IL-2 to cellular receptors. Consistent with this idea,
we found that the CTLL-2 cell line, an IL-2-dependent
T-cell line which expresses high levels of the alpha chain
characteristic of the high-affinity receptor (offy) on acti-
vated T cells, can compete for the IL-2 released after
cleavage of the fusion protein as seen in Figs 2-5.

Given the attenuated bioactivity of the intact fusion
protein in vitro, an important issue is whether the fusion
proteins would have any biological activity in vivo. We
examined the activity of a fusion protein on tumour
growth on the omentum,’*® a common site of intraperi-
toneal tumour growth and metastases. This model system
has a number of features that make it attractive for the
initial testing of the protease-activated cytokine strategy.
The peritoneal cavity, particularly in the context of grow-
ing tumours, contains a number of immunosuppressive
cells and factors often found at other tumour sites. How-
ever, there are also a variety of leucocytes in the perito-
neal fluid as well as a number of immune aggregates or
milky spots on the omentum, which function in many
respects like lymph nodes. The milky spots are particu-
larly intriguing because they contain organized collagen
structures that appear to aid in tumour cell attachment
and they are also highly vascular and pro-angiogenic,
which promotes tumour cell growth.’**® However, they
also contain many immune effectors including macro-
phages, B cells, T cells and NK cells that in principle
could be activated in an anti-tumour response
(*® reviewed in ref. 32). Despite these immune cells,
tumours typically grow rapidly on the milky spots.”®*>>
Tumours growing on the omentum express high levels of
MMPs as a result of their intrinsic production as well as
contributions by host cells including macrophages. Hence,
this experimental model of tumour metastases has a
number of technical and conceptual features that make it
amenable for testing the protease-activated cytokine strat-
egy. We showed that the fusion protein significantly

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 133, 206-220 217



J. Puskas et al.

reduced tumour growth on the omentum (Fig. 6) illus-
trating that it can have biological activity in vivo. Future
studies are needed to determine the immune cells
involved in the anti-tumour response as well as a variety
of pharmacokinetic parameters including the maximum
tolerated dose, optimal dosing regimen and potential
immunogenicity. However, because the fusion protein is
composed of IL-2, it is likely that it will function in
many, although perhaps not all, respects like free IL-2,
and activate NK and T cells. It remains to be determined
how the fusion protein compares with free IL-2 in terms
of efficacy. However, it is likely that a major improve-
ment would be its lower off-site toxicity given its attenua-
tion. Interestingly, we were able to show that a fusion
protein can decrease the tumour burden in some,
although not all mice. These data are consistent with pre-
vious studies in clinical treatment of tumours found in
the peritoneum showing the benefit of the IL-2 but also
heterogeneity in the effects of treatment.”® The reason for
this heterogeneity is not known, although it might reflect
differences in the relative balance of effector cells and reg-
ulatory T cells.”

There is a great deal of interest in manipulating the
immune response at specific sites exploiting the biologi-
cal activity of cytokines. One innovative approach takes
advantage of monoclonal antibodies to tumour-associ-
ated antigens (e.g. anti-HER-2/neu or anti-ganglioside
GD2) that may have anti-tumour activities themselves,
and genetically fuses them to cytokines (e.g. IL-2 or
IL-12), which are then expressed and infused in vivo.”> >
Although the antibody fused to the cytokine diffuses
throughout the recipient, it eventually accumulates at the
tumour site as a result of antibody binding and retention
so the cytokine concentration increases at tumour sites.
This approach differs fundamentally from the one
presented in the current work. In the current study the
antibody does not bind the tumour but rather serves to
inhibit the cytokine. The cytokine in the anti-tumour-
associated antigen—antibody fusion is constitutively active
and so may have unwanted effects. In contrast, in the
approach demonstrated here, the cytokine activity is
attenuated because of the specific binding component and
increases only when activated by proteases. Another inter-
esting strategy employs the latency-associated protein
(LAP) of transforming growth factor-f (TGF-f) that is
genetically fused to interferon-f (IEN-f) via a cleavable
linker recognized by an MMP such that the IFN-f
becomes more active when the linker is cleaved. In this
method, unlike the specific inhibition presented here, the
LAP protein sterically shields the IFN-f from its receptor.
This approach has been used to down-regulate inflamma-
tory responses in a mouse model of arthritis.”®

A variety of cytokines have been tested for their abil-
ity to act as adjuvants in the context of anti-tumour
responses. Interestingly, while some studies found that

immunization with irradiated or mitomycin-treated
transfected tumour cells expressing IL-2 can aid in initi-
ating anti-tumour responses,”>® other studies showed
more modest effects.” In contrast, viable tumour cells
expressing even relatively low amounts of IL-2 within
the tumour microenvironment can have dramatic
immune effects and even result in tumour rejec-
tion.'”?®1 It is therefore likely that IL-2 produced by
transfected growing tumours at the tumour site is largely
acting locally, probably by enhancing T-cell and NK cell
responses at the tumour site.°*™*> The protease-activated
cytokine fusion is similarly designed so that cytokines
become biologically available at the site of tumours,
which in turn should also enhance the T cells or NK
cells present. These effectors could arise naturally as the
tumours develop, such as the T cells seen in many mela-
noma patients,”*>** or from intentional immunization
with tumour-associated antigens,”™* or could even be T
cells that have been expanded and even genetically mod-
ified in vitro and adoptively transferred.®>*® Hence,
although we have shown effects of the fusion protein as
a single agent, probably enhancing innate responses and
the endogenous T-cell response, we hypothesize that the
fusion protein would be even more effective in conjunc-
tion with immunization schemes. In this context there
are a wide variety of innovative approaches for initiating
anti-tumour cellular immune responses that show sub-
stantial promise (reviewed in refs 1 and 67) as well as
recent clinical successes in patients with prostate can-
cer. 6569

The data presented here represent the first ‘proof of
principle’ of the protease-activated cytokine approach
using specific inhibition. Importantly, the tethered cyto-
kine strategy using specific inhibition is a platform tech-
nology that could be employed with different
immunomodulatory agents to either promote (e.g. IL-
12) or inhibit (IFN-f or IL-10) cellular immune
responses. This would be particularly useful for cyto-
kines that have potent anti-tumour effects like IL-12 but
systemic side-effects limit their usefulness when given
systemically.""”® The scFv format is particularly flexible
in this regard. An scFv could be developed against
almost any target molecule given the extremely large
antibody repertoire in the scFv library and could be
made against immunomodulators such as chemokines
where the receptor approach is not easily implemented.
It is also important to consider that the cytokine envi-
ronment in the tumour would probably be affected in a
cascade fashion as the infiltrating cells change. As a
result, it may be possible to alter the balance of cyto-
kines from the generally suppressive environment of the
tumour, rich in a variety of immunosuppressive factors,
enzymes and cells,"”"7* to one that is conducive to an
ongoing immune response leading to the eradication of
tumours.
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