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Like many effective therapeutics, interleukin-12 (IL-12)
therapy often causes side effects. Tumor targeted deliv-
ery may improve the efficacy and decrease the toxic-
ity of systemic IL-12 treatments. In this study, a novel
targeting approach was investigated. A secreted alkaline
phosphatase (SEAP) reporter gene-based screening pro-
cess was used to identify a mini-peptide which can be
produced in vivo to target gene products to tumors. The
coding region for the best peptide was inserted into an
IL-12 gene to determine the antitumor efficacy. Affinity
chromatography, mass spectrometry analysis, and bind-
ing studies were used to identify a receptor for this pep-
tide. We discovered that the linear peptide VNTANST
increased the tumor accumulation of the reporter gene
products in five independent tumor models including
one human xenogeneic model. The product from VNT-
ANST-IL-12 fusion gene therapy increased accumulation
of IL-12 in the tumor environment, and in three tumor
models, VNTANST-IL-12 gene therapy inhibited distal
tumor growth. In a spontaneous lung metastasis model,
inhibition of metastatic tumor growth was improved
compared to wild-type IL-12 gene therapy, and in a
squamous cell carcinoma model, toxic liver lesions were
reduced. The receptor for VNTANST was identified as
vimentin. These results show the promise of using VNT-
ANST to improve IL-12 treatments.
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INTRODUCTION

Interleukin-12 (IL-12), discovered by Giorgio Trinchieri in 1989,
bridges the innate and adaptive immune responses by inducing
interferon-y (IFN-7y) production primarily from natural killer and
T cells. Cancer therapy with IL-12 exploits its natural immune
functions to polarize T cells to the T,1 phenotype, boost effec-
tor T cells, downregulate angiogenesis, remodel the extracellular
matrix, and alter the levels of immune suppressive cytokines.? Due
to these activities, IL-12 is one of the most promising cytokines for
immunomodulatory cancer therapy.

The initial clinical trials with IL-12 resulted in grave toxici-
ties including deaths, which severely downgraded the reputation
and potential application of this effective cytokine. In reality, most
anticancer drugs or biological modalities are associated with sys-
temic toxicity. It is imperative to solve this problem to effectively
and safely treat the extremely high number of cancer patients.?

A popular strategy for sequestering the effects of cytokine
therapies in the tumor environment is targeting cellular markers
that are upregulated exclusively in the tumor cells or the tumor
microenvironment. Indeed, conjugating IL-12 to tumor-specific
antibodies, such as L19° and HER2,* and tumor vasculature-
specific peptides, such as RGD® and CNGRC,* improves the effi-
cacy of treatments; however, the necessarily high frequency of
administrations of recombinant cytokines increases the immuno-
genicity, toxicity, and cost of treatments. A gene therapy approach
would reduce these limitations.

Intratumoral IL-12 gene therapy is able to eradicate 40% of
tumors in an SCCVII model while systemic delivery via intra-
muscular administration fails to eradicate any tumors;” however,
direct injection into tumor sites is rarely available noninvasively
or postsurgically. Several methods have been developed to target
the IL-12 effect to the tumor after systemic delivery. For example,
modifying viral vectors with tissue-specific gene promoters such
as the CALC-I promoter,® capsid-expressed tumor-specific pep-
tides,” and polyethylene glycol or other nanoparticles'®! increases
tumor-specific expression and decreases systemic expression;
however, the fenestrated vasculature of the tumor environment
allows for the gene products to leak out of the tumor environment
leading to systemic toxicities.'? Therefore, a gene product that can
interact with and remain in the tumor environment will increase
the level of therapeutic efficacy and decrease systemic toxicity.

To this end, we used an in vivo reporter gene-mediated
screening strategy'” to identify a new tumor-targeting peptide,
VNTANST." A DNA fragment encoding VNTANST was inserted
directly before the stop codon of the IL-12 encoding sequence in
plasmid DNA. Transfection of this plasmid DNA via intramuscu-
lar (i.m.) electroporation into muscle tissue distal from the tumor
site inhibited tumor growth and extended survival in multiple
tumor models and two mouse strains and reduced lung metastasis
in a spontaneous metastatic model. Due to this broad targeting
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nature and to simplify the description, the peptide VNTANST
was renamed the Comprehensive Carcinoma Homing Peptide
(CHP). Also, we discovered the receptor for CHP to be vimentin,
which is upregulated in several tumor types. Vimentin experessin
in tumors is associated with the epithelial-to-mesenchymal tran-
sition and increased malignancy and metastasis in tumors."*™*
Lastly, this gene product-targeted approach minimized the risk of
IL-12-induced toxicity.

RESULTS

CHP increases accumulation of the fusion reporter
gene product and biotin-CHP conjugate into tumors
Several fusion gene constructs were cloned by inserting peptide-
encoding DNA sequences directly prior to the stop codon in a
secreted alkaline phosphatase (SEAP) reporter plasmid DNA
(Figure 1a).” These peptide-SEAP fusion gene constructs were
delivered via i.m. electroporation of the anterior tibialis muscles
in mice bearing tumors located 1 cm craniodorsal of the tail. After
72 hours, tumors and serum were collected and analyzed for
SEAP distribution. It has been shown that inserting peptides into
the SEAP plasmid can alter SEAP activity but not protein produc-
tion.”* To compensate for the altered SEAP activity, we used the
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ratio of the SEAP activity between tumors and serum (T/S SEAP).
The uncorrected values for the tumor and serum SEAP activities
are shown in Supplementary Figure S1.

CHP, a linear peptide, repeatedly increased the T/S SEAP levels
in several tumor models compared to wtSEAP. In Balb/c mice bear-
ing colon carcinomas (CT26), CHP showed the greatest increase
in T/S SEAP (orange; Figure 1b). To identify the peptides with
potential for targeting multiple tumor models, some of these pep-
tides were also tested in other models. In two squamous cell carci-
noma models (SCCVII and AT84) in C3H mice, five and sevenfold
increases in T/S SEAP were seen, respectively, for CHP-SEAP (red
and blue, respectively; Figure 1b). In a breast adenocarcinoma
model (4T1) in Balb/c mice, T/S SEAP was increased 15-fold for
CHP-SEAP compared to wtSEAP (green; Figure 1b). Importantly,
the gene product targeting property of CHP was also confirmed in
a xenogeneic human breast cancer model (MCF7) with a fourfold
increase in T/S SEAP (purple; Figure 1b), which suggests that this
peptide has potential application for human tumors.

In addition to the quantitative T/S SEAP data above, we were
interested in visualizing the CHP distribution in the tumors and
throughout the body. To easily detect the localization of this
targeted peptide, synthetic CHP-biotin conjugate or a control-
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Figure T Accumulation of peptide-SEAP reporter gene products and CHP-biotin in tumors. (a) The peptide-SEAP constructs with insertion of the
peptide-coding sequence directly before the stop codon (blue arrow). (b) T/S SEAP levels 72 hours after intramuscular EP of peptide-SEAP plasmid
DNA in syngeneic CT26 (orange, n = 3), SCCVII (red, n = 4), AT84 (blue, n = 4), and 4T1 (green, n = 4) tumor-bearing mice as well as xenogeneic
MCF7 tumor-bearing mice (purple, n = 4). Columns represent the ratio of the control-normalized SEAP/protein (pg/mg) in tumor to SEAP (pg/ml) in
the serum and error bars represent SEM (*P < 0.05 compared to wtSEAP). (c,d) DAB staining of tumor tissues from CHP-biotin and control-peptide-
biotin treated mice counterstained with either hematoxylin (blue) or eosin (pink). The bottom images are larger versions of the areas within the white
squares. Bar = 100 um in the top panels and bar = 200 um in the bottom panels. CHP, carcinoma homing peptide; CMV, cytomegalovirus promoter;

EP, electroporation; IVS, intron; pA, bovine growth hormone polyadenylation signal; SEAP, secreted alkaline phosphatase-coding sequence; STOP,
stop codon.
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peptide-biotin conjugate (control-biotin) were injected into the
tail vein of SCCVII tumor-bearing C3H mice. CHP preferentially
accumulated deep into the tumor environment, and, as seen in
slides counterstained with either hematoxylin (Figure lc, top
and bottom left) or eosin (Figure 1c, top and bottom right), the
CHP-biotin localized in the tumor tissue (19.6 + 1.3 positive per
field, n = 5 fields). In contrast, control-biotin was unable to pen-
etrate deep into the tumor tissues (1.8 + 0.37 positive per field,
n =5 fields, P < 0.0001 compared to CHP-biotin) (Figure 1d).
Negligible levels of biotin were accumulated in the hearts, lungs,
livers, and kidneys of mice treated with either CHP- or control-
biotin; however, similar levels of CHP-biotin and control-biotin
were detected in the spleens (Supplementary Figure S2), most
likely due to nonspecific uptake by the efficient mononuclear
phagocytes bounding splenic red pulp sinuses.

CHP-IL-12 gene product maintains targeting

and biological functions

Peptide-IL-12 fusion gene constructs were generated by inserting
the peptide-coding sequences directly before the stop codon of the
p40 subunit in an IL-12 plasmid DNA (Figure 2a).?* CHP-IL-12,
CDGRC-IL-12, wild-type IL-12 (wtIL-12), or empty vector plas-
mid DNA were transfected into 4T1 cells. After 24 hours, equiva-
lent levels, ~175 pg/yl, of the IL-12p70 heterodimer were detected
in the medium of all three IL-12 gene plasmid DNA-transfected
cells, and negligible IL-12p70 was detected in the control wells
(Figure 2b). Transferring the IL-12 containing medium to spleno-
cytes induced similar levels of IFN-v, a hallmark of IL-12 function
(Figure 2c) indicating that these fusion IL-12 proteins possess the
same biological function as wtIL-12.

The distribution of CHP-IL-12 in the tumor, kidney, liver, and
serum was determined via IL-12p70 enzyme-linked immuno-
sorbent assay 72 hours after treating CT26 tumor-bearing IL-12
knockout Balb/c (IL-127-) mice with the CHP-IL-12 and wtIL-
12 plasmid DNA. The CHP-IL-12 protein localized in the tumor
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environment as seen by the fourfold increase in T/S IL-12 ratio
compared to wtIL-12 (orange, Figure 2d). Likewise, CHP-IL-12
increased the tumor/kidney, tumor/liver, and tumor/spleen IL-12
ratios compared to wtIL-12 (green, blue, and red, respectively;
Figure 2d). Therefore, a single copy of the CHP peptide is capable of
targeting each IL-12 molecule to the tumor microenvironment.

CHP-IL-12 fusion gene therapy increases

inhibition of primary and metastatic tumor

growth and extends survival

Balb/c mice bearing 4T1 or CT26 tumors and C3H mice bearing
SCCVII tumors were treated via i.m. electroporation with empty
(control), wtIL-12, and CHP-IL-12 (CHP-IL-12) fusion gene
plasmid DNA. The treatments were repeated 10 days later. In the
highly aggressive syngeneic 4T1 model, CHP-IL-12 gene therapy,
compared to wtIL-12 gene therapy, significantly inhibited tumor
growth (P < 0.05 at day 30 and P < 0.001 from day 33 until day
42), while both wtIL-12 and CHP-IL-12 treated tumors were less
voluminous than control DNA treated mice (Figure 3a). Likewise,
CHP-IL-12 treatments extend survival further than wtIL-12 and
control (P < 0.05 compared to wtIL-12 plasmid DNA and P < 0.001
compared to control plasmid DNA; Figure 3¢). In the same tumor
model and treatment regimen, CHP-IL-12 gene therapy reduced
by half the number of spontaneous metastatic nodules in the lungs
compared to wtIL-12 (P < 0.05 compared to wtIL-12 plasmid DNA;
Figure 3b). Similarly, in the SCCVII model CHP-IL-12 improves
tumor growth inhibition compared to wtIL-12 (P < 0.05 on days 17
and 20; Figure 3d) and extends survival of mice compared to both
control and wtIL-12 (P < 0.05; Figure 3e).

In a third syngeneic model, CT26, CHP-IL-12 treatments
inhibit tumor volumes starting only a few days after one treatment
(P <0.05 compared to wtIL-12 plasmid DNA on day 25 and control
plasmid DNA on days 19 through 25), and tumors begin to regress
after the second treatment (Figure 3f). After day 25, tumors in
both wtIL-12 and CHP-IL-12 treated mice began to be eradicated.
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Figure 2 Biological activity and targeting ability of peptide-IL-12 fusion gene products. (a) The peptide-IL-12 constructs with insertion of the
peptide-coding sequence directly before the stop codon in the p40 coding region (blue arrow). (b) Expression of interleukin-12 (IL-12) after in vitro
transfection of 4T1 cells with control, wtlL-12, and peptide-IL-12 (n = 3) and (b) induction of interferon-y (IFN-y) from splenocytes after transfer of
condition medium containing control, wild-type IL-12 (wtIL-12), or peptide-IL-12 gene products. (d) IL-12 accumulation in tumor-bearing IL-12-/-
mice treated with carcinoma homing peptide (CHP)-IL-12 or wtIL-12 determined via an IL-12p70 enzyme-linked immunosorbent assay. Columns rep-
resent the wtlL-12-normalized level of IL-12/protein (pg/mg) in tumor per IL-12/protein (pg/mg) in kidneys (green), livers (blue), and spleens (red)
and IL-12 pg/ml serum (orange, n = 4). Error bars represent SEM (*P < 0.05 compared to all groups). CMV, cytomegalovirus promoter; IVS, intron;
pA, bovine growth hormone polyadenylation signal; SEAP, secreted alkaline phosphatase-coding sequence; STOP, stop codon.
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Figure 3 Inhibition or regression of primary tumor growth, decrease in metastatic tumor incidence, and increase in survival time by systemic
delivery of CHP-IL-12 plasmid DNA. (a) Tumor growth following treatments with CHP-IL-12, wild-type IL-12 (wtIL-12), and control plasmid DNA in
4T1 tumor-bearing balb/c mice (n=5; *P < 0.05 at day 30 and P < 0.001 from day 33 until day 42 compared to wtlL-12 plasmid DNA and P < 0.01
at day 21 and P < 0.001 from day 24 to day 33 compared to control plasmid DNA). (b) Metastatic nodules in the lungs of mice (n = 5) treated as
in (a) and killed 17 days after the second treatment (*P < 0.05 compared to wtlL-12 plasmid DNA; #P < 0.001 compared to control plasmid DNA).
(c) Kaplan-Meier survival analysis of the same mice treated in (a) (*P < 0.05 compared to wtlL-12 plasmid DNA; #P < 0.001 compared to control
plasmid DNA). (d) Tumor growth following treatments as in a in SCCVII tumor-bearing C3H mice (n=5; *P < 0.05 on days 17 and 20 compared to
wtlL-12 plasmid DNA and control plasmid DNA). (e) Kaplan—Meier survival analysis of the same mice treated in (d) (*P < 0.05 compared to wtlL-12
and control plasmid DNA). (f) Treatments as in a in CT26 tumor-bearing balb/c mice (n=5; *P < 0.05 compared to wtIL-12 plasmid DNA, n =4, on
day 25, and control plasmid DNA, n = 3, on days 19 through 25). Black arrows represent treatments, and error bars represent SEM. CHP, carcinoma

homing peptide; IL-12, interleukin-12.

By day 55, 100% of mice treated with CHP-IL-12 were tumor-free
while only 75% of wtIL-12 treated mice were tumor-free.

The CHP-IL-12 treatments increased the immune response to
the tumor cells. To understand the mechanism by which CHP-IL-12
boosts inhibition of tumor growth as compared to wtIL-12, both
cytotoxic T lymphocytes (CTL) activity and tumor microenviron-
ment immune cell profiling were analyzed. The rationale is that
intratumoral injection, associated with a high level of IL-12 in
tumors, boosted antitumor immune responses as compared to i.m.
injection of IL-12 plasmid DNA, which is associated with a very
low level of IL-12 in tumors.” Treatment with CHP-IL-12 increased
the number of the tumor-infiltrating mature dendritic cells in the
tumor environment as determined by fluorescence-activated cell
sorting for CD11ct/CD80" expression (Figure 4a). Tumors from
wtIL-12 treated mice contained 76.9% mature dendritic cells, an
increase from 73.7% in control treated mice. This population in
CHP-IL-12 treated mice was even higher at 82.3% (Figure 4a). In
agreement with this increase in mature dendritic cells in tumors,
tumor-specific CTL activity was increased with CHP-IL-12 treated
mice compared to wtIL-12 treated mice (Figure 4b). Furthermore,
CHP-IL-12 treatments did not cause any further increase in serum
IFN-y levels, so these immune responses are not the result of
widespread IL-12 activity (Figure 4c). These results suggest that
CHP-IL-12 improves the antitumor immune response of effector
cells in the tumor microenvironment.

Molecular Therapy vol. 19 no. 8 aug. 2011

As with any treatment which includes the introduction of a
foreign substance, CHP has the potential of eliciting the produc-
tion of CHP-specific antibodies. To determine whether these anti-
bodies against the CHP-IL-12 gene product were being produced,
a sandwich enzyme-linked immunosorbent assay was developed
using wells coated with buffer only, a control peptide, or CHP
(capture “antibody”) and biotin conjugated goat anti-mouse
immunoglobulin G (detection antibody) with avidin-horseradish
peroxidase as the signal. There were no significant differences in
the levels of immunoglobulin G retained among serum samples
from EMT6 tumor-bearing mice treated with control, wtIL-12 or
CHP-IL-12 plasmid DNAs showing that CHP-IL-12 is not immu-
nogenic (Supplementary Figure S3, Supplementary Materials
and Methods).

CHP homes to vimentin expressed

in the tumor environment

CHP-biotin was used to isolate the CHP receptor from a pool of
cell-surface receptor proteins isolated from SCCVII cells. Mass
spectrometry of the isolated protein (Figure 5a, white arrow)
identified this protein as vimentin. To validate this receptor, CHP-
biotin was added to wells of a polystyrene plate that were coated
with coating buffer only, GST, or recombinant vimentin-GST.
Indeed, CHP interacts with vimentin as the vimentin-coated wells
retained a significantly higher level of horseradish peroxidase
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Figure 4 Increased antitumor immune response by CHP-IL-12 fusion
gene treatments. (a) Fluorescence-activated cell sorting analysis of
tumor-infiltrating cells isolated from SCCVII tumors from C3H mice
treated as described in Figure 5 collected 7 days after the second treat-
ment. The top right quadrant of the colored dot plot representation of
cells gated for CD11c™ represents activated dendritic cells (CD80"). (b)
Tumor-specific cytotoxic T lymphocytes (CTL) activity from wtIL-12 and
CHP-IL-12 fusion gene plasmid DNA treated mice bearing orthotopic
EMT6 tumors collected (*P <0.05). (c) Serum interferon-y (IFN-y) levels
from 4T1-tumor bearing Balb/c 3 days after treatments with CHP-IL-12,
wtlL-12, and control plasmid. Error bars represent SEM. CHP, carcinoma
homing peptide; IL-12, interleukin-12; wtlL-12, wild-type IL-12.

activity (Figure 5b). To confirm that the interaction of CHP and
vimentin did not inhibit the IL-12 activity, CHP-IL-12 and wtIL-
12 were transferred to separate wells coated with either vimentin
or bovine serum albumin (1:1 molar ratio of IL-12 and vimen-
tin), and then an hour later murine splenocytes were added to
the wells. Interestingly, the CHP-IL-12 bound to vimentin-coated
wells induced a small but significantly higher level of IFN-y than
both CHP-IL-12 and wtIL-12 in the bovine serum albumin-coated
wells (n = 3, P < 0.05, Supplementary Figure S4, Supplementary
Materials and Methods).

To determine the levels of vimentin expression in normal tis-
sues versus tumors, tissue lysates from an SCCVII tumor, heart,
lung, liver, kidney, spleen, and serum from a C3H mouse were
probed for vimentin expression via western blot analysis. Very low
levels of vimentin were detected in the heart, liver, kidney, spleen,
and serum (Figure 5c¢, lanes 2 and 4 through 7) while high levels
of vimentin were detected in the tumor and lung (Figure 5c, lanes
1 and 3). Similarly, analysis of vimentin expression in SCCVII,
CT26,4T1,and B16F10 (melanoma cell line derived from C57Bl/6
mice) tumor cell lines and ex vivo tumor tissues shows that all
these tumor cell lines and their respective tumor models express
vimentin (Figure 5d), which explains universal tumor-homing
property as illustrated in Figure 1.

To determine that vimentin is the receptor protein interacting
with CHP which is responsible for tumor homing, we performed
tail vein injections of control-biotin and CHP-biotin with or without
blocking vimentin using purified polyclonal goat antivimentin in
SCCVII tumor-bearing C3H mice. As expected, injection of control-
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Figure 5 Identification of carcinoma homing peptide (CHP) inter-
acting protein: vimentin. (a) Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis analysis of potential receptors for CHP isolated via
affinity chromatography of a pool of cell-surface proteins isolated from
SCCVII cells. The only distinct band (white arrow) was located in the
second fraction, and mass spectrometry identified this band as vimentin.
(b) Interaction of CHP-biotin with recombinant vimentin-GST (Vimentin),
GST, and coating buffer only (control) coated wells of a polystyrene plate
(n=6; *P < 0.001 compared to both GST and control, errors bars rep-
resent SEM). (c) Western blot analysis of vimentin expression in an (1)
SCCVII tumor and (2) heart, (3) lung, (4) liver, (5) kidney, (6) spleen,
and (7) serum from SCCVII-tumor bearing C3H mice. (d) Western blot
analysis of vimentin expression in in vitro and ex vivo tumor samples. (e)
Accumulation of peptide-biotin in syngeneic SCCVII tumor-bearing C3H
mice following intravenous (i.v.) injection of either control-biotin (top
left and right) or CHP-biotin (bottom left and right) without (top and
bottom left) or with (top and bottom right) depletion of vimentin with a
coinjection of purified polyclonal goat antivimentin (100 ug) in the same
i.v. injection as the peptide-biotin. BSA, bovine serum albumin; GAPDH
(glyceraldehyde 3-phosphate dehydrogenase).

biotin with or without antivimentin did not result in any accumu-
lation of peptide in the tumor (Figure 5e, top left and top right,
1.8 + 0.37 with antivimentin and 2.6 + 0.51 without antivimentin,
n = 5). However, CHP-biotin did accrue in the tumor environment
(Figure 5e, bottom left, 19.6 + 1.3 positive per field, n =5, P < 0.0001
compared to all other groups), but coadministration with antivimen-
tin almost completely inhibited the tumor-targeting ability of CHP
(Figure 5e, bottom right, 1.2 + 0.58 positive per field, n = 5).

www.moleculartherapy.org vol. 19 no. 8 aug. 2011



© The American Society of Gene & Cell Therapy

Q

B CHP-IL12
. whL12

P =0.0272

P =0.0343

with liver lesions

Number of mice
o N A OO @

2x2ug

2x10ug

d B CHP-IL12
e wtlb12

ALT (pg/ul)

Day 1 Day 3

Day 30

Figure 6 Decreased liver toxicity of interleukin-12 (IL-12) treat-
ments with carcinoma homing peptide (CHP)-IL-12. (a) Number of
SCCVII tumor-bearing C3H mice with toxic lesions on the liver following
two treatments of 1pg (2 x Tug), 2pg (2 x 2ug), or 10pg (2 x 10pg)
or three treatments of 2ug (3 x 2ug) of wild-type IL-12 (wtlL-12) or
CHP-IL-12 (n = 12). (b) Representative image of a normal liver area.
(c) Representative image of a toxic lesion. Bar = 50 um in (b) and (c). (d)
Levels of alanine transaminase (ALT), a key indicator of liver function, for
both plasmid DNA treatments at all DNA levels and time points.

CHP-IL-12 reduces the level

of toxic lesions in the liver

IL-12 induces liver toxicity (data not shown) and it was our expec-
tation that the tumor-homing CHP-IL-12 may reduce the toxicity.
To test this hypothesis, SCCVII tumor-bearing C3H mice were
treated with two treatments of 1 g (2 x 1ug), 2ug (2 x 2ug), or
10 pg (2 x 10 ug) or three treatments of 2 ug (3 x 2 ug) of wtlL-12
or CHP-IL-12, and mice were killed on days 1, 3, and 30 after the
final treatment. At low levels of plasmid DNA administration, 2
x 1ug and 2 x 2pg, there were no differences between wtIL-12
and CHP-IL-12 treatments; however, at the therapeutic level, 2 x
10pg, and the triple treatment, 3 x 2ug, CHP-IL-12 treatments
caused toxic lesions in only one mouse while wtIL-12 treatments
had significantly higher numbers (Figure 6a). Serum chemis-
try profiles of these mice revealed that there were no differences
between any treatment, regimen, or time points, and all levels
for the hallmarks of toxicity, such as alanine transaminase, were
within the normal range (Figure 6d). So, CHP-IL-12 reduces the
level of toxicity in the liver and does not cause any other detect-
able systemic toxicities.

DISCUSSION

Tumor targeting can be achieved via the screening of various
libraries to select tumor-targeted peptides, DNA/RNA aptamers,
antibodies, etc; however, the only mechanism that can be used
for homing gene products from systemically injected genes will
be tumor-targeted mini-peptide encoding DNA. The small size
of these peptides eliminates the concern of immunogenicity, as

Molecular Therapy vol. 19 no. 8 aug. 2011
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seen in a CHP-specific antibody assay (Supplementary Figure
$3) and reduces the effect on the biological function of the gene
product, though some minipeptides may boost or inhibit gene
function.” The tiny peptide-encoding DNA sequences can be
easily fused with any therapeutic gene. Finally, these peptides
can complement existing tumor-targeting approaches such as
transcriptional targeting,® translational targeting,”’ and targeted
delivery.**

In this study, we have identified a 7 amino acid targeted pep-
tide, CHP. In this gene therapy method, CHP was capable of
increasing the T/S SEAP levels much more than the known cyclic
tumor-homing peptides such as CNGRC and RGD4C (Figure 1),
which rely on disulfide bonds to maintain the structure of the tar-
geting peptides.”>* This linear structure may decrease the effect
of the peptide on the activity of the fusion protein and vice versa.
These differences in tumor-targeting show that not all tumor-tar-
geting peptides will work in this novel system.

Other tumor-targeting peptides can deliver small molecules
with only one copy for each small-molecule payload but require
multiple copies of the peptide to target larger molecules such as a
full length cytokine.?* In this study, we demonstrate that fusion of
a single copy of CHP encoding DNA can boost the accumulation
of IL-12 in tumors, suggesting one copy of CHP is sufficient to
carry one copy of IL-12 to the tumor site. Of course, increasing
the number of CHP peptides per molecule may also increase the
targeting efficiency.

Currently, most tumor-targeting strategies are based on
extremely specific interactions, and the ability to target the tumor
environment is constrained to a single cell type or specific type
of tumor. We have shown that CHP can increase the efficacy of
IL-12 gene therapy to inhibit tumor growth in the three tumor
cell lines, breast adenocarcinoma, squamous cell carcinoma, and
colon carcinoma, and in two different mouse strains (Figure 3).
Subsequently, CHP-IL-12 extends survival more than wtIL-12
treatments in both the breast adenocarcinoma and squamous
cell carcinoma (Figure 3c,e). Similarly, CHP-IL-12 treatments
inhibit the development of spontaneous lung metastasis, which is
the primary killer of cancer patients (Figure 3b). This increase in
antitumor response is associated with increases in both tumor-
specific CTL activity (Figure 4) and IL-12 accumulation in
tumors (Figure 2d). This result is in agreement with the result
that intratumoral delivery of IL-12 yields better antitumor efficacy
than systemic delivery.” The discovery of CHP permits us to use
systemic delivery to target IL-12 to tumors without the need of
intratumoral delivery, which is not realistic for treating internal
tumors, metastatic tumors, and residual tumor cells after standard
therapy. In this regard, this peptide will be extremely valuable, and
further study is warranted.

We were able to identify vimentin as a receptor for CHP
(Figure 5). Vimentin is an intermediate filament protein conven-
tionally regarded as an intracellular structural protein in cells of
mesenchymal origin such as fibroblasts, chondrocytes, and mac-
rophages.'* Vimentin expression has been reported to be increased
in several tumor models, including human prostate, colon,'” hepa-
tocellular,' and gemcitabine-resistant pancreatic cancers,'’ and the
tumor stromal cells in human colorectal tumors." The upregula-
tion of vimentin is associated with the epithelial-to-mesenchymal
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transition, which is important for motility as well as metastasis in
several tumors.

Though vimentin is upregulated in tumors, two remaining
questions involve determining how the CHP targets an intra-
cellular receptor and how the peptide avoids targeting lungs
where vimentin is also expressed. These questions were perfectly
addressed recently by the discovery that vimentin is expressed
on the cell surface of tumor cells” and epithelial cells during
angiogenesis.”® Additionally, some human tumor-initiating cells
remaining after treatment overexpress vimentin on the tumor cell
surface.”” Another important aspect of vimentin is the conserved
sequences among mouse, rat, dog, and humans.?® This informa-
tion along with the T/S SEAP accumulation in the xenogeneic
human tumor model (Figure 1b) strongly suggests that CHP tar-
geting will crossover to human treatments.

We also confirmed that vimentin is expressed at very low lev-
els in the heart, liver, kidney, spleen, and serum of C3H mice, yet
it is highly expressed in lung tissue. However, since most general
expression of vimentin is intracellular,'>*** this expression should
not be a target of CHP. As seen in Supplementary Figure S1, there
was no accumulation of CHP-biotin in the lung sections which
supports this notion. Conversely, vimentin is highly expressed
in SCCVII tumors in C3H mice, and CHP-biotin did accumu-
late in the SCCVII tumors (Figure 2). Likewise, the tumor cells
and corresponding syngeneic tumors both express detectable lev-
els of vimentin (Figure 5). The differences seen between expres-
sion in tumor cell lines and the respective tumor tissues is due
to the heterogeneous nature and multiple cell types in the tumor
microenvironment.

A potential problem with using CHP for targeting immu-
nomodulatory agents is the cellular fate of the surface-bound
peptide and its payload. Internalization of peptide-conjugated
proteins has been shown for several tumor-targeted peptides,
including RGD peptides.?**' Additionally, RGD4C-IL-12 and
RGD-TNF recombinant proteins have been shown to elicit
antitumor immune responses.”> After being synthesized by and
excreted from the muscle tissue, the CHP-IL-12 circulates in
the blood stream, where it may be activating natural killer and
T cells or perhaps even guiding these cells to the tumor tissue.
Additionally, Ise et al. have recently described the internaliza-
tion of vimentin-bound ligands.*> According to their studies, the
vimentin-bound ligands are still located on the cell surface after
2 hours. The half-life of circulating IL-12 is between 2.5 and 3.3
hours;* therefore internalization would not affect the IL-12 activ-
ity. Further, if CHP is eventually internalized by the tumor cells,
then CHP would also be a potent targeting modality for using
intracellular antitumor agents, which is an angle that requires
further investigation.

We have developed a fully functional tumor-targeting IL-12
gene construct that can be delivered systemically for treating
distally located neoplastic diseases. Inserting peptide-encoding
sequences directly prior to the stop codon in the p40 gene of an
IL-12 plasmid did not interfere with transcription, translation,
post-translational modifications, or therapeutic functionality
of the IL-12 gene product (Figure 2). Also, CHP maintains its
tumor-targeting ability as seen in IL-127~ mice (Figure 2) and can
increase the therapeutic efficacy of systemic IL-12 gene therapy
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treatments (Figure 3) while decreasing liver toxicity (Figure 6).
Future studies will include investigating the fate of vimentin-
bound CHP, methods to increase the targeting efficiency, the
potential for CHP to target other modalities, and the efficacy of
other CHP-antitumor fusion gene constructs.

MATERIALS AND METHODS

Plasmid DNA preparation. All SEAP gene constructs were generated via
direct PCR as previously described.” The wild-type IL-12 gene construct
(wtIL-12) was obtained from Valentis (San Francisco, CA),** and gene
sequences encoding the peptide sequences were inserted directly prior to
the stop codon of the IL-12 p40 subunit encoding region using the primer
sequences listed in Supplementary Table S1. The IL-12 plasmid includes
both the p35 and p40 subunits. The control plasmid DNA (control) con-
sisted of a deletion of the IL-12 gene from the IL-12 construct. All plasmid
DNAs were manufactured with the Qiagen (Alameda, CA) EndoFree plas-
mid preparation kit.

Cell lines, in vitro gene transfer, and IFN-y induction. CT26, SCCVI],
4T1, EMT6, and B16F10 cell lines were obtained from American Type
Culture Collection (ATCC, Manassas, VA), the AT84 cell line was a gener-
ous gift from Dr Edward Shillitoe (State University of New York Upstate
Medical School, Syracuse, NY), and MCF?7 cells were provided by Dr Bolin
Liu (University of Colorado Denver School of Medicine, Aurora, CO). All
cell lines were maintained in Dulbeccos modified Eagle’s medium con-
taining 10% fetal bovine serum (Life Technologies, Carlsbad, CA) at 37°C
and 5% CO,.

For in vitro transfections, 4T1 cells were suspended at a concentration
of 1 x 107 cells/m] Opti-mem medium (Life Technologies), and 100 ul of
this suspension were transferred to individual electroporation cuvettes
and 2 pg of control, wtIL-12, CDGRC-IL-12, or CHP-IL-12 plasmid DNA
was added (n = 3). Each cuvette was pulsed with one 75-ms pulse of 150V,
and the suspensions were transferred to individual wells of a 6-well plate
containing 900 pl Dulbecco’s modified Eagle’s medium. The next day, 900 ul
of medium was collected, placed on ice, and analyzed for the presence of
IL-12p70 using an IL-12p70 ELISA (eBiosciences, San Diego, CA) as per
the manufacturer’s instructions. The spleen from a naive Balb/c mouse
was placed in serum-free RPMI-1640 containing Pen/Strep/Glu (RPMI),
splenocytes were filtered through a 70 um cell strainer, and suspended
in 10ml RPMI. After the cell suspension was centrifuged for 10 minutes
at 1,000 rpm, the supernatant was removed, cells resuspended in 10ml
red blood cell lysis solution, centrifuged again, and then resuspended in
RPMI at a concentration of 2 x 10° cells per 100ul. 2 x 10° cells were
placed into wells of a 6-well plate. Condition medium from the plasmid
DNA-transfected cells containing 150 pg/ml IL-12 was transferred to
these wells and the volume was adjusted to 1 ml with Dulbecco’s modified
Eagle’s medium. The next day, the mediums were collected and assayed
for the presence of IFN-y using an IFN-y ELISA (eBiosciences) as per
manufacturer’s instructions.

Animal models, tumor inoculations, in vivo gene transfer, protein extrac-
tion, and therapeutic analyses. All animals used in this study were main-
tained under and animal protocols were performed following National
Institutes of Health guidelines, approved by the Institutional Animal Care
and Use Committee of Louisiana State University (Baton Rouge, LA).
Balb/c mice were obtained from the in-house breeding colony, and C3H,
Nude, and wtIL-127~ mice were obtained from Charles River Laboratories
(Wilmington, MA). All mice were six- to eight-weeks-old upon initiation
of experiments. Tumor models were initiated via subcutaneous inocula-
tions of 30 pl cell suspension containing 1 x 10° 4T1 cells or 2 x 10° cells
for all other cell lines in 1 x phosphate-buffered saline (PBS). Orthotopic
EMT6 tumors were initiated by inoculating 1 x 10° cells in the mammary
fat pads of female Balb/c mice.
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For in vivo i.m. gene transfections, plasmid DNA was diluted in 0.45%
NaCl to a concentration of 5ug/30 ul was injected into each rear tibialis
muscle, and the muscles were immediately subjected to electroporation as
previously described.*® When 4T1 tumors were 3-4 mm in diameter or all
other tumor models were 4.0-4.5mm in diameter, the first treatment was
performed, and a second identical treatment was performed 10 days later.
Tumor volumes were determined as previously described." To determine
the distribution of the fusion gene products peptide-SEAP and peptide-
IL-12, the treatments were performed when tumors reached 6-7 mm in
diameter; 72 hours after treatment, mice were killed via CO, asphyxiation,
and then tissues were collected, wrapped in foil, and flash-frozen in liquid
nitrogen. To extract proteins, the frozen tissues were smashed with a
hammer, placed in 1 x lysis buffer (Promega, Madison, WI), beaten
for 1 minute with a mini-beadbeater 8 (Biospec, Bartlesville, OK), and
spun at 16,000¢ for 5 minutes. The supernatant was transferred to a new
tube. Serum was collected by extracting blood from the left ventricle,
transferring it to Serum Separator Tubes (BD, Franklin Lakes, NJ), and
spinning at 5,000¢ for 5 minutes. The serum was then transferred to a new
1.5ml tube.

India ink inflation was performed to determine the level of lung
metastasis. After CO, asphyxiation, the thoracic cavity was opened, the
trachea exposed, and the trachea clipped with a hemostat. 1.5ml 15%
India ink was injected into the lung which was then transferred into 20 ml
Fekete’s solution and incubated overnight. The next day, white metastatic
nodules were counted using a dissecting microscope.

For fluorescence-activated cell sorting analyses, tumor-infiltrating
lymphocytes were isolated by extracting the tumors, cutting them into
pieces, and resuspending the mixture in sterile PBS (without Ca** and
Mg**) containing a mixture of collagenase IV, hyaluronidase V (Sigma-
Aldrich, St Louis, MO), and DNase II (Fisher, Pittsburgh, PA). The
tissue suspension was placed in a shaker at 37°C for 1-2 hours, and then
poured through a 70 um cell strainer, followed by washing twice in PBS
with Ca’" and Mg?". The isolated cells were stained with the fluorescein
isothiocyanate conjugated anti-CD11c (AbD Serotec, Raleigh, NC) and
goat anti-mouse CD80 (R&D, Minneapolis, MN) for 30 minutes at 4°C,
washed with PBS, and then stained with phycoerythrin conjugated anti-
goat immunoglobulin G (Cedarlane Laboratories, Burlington, NC). The
expression of the proteins was analyzed on FACSCalibur (BD Biosciences,
San Jose, CA) and analyzed with FCS Express 3 (De Novo Software, Los
Angeles, CA). Splenocytes were also isolated from Balb/c mice bearing
orthotopic EMT6 tumors, and a CTL assay was performed as described
previously."” Serum was collected from 4T1-tumor bearing mice 3 days
after treatments with control, wtIL-12, and CHP-IL-12 plasmid DNA as
described above. The serum was analyzed for the presence of IFN-y as
described above.

Peptide-biotin distribution, vimentin depletion, and tissue staining.
CHP-biotin was synthesized by United Biochemical Research (Seattle, WA)
at >95% purity, resuspended in H,O with 5% glycerol, and stored at —80°C.
The peptide sequence is NH,-VNTANSTGG-biotin. Control-biotin was
created by conjugating a nonspecific peptide (CTSTSPLPPPSHSTSKKG,
Alpha Diagnostics, San Antonio, TX) to EZ-Link Amine-PEG2-Biotin via
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide cross-linking (Pierce,
Rockford, IL) following the manufacturer’s instructions. The peptide-bio-
tin conjugates (10 ug/100 pl normal saline) were injected into the tail vein
of C3H mice bearing SCCVII tumors with 6-7 mm diameters. For vimen-
tin depletion studies, goat polyclonal antivimentin (Millipore, Billerica,
MA) was purified via protein-G antibody purification (Pierce), and 150 ug
was added to the peptide-biotin conjugate solutions for administration.
One hour after intravenous administration, mice were perfused via injec-
tion of 10ml 1 x PBS into the left ventricle after cutting the right atrium.
The tissues were immediately removed, wrapped in foil, and flash frozen in
liquid nitrogen. Four- to five-micron sections were placed on poly-L-lysine
coated slides.
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The sections were fixed in ice-cold acetone, nonspecific interactions
were blocked with 1% bovine serum albumin in PBS, and endogenous
peroxidase activity was suppressed with stable peroxidase suppressor
(Pierce). Since the peptides already contained biotin, the peptide were
incubated with the avidin-HRP reagent Vectastain ABC (Vector Biolabs,
Philadelphia, PA) for 45 minutes, washed in PBS, and then incubated with
1 x Metal Enhanced DAB (Pierce). The sections were then counterstained
with Meyer’s hematoxylin (blue) for 2 minutes or eosin (pink) for 20
seconds.

Isolation of cell-surface proteins, identification of CHP receptor, and
western blot. Cell-surface proteins were isolated from SCCVII cells by
using the Cell Surface Protein Isolation Kit (Pierce) and following the
manufacturer’s instructions. A streptavidin agarose column (Peirce)
was loaded with CHP-biotin (3 mg/ml in PBS for 10 minutes), and the
cell-surface protein suspension was incubated on the column over-
night at room temperature. Next, five fractions were eluted with 8 mol/l
Guanidine-HCI, pH 1.5, and then 1mol/l Na,HPO, was added to the
fractions at a 1:10 ratio. From these fractions, volumes containing 40 ug
of protein were mixed with 2 x sodium dodecyl sulfate loading buffer
and added to wells of a 12% polyacrylamide gel and an electric field
was applied. The gel was then incubated with Coomassie Brilliant Blue
R250 followed by destaining solution (10% acetic acid and 20% MeOH).
Images were captured with a VersDoc Model 1000 and Quantity One
Version 4.4.1 software (Bio-Rad, Hercules, CA).

To identify the protein from fraction two, the protein in the gel was
extracted using the Trypsin Profile IGD Kit (Sigma, St Louis, MO) with
the ProteoPrep Reduction and Alkylation Kit (Sigma) following the
manufacturer’s instructions. Liquid chromatography electrospray tandem
mass spectrometry was used to analyze peptide mixture extracted from
gel spots. Tryptic digests of gel spots (~6ul) were diluted with 0.1% formic
acid (10pl) and 10pl injected by microplate autosampler (Famos; Dionex
Corporation, Sunnyvale, CA) onto a 0.3 x 1 mm trapping column (PepMap
C18; Dionex Corporation) using a nano LC system equipped with Switchos
and Ultimate 2000 pumps (Dionex Corporation),ataflowrate of 10 ul/minute.
The switchos valve was set on loading position prior to sample loading. After
sample loading, the trapping column was washed with 0.1% formic acid at
flow rate of 5 ul/minute for additional 5 minutes and then switchos valve was
switched to inject position. Peptides were then eluted at 200 nl/minute and
chromatographed on a 75um x 15cm Biobasic C18 column (Vydac HPLC
Columns, Grace Davison, IL), with a gradient of 5-40% acetonitrile over 60
minutes followed by 80% acetonitrile for 5 minutes. The eluent was directed
into a quadrupole time-of-flight mass spectrometer (Q-Star; Applied
Biosystems MDS Sciex, Foster City, CA) and ionized immediately using
electrospray source (Nano spray IT; Applied Biosystems MDS Sciex) at high
voltage of 2.5 kv with nebulizer gas at level 2. The mass spectrometer was
operated in information dependent acquisition mode with the three most
intense ions in each survey scan subjected to tandem mass spectrometry
analysis using collision energies ranging from 20eV to 50eV. Tandem mass
spectrometry data obtained from Q-Star was processed for database search
using Mascot search engine (Matrix science, London, UK). A Mascot search
was performed using the following parameters: type of search, tandem mass
spectrometry ion search; database, nrNCBI; taxonomy;, all; enzyme, trypsin;
fixed modification, carbamidomethyl (C); mass values, monoisotopic;
protein mass, unrestricted; peptide mass tolerance, +0.2 Da; fragment mass
tolerance, +0.2 Da; and maximum miss cleavage, 1.

A cell-free assay was developed to confirm that vimentin interacts
with CHP. Wells of a microtiter plate were coated with 50 ul of 100 mmol/1
NaHCO, (coating buffer) or 5ug/ml of either vimentin-GST or GST
(ProSpec, East Brunswick, NJ) in coating buffer and incubated at 4°C
overnight. After two washes with PBS, nonspecific binding was blocked
by incubating the wells with 100 ul 1 x bovine serum albumin for 2 hours
at room temperature. After another wash (twice), 100 ul of PBS containing
10 ng CHP-biotin was added to each well (n = 6 for each coat), incubated
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for 2 hours at room temperature, and then washed four times with PBS.
Avidin-HRP (100 pl, eBiosciences) was added to each well, incubated for
30 minutes, and the wells were washed seven times with PBS. Lastly, 100 ul
TMB substrate (eBiosciences) was added to each well for 15 minutes
followed by 50pl Stop solution (eBiosciences), and the absorbance at
450nm was read using a SpectraCount and PlateReader Version 3.0
software (PerkinElmer, Waltham, MA).

To prepare cells for western blot analysis of cellular expression of
vimentin, when SCCVII, CT26,4T1,and B16F10 cells were 95% confluent
in individual wells of 6-well plates, the cells were directly lysed with 60 ul
Laemmli sample buffer. For preparation of ex vivo samples, tissues and
tumors were processed as described above. Volumes of the tissue lysates
containing 40 pg of protein were mixed with 2 x sodium dodecyl sulfate
loading buffer. Twenty microliter volumes of the cell lysates or tissue
lysates were added to a 12% polyacrylamide gel and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred
to a TransBlot Transfer Medium nitrocellulose membrane (Bio-Rad
Laboratories). Immunoblotting of the membrane was performed with a
1:100 dilution of polyclonal Goat antivimentin (Millipore, Billerica, MA)
and a 1:5,000 dilution of the secondary horseradish peroxidase conjugated
rabbit anti-goat immunoglobulin G. The peroxidase signal was generated
with the Western Lightning ECL (PerkinElmer) and visualized with a
Kodak Image Station 440CF using the 1D Image Analysis Software v3.6
(PerkinElmer).

Analysis of toxicity induced by gene therapy treatments. SCCVII tumors
were induced in C3H mice as described above, and allowed to grow to a
volume of 300 mm°. Groups of four mice for each treatment at each time
point were treated with either wild-type IL-12 or CHP-IL-12 as described
above at a dose of 1pg, 2 g, and 10 pg plasmid DNA; a fourth set of mice
received three treatments of 2 ug. Mice were killed on days 1, 3, and 30 after
the second treatment, blood was collected in serum separator tubes, and
livers were fixed in 10% neutral-buffered formalin.

Serum chemistry profiles were analyzed by a private GLP-certified
diagnosticlaboratory (Antech Diagnostics, Memphis, TN). Formalin-fixed
tissue was cut-in, embedded in paraffin, and sectioned into 5 pm sections.
Sections were mounted on glass slides and stained with hematoxylin and
eosin prior to microscopic examination by a pathologist. A liver toxicity
scoring system based on the number of characteristic liver lesions (foci of
hepatocellular necrosis with Kupffer cell hyperplasia) per x200 field was
used. The sections were scored blindly and recorded for analysis.

Statistical analyses. All statistical analyses were performed with
GraphPad Prism version 5.00 for Windows, (GraphPad Software, San
Diego, CA). One-way analysis of variance with Bonferroni’s post hoc
test was used to analyze the following data: ratios of tissue/serum (T/S)
SEAP levels, production of fusion gene products from in vitro trans-
fected 4T1 cells, inhibition of metastasis, IFN-y serum levels, and CHP/
vimentin interaction. Tumor versus normal tissue distributions of exog-
enous IL-12 or CHP-IL-12 gene products in IL-127~ mice and CTL data
were analyzed via one-tailed unpaired T tests. All tumor growth experi-
ments were analyzed via two-way analysis of variance plus Bonferroni’s
post hoc test. Mantel-Cox tests were used to analyze differences in sur-
vival of mice. Liver toxicity was first analyzed using blind pathologi-
cal scores of the liver tissues, but no differences were seen among time
points, so the data was pooled to create a larger sample size and then
analyzed with one-sided Fisher’s exact tests comparing the number of
mice having lesions from CHP-IL-12 and wtIL-12 fusion plasmid DNA
treated mice.

SUPPLEMENTARY MATERIAL

Figure $1. Uncorrected peptide-SEAP tumor and serum data.
Figure $2. Lack of CHP homing to toxicity-sensitive organs.
Figure $3. Lack of immunogenicity against VNTANST.
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Figure $4. Activity of CHP-SEAP when bound to vimentin.
Table $1. Primers for PCR.
Materials and Methods.
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