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ORIGINAL ARTICLE

Polyethylenimine-mediated in vivo gene transfer of a
transmembrane superantigen fusion construct inhibits B16
murine melanoma growth

G Jeudy'?, F Salvadori', B Chauffert'”, E Solary', P Vabres® and J Chluba’

"Inserm U866, IFR100, Faculté de Médecine, Dijon, France; *Dermatology Department, CHU Le Bocage,
Dijon, France and *GF Leclerc Regional Anticancer Center, I rue du Professeur Marion, Dijon, France

Immunotherapy has been proposed as a therapeutic strategy in advanced-stage melanomas in which other therapeutic options have
little effect. The Staphylococcus enterotoxin A (SEA) has been used to stimulate an antitumoral immune response but its use is
hampered by severe systemic side effects. Here, we show that SEA can be targeted to melanoma cells to limit these side effects.
More specifically, we used a nonviral vector, the cationic polymer, polyethylenimine (PEI), to express a transmembrane SEA fusion
construct (pSEA-TM) in B16F10-induced subcutaneous melanoma in mice. The efficacy of this in vivo transfection was enhanced by
concomitant infusion of epinephrine to induce local vasoconstriction. In these conditions, repeated injections of pSEA-TM/PEI
complexes elicited a significant response, as evidenced by tumor growth inhibition, without systemic adverse effects. T cell
infiltration of the tumors, together with positive lymphocyte proliferation tests, suggested local and systemic immune responses.
Altogether, PEI-mediated targeting of SEA to melanoma tumor cells in vivo efficiently stimulates the antitumor immune response

without inducing the side effects observed with systemic administration of SEA.
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Introduction

The incidence of cutaneous melanoma as well as mortality
from the disease are both increasing in western
countries.'® In the advanced stages, the efficacy of
common therapeutic approaches such as chemotherapy
and radiotherapy remains limited. As a result, the median
survival of patients with metastatic melanoma is typically
lesser than 12 months. In this setting, immunotherapy was
proposed as an alternative approach,” and several
strategies have been tested to increase tumor cell
antigenicity and to stimulate antitumor immune cells.”®
For example, autologous T lymphocytes genetically
engineered ex vivo can induce durable regression of
established tumors when re-injected into patients.” To
avoid ex vivo cell culture and engineering, alternative
approaches, such as in vivo expression of immunostimu-
latory molecules in tumor cells have been proposed. Such
techniques may be especially appropriate in cutaneous
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melanoma tumors, which are easily accessible for in situ
treatment.

Superantigens (SAgs) are potent activators of CD4™
and CD8 " T cells. They bind to major histocompatibility
complex (MHC) class II molecules at the surface of
antigen-presenting cells and the complex interacts with a
panel of T-cell B-chain regions. They cause rapid and
massive proliferation of a large fraction of T cells
(2-30%), together with the secretion of cytokines (for
example, IFNy, TNFo, IL-2 and IL-12).!°'2 This
systemic T-cell activation and the induction of pro-
inflammatory cytokines result in severe toxicity and is
implicated in several human diseases, including toxic
shock syndrome, scarlet fever and food poisoning.'?
Moreover, the applications of native SAg for cancer
therapy are predicted to be hampered by missing
expression of MHC class II in tumor cells and absence
of therapeutic effects in mice injected with native
Staphylococcus enterotoxin A (SEA) was reported.'®

Different approaches using SAg have been tested to
substitute the MHC II presentation and to enhance
specific immunogenicity of tumor cells. SAgs were fused
to targeting antibodies,'>'” or expressed in tumor cells ex
vivo to prepare tumor cell vaccines.'® ! Another strategy
consists in direct transfection of a SAg into the tumor,
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which elicits local and systemic immune responses and
leads to tumor regression without systemic toxicity.> 2*

The present study was designed to test the ability of a
synthetic cationic polymer, polyethylenimine (PEI), to
deliver a SAg, namely the SEA, to tumor cells in vivo and
to induce an antitumor immune response and tumor
regression. For that purpose, a transmembrane SEA
fusion construct (pSEA-TM) was complexed with PEI
and injected, in the presence of epinephrine to improve in
vivo transfection efficiency, into tumors induced by
subcutaneous injection of a melanoma cell line into
syngeneic mice.

Materials and methods

Cell culture

B16F10, a mouse melanoma cell line derived from
C57BL/6 mice, was obtained from the American Type
Culture Collection (ATCC, Rockville, Maryland, USA)
and cultured at 37 °C in a humidified 5% CO, incubator
in RPMI 1640 medium containing 10% fetal bovine
serum (Gibco, Cergy Pontoise, France) supplemented with
penicillin at 100 U/ml, streptomycin at 100 pg/ml and
amphotericin B at 250 ng/ml (Invitrogen, Cergy Pontoise,
France).

SEA transmembrane expression vector

SEA gene from Staphylococcus aureus strain (Genbank
accession number: M18970) was cloned in pTZ18R vector
(a generous gift from Dr J Kappler, Denver, Colarado). A
707 bp fragment of the gene was amplified by PCR with
primers including BamHI and Xhol restriction sites
(forward primer: 5-CCGCTCGAGACTTGTATATA
AATAGAT-3' and reverse primer 5-CGCGGATCCA
TGGAGAAAAGCGAA-3) and subcloned into pDis-
play (Invitrogen, Cergy Pontoise, France) which contains
the human platelet derived growth factor receptor
transmembrane sequence. The sequence of the resulting
construct (pSEA-TM) was checked and plasmid DNA
was amplified using the Endo Free Plasmid Maxi Kit
(Qiagen, Courtaboeuf, France).

In vitro transfection assays

B16F10 cells were seeded on 24-well culture plates (900 ul
of medium with 10% serum per well) 48h before
transfection to reach 60-70% confluence at the time of
transfection. 2 pl of linear PEI (JetPEI, Ozyme, France)
were added into 50 pul of 150mM NaCl and complexed
with 1 pg of pSEA-TM vector into 50 pl of 150 mm NaCl
(final volume 100ul) with a ratio of JetPEI to DNA
phosphate of 5 (N/P =5). The solution was homogenized
and incubated for 15min at room temperature, then
directly added to the cells. The pDisplay empty vector was
used as a control.

Indirect immunofluorescence

To check for SEA anchoring on the cell membrane,
B16F10 cells were cultured on microscope slides (Sonic
Seal, Dutscher, Brumath, France) and fixed in methanol
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at 4°C for 10min. Rabbit anti-SEA serum (Sigma-
Aldrich, Lyon, France) was used at 1:20 dilution in
phosphate buffered solution and flooded on cells at 4°C
for 1h, rinsed and incubated with the second antibody
(FITC-coupled rat anti-rabbit mAb, Dako, Trappes,
France) at 4°C for 1h in the dark and visualized by
fluorescence microscopy (Leica) or flow cytometry
(Becton Dickinson, Le Pont de Claix, France).

In vivo transfection assays

The use of 6-8-weeks-old female C57BL/6 mice (Charles
River Laboratories, L’'Arbresle, France) housed under
standard conditions (25°C, 50% relative humidity, 12-h
light/dark cycles) was approved by the local ethical
committee. To establish subcutaneous tumors, 2 x 10°
B16F10 cells in 200 ul of RPMI medium were injected
subcutaneously into the left flank of each isofluorane-
anesthetized mouse. 2pl of Invivo JetPEI (Ozyme,
St Quentin-en-Yvelines, France) were complexed with
10 ug of DNA in a 5% glucose solution (N/P=10). The
solution was quickly homogenized and left for 15min at
room temperature, then injected into the tumor (100 pl in
60s). To determine the optimal conditions for in vivo gene
transfer, we used a luciferase reporter vector, pPEGFP/Luc
(Clontech, Saint-Germain-en-Laye, France). When the
tumors reached a diameter of 6-8 mm, a 29-G syringe
(100 ul in 60s) was used to inject into them either DNA/
PEI complexes, DNA/PEI complexes added with
epinephrine (1 mg/l) (Aguettant, Lyon, France) or PEI
alone in 5% glucose solution. The mice were killed 24 h
later and the tumors were collected, snap frozen,
resuspended in reporter lysis buffer and homogenized
with an Ultra-Turrax T25 (Janke & Kunkel, Germany) at
20000 rpm for 30s, lysed by three (—80/37°C) freeze/
thaw cycles and the homogenates were centrifuged at
14000 g for 4min at 4 °C. 10 pl supernatant aliquots were
mixed with 50 pl of luciferase assay substrate. Luciferase
activity was measured on a luminometer (Microlite
TLX1, Dynatech, France). Results are expressed as
relative light units integrated over 10s per mg of protein,
using the bicinchoninic acid assay (Pierce, Paris, France).
Luciferase activity observed in PEI alone control group
represents luciferase background.

Tumor growth inhibition

When tumor diameters reached 6-8 mm, the mice were
randomly assigned to one of four experimental groups
(pSEA-TM/PEI complexes, empty pDisplay vector/PEI
complexes, PEI alone and 5% glucose alone). Each group
consisted of ten mice, which received intra-tumoral
injections every fourth day, for a total of three injections,
all of which included epinephrine. Tumor growth was
monitored by calculating the tumor volume using the
formula V =1w?/2 where V is the volume, 1 is the length
and w is the width.?®> When the tumor volume had reached
1500 mm? in glucose-treated mice, all mice were killed
using isofluorane inhalation.
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Histological and immuno-fluorescence analysis of
tumors

Part of the collected tumors was formol-fixed and
embedded in paraffin before hematoxylin-eosin staining
and conventional microscopy examination. Part of the
tumors was snap frozen in Tissue-Tek OCT compound
(Euromedex, Souffelweyersheim, France), cryosectioned
to a thickness of 7pum, fixed in acetone, incubated with
FITC-labeled anti- CD90/Thy-1 mAb (T cells) (Caltag
Laboratories, Hamburg, Germany) at 1:25 dilution in
phosphate buffered solution for 1h in the dark and
analyzed with a Leica fluorescence microscope.

Reverse transcriptase-polymerase chain reaction
Tumors snap frozen in liquid nitrogen were homogenized
with an Ultra-Turrax T25 at 20000 rpm for 30s, and
mRNA was isolated with Trizol reagent (Invitrogen,
Cergy Pontoise, France). All RNA samples were treated
with DNase 1 (Invitrogen, Cergy Pontoise, France) and
reverse transcription was performed with the One-Step
SuperScript II reverse transcriptase-polymerase chain
reaction (RT-PCR) system (Invitrogen, Cergy Pontoise,
France) using 1pg of total RNA and amplification was
done by standard PCR using the same primers as those
used in SEA cloning. pSEA-TM containing plasmid was
used as a positive control (100 pg plasmid/reaction) and
B-actin ¢cDNA PCR was used as a loading control
(forward primer: 5-AATTCATGGAGACAGACACAC
TCC-3, reverse primer: 5-GATCCGTTTGGAGAAAG
AGGTCAT-3', PCR product: 486 bp). The PCR condi-
tions using Tag DNA polymerase (Eppendorf, Le Pecq,
France) were: initial denaturation at 94°C for 2min,
amplification by 35 cycles (94 °C for 45s, 59 °C for 45s
and 72°C for 45s) and final elongation at 72°C for
10 min. The PCR products were separated on 1% agarose
gel in Tris acetate EDTA buffer containing 0.5 pg/ml
ethidium bromide.

Phase contrast

Fluorescence

Q

Figure 1

Measurement of lymphocyte proliferation

The spleens were dissociated and splenocytes were
harvested and cocultured with mitomycin-inactivated
B16F10 cells (50 pg/ml for 1 h) and pSEA-TM transfected
B16F10 cells at a ratio of 1:1 (10° cells per well) for 24 h in
a 96-well plate. The lymphocyte proliferation rate was
determined by MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
assay (Celltiter 96 Aqueous one solution cell proliferation
assay, Promega, Cergy Pontoise, France). The absorbance
was read at 4990 nm on a Bio-Rad microplate reader.

Statistical analysis

All experiments were performed in triplicate and results
were presented as mean values +s.e.m. of at least three
independent experiments. Student’s ¢-tests and non
parametric Mann—Whitney tests were used to determine
statistical significance (P-value at least <0.05).

Results

Expression of a functional SEA in pSEA-TM transfected
B16F10 cells

A 707 bp fragment of the SEA gene from Staphylococcus
aureus was fused with the transmembrane (TM) sequence
of human Platelet-Derived Growth Factor Receptor. The
functionality of the pSEA-TM encoding plasmid was
checked by transfection in BI6F10 murine melanoma
cells, with the empty vector being used as a control. The
expression of SEA at the surface of transfected cells was
assessed by indirect immunofluorescence microscopy and
flow cytometry using a rabbit polyclonal anti-SEA
antibody (Figures la and b). When co-cultured with
mouse splenocytes, SEA-expressing B16F10 induced a
significantly higher level of T cell proliferation than did
B16F10 cells transfected with the empty vector (Figure lc;
P<0.001).
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Expression of a functional SEA in pSEA-TM transfected B16F10 cells. B16F10 cells cultured in vitro were transfected with either the

empty vector (control) or the pSEA-TM (SEA-TM) encoding plasmid, complexed to PEI. (a) Phase contrast and indirect immunofluorescence
analyses of transfected cells, 24 h after transfection, using a polyclonal anti-SEA rabbit antibody. Scale bar =100 um. (b) Cells labeled with the
rabbit anti-SEA antibody as in a were identified by flow cytometry. (c) Splenocytes were isolated from B16F10-tumor bearing mice and co-
cultured at 1:1 ratio with mitomycin-inactivated control and SEA-TM expressing B16F10 cells before measuring cell proliferation using a 24 h
MTS assay. Number of animals =3. Each measurement was made in triplicate. Means = s.e.m. are shown. *P<0.001, Student’s t-test. SEA,
Staphylococcus enterotoxin A; pSEA-TM, transmembrane SEA fusion construct; PEI, polyethylenimine.
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Conditions for efficient gene transfection in mouse
tumors

We used a luciferase reporter vector (pEGFP/Luc) to
determine the best conditions for transfection of a
nonviral construct using invivoJetPEl in melanoma
tumors induced by subcutaneous injection of BI16F10
cells into syngeneic mice. By measuring luciferase activity
24 h after transfection, the optimal efficacy was obtained
by combining 10 pg of cDNA with 2 ul of PEI (N/P=10)
(Figure 2). To improve this efficacy, we used epinephrine,
a vasoconstrictor commonly associated with local
anesthetic agents to increase exposure length and
efficacy. When combined with DNA/PEI, epinephrine
(1 mg/l) significantly enhanced intratumoral transfection
(Figure 2) without inducing any toxic side effect. These
conditions, including addition of epinephrine, were those
used in every subsequent experiment.

Intratumoral SEA inhibits tumor growth in mice

We then determined the in vivo antitumoral effects of SEA
through the injection of pSEA-TM/PEI complexes into
growing tumors, 10 days after tumor cell inoculation.
Three control groups consisted of mice whose tumors
were injected with empty vector/PEI complexes, with PEI
alone and with 5% glucose solution, respectively. In order
to ensure sufficient expression of SEA in tumors for the
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Figure 2 Optimal conditions for gene transfer into melanoma
tumors in mice. Melanoma tumors obtained by subcutaneous
injection of B16F10 cells in 8 week-old female, C57BL/6 mice were
infused with 10 pug of pEGFP/Luc vector complexed with 2l of in
vivo jetPEl, in the presence or absence of 1 mg/l epinephrine. Control
tumors received only PEI and glucose 5%. Tumors were removed
24 h after intratumoral injection and assayed for luciferase activity.
Results are expressed as RLU integrated over 10sec per mg of
protein and represent the mean + s.e.m. values of three experiments
in which each measurement was performed in ftriplicate (P=0.2;
pEFGPLuc/PEI + Epinephrine compared with pEFGPLuc/PEI,
Mann-Whitney test). PEI, polyethylenimine; RLU, relative light units.
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duration of the experiment, injections were repeated every
fourth day. RT-PCR analysis permitted selective detec-
tion of pSEA-TM mRNA in tumors injected with the
corresponding plasmid (Figure 3a). Four days after the
first injection, a significant difference in tumor growth
was observed between the SEA-TM treated and control
groups, and this difference increased with time. At the end
of the experiment, the mean volume of pSEA-TM treated
tumors had decreased by 70-84% when compared with
glucose treated tumors. Although to a lesser degree than
that observed in tumors injected with pSEA-TM/PEI
complexes, significant tumor growth reduction was
observed in mice injected with the empty vector/PEI
complex or with PEI alone as compared with those
injected with glucose. (Figure 3b; P<0.05).

Intratumoral SEA triggers a cellular inflammatory
response

Histological analysis of hematoxylin/eosin stained tumor
sections revealed diffuse infiltration of the tumor with

a pSEA-TM Glucose PEl Empty vector

B-Actin ———— W — — — — — — —

b 1800 ;

—— Glucose
1600 | o PEI |
& 1400 { = Empty vector/PEI
€ 1200 |~ PSEA-TM/PEI
£ 1000
2
9 800 1
S 600
£
2 400
200 1
oF—— —
0 2 4 6 8 10 12 14 16 18 20 22
Days

Figure 3 |Intratumoral pSEA-TM gene delivery inhibits tumor
growth in mice. Melanoma tumors were obtained by subcutaneous
injection of B16F10 cells in C57BL/6 mice and were injected at day
10 with either pSEA-TM/PEI complexes or the empty vector/PEI
complexes or PEI alone or 5% glucose solution. (a) Tumors were
removed 20 days after the first injection and SEA-TM mRNA
expression was analyzed by RT-PCR. B-actin mRNA was used as a
control. Results from three mice per group are shown. (b) Injections
were repeated every fourth day (arrows) and tumor volume was
measured at regular time points until sacrifice. (A) pSEA-TM/PEI
complexes; (M) empty vector/PEI complexes, (O) PEI alone, (<)
5% glucose solution. n=10 per group. (**P<0.001; *P<0.05:
significant tumor growth inhibition of pPSEA-TM group compared with
the 5%-glucose-solution group and to empty vector/PEl and PEI
groups, respectively; *P<0.05: significant tumor growth inhibition of
empty vector/PEl and PEl groups compared with 5% glucose
solution group, Mann-Whitney test). pSEA-TM, transmembrane
SEA fusion construct; PEI, polyethylenimine; RT-PCR, reverse
transcriptase-polymerase chain reaction.
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Figure 4 Histological and fluorescence analysis of tumors. (a—d) Tumors were removed, formol-fixed and embedded in paraffin before
hematoxylin-eosin staining. (a and b) Tumors injected with pSEA-TM/PEI complexes were collected 20 days after injection. T: tumor tissue;
L: lymphocytes; N: necrosis. (¢ and d) Glucose-treated tumors exhibited dense tumoral tissue with few inflammatory cells. (a and ¢) Magnification
x 50, scale bar=200 um. (b and d) Magnification x 200, scale bar=50um). (e and f) Tumors were harvested, snap frozen in Tissue-Tek OCT
compound and cryosectioned for immunofluorescence analysis using a FITC-labeled anti-mouse CD90/Thy-1 antibody (e) tumors injected with
5% glucose solution; (f) pPSEA-TM/PEI treated tumors. pSEA-TM, transmembrane SEA fusion construct; PEI, polyethylenimine.

mononuclear white cells, including lymphocytes and
macrophages, together with necrosis in pSEA-TM treated
tumors (Figures 4a and b), which was not observed in
control tumors injected with 5% glucose solution (Figures
4c and d). In addition, tumors injected with pSEA-TM
were markedly infiltrated by CD90 ™" T cells (Figure 4f),
this was not observed in tumors injected with 5% glucose
solution (Figure 4e).

Intratumoral SEA stimulates the proliferation of splenic
lymphocytes

At the end of the experiment, the animals were killed and
their splenocytes were co-cultured with mitomycin-inacti-
vated control and pSEA-TM transfected B16F10 cells.
The proliferative response of lymphocytes from pSEA-
TM treated mice was higher than that of other groups
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when stimulated with pSEA-TM transfected compared
with nontransfected cells (Figure 5, P<0.05).

Discussion

This study demonstrates that in situ gene transfer of
PSEA-TM complexed with PEI and epinephrine is a
simple and effective immunogene-therapy approach for
melanoma with the added benefits of low toxicity and
limited side effects. It allows expression of SEA at the
membrane of tumor cells, and membrane-bound SEA on
tumor cells elicits a significant decrease in tumor growth
associated with a local (intratumoral infiltration of T
cells) as well as systemic (increase in splenic lymphocyte
proliferation) immune response.
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Figure 5 Intratumoral SEA transfection stimulates systemic lympho-
cyte proliferation. Tumors were injected as described in Figure 3.
Splenocytes were collected at the time of animal sacrifice and
cultured with control and SEA-expressing B16F10 cells. Results
represent the relative increase in proliferation of splenocytes after
co-culture with B16F10-SEA-TM cells, as compared with co-culture
with B16F10 cells. (mean +s.e.m., n=3, *P<0.05 between pSEA-
TM group and the others groups; Student’s ttest). Lymphocyte
proliferation from treated and control mice was determined by MTS
assay. SEA, Staphylococcus enterotoxin.

SEA protein is a powerful immunostimulant that has
been successfully used for antitumoral therapy, and
studies are now under way to target tumor directly to
limit its systemic side effects. For example, SEA proteins
have been conjugated with a tumor-specific antibody
(Fab-SEA) and injected into tumor-bearing mice, thus
inducing tumor infiltration with T cells and tumor
regression.'> 172 However, repeated injections of Fab-
SEA proteins induced immune anergy that grecluded
further cytotoxicity and cytokine secretion.'® In our
experiment, repeated injections of pSEA-TM did not
elicit detectable anergy of SEA-reactive spleen T cells, but
rather an enhancement of this immune response as shown
by the lymphocyte proliferation test (Figure 5). Also,
cellular vaccine strategies with membrane—anchored SEA
protein bearing B16 cells have been tested in mice. They
induced significant tumor growth inhibition together with
immune response and prolonged survival.”'*” More
generally, an immune response can be induced by
artificially anchoring SAgs onto the tumor cell surface,
even for MHC class II negative cells as this strategy can
substitute for MHC class II presentation.’® These
approaches are attractive but require genetic manipula-
tions of tumor cells ex vivo.

Direct in vivo transfections are easier to perform and
repeatable. For example, adenovirus was used success-
fully to deliver transmembrane SEA in treating subcuta-
neous hepatocellular carcinoma in mice.”* Although no
side effects were reported, adenoviral vectors may induce
strong immune responses, which may preclude iterative
administrations.”® >! Nonviral vectors may be more
simple to use, easier to modify and relatively safe as
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compared with viral vectors. Here, we tested the cationic
polymer PEI that has been widely and successfully used
for both in vitro transfection and in vivo gene delivery
through various routes including systemic delivery,®” as
well as intracerebral,® intraperitoneal,34 intratumoral,®
intramuscular®® and intratracheal’”*® routes.

The limiting parameter in using synthetic compounds
for gene delivery is low transfection efficiency as
compared with viral vectors. Here, we show that the
addition of epinephrine to DNA/PEI complexes for
intratumoral injections improves in situ transfection rates.
Epinephrine is a local vasoconstrictor commonly added to
local anesthetic drugs and has recently been used in
association with intratumoral and intraperitoneal chemo-
therapy for enhancement of tumor penetration and
antitumoral activity.*** In our experiments, epinephrine
greatly enhanced intratumoral transfection rate without
any toxicity at the concentration used (1 mg/l).

Limited expression of transmembrane SAgs at the
surface of tumor cells minimizes toxicity and stimulates
the systemic antitumor immune response.*' In our study,
local expression of SEA did not induce any systemic
toxicity but triggered local T cell infiltration and
activation with antitumoral effects. The significant
reduction in tumor growth obtained in controls using
PEI as compared with the glucose treated group has
already been reported with several synthetic vectors
including PEI and polyamidoamine dendrimer.** Such
an effect could be related to either immune activation or
to the direct tumoral cytotoxicity of PEL*

To conclude, this study demonstrates the efficacy and
safety of iterative in situ pSEA-TM gene transfer using
PEI in subcutaneous murine melanoma. Also, it indicates
that epinephrine combination is a useful strategy to
improve gene transfer when administered this way and
that cationic polymers add their intrinsic antitumoral
activity to the immuno-stimulating effect of tumor
targeted SEA.
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