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In an aggressive B16-F10 murine melanoma model, we evaluated the effectiveness and antitumor mechanisms
triggered by a surgery adjuvant treatment that combined a local suicide gene therapy (SG) with a subcutaneous
genetic vaccine (Vx) composed of B16-F10 cell extracts and lipoplexes carrying the genes of human interleukin-2
andmurine granulocyte andmacrophage colony stimulating factor. Pre-surgical SG treatment, neither alone nor
combined with Vx was able to slow down the fast evolution of this tumor. After surgery, both SG and SG + Vx
treatments, significantly prevented (in 50% of mice) or delayed (in the remaining 50%) post-surgical recurrence,
as well as significantly prolonged recurrence-free (SG and SG+ Vx) and overall median survival (SG+ Vx). The
treatment induced the generation of a pseudocapsulewrapping and separating the tumor from surrounding host
tissue. Both, SG and the subcutaneous Vx, induced this envelope that was absent in the control group. On the
other hand, PET scan imaging of the SG + Vx group suggested the development of an effective systemic
immunostimulation that enhanced 18FDG accrual in the thymus, spleen and vertebral column. When combined
with surgery, direct intralesional injection of suicide gene plus distal subcutaneous genetic vaccine displayed
efficacy and systemic antitumor immune response without host toxicity. This suggests the potential value of
the assayed approach for clinical purposes.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Human malignant melanoma is an aggressive skin cancer with
increasing incidence and highly resistant to conventional therapies
[1]. New emerging drugs like BRAF kinase inhibitors vemurafenib
and dabrafenib [2,3], the MEK inhibitor trametinib [3] and the
immunostimulatory human antibody against cytotoxic T-lymphocyte
antigen-4 ipilimumab [4] were recently approved. However, these
drugs were able to significantly increase disease-free or overall survival
only in a limited subset of melanoma patients, while presenting a high
rate of adverse events. In this scenario the research on new treatments
is warranted.

Besides, canine spontaneous malignant melanoma is a highly ag-
gressive tumor too invasive to be cured only by surgical resection and
frequently resistant to current therapies [5,6]. Working on this disease,
we demonstrated the safety and efficacy of a surgery adjuvant approach
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that combines local suicide gene (SG) therapy (lipoplexes carrying the
herpes simplex thymidine kinase gene – HSVtk – and ganciclovir)
with a subcutaneous vaccine composed of tumor cell extracts and
xenogeneic cells producing human interleukin-2 and granulocyte–
macrophage colony-stimulating factor. After 9 years of follow-up, this
open label controlled study demonstrated that this surgery adjuvant
treatment was able not only to control tumor growth but also to delay
or to prevent postsurgical recurrence and the outgrowth of metastases
[7,8]. Furthermore, it significantly increased disease-free and overall
survival while maintained the quality of life as compared to surgery
only treated controls. However, the high rate of highly aggressive
tumors (from 22% to 31% of the cases) in our canine melanoma trials
[7–9] was the main problem that has hindered long-term control and
substantially shortened veterinary patients' median overall survival. In
addition, we found an underlying multicellular resistance mechanism
due to the rapid cell repopulation (re-growth) of these aggressive
tumors after SG treatment [10]. To get a deeper insight on the response
of extremely malignant tumors to our combined treatment, we
established a highly aggressive melanoma murine model by intrader-
mal inoculation of 3 × 106 B16-F10 syngeneic cells in C57BL/6 mice.

Here we evaluated the efficacy and various effects triggered by a
surgery adjuvant treatment that combined local suicide gene therapy
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with a distant subcutaneous genetic vaccine, in an aggressive murine
melanoma setting.

2. Materials and methods

2.1. Cell culture and extract preparation

B16-F10murinemelanoma cells (ATCC #: CRL-6475) were cultured
following the supplier's indications. Sub-confluent monolayers were
harvested, washed with 10 volumes of PBS and homogenized with
5 volumes of 4% (w/v) formaldehyde in PBS in a Dounce homogenizer.
Homogenate pellets were washed 3 times with 5 volumes of PBS and
resuspended in the same volume before injection.

2.2. Plasmids

Plasmids psCMVβgal, psCMVhIL2 and psCMVmGMCSFwere built by
replacing the HSV thymidine kinase gene of psCMVtk [7] by Escherichia
coli β-galactosidase, human IL-2 andmouse GM-CSF genes respectively.
While human IL-2 is active on immune mouse cells, human GM-CSF is
not, and the specific cytokine is required. Plasmids were amplified in
E. coli DH5α (Invitrogen, Carlsbad, CA, USA), grown in LB medium
containing 100 mg/ml neomycin and purified by ion exchange chroma-
tography (Qiagen, Valencia, CA, USA).

2.3. Liposome preparation and in vivo lipofection

DMRIE (1,2-dimyristyl oxypropyl-3-dimethyl-hydroxyethyl-
ammonium bromide) was synthesized and provided by BioSidus SA
(BuenosAires, Argentina). DOPE (1,2-dioleoyl-sn-glycero-3-phosphatidyl
ethanolamine) was from Sigma-Aldrich (St Louis, MO, USA). Liposomes
were prepared by sonication of equimolar amounts of DMRIE and DOPE
[7]. Before injection, liposomes and plasmid DNA (1:2 v:v) were mixed
and allowed to combine at room temperature for 10 min. Then ganci-
clovir (GCV: 625 μg) and B16-F10 cell extracts were added as described
below.

2.4. Murine tumor model and in vivo gene transfer

C57BL/6 mice (17–20 g body weight, 6–8 weeks old females) were
purchased at Harlan Laboratories® (Gannat, France). Three million
B16-F10 cells were intradermally injected in the left leg of C57BL/6
mice. Tumor growth was daily monitored with a caliper. Tumor vol-
umes were calculated using the formula a2 × b ∕ 2 (“a”: shortest
diameter; “b”: longest diameter). When reaching about 250 mm3 tu-
mors were intratumorally injected with 50 μl of lipoplexes carrying
psCMVβgal plus GCV (control βg) or psCMVtk plus GCV (SG) twice a
week. When indicated, intratumoral treatments were combined with
subcutaneous injection of whole B16-F10 cell extract (10 μl) plus
lipoplexes containing psCMVhIL2 and psCMVmGMCSF (Vx, 60 μl). Pri-
mary B16-F10 tumors were surgically excised (under anesthesia)
when tumor volume reached approximately 1500 mm3 (between 3
and 13 days after B16-F10 cell injection). After surgery, tumor beds
were injected with 100 μl (25 μl in 4 different places) of the appropriate
lipoplexes accordingly to each group. Initial treatment conditions were
re-established oneweek after surgery. Local relapsewas dailymonitored.
Mice were humanely euthanized when recurrent tumors reached a vol-
ume of about 2000 mm3. Non-relapsing mice were euthanized on day
50 after the initiation of the treatment. The care and housing of animals
followed the institutional guidelines of L'École Nationale Vétérinaire
d'Alfort (ENVA, France), under the supervision of authorized staff.

2.5. Immune-histochemical analysis of tumors

The resected tumors were fixed in 10% buffered formalin and em-
bedded in paraffin. Paraffin-embedded sections (5 μm) were blocked
with 10% bovine serum albumin (BSA, Sigma-Aldrich) in PBS for 1 h.
Then, they were incubated with anti-CD4 (M7310, 1:80; DAKO,
Les Ulis, France), anti-CD8 (M7103, 1:100; DAKO), anti-monocyte
(MAC387, 1:100; Serotec, NC; USA), anti-CD11b (M1/70, 1:100;
Ebioscience, CA, USA), anti-FoxP3 (14-5773-82, 1:500; Ebioscience),
and anti-GR1 (RB6-8C5, 1:100; Ebioscience) in PBS overnight. Sections
werewashed and incubatedwithAlkalinephosphatase-conjugated sec-
ondary antibody (1:1000; Santa Cruz, TX, USA) for 2 h and then incubat-
ed with NBT/BCIP in Tris buffer (pH 9.5) for 2 h. Besides, tumor sections
were stained with hematoxylin and eosin (H&E) for histopathological
analysis.

2.6. Micro-positron emission tomography (micro-PET)

Positron emission tomography (PET) scan imaging of treated mice
was carried out at the Nuclear Medicine Service of Tenon Hospital
(Paris, France). Mice were anesthetized by isoflurane (DDG 923) in-
halation and injected in the retro-orbital sinus with 6 ± 1 MBq of
18F-fluorodeoxyglucose (18F-FDG). Image acquisition was performed
for 10 min, 1 h after tracer injection, with the Mosaic® small animal
PET scanner (Philips Medical Systems, OH, USA).

2.7. Toxicity

During treatment all animals were monitored for changes in atti-
tude, body temperature, body weight, skin, and mortality. After gross
necropsy and histopathology observation for toxicity, principal organs
were removed and fixed by 4% neutral formaldehyde at room tempera-
ture for 48 h. The paraffin-embedded sections (5 μm)were H&E stained
for histopathological analysis.

2.8. Statistical analysis

Local disease-free and overall median survivals were calculated
by Kaplan–Meier analysis and curves were compared by Log-rank
test by using GraphPad Prism® 5.00 software (GraphPad Software,
La Jolla, CA, USA). Differences in pseudocapsule formation and
enlarged thymus incidence values were compared by two tailed
Fisher's Exact test.

3. Results and discussion

3.1. Fast growing B16-F10 melanoma tumors were resistant to treatment

To get a deeper insight on the highly malignant tumor response to
our local suicide gene (SG) plus a subcutaneous genetic vaccine (Vx)
combined treatment, we established a highly aggressivemelanomamu-
rine model by intradermal inoculation of 3 × 106 B16-F10 syngeneic
cells in C57BL/6 mice.

Treatment was individualized, each animal being considered as a
single case. A CONSORT-like flow chart [11] of the treatment is depicted
in Fig. 1. When tumor volume was about 250 mm3, animals were treat-
ed either with βgal + ganciclovir (βg) or HSVtk + ganciclovir suicide
gene (SG) intratumor lipoplex treatment twice a week. Half of the
mice of each group (βg + Vx and SG + Vx respectively) also received
the subcutaneous Vx containingwhole B16-F10 cell formolized extracts
and lipoplexes carrying the genes of human interleukin-2 (hIL-2) and
murine granulocyte–macrophage colony-stimulating factor (GM-CSF).
The growth of these aggressive murine melanoma was heterogeneous,
paralleling that of canine melanomas [7,9]. However, in the Vx treated
groups (βg + Vx and SG + Vx), tumor growth appeared to be less
scattered (Fig. 2a).

Consistentlywith our results in highly aggressive caninemelanomas
[7–9], pre-surgical SG treatment neither alone nor combined with Vx
was able to slow down the fast in situ progression of this aggressive
B16-F10 murine melanoma (Fig. 2a). Mean tumor growth rate was



Fig. 1. CONSORT-like flow chart of the treatment.
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not significantly different between SG treated groups (SG and SG+Vx)
and the control (βg) group (Fig. 3a).

A more efficient version of both SG and the gene transfer vector
would be useful to improve local tumor control. Since our plasmid
carries the wild type HSVtk-1 SG, the local outcome could be en-
hanced by using a splice corrected version of the gene [12], a mutant
like SR39 [13] or the novel TK.007 [14]. On the other hand, an emerg-
ing nonviral nanoparticle mediated gene transfer could be as effec-
tive as adenoviral vectors [15]. Efficient adenoviral vectors were
frequently used [16], even keeping its intrinsic oncolytic activity [17].
However, because of anti-viral immunological reactions and other un-
wanted toxic interactions, current adenoviral-based clinical applica-
tions are strictly limited to in situ administration against primary
tumors [18]. Therefore these viral vectors would not be useful in our
treatment scheme.

Surprisingly, we observed that the subcutaneous vaccine (βg + Vx
group) significantly increased the mean tumor growth rate (p b 0.0001
with respect to the other three groups, Fig. 3a). These results suggest
a paradoxical increase of tumor size attributable to treatment effects
rather than early tumor progression, as it happened in our canine pa-
tients [7–9]. This pseudo-progression could be the result of a vaccina-
tion induced inflammatory response [19] that was not compensated
by the effects of the suicide gene on tumor cells.
3.2. Suicide gene system delayed or prevented post-surgical local tumor
relapse

All tumors were removed by surgery at a tumor volume of about
1500–2000 mm3. The surgical margin of the cavity was injected with
lipoplexes carrying the respective βg or SG genes and initial treatment
conditions were re-established one week post-surgery.

All post-surgical survivingmice of βg and βg+ Vx groups displayed
local tumor relapse. However, a recurrence delay was observed in 1
(of 6) βg, and in 1 (of 5) βg + Vx treated animals. In the latest case
the tumor growth rate was diminished. Conversely, both post-surgical
SG and SG + Vx treatments, significantly prevented (in 50% of mice)
or delayed (in the remaining 50%) post-surgical recurrence (Fig. 2b).

Taken as a whole, the post-surgical mean growth rate in all the
groups was significantly lower than that of the respective primary
tumors (p b 0.0001 in βg + Vx, SG and SG + Vx groups; and p b 0.03
in βg groups) (Fig. 3a,b). Furthermore mean growth rates of SG and
SG + Vx relapsing tumors were significantly lower than those of βg
and βg + Vx primary tumors (Fig. 3b, p b 0.0001).

It is worth to note the remarkable reduction of the mean tumor
growth rate of βg + Vx group after surgery, that not only was under
that of its own primary tumors (p b 0.0001) but also dropped below
that of βg relapsing tumors (Fig. 3a,b).



Fig. 2. Individual tumor responses to treatments before (a) and after (b) surgery. 3 × 106 B16-F10 cells were intradermally injected in the left hind legs of C57BL/6mice (n= 6–8). Tumor
volumesweremeasured daily as described inMaterials andmethods. Individual tumor growth was analyzed by exponential growth equation. Individually identifiedmicewere followed
over the treatment until death. βg: β-galactosidase; Vx: genetic vaccine; SG: suicide gene.

Fig. 3.Means of individual responses to treatments before (a) and after (b) surgery displayed in Fig. 2. Data were plotted separately at the same time scale for the sake of visual simplicity.
Differences between curves were analyzed by exponential growth equation and curves were compared by Extra sum-of-square F test. Before surgery: p b 0.0001 βg + Vx vs. all
others. After surgery: p b 0.02βg vs.βg+Vx; p b 0.0001βg vs. SG and SG+Vx; p b 0.0001βg+Vx vs. SG and SG+Vx. Before and after surgery: p b 0.0001 primary vs. recurrent tumors
in βg + Vx, SG and SG + Vx; p b 0.03 primary vs. recurrent tumors in βg. βg: β-galactosidase; Vx: genetic vaccine; SG: suicide gene.
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3.3. The combined treatment significantly prolonged tumor-free and overall
survival

Kaplan–Meier tumor-free survival curves (Fig. 4a,c) showed that βg
andβg+Vx-treated groups displayed amedian local tumor relapse at 4
and 7 days respectively, whereas SG and SG + Vx treated groups
displayed significantly increased tumor-free survivals up to 32 days
(respective ranges 13–50 and 2–50).

The Kaplan–Meier median overall survival of the SG + Vx group
(38.5 days, range 5–50) significantly increased (p b 0.04 and p b 0.02)
with respect to βg (15 days, range 9–23) and βg + Vx (17 days, range
8–30) (Fig. 3b,c). Conversely, even though the median overall survival
of SG was 31 days (range 8–50), its survival curve was not significantly
different from those of βg and βg + Vx.

3.4. Both the subcutaneous vaccine and the suicide gene induced the
formation of a pseudocapsule

Surgically excised tumors were enveloped by a pseudocapsule prob-
ably promoted by the local immune response, given that both SG and
the Vx induced this envelope that was completely absent in βg treated
tumors. The subcutaneous Vx generated this tumor wrapping in 67%
and 83% of the βg + Vx and SG + Vx groups (p b 0.015 and 0.003
respectively compared to the βg group). In addition, repeated intra-
tumor injections of SG, by killing cells in an “immunogenic fashion”, in-
duced this tumor pseudocapsule in 57% of SGmice (p b 0.026 compared
to the βg group). Consistent with our hypothesis, Mac Keon et al. [20]
found a pseudocapsule at the vaccination site with dendritic cells.
Along this line, the presence of tumor pseudocapsules is known to be
a favorable prognostic factor in patients with non-small lung cancer,
[21], colorectal liver metastases [22,23], osteosarcoma [24] and soft
tissue sarcomas [25].

3.5. Pseudocapsules appeared infiltrated by immune cells

Once mice underwent surgery, excised tumors were fixed and
stained for microscopic analysis as described in the Materials and
methods section. Since we established an extremely aggressive model
of melanoma, in every group all primary tumors displayed a high
grade of anaplasia, high mitotic index and extensive necrotic areas.

Microscopic analysis revealed a pseudocapsule separating connective
and tumor tissues in all treated groups (βg + Vx, SG and SG + Vx)
(Fig. 5). This fibrotic tissue pseudocapsule appeared associated with a
Fig. 4.Kaplan–Meier analysis of recurrence-free (a) and overall (b) survival. Data were anal
(c). βg: β-galactosidase; Vx: genetic vaccine; SG: suicide gene.
significant immune reaction, suggesting a direct link between this struc-
ture and the local immune response. It is worth to note that the thickness
of the pseudocapsule increased from no capsule for βg to the thickest for
the SG + Vx group, being intermediate for βg + Vx and SG (Fig. 4). This
agrees with previous reports where this pseudocapsule was observed,
being more continuous, thicker and better developed in therapy respon-
sive tumors [25,26].

A microscopically detected incomplete pseudocapsule was found
only in 1 (of 8) mouse of the βg group in limited areas around the
tumor, probably due to a site-specific early host-recognition antitumor
immune response. Despite that cationic lipids and plasmid DNA
immunostimulatory sequences might also increase local tumor immu-
nogenicity [27,28], in the βg group this early inflammatory reaction at
the site of tumorigenesis failed to reach a minimal pseudocapsular
structure while the growing tumor crowded and physically invaded
the surrounding tissue.
3.6. 18F-FDG PET scan imaging suggested a systemic immune system
reaction against melanoma

To provide in vivo evidence of local and systemic disease develop-
ment as well as tomonitor in vivo immune response, positron emission
tomography (PET) scan imaging of treated mice was carried out.

An accumulative 18F-fluorodeoxyglucose (18F-FDG) image of local
tumor relapse was observed in βg and βg + Vx (t arrows, Fig. 6a,b).
Compared to the large and disseminated tumor of βg treated animal,
the βg + Vx treated mouse showed a confined round tumor, due to a
covering pseudocapsule confirmed by necropsy. In contrast, no recur-
rent disease, in agreement with macroscopic evaluation, was observed
in the evaluated SG and SG + Vx treated mice (Fig. 6c,d). On the other
hand, while one of 2 evaluated SG only treated mice showed a pulmo-
nary metastasis confirmed by necropsy 23 days later, none of the 2
evaluated SG + Vx did so (Fig. 6c,d). It is worth to point out that the
SG animal with a pulmonary metastasis lacked for a pseudocapsule
enveloping the primary tumor.

Undoubtedly a highly encouraging outcome was the confirmation
by PET scan imaging, of an effective immune stimulation that enhanced
glucose metabolism in SG + Vx treated mice (Fig. 6d). The absence
of distant disease in these animals, confirmed by necropsy 20 and
25 days later, strongly suggests that the increased accumulation of
18F-FDG in the vertebral column, thymus, spleen and upper neck
lymph nodes was not due to tumor metastasis but rather to the
presence of active immune cells in the SG+ Vx group. Previous reports
yzed by Kaplan–Meier log-rank test andmedian survival results are displayed in panel



Fig. 5. Pseudocapsule histological analysis. Surgically excised primary tumors were fixed and prepared for histological analysis as described in the Materials and methods section. The
photographs show representative patterns of each tumor group (black arrows indicate the pseudocapsule delimiting connective tissue whereas white arrows indicate tumor tissue
limit).βg:β-galactosidase; SG: suicide gene; Vx: genetic vaccine. C: connective tissue I: immune cells; N:No capsule; P: pseudocapsule; T: viable tumor cells. The arrows point to the limits
of the pseudocapsule.
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described PET scan as an approach to measure both tumor and antitu-
mor immune responses to therapies [29,30].

3.7. The combined treatment significantly increased the fraction of mice
with enlarged thymus

Reinforcing PET scan-evidence of a treatment induced systemic
immune response, we found enlarged thymus (102.4 ± 9.8 mg, about
Fig. 6. 18F-FDGmicroPET imagingof treated animals.Micewere treated as described inMaterials
(c) SG and (d) SG+ Vx. Arrows indicate: (i) injection site, (h) heart, (k) kidney, (t) tumor, (b)
lymph nodes. Number of analyzed mice: n = 1 for (a) and (b); n = 2 for (c) and (d). βg: β-ga
3-fold more weighty than those of βg) in 5 (of 6) mice (83%, p b 0.003)
of the SG + Vx group and in 3 (of 7) mice (43%) of the SG group
(111.9± 22.3mg). Conversely, none of the βg or βg+Vxmice showed
bigger thymus, possible due to the early death of these groups. Howev-
er,while 5 (of 6) SG+Vx and 3 (of 4) SG of post-surgery survivingmice
displayed greatly enlarged thymus (p b 0.002 and 0.03 respectively
with respect to the βg group), none of the post-surgery survivors of
βg or βg + Vx mice did.
andmethods. Upper panel: coronal plane. Lower panel: sagittal plane. (a)βg, (b)βg+Vx,
, bladder, (lm) lung metastases, and (pir) possible immune response at superficial cervical
lactosidase; Vx: genetic vaccine; SG: suicide gene.
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3.8. Tumors were infiltrated by anti- and pro-tumorigenic immune cell
populations

Infiltration by different anti/pro-tumorigenic immune cell popula-
tions was found in all surgery excised tumors [31–37] (Fig. 7).

The presence of pro-tumorigenic immune cells within defined
tumor regions was demonstrated by co-localization of Gr1+ and
CD11b+ myeloid-derived suppressor cells (MDSCs, columns 1 and 2)
and FoxP3+ and CD4+ regulatory T cells (Tregs, columns 3 and 4) label-
ing images corresponding to the analogous areas of consecutive serial
tumor slices [34–36] (Fig. 7). In the βg and SG groups' images,
CD11b+ and Gr1+cells co-localized. It is worth to note the strong
MDSC infiltrate of βg2 (second row), a fast (pre- and post-surgery)
Fig. 7. Effects of treatments on tumor anti/pro-tumorigenic immune cell infiltration. Consecutiv
antibodies to identify and locate (in the same field of view): Gr1+ CD11b+ myeloid-derived su
umns 3 and 4). Anti-tumor cells CD8+ T cells (column 5) and macrophages (column 6) were a
are displayed. Each row represents a singlemouse. Upper rowof each group represents post-sur
and (ii) no relapse (SG4 and SG+ Vx4). Lower row of each group represents PS treatment wor
(SG1 and SG + Vx1). βg: β-galactosidase; Vx: genetic vaccine; SG: suicide gene.
growing tumor with respect to those of βg7 (first row), the slowest
post-surgery growing tumor (Figs. 2 and 7).

Even though all these fast progressing pre-surgery tumors grew re-
gardless of the group, treatments (βg+Vx, SG and SG+Vx) seemed to
decrease the number of MDSCs within tumor tissues. In addition, the
better responders to the subcutaneous Vx (βg + Vx7 and SG + Vx4,
upper row of each group, Figs. 2 and 7) decreased even more the
amount of CD11b+ cells, leaving a fraction of Gr1+ cell population
that did not co-localize with CD11b+ labeling, indicating that most
of the tumor infiltrated Gr1-labeled cells could potentially reflect
other CD11b− cell populations. These data and the low pre-surgery
macrophages infiltrate in those tumors that were better responders
to post-surgery treatments (upper row of each group) suggest that
e serial sections of tumors were prepared for immunohistochemical analysis with specific
ppressor cells (MDSCs, columns 1 and 2) and CD4+ FoxP3+ regulatory T cells (Tregs, col-
lso characterized. Representative tumor sections from two different animals of each group
gery (PS) treatment better response: (i) slow growing relapsed tumor (βg7 andβg+Vx7)
se response: (i) fast growing relapsed tumor (βg2 and βg + Vx4) and (ii) relapsed tumor
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the treatment could induce maturation and migration of these mye-
loid cells.

Conversely, FoxP3+ staining of the nuclei ofmononuclear leukocytes
did not co-localize with CD4+ T cells in βg, while partially co-localized
and increased in all treated groups (SG, βg + Vx and SG + Vx). Recent
findings suggest that FoxP3+ nuclear staining may not be specific for
Tregs, but can also be expressed by other activated T-cell populations
[36]. In melanoma patients treated with ipilimumab, higher baseline
intratumoral levels of FoxP3 were predictive of a positive clinical out-
come [37]. These data, and the higher pre-surgery CD8+ cells infiltrate
in those tumors that were better responders to post-surgery treatments
(upper row of each group), suggest that the presence of FoxP3+ regula-
tory T cells, would be associated with positive response.

As derived from Figs. 6, and 7 and the effect of thymus enlargement,
it seems likely that in our system the cytokines expression levels were
high enough to induce specific antitumor immunity. Even so, an
improvement of local and systemic immune control could be driven
by the addition of genetic vaccine adjuvants as DAI [38].

3.9. Gene transfer treatments resulted safe

The treatment produced minor treatment-related adverse events
(grade 1 o 2) following the VCOG-CTCAE criteria [39]. No treatment-
related changes in attitude, body temperature and body weight were
observed. Themacroscopic andmicroscopic analyses of principal organs
by histological techniques after necropsy showed no treatment-related
toxicity. Kidney sections showed normal renal cortex and glomerular
tufts in all groups (data not shown).

4. Conclusion

As it happened in our canine melanoma trials [7–9], present work
suggests that this surgery adjuvant suicide gene (SG) and a genetic
vaccination (Vx) combined therapy appears to be considerably superior
to the separate monotherapies.

To achieve long-term control of highly aggressive and invasive
tumors, that did not respond to pre-surgical treatments (Fig. 2a), the
optimal clinical setting would be a surgery adjuvant treatment. After
surgery, both SG and SG + Vx treatments, significantly prevented
(in 50% of mice) or delayed (in the remaining 50%) post-surgical recur-
rence (Fig. 2b), as well as significantly prolonged recurrence-free and
overall median survival (Fig. 4).

The basis of this combined treatment clinical efficacy was possibly
due to a successful synergic interaction of local and systemic antitumor
immune responses.

An interesting finding was the generation of a pseudocapsule wrap-
ping and separating the tumor from surrounding host tissue (Fig. 5).
This novel structure appeared before surgery, when tumor progression
did not noticeably respond to early treatment — remodeling of the
heterogeneous tumor immune infiltrating cells (Fig. 7). However, both
SG and the subcutaneous Vx induced this envelope that lacked in βg
treated tumors. So in agreement with previous reports [20–26], these
data strongly suggest that the pseudocapsule was promoted by the
local antitumor immune response induced by the treatments (βg + Vx,
SG and SG + Vx) to protect the host.

This immune-generated pseudocapsule played a critical role in
preventing tumor local invasion and dissemination, as corroborated by
micro-positron emission tomography (PET) scan imaging. Compared
to the large and disseminated unwrapped tumor of βg treated animal,
the βg + Vx treated mouse showed a confined round tumor, due to a
covering pseudocapsule (Fig. 6 a,b).

An extremely encouraging outcome was the PET scan images of the
SG+ Vx group that strongly supported the development of an effective
immunostimulation that enhanced glucose metabolism in the thymus,
spleen, vertebral column and upper neck lymph nodes (Fig. 6d). This
trend was mimicked by the greatly enlarged weight of the thymus
(about 3 times more weighty than those of βg) in 5 out of 6 SG + Vx
mice.

The fact that the vaccine in the absence of suicide gene (βg + Vx
group) was insufficient for inducing a meaningful systemic immune re-
sponse (Fig. 6b), strongly suggests that it was boosted in its presence
(Vx + SG group) (Fig. 6d).

Finally we found that the SG + Vx combined treatment, after surgi-
cal removal of the tumor, was able to elicit a powerful antitumor effect
evidenced by a significant: (i) delay (in 50% of mice) or avoidance
(in the remaining 50%) of post-surgical recurrence; (ii) restriction of
local invasion and dissemination by inducing a pseudocapsule enclosing
tumors in 83% of mice, (iii) induction of a potent local and systemic im-
mune response as depicted in PET scan imaging, (iv) increase of the
fraction of mice bearing enlarged thymus (83%); and (v) prolongation
of median overall and local disease free-survival.
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