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Proliferation index and pseudoprogression as predictors of
the therapeutic efficacy of suicide gene therapy for canine
melanoma
Chiara Fondello*, Lucrecia Agnetti*, Gerardo C. Glikin
and Liliana M.E. Finocchiaro

In our veterinary clinical trials, the combination of systemic
immunotherapy with local herpes simplex virus thymidine
kinase/ganciclovir suicide gene (SG) treatment induced
tumor pseudoprogression as part of a strong local
antitumor response. This phenomenon could be owing to
tumor inflammation, increased vascular permeability and to
different tumor growth rates before, during and after SG
therapy. The proliferation index (PI: the fraction of viable
cells in S, G2/M, and hyperdiploid phases) would reflect the
in-vivo and in-vitro proportion of proliferating melanoma
cells in the absence of treatment (PIB) or in response to SG
(PISG). The extent of in-vivo and in-vitro melanoma cells
responses to SG exhibited a reverse correlation with PIB
and a direct correlation with PISG. Then, the final SG
outcome depended on the balance between PIB-dependent
‘regrowth resistance’ versus ‘regrowth sensitivity’ to SG
treatment. In all the cell lines derived from canine tumors
presenting partial responses to SG treatment, PISG
prevailed over PIB. Conversely, as more aggressive was the
tumor (greater PIB of the cell line), the more the balance

displacement towards ‘regrowth resistance’ over SG
‘regrowth sensitivity’. All these parameters could have a
prognostic value for SG treatment response and provide a
glimpse at the clinical benefit of this therapy. Melanoma
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Introduction
Canine malignant melanoma is an extremely aggressive form

of cancer clinically similar to human melanoma [1,2]. Both

human and canine malignant melanomas tend to metastasize

early in the disease process and are often fatal [3,4]. Significant

negative prognostic factors comprise size, occurrence of

metastasis, stage, diverse histological criteria and excision

of the tumor burden with narrow or no margins [5–7].

Immuno-oncology has emerged as an exciting new approach

to melanoma treatment [8–14]. An increasing number of

studies have shown high heterogeneity of responses in

patients receiving immunotherapy [15,16]. Some patients

experience an initial tumor growth followed by reduction in

total tumor burden. Such atypical immune-related responses

termed pseudoprogression (PP) pose growing clinical chal-

lenges [15,16]. Traditional response standards applied at the

time of initial increase in tumor burden can falsely designate

this as treatment failure leading to inappropriate termination

of therapy [15,16].

Most of the veterinary cancer gene therapy trials on

patients with spontaneous tumors could be classified as

immunogenic therapy and were performed with nonviral

vectors [17,18]. PP response patterns were identified in

our veterinary clinical trials, implementing a combination

of systemic gene immunotherapy and intratumor suicide

gene (SG) therapy. In these trials, intratumor SG therapy

with thymidine kinase from the herpes simplex virus

thymidine kinase (HSVtk), codelivered with the prodrug

ganciclovir (GCV), induced a strong local antitumor

response [8–11,17,18].

Although PP is becoming increasingly recognized by immu-

nologists, the mechanisms and biological significance of this

phenomenon remain enigmatic. The wide intratumoral het-

erogeneity and molecular complexity of melanoma tumors

suggests that the clinical diversity of the disease arise from

highly plastic subpopulations of dormant and proliferating

melanomas cells [19–21]. Understanding key cellular pro-

cesses, such as cell cycle regulation and cell death, is essential

for better diagnosis, accurate assessment of prognosis and

rational design of effective therapeutics. Biological markers

that correlate with the clinical course of this disease could have

a prognostic value for treatment efficacy [22,23].

In previous reports [24,25] we demonstrated that melanoma

cell lines derived from tumors of feline and canine veterinary
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patients reestablished the morphology, physiology and cell

heterogeneity of their respective parental tumors. In this

context, we explored the potential of PP and increased pro-

liferation index (PI) in response to SG therapy as biological

indicators of both in-vivo and in-vitro effectiveness of this

therapeutic agent.

Materials and methods
Veterinary patients and treatment

Dogs with a confirmed histopathological diagnostic of

melanoma were recruited for a study as it was reported

[8–11]. Their owners were notified about the experimental

nature of the treatment, and all of them granted written

informed consent for treatment [8–11]. All the procedures

related to the treatment were performed by qualified

attending veterinary professionals, following the laws and

regulations of our country (Argentina). All scientific and

ethical issues related to the veterinary clinical trial were

evaluated and approved by the corresponding committee of

the granting agency (ANPCYT, Argentina). These sponta-

neous melanoma canine patients received twice a week

during 5 weeks, intratumor and peritumor injection at mul-

tiple sites of lipid-complexed plasmid DNA encoding HSVtk
(1–4mg DNA codelivered with 5–20mg GCV according

the tumor size). After 24 and 48 h following SG plus GCV

delivery, patients orally took 400–800mg of acyclovir

according to their weight. They continued with a weekly local

treatment chronically or until disappearance of any evidence

of local disease [8]. In addition, patients were clinically con-

trolled and treated once a week for 5 weeks with a sub-

cutaneous vaccine composed of autologous and/or allogeneic

formolized tumor cells and irradiated living CHO xenogeneic

cells producing 20–30mg of hIL-2 and hGM-CSF [9]. To

check the possible metastatic spread of the disease, thoracic

radiographs and abdominal echographs were done before

treatment and every month during the first 6 months under

treatment and, at longer intervals up to 6 months in long-term

surviving patients as previously described [8]. As superficial

tumors often display irregular shapes, three different sets of

caliper measurements were performed for each mass, and the

volume was expressed as the mean±SEM. Tumor volumes

were calculated as: 4/3×π× r1× r2× r3 [8].

Establishment of cell cultures from canine melanoma

patients

Primary cell lines derived from surgically excised lymph

nodes metastasis (Btl ) or from oral (Ay, Bk, Bl, Br, Bt, Btl,
Cl, Ds, Fk, Lo, Ov, Rk, Rka, Sc, and Tr), nasal (Ch) and
ocular (Rd ) canine melanomas were obtained by enzymatic

digestion of tumor fragments with 0.01% Pronase (Sigma, St

Louis, Missouri, USA) and 0.035% DNase (Sigma) or by

mechanical disruption in serum-free culture medium [25].

They were cultured as monolayers andmulticellular spheroids

at 37°C in a humidified atmosphere of 95% air and 5% CO2

with DMEM/F12 medium (Invitrogen, Carlsbad, California,

USA) containing 10% fetal bovine serum (Invitrogen),

10 mmol/l HEPES (pH 7.4), and antibiotics [25]. Serial

passages were done by trypsinization (0.25% trypsin and

0.02% EDTA in PBS) of subconfluent monolayers [25].

Plasmids

Plasmid psCMVtk (4.5 kbp) carries an Eco RI/Bgl II

fragment (1.2 kbp) containing HSVtk gene, cloned in the

sites Eco RI/BamH1 of psCMV (3.3 kbp) downstream of

the CMV promoter and upstream of poly A sequences,

and the kanamycin resistance gene for selection in

Escherichia coli [25]. psCMVβ was built by replacing the

HSV thymidine kinase gene of psCMVtk by E. coli β-
galactosidase gene from pCMVβ [25]. Plasmids were

amplified in E. coliDH5α (Invitrogen), grown in LB medium

containing 100 μg/ml neomycin and purified by ion-exchange

chromatography (Qiagen, Valencia, California, USA).

Liposome preparation and in-vitro lipofection

DC-Chol (3β[N-(N′,N′-dimethylaminoethane)-carbamoyl

cholesterol]) and DMRIE (1,2-dimyristyloxypropyl-3-

dimethyl-hydroxyethilammonium bromide) were syn-

thesized and kindly provided by Dr Eduardo M. Rustoy

(Department of Organic Chemistry, Faculty of Exact and

Natural Sciences, University of Buenos Aires, Buenos Aires,

Argentina). DOPE (1,2-dioleoyl-sn-glycero-3-phosphatidyl
ethanolamine) was purchased from Sigma (St Louis,

Missouri, USA). Liposomes were prepared at lipid/colipid

molar ratios of 3 : 2 (DC-Chol :DOPE) or 1 : 1

(DMRIE :DOPE) by sonication as described [25]. Optimal

lipid mixtures were determined for every cell line [24,25].

Cultured cells at a density of 5×104 cells/cm2 (about 40%

confluence) were exposed to lipoplexes (1 µl liposomes/cm2

and 0.5 µg DNA/cm2) during 4–6 h [24,25].

β-galactosidase staining

To measure gene transfer efficiency, psCMVβ lipofected

cells were trypsinized, fixed in suspension, stained

with 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside
(X-GAL; Sigma, St Louis, Missouri, USA) and counted

using an inverted phase contrast microscope [24,25].

Sensitivity to ganciclovir assay

Twenty-four hours after lipofection, transiently HSVtk- or

βgal-expressing cells were reseeded on regular plates as

monolayers (4–7×103 cells) or at 2.5, 5, 10 and 20×104 cells/

ml over agar coverage as spheroids and incubated with

medium containing 5 μg/ml GCV (Richet, Buenos Aires,

Argentina). After 5 days in monolayers or 12 days in spheroids,

cell survival was quantified using the acid phosphatase assay

[25]. In brief, spheroids growing in liquid overlay were trans-

ferred to 96-well microplates, washed and finally incubated for

90min at 37°C, with 100 μl per well of the assay buffer

(0.1mol/l sodium acetate, 0.1% Triton-X-100, supplemented

with p-nitrophenyl phosphate). Following incubation, 10 μl of
1N NaOHwas supplemented to each well, and absorption at

405 nm was measured within 10min.
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Flow cytometry cell cycle analysis

Untreated cells or HSVtk-expressing, or βgal-expressing
cells, cultured in the presence of 1 μg/ml GCV for 48 h,

were trypsinized, fixed in 70% (v/v) ethanol at − 20°C for

1 h, treated with RNase, stained with 10 μg/ml propidium

iodide for 30 min, and subjected to single-channel flow

cytometry on a Becton Dickinson FACScan (Franklin

Lakes, New Jersey, USA), with collection and analysis of

data performed using Becton Dickinson CELLQuest

software (BD Biosciences, San Jose, California, USA) [24].

Statistical analysis

Results were expressed as mean ± SEM (n: number of

experiments corresponding to independent assays). Differen-

ces between groups were analyzed using unpaired Student’s

t-test (if two groups), one-way analysis of variance followed by

Tukey’s test (if more than two groups), or two-way analysis of

variance followed by Bonferroni’s test (if two nominal vari-

ables). Correlations were determined by Pearson’s test with

GraphPad Prism program (GraphPad Software Inc., San

Diego, California, USA). P values less than 0.05 values were

considered statistically significant.

Results and discussion
In-vivo suicide gene treatment displayed a significant

rate of tumor pseudoprogression

In our veterinary clinical trials, the combination of systemic

immunotherapy with local HSVtk/GCV SG therapy provoked

several atypical patterns of tumor response. Fluctuations in

tumor volume were recorded: at times mimicking tumor

progression and at times tumor reduction (Fig. 1). This para-

doxical transient increase of tumor size (PP) attributable to SG

treatment effects rather than early tumor progression finally

resolved in tumor shrinking or stabilization.

As shown in Fig. 1, among the 17 tumors studied, nine

presented in-vivo PP (Ay, Bk, Cl, Ds, Ov, Rk, Rka, Sc, and
Tr). Six (Ay, Cl, Ov, Rk, Rka, and Tr) of these nine PP

tumors concluded in partial responses (PR, tumor size

reduction > 50%) and three (Ds, Bk, and Sc) in stable

disease (SD, tumor size increase or decrease <50%). To

Fig. 1

In-vivo individual tumor responses that displayed pseudoprogression during 40 days under suicide gene system (herpes simplex virus thymidine
kinase/ganciclovir) treatment. Each value was relative to the respective initial tumor volume. Canine patients were treated and tumor measurements
were performed as described in the Materials and methods section.
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avoid favorably biased conclusions, the negative value of

SEM was deducted for assignment to PR group.

The in-vivo tumor sensitivity to the suicide gene was

reflected by their respective derived cell lines

As already demonstrated in previous work [24,25], canine

melanoma cell lines reflected the SG sensitivity of their

respective tumors (Fig. 2). Regardless of the presence of PP,

the pattern of in-vivo tumor responses of these veterinary

patients was similar to the in-vitro cellular responses to SG,

especially those of tumor-derived spheroids (Fig. 2a). This

issue was reinforced by the high correlation in SG sensitivity

between the in-vivo tumor and their respective derived cell

lines in both spatial configurations (Fig. 2b).

In contrast, as suggested by the significant correlation

(P< 0.0001) exhibited in Fig. 2c, the initial size of the in-

vivo tumors determined their response to the SG system,

being higher in patients with smaller tumors.

All tumors presenting in-vivo PR (Rka, Ay, Tr, Cl, Ov, Rk,
Bl, and Ch) resulted in cell lines highly sensitive to SG

lipofection in both spatial configurations. Of nine tumors

exhibiting SD (Bk, Sc, Ds, Rd, Br, Bt, Btl, Lo, and Fk),
eight of them as monolayers, and seven as spheroids,

were sensitive to the SG system. Fk cell line, arising from

Fig. 2

Sensitivity to SG system of in-vivo tumors, and their respective spheroids and monolayers (a). Being Vi and Vf respectively the initial (day 0) and final
in-vivo tumor (day 40) volumes, the tumor response was defined as follows: TR= (Vi−Vf)/Vi×100. Tumor volumes were determined as described
in Materials and methods section. The cell death values for spheroids and monolayers were analogously derived from tumor cells survival (S) data
obtained by the acid phosphatase assay as described in the Materials and methods section: CD= (Si−Sf)/Si×100. These results represent the
mean±SEM of n≥4 independent experiments. *Versus its respective βgal expressing monolayers or spheroids, or final versus initial tumor volume.
*P<0.05,**P<0.01,***P<0.001. (b) Correlation between the in-vivo tumor responses to SG and that of their respective monolayers and spheroids.
(c) Correlation between the initial size of the in-vivo tumors and their response to SG system. (d) Correlation between in-vitro lipofection efficiency and
SG sensitivity of monolayers (□), spheroids (●) and in-vivo tumors (▼). Statistical values were determined by the Pearson test with the GraphPad
program. NPP, nonpseudoprogression; PP, pseudoprogression; SG, suicide gene.
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highly proliferative advanced tumor, was not sensitive to

the SG system in any culture configuration.

A very encouraging outcome was that of Br cell line,

where less than 1% of SG-expressing cells were enough

to destroy 26, 29, and 30% of monolayers, spheroids, and

in-vivo tumor cells, respectively (Fig. 2a).

As observed in Fig. 2d, a direct correlation was found

between in-vivo and in-vitro canine melanoma cells response

to the SG in both spatial configurations and their respective

lipofection efficiencies (P<0.001).

Cell lines derived from pseudoprogressing tumors

increased the fraction of proliferating cells in response

to the SG treatment

It is difficult to differentiate PP from real disease progression,

when they initially emerge. Only, follow-up of enlarging

lesions can distinguish PP from treatment failure.

In previous papers, we demonstrated that as a consequence

of the SG treatment, there is an underlying repopulation

(regrowth) mechanism that enhances the fraction of pro-

liferating cells, and whose potency would be intrinsic to each

tumor [24,25]. Owing to this regrowth effect before, during

and after SG treatment, the long-term outcomes often differ

from short-term cytotoxic effects. The PI defined as the

cycling fraction of viable cells (in S, G2/M and hyperdiploid

phases), could help to predict these delayed reactions.

All canine cell lines (nine out of 17) derived from PP

tumors (Rka, Ay, Tr, Cl, Ov, Rk, Bk, Sc and Ds), enhanced
their basal proliferative phenotype in response to the

SG treatment (PISG>PIB; Fig. 2a and Table 1). This

happened also in those cells derived from non-

pseudoprogressing (NPP) tumors that displayed PR (Bl
and Ch). Conversely, all NPP tumors displaying SD (Rd,
Br, Bt, Btl, Lo and Fk) did not increase their basal pro-

liferative state in response to SG treatment (PISG was

similar to PIB; Table 1). However, Bk and Ds (of 3 PP

tumors that finally resolved in SD) increased their PISG.

Proliferation indexes correlated with the in-vivo and

in-vitro tumor cells’ response to suicide gene

The heterogeneous dynamic subpopulations of proliferating

and growth-arrested melanomas cells leads to different tumor

population growth rates before, during and after SG treatment.

Then, the final SG outcome depends on the balance between

PIB-dependent ‘regrowth resistance’ versus ‘regrowth sensi-

tivity’ to SG treatment (PISG).

As most conventional anticancer drugs, SG treatment was

preferentially toxic for proliferating cells. As shown in Table 1,

this ‘regrowth sensitivity’ to SG system depended on the

proportion of cells capable of proliferating in response to this

agent (PISG). Then, a reduced fraction of PISG could limit the

effectiveness of cell cycle-dependent SG system.

As greater was the PISG, greater was the cell lines’ response

to SG in both spatial configurations, as confirmed by the high

correlation (P<0.0001) between both parameters (Fig. 3a).

This in-vitro outcome reflected the in-vivo behavior. A sig-

nificant correlation was found between the PISG and the in-

vivo SG response of the respective tumors (Fig. 3b).

Table 1 Effects of suicide gene (herpes simplex virus thymidine kinase/ganciclovir) on the in-vitro and in-vivo responses and proliferation
index of canine melanoma cells

Response to suicide gene system (%)

In vitro PI (%) PIB vs. PISG

Tumor/cell lines In-vivo tumors Mnl Sph In-vitro lipofection rate (%) PIB PISG PISG-B P

PP tumors
Rka 81.3 ± 8 (PR) 90.5 ± 9 60.0 ±6 38.8 ±8.9 37.1 ±2.1 76.4 ± 5.1 39.3 <0.001
Ay 75.0 ± 8 (PR) 53.6 ± 5 75.9 ±8 31.1 ±8.1 40.6 ±2.2 64.7 ± 3.8 24.1 <0.002
Tr 65.0 ± 7 (PR) 76.0 ± 8 82.0 ±8 18.0 ±2.9 38.6 ±2.3 70.7 ± 6.1 32.1 <0.002
Cl 61.3 ± 1 (PR) 76.6 ± 8 64.6 ±7 22.4 ±6.8 40.1 ±2.1 76.8 ± 5 36.7 <0.01
Ov 58.8 ±5 (PR) 61.1 ± 6 57.0 ±5 10.6 ±3.0 33.7 ±1.7 66.8 ± 3.6 33.1 <0.02
Rk 57.1 ±6 (PR) 54.6 ± 5 49.1 ±5 23.0 ±6.5 39.1 ±3.4 74.2 ± 3–7 35.1 <0.005
Bk 51.0 ±5 (SD) 42.1 ± 3 58.6 ±6 15.3 ±6.9 44.1 ±3.3 68.6 ± 3.6 24.5 <0.01
Sc 38.0 ±4 (SD) 65.5 ± 7 34.8 ±3 16.0 ±2.3 45.6 ±2.2 63.5 ± 2.8 17.9 <0.05
Ds 35.1 ±2 (SD) 45.2 ± 6 29.1 ±3 8.5 ±4,2 41.2 ±2.3 61.2 ± 3.6 20.0 <0.05

NPP tumors
Bl 72.9 ± 8 (PR) 86.8 ± 9 68.1 ±7 36.4 ±8.6 44.5 ±2.4 69.5 ± 3.7 25.0 <0.02
Ch 63.2 ± 6 (PR) 49.3 ± 6 87.8 ±9 23.2 ±7.5 47.3 ±2,8 70.7 ± 4.1 23.4 <0.02
Rd 52.1 ±5 (SD) 29.3 ± 2 42.7 ±4 3.8 ±0.1 45.0 ±2.7 55.6 ± 2.9 10.6 NS
Br 30.0 ±3 (SD) 26.2 ± 3 28.6 ±3 0.7 ±0.2 45.8 ±4.1 58.8 ± 4.5 13.0 NS
Bt 20.2 ±2 (SD) 17.2 ± 2 2.0 ±0.2 9.2 ±3.4 49.0 ±2.4 45.8 ± 2.4 −3.2 NS
Btl 10.2 ±1 (SD) 24.3 ± 2 6.6 ±0.7 1.7 ±0.6 50.3 ±2.5 58.9 ± 2.5 8.6 NS
Lo −5.0 ± 1 (SD) 23.1 ± 2 11.5 ±1 0.4 ±0.2 57.5 ±3.2 52.6 ± 3.5 −4.9 NS
Fk −20.1 ± 2 (SD) 1.6 ± 0.1 −7.3 ±0.7 2.0 ±0.3 55.6 ±2.6 43.0 ± 2.4 −12.6 NS

The results represent the mean ±SEM of n≥4 independent experiments.
PI was determined by evaluating the percentage of viable cells in the S, G2/M, and hyperdiploid phases as described in the Materials and methods section.
Response to suicide gene system (%): from the graphics displayed in Fig. 2a.
Mnl, monolayers; NPP, nonpseudoprogression; PI, proliferation index; PIB, PI of untreated control cells; PISG, PI of suicide gene-expressing cells; PISG-B, net PI increase
due to suicide gene treatment obtained by subtracting PIB of the respective PISG; PP, pseudoprogression; PR, partial response; SD, stable disease; Sph, spheroids.
P values were calculated by two-tailed unpaired t-test.
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All SG-sensitive cell lines significantly increased their PIB in

response to the SG treatment. Then, for each cell line, we

calculated the net PI increase owing to SG treatment by

subtracting the PIB of the respective PISG (PISG-B) (Table 1).

This net value allows the evaluation of the PI increase owing

to the SG, independent of the basal replicative state (PIB).

A remarkable finding was the strong correlation (P<0.0001)

between the net PI increase owing to SG (PISG-B) and the

SG sensitivity of the in-vivo tumors (Fig. 3e) and of their

derived cell lines in both spatial configurations (Fig. 3d).

In contrast, the basal proliferative state of melanoma cell

lines (PIB) exhibited an inverse correlation with the

extent of their cell death to SG system in both spatial

configurations (Fig. 3g). Accordingly, the response to

SG of their respective in-vivo tumors also exhibited an

inverse correlation with PIB (Fig. 3h). Thus, as more

aggressive was the tumor (greater PIB of the cell line),

more the balance displacement towards ‘regrowth resis-

tance’ overcame SG cytotoxicity.

An interesting finding was that the overall survival of the

veterinary patients to SG treatment also exhibited an

inverse correlation with the PIB (Fig. 3i) and a direct

correlation with both PISG and PISG-B (Fig. 3c and f).

The growing capability of tumor-derived spheroids

determined their sensitivity to suicide gene therapy

Unlike the exponential grow of monolayer cultures, cells

growing as spheroids and solid tumors are characterized

Fig. 3

Correlation between the suicide gene (SG) response of in-vivo tumors, spheroids, and monolayers, and the proliferation index of SG-treated cells
(PISG, a, b), the net PI increase owing to SG treatment (PISG-B, c, d) and the basal proliferation index (PIB) of control cells (PIB, g, h). Statistical values
were determined by the Pearson test with the GraphPad program.
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by an increased polarization of melanoma cells toward

enhanced dormancy, pluripotency, loss of differentiation,

and invasiveness [26]. These heterogeneous cellular

aggregates reproduce the ‘regrowth repopulation’ of the

respective tumors through recruitment of the surviving

quiescent cells to the proliferative fraction after SG

Fig. 4

Effect of initial number of seeded control, βgal-expressing and SG-expressing cells on the growing capacity of tumor spheroids.*Versus its respective
βgal; °versus its respective value of 20×104 cells/ml. Lower panels: Images represent final size and growth of individual spheroids formed by the
number of cells described in the upper plots. Spheroids growing in suspension in 96-well plates for 13 days were photographed by inverted phase
contrast microscope (×40). Bars: 500 μm.

PP and PI as efficacy predictors Fondello et al. 7
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treatment [25]. Thus, under conditions that more closely

resemble the in-vivo situation, we explored how the

growing capacity of tumor-derived spheroids could affect

the efficacy of SG therapy.

As shown in the lower panels of Fig. 4, regardless of the

initial number of seeded cells, all the tested lines formed

unique spheroids. The patterns of growth, size, shape,

and degree of compaction of the spheroids were char-

acteristic of each cell line. Ay, Br, Fk, and Lo formed

compact rounded spheroids with defined edges at all the

evaluated cell concentrations. Conversely, Bk, Bt, Ch, Cl,
and Tr cell lines generated loosely associated aggregates,

in which single cells could be clearly distinguished. As

control and βgal-expressing cells produced almost iden-

tical spheroids, only representative images of βgal-
expressing spheroids were shown.

Depicting their proliferative status, both PP (Ay, Bk, Cl and
Tr) and NPP tumors (Br, Bt, and Ch)-derived spheroids

displayed an extensive growth during 13 days of culture

(P< 0.05). In these lines, the final size of the spheroid

increased according to the initial number of cells sown.

These spheroids, that did not reach their maximum sizes,

still maintained their growing ability. When treated with

SG, these spheroids exhibited smaller size and a looser

conformation than their respective control spheroid. Ay,
Bk, Ch, Cl, and Tr spheroids were sensitive to SG system at

all the evaluated cell densities (P< 0.05, Fig. 4).

Conversely, Br and Bt spheroids, derived from NPP

tumors, exhibited low cytotoxicity to SG concurrently

with a reduced PISG-B (Fig. 4 and Table 1). This result

suggests that, the fair lipofection efficiency (< 1%) of Br
cell line reduced its SG sensitivity and then, its PISG-B.

Conversely, a reduced fraction of cells capable of pro-

liferating in response to SG (PISG similar to PIB) in Bt
spheroids could limit the effectiveness of cell cycle-

dependent SG system.

In agreement with the highly aggressive phenotype of Fk
and Lo tumors, their derived cell lines produced the

biggest, dense, spherical, and regularly shaped spheroids.

Consistent with the faster in-vivo tumor growth, the

spheroids of these lines reached the same size (their

maximum size) regardless of the number of cells sown

(Fig. 4). Only the spheroids formed with 2.5 x 104 cells/

ml were sensitive to SG (P< 0.05) and decreased in size,

without modifying their compact conformation. After

reaching their definite size, Fk and Lo spheroids formed

with larger number of cells, lost their SG sensitivity,

simultaneously with their growing ability. Then, when

the spheroid growth capacity is so high that it quickly

reaches its plateau, regardless of the initial number of

cells that gave rise to it (Fk and Lo), ‘regrowth resistance’

(PIB) prevailed over ‘regrowth sensitivity’ to SG (PISG),

limiting the effectiveness of this gene therapy approach.

Conclusion

In our veterinary clinical trials for canine melanoma that

combine local and systemic immunotherapy, the repe-

ated intratumor injections of SG, by killing cells in an

‘immunogenic fashion’, generates transitory increases of

tumor size called PP [8–10,27]. The successful clinical

outcome suggests that PP was part of a strong local

antitumor response evidenced by a high proportion of

objective responses and disease control, with a significant

prolongation of median overall survival and disease free-

survival [8–10].

The basis of this phenomenon that was also described for

immunotherapy-treated human mucosal melanoma [28]

is still not fully understood. Evidence of immune cells

infiltrates, edema, and necrosis in the enlarged tumors

supports the idea that PP may be owing to tumor

inflammation [8,15,16,27]. However, broader evaluation

across canine melanoma tumors and their derived cell

lines suggests that increased vascular permeability and

tumor regrowth owing to SG treatment also contributed

to PP [8–10,27].

Despite inter-patient variability and the differences in

tumor biology across disease sites, melanomas are com-

posites of heterogeneous dynamic subpopulations of

proliferating and growth-arrested cells [19–21]. This

leads to different tumor population growth rates before,

during, and after SG treatment, including accelerated

repopulation during therapy. The PI, defined as the

cycling fraction of viable cells (in S, G2/M and hyperdi-

ploid phases), is a dynamic factor that varied during the

course of SG therapy. This parameter would reflect the

in-vivo and in-vitro proportion of proliferating tumor cells

in the absence of treatment (PIB) or in response to SG

(PISG). Their respective proportions during SG treatment

could have a prognostic value for both in-vivo and in-vitro

tumor cells’ response to SG.

The data presented here suggest that the final SG out-

come depends on the balance between PIB-dependent

‘regrowth resistance’ versus ‘regrowth sensitivity’ to SG

treatment (PISG). In those in-vivo and in-vitro tumor cells

presenting PR to SG treatment, ‘regrowth sensitivity’

(PISG) prevailed over ‘regrowth resistance’ (PIB).

However, when the basal growth capacity of in-vivo and

in-vitro melanoma cells (PIB) was very high (Fk and Lo;
Table 1 and Fig. 4), ‘regrowth resistance’ overcame

‘regrowth sensitivity’.

Previous and present results suggest that the successful

eradication of both PP and NPP tumors depends on the

‘regrowth sensitivity’ to SG treatment leading to an initial

acceleration of tumor growth with proliferation and exhaus-

tion of quiescent cells [8–10,24,25]. The high proportion of

complete responses suggests that SG would strongly reduce

the quiescent cells subpopulation by inducing its constant

proliferation, repopulating activity, and differentiation, both

in vitro and in vivo [8–10,24,25,29].
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Furthermore, the direct correlation between PISG and the

overall survival of our canine patients (Fig. 3c, f and i)

recapitulate the data of our veterinary clinical trials where

higher tumor responses correlated with longer overall

survivals of our canine patients [8–10]. The analysis of

serial biopsies taken throughout the treatment, as it was

reported in some immunotherapeutic approaches [30]

could have helped in a more detailed characterization of

the PP process. Therefore, it will be included in further

studies.

A better understanding of the evolution of individual

patient’s tumor characteristics such as PP, PI, ‘regrowth

sensitivity’, and ‘regrowth resistance’ during the SG

treatment could have a prognostic value for a persona-

lized prediction of clinical efficacy and accurate man-

agement of melanoma patients.
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