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Due to a lack of data on predictors of electroporation-based treatment outcomes, we investigated the
potential predictive role of contrast-enhanced harmonic ultrasound (CEUS) in mice B16F10 melanoma
treated by gene electrotransfer (GET) to silence melanoma cell adhesion molecule (MCAM) and radiother-
apy, which has not been evaluated yet. CEUS evaluation was verified by tumor histological analysis. Mice
bearing subcutaneous tumors were treated with GET to silence MCAM, irradiation or the combination of
GET to silence MCAM and irradiation (combined treatment). CEUS of the tumors used to evaluate tumor
perfusion was performed before and up to 10 days after the beginning of the experiment, and the CEUS
results were compared with tumor growth and the number of blood vessels analyzed in the histological
tumor sections. CEUS revealed a decrease in tumor perfusion in the combined therapy groups compared
with the control groups and correlated with tumor histological analyses, which showed a decreased vas-
cular density. In this study a trend of inverse correlation was observed between tumor perfusion and
treatment efficacy. The greater the perfusion of the tumor, the shorter the expected doubling time.
Furthermore, decreased perfusion showed a trend to correlate with higher antitumor efficacy. Thus,
CEUS could be used to predict tumoral vascular density and treatment effectiveness.
� 2021 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The tumor vasculature is an attractive target for cancer therapy.
A single vessel facilitates the survival of multiple tumor cells and
provides the main route for metastatic spread [1]. Therefore, tumor
vessel density and certain tumor perfusion aspects have been
intensively investigated as possible predictors of tumor behavior
and treatment outcome. A method to detect tissue perfusion at
the capillary level is contrast-enhanced harmonic ultrasound
(CEUS). In preclinical studies, it was shown to be an accurate pre-
dictor of tumor vascularization compared with histological results
[2–4], and it correlated with advanced diagnostic imaging methods
[5]. Furthermore, CEUS proved to be valuable in assessing the
tumor response to treatment and as a possible means to guide
the drug dosages [3–5]. In human and canine clinical studies, CEUS
was able to determine microvessel density [6–9]. In humans, it has
been proven to be a useful tool to evaluate the efficacy of anti-
angiogenic treatments [10–13]. CEUS parameters measure tissue
perfusion at the capillary level: some of them describe blood vol-
ume and others blood flow rate. Perfusion parameters are influ-
enced by cardiac, vascular, microcirculatory and other factors [13].

Gene electrotransfer (GET) is a physical method of plasmid DNA
delivery into cells, enabling the entry of large molecules by appli-
cation of short high-voltage electric pulses that induce cell mem-
brane permeabilization [14–16]. Melanoma cell adhesion
molecule (MCAM) or CD146 is a multifunctional transmembrane
glycoprotein, which is overexpressed in melanoma and is involved
in melanoma development and progression, the latter including
invasiveness, metastatic potential, and angiogenesis. Therefore,
the silencing of MCAM, using plasmid DNA encoding shRNA
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against MCAM, is a potential target for the gene therapy of mela-
noma [17–19].

Vascular targeted therapies aim at normalizing the tumor vas-
culature and therefore promote radiosensitizing effects because
they facilitate increased oxygenation of the remaining tumor tissue
[1,21–23]. GET of plasmid DNA exhibits a radiosensitizing effect in
murine tumors [19–23], and studies have shown that both thera-
peutic and control plasmid DNA devoid of therapeutic genes have
antitumor action [19,24–26].

Despite clinical effectiveness of electroporation-based therapies
there is still a lack of data on predictors of treatment outcome.
Thus, this study aimed to compare the results of CEUS with histo-
logical analysis of the tumor vascular density and evaluate them as
possible predictive factors for the therapeutic outcome in an exper-
imental model of radioresistant murine melanoma B16F10 treated
with irradiation and gene electrotransfer (GET) of plasmid DNA
encoding shRNA against MCAM.
2. Materials and methods

2.1. Animals

Female C57Bl/6JOlaHsd mice (Envigo RMS SrL, San Pietro al
Natisone, Italy), 7 weeks old, weighing 18–20 g, were housed under
specific pathogen-free conditions at a temperature of 20–24 �C and
with a relative humidity of 55 ± 10%, a 12-hour light/dark cycle,
and food and water provided ad libitum. All the procedures were
performed according to the guidelines for animal experiments of
the EU directive (2010/63/EU). Regulatory approval was issued
by the Veterinary Administration of the Ministry of Agriculture
and the Environment of the Republic of Slovenia (No. U34401-
1/2015/38).

2.2. Tumors

The subcutaneous tumors were induced on the back of the mice
by the subcutaneous injection of 100 ml of B16F10 cell suspension
containing one million cells (American Type Culture Collection,
Manassas, VA, USA). The cells were cultured in advanced minimum
essential medium (AMEM) supplemented with 5% fetal bovine
serum (FBS), 10 mM/l L-glutamine GlutaMAX (all Gibco, Fisher Sci-
entific, Waltham, MA, USA), 100 U/ml of penicillin (Grünenthal,
Aachen, Germany) and 50 mg/ml of gentamicin (Krka, Novo mesto,
Slovenia) in a 5% CO2 humidified incubator at 37 �C. At 80% conflu-
ence, trypsinization was performed with 0.25% trypsin/EDTA in
Hank’s buffer and the cells were then washed with AMEM with
FBS and collected by centrifugation. The cells were routinely
checked for the presence of Mycoplasma sp (MycoAlertTM PLUS
Mycoplasma Detection Kit; Pharma & Biotech, Lonza, Basel,
Switzerland).

2.3. Experimental protocol

The tumors were allowed to reach a volume of approximately
40 mm3, which corresponds to a diameter of approximately
6 � 6 � 2 mm (day 0). The tumors were measured every second
day with a Vernier-caliper, and the tumor volume was calculated
from the measured perpendicular diameters (V = a � b � c � p/6).

The mice were randomly divided into twelve groups, each con-
taining nine or ten mice. The procedures performed in the treat-
ment groups are presented in Table 1.

Irradiation was delivered by a Darpac 2000 X-ray unit (Gulmay
Medical Ltd, Surrey, UK) operating at 220 kV, 10 mA, with 1.8-mm
aluminum filtration. Possible acute skin reactions in the irradiated
field were monitored as described previously [21,27,28].
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Electric pulses were generated by an electric pulse generator
ELECTRO CELL B10 HVLV (Betatech, L’Union, France) and delivered
through two parallel stainless steel electrodes 6–7 mm apart,
depending on the tumor volume. After the delivery of four pulses,
the electrodes were turned for 90� to deliver four additional pulses.
The selection of voltage, duration and frequency of EP was chosen
based on previous studies [14,15].

For EP and CEUS, the mice were anesthetized using inhalation
anesthesia with isoflurane (2% v/v), and the heating pad was used
to prevent hypothermia. For CEUS examinations, the tumors were
fixed in a plastic holder to improve tumor display and for more
stable probe holding.

CEUS examinations were performed in three to seven animals of
each group on days 0, 1, 2, 5, 6, 7 and/or 10. On days 0, 1 and 2,
CEUS examinations were performed before other procedures. The
schedule of the experiment is shown in Scheme 1. The mice used
for tumor histology were humanely sacrificed on day 6. Mice were
humanely sacrificed due to disease burden when tumor diameter
was larger than 12 mm. Most of the statistical analyses were per-
formed until day 7; however, from day 6, the sample of mice is
biased toward mice with a lower disease burden.

The contrast agent Sonovue (Bracco, Milan, Italy), ultrasono-
graphic machine M9 (Mindray, Shenzhen, China) and linear probe
(L3-13.5; Mindray, Shenzhen, China) with a frequency of 3 to
13.5 MHz and harmonic ultraband nonlinear contrast display at a
low mechanical index were used. The clinical guidelines for CEUS
to quantify tumor perfusion were followed [29–31]. After applying
50 ll of the topical anesthetic Alcaine ophthalmic solution (Alcon,
Basel, Switzerland) to the mice cornea, 0.1 ml of contrast agent was
administered to the retroorbital sinus [32]. From the time of con-
trast application, a 90-second-long recording was made. Each
tumor was carefully delineated, and 6 to 8 ellipsoid regions of
interest (ROIs) were drawn to cover the whole area of the tumor
(Supplementary Figure S1). For the whole tumor and ROIs, the per-
fusion curve or time-intensity curve, presenting the signal inten-
sity, was analyzed using an ultrasound (US) system with built-in
software.

Animal weight was monitored as a sign of the systemic toxicity
of the treatments. The animals were weighed on the treatment
starting date before plasmid injections and thereafter every second
day until the end of the experiment when the tumor grew up to
450 mm3 on average. To determine the antitumor effect of the
treatment, a tumor growth delay evaluation was performed. Based
on the tumor volume calculations (described in the paragraph
above), a tumor doubling time (DT) was determined as the time
in which the tumor doubled the volume from the initial day of
the experiment. Growth delay (GD) was determined as the differ-
ence in the DT of each tumor in the therapeutic and mean DT in
the control group [33]. The tumor growth delay assay was per-
formed in the same animals used for CEUS measurements.

Mice with tumor regression were examined for tumor presence
for 100 days after the treatment. If they were tumor free 100 days
after the treatment, they were considered complete responders
(CRs). They were challenged with a second subcutaneous injection
of the melanoma cells as previously described. Animals without
tumor growth in the subsequent 100 days were considered resis-
tant to secondary challenges.

2.4. Histological analysis

From each experimental group, three tumors were collected for
immunohistological (IHC) analysis on day 6 from the beginning of
the therapy. The tumors were fixed in IHC zinc fixative (BD Bio-
sciences, San Diego, CA, USA), embedded in paraffin blocks, and
cut into 2-lm-thick sections, which were stained to determine
blood vessels in the tumors. The sections were incubated with pri-



Table 1
Procedures performed in the twelve groups of mice with melanoma B16F10 treated with irradiation and gene electrotransfer (GET) of plasmid DNA encoding shRNA against
MCAM.

Treatment group No. of included
mice

Treatment Treatment schedule

1 CTRL 9 no therapies performed
2 pC 9 intratumoral injection of control plasmid DNA (pENTR/U6 pControl, 4 lg/ll) [17,19,22], 50 lg

(12.5 ll)
on days 0, 2 and 4

3 pMCAM 9 intratumoral injection of plasmid DNA encoding shRNA MCAM (pENTR/U6 CD146, 4 lg/ll) [18], 50 lg
(12.5 ll)

on days 0, 2 and 4

4 EP 9 8 square electric pulses of 600 V/cm, a pulse duration of 5 ms, and a frequency of 1 Hz on days 0, 2 and 4
5 IR 9 irradiation in special lead holders with the apertures of 10 mm: a single dose of 15 Gy at a dose rate of

2.16 Gy/min
on day 1

6 GET pC 9 as described above for GET and pC: EP were delivered 10 min after intratumoral plasmid DNA
injection

on days 0, 2 and 4

7 GET pMCAM 10 as described above for GET and pMCAM: EP were delivered 10 min after intratumoral plasmid DNA
injection

on days 0, 2 and 4

8 EP IR 9 as described above for EP and IR EP on days 0, 2, 4
IR on day 1

9 pMCAM IR 9 as described above for pMCAM and IR pMCAM on days 0,
2, 4
IR on day 1

10 pC IR 9 as described above for pC and IR pC on days 0, 2, 4
IR on day 1

11 GET pMCAM
IR

10 as described above for GET pMCAM and IR GET on days 0, 2, 4
IR on day 1

12 GET pC IR 9 as described above for GET pC and IR GET pC on days 0, 2,
4
IR on day 1

LEGEND: CTRL = untreated control; GET = gene electrotransfer; EP = electric pulses; IR = single-dose irradiation; pC = intratumoral injection of control plasmid;
pMCAM = intratumoral injection of plasmid DNA encoding shRNA for MCAM.

Scheme 1. Schedule of the experiment. CEUS = contrast-enhanced ultrasound, GET = gene electrotransfer of plasmid DNA, IR = irradiation (15 Gy).
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mary rabbit polyclonal antibodies against CD31 (ab28364; Abcam,
USA) at a dilution of 1:1000. Next, the sections were incubated
with biotinylated goat anti-rabbit antibodies, streptavidin-
peroxidase conjugate, and peroxidase substrate (rabbit-specific
HRP/DAB detection IHC kit; ab64261; Abcam, USA), followed by
hematoxylin counterstaining, as described previously [19]. Five
randomly selected viable parts of each tumor were examined using
a BX-51 microscope under 40 � magnification (numerical aperture
0.85) and captured using a DP72 CCD camera (both Olympus, Ham-
burg, Germany). The images were analyzed by two independent
researchers and presented as the vascular density (the number of
vessels per analyzed area, i.e., the number of vessels divided by
the area of the acquired image).

2.5. Statistical analysis

The mean and standard deviation or error are considered mea-
sures of centrality and variability in numerical variables. One-way
analysis of variance followed by the Holm–Sidak corrected t-tests
were used to exploratory compare the mean differences in DT or
vascular density between the treatment groups (Systat Software,
Chicago, IL, USA). Generalized Bland–Altman plots were used to
inspect the possible correlation between the mean values and their
variability. Independent samples t-test was used to explore the
possible daily difference between mean peak enhancement (PE)
values in groups (CR vs. non-CR). The daily association between
3

the PE and (log) DT values were explored using linear regression
models and presented in scatterplots with linear regression lines.
The p-values for each day were adjusted using Hommel’s correc-
tion for the familywise error rate due to multiple comparisons.
Additionally, to model a possible association of PE measurements
over time with the status CR or non-CR, mixed-effect logistic
regression was applied (considering each mouse and each treat-
ment as random effects). Statistical package R was used [34]. Sta-
tistical significance was set to p < 0.05.
3. Results

To evaluate the capacity of CEUS to assess tumor perfusion/vas-
cularization and outcome following electroporation treatment, we
used mice bearing B16F10 melanoma tumors subjected to electro-
poration gene therapy and ionizing radiation as a that was previ-
ously observed to be a relevant model [18], where different
levels of response were determined after monotherapies and after
the combined treatment with radiation therapy. Ultrasound (US)
system built-in software showed the perfusion curve and the fol-
lowing parameters: Base Intensity (BI: the basic intensity of non-
contrast perfusion status), Peak Intensity (PI) and Area Under
Curve (AUC). Peak Enhancement (PE) was calculated as the differ-
ence between PI and BI. PE and AUC are blood volume parameters.
The parameters describing blood flow rate are Time To Peak (TTP:



Table 2
Mean values and standard errors for CEUS peak enhancement (PE) and vessel density
in the twelve treatment groups on day 6 after the treatment.

Treatment group CEUS PE Vessel density
(number/mm2)

Mean SE Mean SE

CTRL 10.4 0.7 364.3 21.1
pC 9.6 1.9 331.1 33.2
pMCAM 9.3 0.8 326.8 20.6
EP 8.4 2.2 280.9 18.4
IR 6.5 0.5 211.5* 12.1
GET pC 6.7 2.2 248.5* 29.8
GET pMCAM 2.4* 0.8 127.1* 11.7
pC IR 4.2* 0.2 172.1* 12.9
pMCAM IR 5.1 2.2 175.8* 13.9
EP IR 5.7 1.1 203.0* 16.3
GET pC IR 2.3* 1.1 127.4* 13.2
GET pMCAM IR 1.5* 0.5 96.0* 7.7

LEGEND: CTRL = untreated control; GET = gene electrotransfer; IR = single-dose
irradiation, 15 Gy; pC = intratumoral injection of control plasmid; pMCAM = intra-
tumoral injection of plasmid DNA encoding shRNA for MCAM; PE = peak
enhancement; SE = standard error of arithmetic mean.

* p < 0.05 = statistically significant mean difference compared with untreated
control group.
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the time at which contrast intensity reaches a peak), Ascending
Slope (AS: the slope between the starting point of lesion perfusion
and the peak), Arrival Time (AT: the time at which the contrast
intensity appears, generally the current time value is 110% higher
than the baseline intensity), Descend Time to one-half (DT/2: the
time at which the intensity is half the value of the peak intensity),
and Descending Slope (DS: the slope between the and the peak and
ending point of lesion perfusion) (Fig. 1). No evident association
was observed between vascular density (measured by IHC) and
tumor growth (assessed by a caliper) and CEUS blood flow param-
eters (AT, AS, TTP, DT/2, DS) and AUC blood volume parameter;
thus, only PE as the CEUS result was analyzed and is reported
below.

3.1. Correlation of the CEUS results with the vascular density in tumors

To determine if CEUS could be used as a method to evaluate an
antivascular response to treatment using GET of pMCAM and irra-
diation, the CEUS results were compared with the vascular density
in histological tumor sections (Table 2). The mean vascular density
for the combined therapeutic groups GET pMCAM IR, GET pMCAM
and GET pC IR was significantly lower, from 1.4- to 3.8-fold than
that in the pertinent control groups and untreated control group.
The mean PE values for the combined therapeutic groups GET
pMCAM IR, GET pMCAM and GET pC IR were significantly lower,
from 1.8- to 6.9-fold, than those of the pertinent control groups
(and untreated control group) (Table 2). The correlation of the his-
tological results (vascular density) and PE was found for all the
treatment groups (Supplementary Figure S2). Because the mea-
surements of vascular density were mostly taken from different
mice compared with the measurements of PE, none of the standard
correlation measures between these two methods could be
reported.

Comparing to pertinent and untreated control groups, in the
combined therapeutic groups GET pMCAM IR, GET pMCAM and
GET pC IR, a decrease in perfusion and a smaller number of blood
vessels were observed by CEUS and histological analyses, respec-
tively (Supplementary Figs. S1 and S2).

3.2. Heterogeneity of perfusion in tumors

Perfusion curves for different ROIs of the same tumor showed
that the tumors that were larger than 40 mm3 were commonly
heterogeneously perfused (Supplementary Figure S3). Heteroge-
neous perfusion was more pronounced with the increased tumor
Fig. 1. CEUS perfusion curve with a schematic representation of the dynamic paramet
ultrasound device (Mindray). Peak enhancement (PE) is the difference between peak (PI)
contrast agent appears. Time to peak (TTP) is the time at which the contrast intensity rea
one-half the value of the peak intensity. Ascending and dDescending Slope (AS and DS) re
curve.
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volume in all the treatment groups. To inspect this heterogeneity,
Bland–Altman plots of the means and standard deviations for each
treatment group are presented in Fig. 2A for vascular density and
Fig. 2B for PE. The variabilities increased in the treatment groups
with a larger mean PE—i.e., the mice in groups with higher values
of PE were more heterogeneous than mice in groups with lower PE
values.

Heterogenous perfusion of the tumors in the same therapeutic
group on the same day is also observed in Supplementary Figure S4.
Heterogeneity of perfusion was also commonly observed for the
same tumor during the time of observation and an example of such
a tumor, where complete response was observed, can be seen in
Supplementary Figure S5.
3.3. Tumor growth delay after the silencing of MCAM and irradiation

The growth of B16F10 melanoma after silencing MCAM and
irradiation is shown in Table 3 and Supplementary Figure S6.
Monotherapies, EP or IR or the injection of either plasmid showed
no significant effect on tumor growth compared with control
untreated tumors. Furthermore, partially combined treatments of
ers. Raw data and fitting curves are displayed by the built-in software of the M9
and Base Intensity (BI). Arrival Time (AT) is the time after contrast injection until the
ches a peak value. Descend Time to one-half (DT/2) is the time when the intensity is
fer to slope coefficients. Area Under the Curve (AUC) is the area under the perfusion



Fig. 2. Bland-Altman Plots of the means and standard deviations of vascular density (A) and CEUS peak enhancement (PE) at day 6 for all treatment groups. The gray lines are
for visual inspection only.

Table 3
Antitumor response of B16F10 melanoma after different treatment modalities.

Group n DT (days) GD (days) CR resistant to SC

Mean SE Mean SE n % n %

CTRL 6 1.3# 0.2 / / 0 0 0 0
pC 6 2.6# 0.3 1.3# 0.3 0 0 0 0
pMCAM 6 2.5# 0.5 1.2# 0.5 0 0 0 0
EP 6 3.6# 1.6 2.3# 1.6 0 0 0 0
IR 6 1.4# 0.3 0.1# 0.3 0 0 0 0
GET pC 6 34.3*,# 0.8 33.0*,# 0.8 1 20.0 0 0
GET pMCAM 7 37.1* 20.7 35.8* 20.7 1 14.3 1 100
pC IR 6 5.8*,# 1.7 4.5*,# 1.7 0 0 0 0
pMCAM IR 6 23.0*,# 14.7 21.6*,# 14.7 1 16.7 1 100
EP IR 6 8.5*,# 2.3 7.2*,# 2.3 0 0 0 0
GET pC IR 5 74.2* 23.8 72.9* 23.8 2 40.0 2 100
GET pMCAM IR 7 80.4* 19.6 79.1* 19.6 3 42.9 3 100

LEGEND: CR = complete response, tumor-free animal at day 100; CTRL = untreated control; DT = tumor doubling time; EP = application of electrical pulses; GD = tumor
growth delay (=DTtumor in experimental group–mean of DTctrl); GET = gene electrotransfer; IR = single-dose irradiation, 15 Gy; n = number of all mice in group; pC = intratumoral
injection of control plasmid; pMCAM = intratumoral injection of plasmid DNA encoding shRNA for MCAM; SC = mice resistant to secondary challenge; SE = standard error of
arithmetic mean; / = not applicable.

* p < 0.05 = statistically significant mean difference compared to control.
# p < 0.05 = statistically significant mean difference compared to GET pMCAM IR, GET pC IR.
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tumors (EP IR, GET pMCAM, GET pC, pMCAM IR, pC IR, GET
pMCAM, GET pC) significantly prolonged tumor growth delay com-
pared with the control tumors. Additionally, tumor cures were
obtained in the controls of GET pMCAM, GET pC and pMCAM IR,
ranging from 14% to 20% (Table 3). When a single dose of IR was
combined with GET pMCAM or GET pC, pronounced radiosensitiza-
tion was observed compared with the control, monotherapy, EP IR,
pMCAM IR, and pC IR groups, resulting in a significant reduction of
tumor growth (43%) and a tumor cure rate of 40%; additionally, the
tumors were resistant to secondary challenge (Table 3).

Irradiation alone or combined treatments resulted in hair loss,
but no skin desquamation was observed. Additionally, no systemic
toxicity was observed after the treatments.

3.4. CEUS PE capacity to predict antitumor response to treatment

To explore the capacity of CEUS to predict tumor outcome, we
compared CEUS PE values and growth parameters (CR, DT, GD,
resistance to secondary challenge). Among the mice with CEUS
results (n = 49), 8 were complete responders: three in the GET
pMCAM IR group, one in the GET pMCAM group, one in the GET
pC group, two in the GET pC IR group, and one in the pMCAM IR
group (Table 3).
5

The comparisons of mean PE values between the CR and non-
CR groups demonstrated that the mean PE values were signifi-
cantly lower in the CR group from day 5 (Supplementary
Table S1). The association between the daily CEUS PE parameter
and logarithmically transformed DT is explored graphically in
Fig. 3. Note that the mice with the most advanced tumors (with
the shortest DT values) were excluded from the analyses early
(as shown on days 6 and 7 by the lack of dots with small DT
values); the CR mice had DT ceiled to 100. The results of linear
regression analyses for each day of measurement associating PE
with logarithmically transformed DT are presented in Supple-
mentary Table S2. Negative regression coefficients suggest that
the larger is the PE of a mouse the lower is the expected (log)
DT. Similar findings were observed as above, when evaluating
the association with CR.

An additional attempt to model a possible association of PE
measurements over time with the status CR or non-CR by mixed-
effects logistic regression showed no statistically significant pre-
dictors. This finding can be partially attributed to the lack of
strength in detecting a difference in the early days and bias intro-
duced in the sample in the later days. However, the trends for our
data set stayed the same as in the simpler analyses above—i.e., the
larger is the PE, the less probable is the CR at a fixed day.



Fig. 3. Association between CEUS peak enhancement (PE) and logarithmically transformed doubling time (DT). The lines serve as visual inspection.
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4. Discussion

In the current study, among the CEUS parameters only PE was
an indicator of treatment response in the murine model and corre-
lated with mean vascular density in histological analyses of treated
tumors. The mean PE values were significantly lower in the tumors
that responded to therapy with CR. In addition, PE values showed a
trend toward correlation with antitumor efficacy (the greater the
PE value of a mouse, the lower the expected DT value and a lower
probability of CR). Thus, this study confirms that CEUS could be
used to evaluate perfusion and treatment response in mice treated
with vascular targeted therapies that have anti-angiogenic and
anti-vascular activities [1,35].

Tumor perfusion can be assessed by various methods investi-
gating tumor vasculature and tumor perfusion, either invasively
(e.g., histological analyses) or less invasively (e.g., contrast-
enhanced imaging). CEUS is a simple method of perfusion assess-
ment, and our data show that CEUS evaluation agrees with the his-
tological analyses of tumor blood vessels abundance, a finding that
is consistent with other studies, both preclinical [2–4] and clinical
[6–9]. The significantly lower PE values for CR tumors and the ten-
dency for CEUS results to correlate with treatment outcome in our
study are consistent with preclinical murine [3,4] and human clin-
ical studies [10–13] in which CEUS results are a useful predictor of
antiangiogenic treatment. However, in studies of canine tumors
treated with radiotherapy, CEUS was not found to be predictive
[36,37]. The canine studies included a small number of dogs with
different tumor types treated with radiotherapy, and the reason
why CEUS was not predictive may also be due to the different
mechanism of antitumor action between radiotherapy alone and
in combination with EP–based treatment. Radiation therapy is
more efficient in areas with increased perfusion because hypoxic
cells are resistant to treatment. Furthermore, only combined ther-
apy is an antiangiogenic treatment [18–20].

In human clinical studies [10–13], different CEUS parameters
(AUC, TTP, AS, and PE) showed trends toward a correlation with
6

survival. In our study, the CEUS parameter that correlated with his-
tology and tumor growth was PE, a parameter that describes the
blood volume of the investigated area. On the other hand, param-
eters that describe the blood flow rate did not show associations
with tumor growth and histological results. Possible reasons for
this lack of correlation could be the retroorbital injections of con-
trast without the use of an infusion pump and different planes of
anesthesia. The latter influences physiologic parameters such as
the systemic blood pressure, body temperature, heart rate, cardiac
contractility, and others, which all affect tissue perfusion, which
depends on cardiac, vascular, microcirculatory, and humoral fac-
tors. Retroorbital injections of contrast agents were shown to be
comparable with tail injections in mice [38]; however, in that
study, contrast agents were administered via a catheter; in our
study, the operator inserted the needle into the retro-orbital sinus
[32]. Furthermore, the rate of contrast injection was less unified
than that using an infusion pump.

The tumor vasculature differs from the normal vasculature; the
former is immature with a poorly developed discontinuous
endothelial-cell lining, and the basement membrane is irregular
and structurally abnormal. Tumor vascular networks are chaotic,
and the flow through many of the tumor vessels is only intermit-
tent [1,35,39]. These characteristics of tumor vessels contribute
to spatial and temporal heterogeneity in the tumor blood flow
[39], as observed in our study; the tumors were commonly hetero-
geneously perfused, and the perfusion of the same tumor was dif-
ferent on different days. Regions of the tumor that are poorly
perfused are radioresistant; therefore, combined treatments with
vascular targeted therapies aiming to normalize the tumor vascu-
lature are intensively investigated. In our study, the CEUS results
and histological vascular density showed that GET of plasmid
DNA encoding shRNA for MCAM and GET of control plasmid both
exhibit radiosensitizing effects. Electric pulses of a voltage higher
than 560 V induce a local blood flow modifying effect or ‘vascular
lock’, which is characterized by vasoconstriction and increased
wall permeabilization of small blood vessels, resulting in tissue
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edema [40–50]. The duration and strength of vascular lock depend
on EP (number, amplitude, and duration), type of tissue (healthy
versus tumor cells), and use of chemotherapeutics [43–46]. Blood
flow is slowly restored after EP; in 24 h, it approaches the flow
before EP [45–49]. CEUS has been used to describe decreased per-
fusion after electrochemotherapy (ECT) of human hepatic tumors
[51] and after the ECT of healthy porcine liver [52]. However, these
immediate effects after EP were not evident in this study because
CEUS was performed on each day before the therapies to evaluate
the vascular effects of 24-hour combined treatment.

The reasons for the first major limitation of this study—the
small number of animals and measurements—were the principle
of 3Rs (Reduce, Reuse and Recycle) and exclusion of measurements
due to the unpredictable contrast stability. The chemical and phys-
ical stabilities of the Sonovue microbubble dispersion last for 6 h,
and ultrasound contrast agents are easily destroyed in small-
gauge needles [53]. Both reasons for the first major limitation are
also reasons for the second major limitation of this study, which
was that not all of the measurements of vascular density measure-
ments were obtained from the same mice that were subjected to
the PE measurements; therefore, none of the standard correlation
measures could be reported. However, the mice were inbred syn-
genic animals, indicating more genetic uniformity and pathophys-
iological similarity among individuals [54]. In the treatment groups
using therapeutic plasmid—i.e., GET pMCAM and GET pMCAM IR—
vascular density and PE were determined in the same mice. The
scatterplot of these measurements and Pearson’s correlation are
reported in the Supplementary Information (Supplementary
Figure S7).
5. Conclusion

CEUS results for tumors correlated with histological analysis of
blood vessel density, demonstrating they could be a valuable
method of tissue perfusion assessment. Furthermore, CEUS results
for tumors that responded to therapy with CR were significantly
different from those without CR and CEUS results showed a trend
toward correlation with antitumor effectiveness. In a patient eval-
uation, simple methods such as CEUS, which provide readily avail-
able data during therapy and can be repeated frequently are
advantageous because they could provide beneficial prognostic
and predictive information, assisting the clinician in deciding
whether the repetition of therapy is necessary for the response
to therapy. Had the number of mice in this study been larger, the
observed tendency of CEUS results to correlate with antitumor effi-
cacy could have been more categorical. The potential value of CEUS
as a technique to determine prognosis and predict outcome of neo-
plastic disease warrants further studies in scientific research and
clinical practice to confirm whether it can predict the disease out-
come and assist in the planning of repeated therapy or different
treatment combinations in individual patients.
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