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Abstract

Background

Our study aimed to demonstrate the feasibility of using the sodium/iodide symporter (NIS)
to monitor vascular endothelial growth factor (VEGF45) expression in vivo.

Methods

We constructed a recombinant lentivirus plasmid with the MLC-2v promoter driving the
sodium/iodide symporter (NIS) reporter gene linked to the VEGF g5 gene. Expression of
NIS and VEGF gene were identified by Western blot. On days 2 and 54, °™Tc-MIBI imaging
was used to evaluate changes in myocardial ischemia. Noninvasive '2°| micro-SPECT/CT
imaging was used to assess the expression of NIS reporter gene dynamically over the next
2 months.

Results

Western blot analysis showed that both NIS and VEGF 45 were highly expressed in rat car-
diomyoblast HIC2 cells transduced with Lenti-MLC-2v-NIS—VEGF1gs. '2°I micro-SPECT/
CT reporter imaging showed higher uptake in mouse myocardium transduced with Lenti-
MLC-2v-VEGF¢5-IRES-NIS. NIS expression peaked on day 1 after transduction followed
by a progressive decline to negligible levels by day 21. On day 1, mean '2°| activity value in
group 1 was higher than that in group 2 (P<0.05). The mean '2°| activity value in group 3
was statically lower than that in group 1 and 2 (P<0.01). On day 60, '2°| uptakes in test and
positive control groups became very low, and no significant differences in the mean 29|
activity values were detected between group 1 and group 2 (P = 0.531 > 0.05). In group 1
(test group), **™Tc-MIBI SPECT/CT revealed improvements in perfusion and wall thicken-
ing in the apical anterior wall. Mean IOD values of NIS and CD34 were significantly higher in
group 1 than group 3 (P<0.05). Our study proved mean |-125 uptake was significantly corre-
lated with mean IOD value of NIS and CD34 (P<0.05).
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Conclusion

This study demonstrates the feasibility of using the NIS gene to monitor VEGF 45 expres-
sion in a mouse myocardial ischemia model.

Introduction

Ischemic heart disease (IHD) is the leading cause of death worldwide [1,2]. Patients with ische-
mic HF continue to experience unacceptably high rates of morbidity and mortality. In some
patients, even optimal subsequent medical treatment, such as coronary artery bypass grafting
(CABG) surgery, cannot prevent the development of heart failure, which has triggered an
increasing interest in novel therapeutic strategies [3]. Gene therapy for cardiovascular disease
has great potential for a variety of application, but the lack of reliable monitoring methods has
limited its development. Non-invasive molecular imaging to monitor the survival and location
of gene expression in real-time is crucial for the success of gene therapy [4, 5].

Bioluminescent and fluorescent reporters [6, 7], although sensitive, suffer from limited light
penetration in whole animal studies and relatively poor spatial resolution [8]. Radionuclide
imaging reporters [5] have good levels of sensitivity and depth penetration. One of the first
noninvasive reporter gene imaging paradigms was based on HSV1-tk. Recent studies using the
HSV1-tk reporter gene to monitor gene or stem cells in myocardial infarction model show
encouraging results [9, 10]. Sodium/iodide symporter (NIS) is another promising imaging
reporter gene [11]. NIS has many advantages as a reporter gene, primarily because of the wide
availability of substrates already approved for clinical use (both for y-camera and PET imaging
studies), and the fact that radiochemistry laboratory facilities do not need to be nearby [5]. Pre-
vious reports demonstrated the feasibility of using NIS for myocardial gene expression imaging
in rats [12-14]. However, few reports have investigated the combination of NIS with therapeu-
tic genes in myocardial ischemia in vivo.

Based on our previous work [15, 16], in this study, we used a dual gene recombinant lentivi-
rus, which linked the NIS reporter gene with the VEGF, 45 therapeutic gene in an animal model
of myocardial ischemia to assess the feasibility of the NIS gene for monitoring VEGF¢5 expres-
sion in vivo. In order to increase specificity of gene expression in a cardiac system, we used the
promoter of the myosin light chain (MLC-2v) as this contractile protein is abundant in cardiac
muscles [17, 18]. Although the MLC-2v promoter is 3 kb long, critical elements that mediate
cardiac-specific gene expression are located within the first 250 bp [18]. The lentivirus system
was chosen because this provides prolonged stable expression levels with lower in vivo immu-
nogenicity than other systems based on baculovirus and adenovirus.

We hypothesize that the VEGF therapeutic gene expression can be monitored in vivo by the
co-expression of the NIS reporter gene from a cardiac-specific promoter. This system would
provide the basis of an effective method for monitoring the expression of other therapeutic
proteins, such as FGF, HGF and HIF-1, in experimental or even clinical studies of myocardial
ischemic disease.

Materials and Methods
Ethics statements

The study was approved by the institutional review board and the experimental animal center
of Rui Jin Hospital, School of Medicine at the Shanghai Jiao Tong University.
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Recombinant virus generation and amplification

Construction of recombinant plasmids: The full-length sequences of NIS and VEGF cDNA
were removed from the pcDNA; expression vector (conserved by our laboratory) by restriction
digestion followed by agarose gel purification. These sequences were then subcloned into plas-
mid Lenti-EF1a-Oct4-IRES-EGFP (kindly provided by Prof. Liu Mofang, Shanghai Institute
for Biological Sciences), to generate plasmids pLenti-EF1a-NIS-IRES-GFP, pLenti-EF1a-

VEGF 45-IRES-NIS and pLenti-EF1a-VEGF, ¢5-IRES-GFP. Plasmid Lenti-MLC-2v-VEGF g5-
IRES-NIS was derived from plasmid Lenti-EFla-VEGF,45-IRES-NIS, in which the EF1la pro-
moter was substituted by the myosin light chain (MLC-2v) promoter (250 bp) according to ref-
erence [18].

Lentivirus amplification: All lentiviral vectors were purified and amplified according to the
manufacturer’s instructions with some modifications [19]. Virus titers were between 1x10”
and 1x10® plaque-forming units (pfu). Lenti-null and Lenti-EF1a-VEGF, 5-IRES-NIS served
as the negative and positive control viruses, respectively.

Cell lines and cell cultures

Rat cardiomyoblast cells HOC2 and mouse skeletal myoblasts cells C2C12 obtained from the
Chinese Academy of Sciences were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) 100 U/mL penicillin and 100 mg/
mL streptomycin and incubated with 5% CO, atmosphere at 37°C.

Western blot analysis of dual-gene expression in cells

H9C2 and C2C12 cells were seeded in 10-cm plates at a density of 4x10°cells/well and cultured
with serum-free DMEM for 24 h. At 70% confluence, Lenti-MLC-2v-VEGF,45-IRES-NIS and
Lenti-EF1a-VEGF;45-IRES-NIS were added (MOI = 40).

Lysates of lentivirus-infected cells were prepared by standard methods. Western blot analy-
sis was then performed by incubating the filter with mouse anti-NIS (1:500; Neomarker), anti-
His-tag (1:500; Neomarker) and anti-GAPDH (1:10000; Abgent) antibody in Tris-buffered
saline Tween-20 overnight at 4°C, followed by incubation with peroxidase-conjugated goat
anti-mouse immunoglobulin G (1:2500; Neomarker) for 1 h at room temperature. Immunode-
tection was carried out using an ECL Western blot detection kit (Pierce).

Animal studies

Adult male BALB/C mice (weight, 20-25 g) were supplied by the Research Center for Experi-
mental Medicine of Ruijin Hospital School of Medicine, Shanghai Jiaotong University (animal
license number SYXK (HU) 2011-0113). All animals were caged under standard light and tem-
perature conditions with free access to food and water throughout the study. All experimental
procedures were made to minimize suffering which were approved by the local committee for
animal welfare and were conducted in accordance with the approval of the Ethics Committee
and Animal Care Committee of the School of Medicine at Shanghai Jiao Tong University. Our
study was performed according to requirement of the ARRIVE guidelines for reporting animal
research (S1 File).

Induction of myocardial infarction mouse model: Each mouse was anesthetized with 5%
isofluorane in an induction chamber and then with 1-2% isofluorane gas delivered through a
customized face-mask during surgery. The heart was exposed and myocardial infarction (MI)
was induced by the permanent ligation at the distal third of the left anterior descending coro-
nary artery with a 6-0 polypropylene suture. Subsequently, one spot in left ventricle anterior
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wall around the peri-infarct region was injected with a total of 20 pl of virus suspension or
0.9% saline.

Forty-eight adult male BALB/C mice were used to establish the animal model. A total of
twenty-six mice died in postoperative period because of acute myocardial infarction, arrhyth-
mia or virus injection. Post-operative animal death for the twenty-six mice could not be pre-
dicted because mice were not showing signs of distress or discomfort, and therefore they could
not be euthanized. The mortality in our study was anticipated and our Ethics and Animal Care
Committee of the school of Medicine at Shanghai Jiao Tong University specifically reviewed
and approved the mortality aspects of the study. To ensure equal randomization, the other
twenty-two survival animals underwent **™Tc-MIBI imaging at the baseline (day 2 after sur-
gery). Two animals without clear evidence of MI were excluded from this study and humanely
sacrificed by cervical dislocation after they were anesthetized with 3.5% trichloroacetaldehyde
hydrate. Other twenty adult male BALB/c mice were succeeded in establishing myocardial
infarction animal model. These animals were classified into four groups: Group 1 (n = 5; test
group) mice received 1x107-10° pfu of Lenti-MLC-2v-VEGF,45-IRES-NIS; Group 2 (n = 5;
positive control group) mice received Lenti-EF1A- IRES-VEGF,5-NIS; Group 3 (n = 5; nega-
tive control group): mice received 0.9% saline; Group 4 (n = 5 control group) mice received
Lenti-MLC-2v-NIS, An outline of the experimental design is shown in Fig 1. On days 1, 3, 5, 7,
11, 21, 31, 45, 55 and 60, 21 SPECT/CT scanning was performed. We monitored the basic
vital signs of each animal every day and measured their weight every 3 days. On day 60, we suc-
ceeded in all experimental procedure and then used humane endpoints to sacrifice animals
according to our study design requirement. Animals were sacrificed humanely by cervical dis-
location after they were anesthetized with 3.5% trichloroacetaldehyde hydrate. And then, we
obtained animal heart samples to do immunohistochemistry analysis which were required by
our study design.
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125 and #°™Tc-MIBI imaging with micro-SPECT/CT in vivo

Micro-SPECT/CT scan system (Nano SPECT/CT) was used to image each mouse using the fol-
lowing conditions: scan speed, 60 s per frame; 18° per frame; slice thickness, 0.7-1 mm; pitch
0.5; CT scan, 55 kVp, 145 pA; voxel 146*146*146 um; matrix 256*256; detector, 1-4 collimator
pinhole; energy window, 35 + 10% keV (12°1), 140 + 20%keV (°**™Tc-MIBI). For each imaging
session, mice were injected with 14.8-18.5 MBq of '*°I (or **™Tc-MIBI) via the tail vein after
anesthetized and images were obtained by Micro-SPECT/CT software. Each mouse was anes-
thetized with 5% isofluorane in an induction chamber and then with 1-2% isofluorane gas
delivered through a customized face-mask during each scanning.

As shown in Fig 1, on day one, '*’I dynamic scanning was performed at 30 min, 60 min,
120 min and 24 h after the injection of '*’I. The image quality was optimal at 60-120 min; on
the following days (day 3, 5, 7, 11, 21, 31, 45, 55, 60), '*°I SPECT/CT scanning was performed
only at 60 min. On days 2 and 54, ™ Tc-MIBI SPECT/CT scanning was performed at 60 min
according to the **™Tc-MIBI scan routine.

Imaging was reconstructed by Invivoscope software after scanning, to achieve axial, sagittal
and coronal SPECT, CT and fusion images. The radioactivity count (unit uCi/mm’) of ROI
(regions of interest) was measured by InviCRO 3D software. The image interpretation of
oM. MIBI and '**I SPECT/CT was based on the consensus of two nuclear medicine physi-
cians and two PhD research fellows, who were blinded to any results of the other work-ups.

Histology and immunohistochemistry

After animals were sacrificed humanely, we obtained animal heart samples to do immunobhis-
tochemistry analysis. We analyzed five samples from each group of group 1, 2 and 3. Explanted
hearts (n = 15) were frozen, and embedded in methylcellulose. Serial short-axis cryosections
(5-mm thick covering the entire heart at 1-mm intervals) were obtained for histological evalua-
tion using a cryostat (Leica). The following primary antibodies and dilutions were used: anti-
VEGF¢sp antibody (1:50; Abcam ab90719), anti-NIS antibody (1:100; Abcam ab83816), and
cell adhesion factor CD34 (1:500; Epitomics).

To estimate capillary density, three randomly selected fields near the peri-infarct region
were evaluated. Computerized images were captured at a magnification of x200. Capillary den-
sity (positive CD34 staining) was defined as the mean number of capillaries per square milli-
meter. Positive areas, Microvascular density (MVD) and integrated optical density (IOD value)
were analyzed on Image ProPlus 6.0 software.

Correlation between transgene expression and 1-125 imaging

We calculated the mean I-125 uptake in '*’I SPECT/CT imaging of each animal on day
1,3,7,21,45 and 60 (S1 Table). We also calculated the mean optical density (IOD value) of NIS
(S2 Table), VEGF (S3 Table) and CD34 (S4 Table) in each transgene animal’s immunohis-
tochemistry sample. Then we analyzed the correlation between mean I-125 uptake and mean
IOD value of NIS, VEGF and CD34.

Statistical analysis

All results were expressed as the mean + SD. Statistical analysis was performed with SPSS13.0
software (SPSS Inc., IL, USA). Differences between multiple groups were compared with
Paired-Samples Test with LSD multiple-comparison. The correlation between mean I-125
uptake and mean IOD value of NIS, VEGF and CD34 was analyzed with Pearson Bivariate
Correlations. P-values less than 0.05 were considered statistically significant.
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Fig 2. Western blot analysis of VEGF and NIS protein expression in HIC2 and C2C12 cells infected with lentivirus. (A, B) Both VEGF and NIS
proteins were expressed at similar levels in HOC2 and C2C12 cells infected with Lenti-EF1a-VEGF4¢5-IRES-NIS. (C, D) Following infection with Lenti-MLC-

2v-VEGF45-IRES-NIS, proteins were also expressed in HIC2 cells; however, in C2C12 cells, NIS was not expressed and VEGF was expressed only at low
levels. (E, F) In negative control group (saline), neither NIS nor VEGF was expressed.

doi:10.1371/journal.pone.0133952.9002

Results

Western blot analysis of dual-gene expression in H9C2 and C2C12 cells

Expression of the NIS and VEGF protein was analyzed by Western blot following the infection
of H9C2 and C2C12 cells with Lenti-EFla-VEGF,45-IRES-NIS (Fig 2A and 2B), Lenti-MLC-
2v-VEGF,45-IRES-NIS (Fig 2C and 2D) and saline(Fig 2E and 2F). Both VEGF and NIS pro-
teins were expressed at similar levels in H9C2 and C2C12 cells infected with Lenti-EF1a-
VEGF;65-IRES-NIS (Fig 2A and 2B). Following infection with Lenti-MLC-2v-VEGF45-IRES-
NIS (Fig 2C and 2D), proteins were also expressed in HIC2 cells; however, in C2C12 cells, NIS
was not expressed and VEGF was expressed only at low levels. In negative control group
(saline), neither NIS nor VEGF was expressed (Fig 2E and 2F).

99MTc-MIBI imaging with micro-SPECT/CT in vivo

No procedural complications occurred in any mouse during any imaging procedure. All mice
underwent **™Tc-MIBI SPECT/CT scanning on day 2 after surgery to evaluate the extent of
cardiac ischemia. Severely reduced levels of uptake in the apical, anterior and inferior wall were
observed in 20 animals (Fig 3A), which indicated that perfusion in these areas of the heart had
been successfully blocked. On day 54, *™Tc-MIBI SPECT/CT was repeated. In group 1 (test
group, Lenti-MLC-2v-VEGF, ¢5-IRES-NIS) (Fig 3B), **™Tc-MIBI SPECT/CT revealed
improvements in perfusion and wall thickening in the apical anterior cardiac wall, which corre-
sponded to the area of virus injection. In groups 3 (negative control, 0.9% saline), **™Tc-MIBI
SPECT/CT revealed no improvements in the ischemia myocardium.

Non-invasive monitoring of cardiac transgene expression in vivo

Myocardial *°I uptake was used for non-invasive monitoring of cardiac NIS expression in vivo
ondays 1, 3,5,7, 11, 21, 31, 45, 55, 60 following injection with recombinant lentivirus or saline
(Fig 1).
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Fig 3. %™Tc-MIBI myocardial perfusion imaging. (A) ®*"Tc-MIBI SPECT/CT scanning on day 2 after surgery to evaluate the extent of cardiac ischemia.
Severely reduced uptakes in the apical, anterior and inferior cardiac wall were observed, which indicated that perfusion in these areas of the heart was
successfully blocked. (B) On day 54, **™Tc-MIBI SPECT/CT was repeated. In group 1 (test group, Lenti-MLC-2v-VEGF;¢s-IRES-NIS), ®°™Tc-MIBI SPECT/
CT revealed improvements in perfusion and wall thickening in the apical anterior wall corresponding to the area of virus injection.

doi:10.1371/journal.pone.0133952.9003

In group 1 (test group, n = 5), 1x107-108 pfu Lenti-MLC-2v-VEGF,45-IRES-NIS were used
for intramyocardial injection. Five mice underwent '*°I SPECT/CT scanning on day one. '*’I
SPECT/CT imaging showed high cardiac *°I activity region (mean "*°I activity value (0.0323
+0.0019) uCi/m®) (Table 1) in the apical anterior wall which corresponded to the area of injec-
tion (Fig 4A). '*I activity value in group 1 was significantly higher than that in group 2 on day
1, 3 and 7 and higher than in group 3 on day 1, 3, 7,21 and 45 (P<0.05) (Table 2). On day 2,
these mice underwent **™Tc-MIBI SPECT/CT imaging. **™Tc-MIBI imaging confirmed myo-
cardial infarction lesion at apical anterior. Besides myocardium, other organs as thyroid, stom-
ach and bladder also showed >’ physiology activity in '**I SPECT/CT scanning. Cardiac NIS
transgene expression peaked at day 1 followed by a progressive decline to negligible levels on
day 21 (Fig 4B). On day 21, mean '2°T activity value was(0.0204+0.0020) pCi/m3 (Table 1) and
became difficult to be recognized from SPECT/CT imaging.

Table 1. MeanzSD of I-125 Uptake in Different Groups.

Group Group1 Lenti-mic-VEGF-NIS Group2 Lenti-EF1-VEGF-NIS Group3 Saline
Time Mean *SD Mean *SD Mean *SD

Day1 0.0323112 0.0019250 0.0261462 0.0029508 0.0091052 0.0002104
Day3 0.0237410 0.0021936 0.0186668 0.0024075 0.0082696 0.0002093
Day7 0.0210233 0.0015105 0.0186578 0.0010501 0.0085634 0.0003125
Day21 0.0204895 0.0020715 0.0187762 0.0010212 0.0086636 0.0001418
Day45 0.0181488 0.0011532 0.0176069 0.0013882 0.0088231 0.0002022
Day60 0.0108996 0.0015340 0.0104156 0.0014632 0.0089812 0.0004732

Mean+SD of myocardial '2°| uptake was measured on days 1, 3, 7, 21, 45, 60 following injection with recombinant lentivirus or saline in three groups mice
(group 1 following injection with Lenti-MLC-2v-VEGF165-IRES-NIS, group 2 with Lenti-EF1A- IRES-VEGF165-NIS, Group 3 negative control group with
saline)

doi:10.1371/journal.pone.0133952.1001
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Fig 4. '*° Imaging of cardiac transgene expression. (A) Axial cardiac '2°l imaging of mice injected with Lenti-MLC-2v-VEGF¢5-IRES-NIS on days 1, 3, 7,
11 and 21. (B) Dynamic curve of cardiac '2°| activity in the three groups. On day 1, mean '2°| activity value in group 1 (0.0323+0.0019uCi/m®) was higher than
that in group 2 (0.0261+0.0029uCi/m®) which had statically difference (P = 0.013<0.05). The mean '2°| activity value in group 3 was (0.0091+0.0002) uCi/m>
which was statically lower than that in group 1 and 2 (P<0.01). On day 60, '2°I uptakes in test and positive control groups became very low and no significant
differences in the mean 2% activity values were detected between group 1 and group 2 (P = 0.531 > 0.05).

doi:10.1371/journal.pone.0133952.g004

In group 2 (positive control group, n = 5), 1x107-10® pfu Lenti-MLC-2V-EF1a-VEGF ¢s-
IRES-NIS were used for injection. '*°I SPECT/CT imaging showed high cardiac '*°I activity
region in the apical anterior wall corresponding to the area of injection. On day one, mean '*°I
activity value in group 2 was (0.0261%0.0029) uCi/m?> (Table 1). '**I activity value in group 2
was significantly lower than that in group 1(P = 0.013 < 0.05) (Fig 4B). On day 60, mean '*°I
activity values in group 1 and 2 became very low ((0.0108+0.0015) pCi/m” in group 1 and
(0.0104+0.0014) pCi/rn3 in group 2) (Table 1) and no significant differences in the mean 1251
activity values were detected between group 1 and group 2 (P = 0.531 > 0.05) (Table 2).

PLOS ONE | DOI:10.1371/journal.pone.0133952 July 31,2015 8/14
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Table 2. 1-125 Uptake Differences between Three Groups (P value).

Day1 Day3 Day7 Day21 Day45 Day60
Group1-Group2 0.015 0.008 0.013 0.167 0.56 0.531
Group1-Group3 0.00 0.00 0.00 0.00 0.00 0.079
Group2-Group3 0.00 0.001 0.00 0.00 0.00 0.095

12| activity value in group 1 was significantly higher than that in group 2 on day 1, 3 and 7 and higher than in group 3 on day 1, 3, 7,21 and 45 (P<0.05).

doi:10.1371/journal.pone.0133952.1002

Group 3 (negative control group, n = 5) mice injected with saline. No specific accumulation
of I-125 was observed in animal heart in '>>I SPECT/CT scanning. Thyroid, stomach and blad-
der showed high '*°I physiology activities. On day one, the mean '*°I activity value in group 3
was (0.0091+0.0002) uCi/m’ which was statically lower than that in group 1 and 2 (Fig 4B,

P < 0.01). On day 60, no significant differences in the mean '*°I activity values were detected
among three groups (P > 0.05) (Table 2).

Histology and immunohistochemistry

The cardiac infarct areas shown by **™Tc-MIBI SPECT/CT imaging in vivo were confirmed by
ex vivo hematoxylin and eosin staining. Myocardial expression of NIS, VEGF and CD34 fol-
lowing infection with Lenti-MLC-2v-VEGF45-IRES-NIS can be detected by immunohis-
tochemistry which is shown as brown-yellow spots (Fig 5A-5C). Low levels expression of NIS,
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Fig 5. Imnmunohistochemical analysis of NIS, VEGF and CD34. (A-C) Myocardial expression of NIS, VEGF and CD34 following infection with Lenti-MLC-
2v-VEGF45-IRES-NIS were confirmed by immunohistochemistry which is shown as brown-yellow spots (magnification, x400). (D-F) Low levels expression
of NIS, VEGF, and CD34 was detected in the negative control group.

doi:10.1371/journal.pone.0133952.g005
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Figure 6B Correlation between mean 1-125

Figure 6A Mean 10D value of NIS,VEGF and CD34 uptake and mean 10D value of NIS
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Fig 6. Correlation between transgene expression and I-125 imaging. (A) Mean IOD values of NIS, VEGF and CD34. No significant differences in the
mean IOD values of NIS, VEGF and CD34 were detected between group 1 (MLC-2v promoter) and group 2 (EF1a promoter) (P > 0.05). Expression of NIS
and CD34 in group 1 (MLC-2v promoter) was significantly higher than that in the control group (P < 0.05). (B) Correlation between mean I-125 uptake and
mean |OD value of NIS. Mean I-125 uptake was significantly correlated with mean 10D value of NIS (Pearson Correlation value r = 0.807**, P<0.05).

doi:10.1371/journal.pone.0133952.9006

VEGEF, and CD34 was detected in the negative control group (Fig 5D-5F) with mean integrated
optical density (IOD) values of 2.9400 + 0.3301, 2.8550 + 0.2711 and 2.2767 + 0.1457. No sig-
nificant differences in the mean IOD values of NIS, VEGF and CD34 were detected between
group 1 (MLC-2v promoter) and group 2 (EF1a promoter) (P > 0.05), mean IOD values of
NIS, VEGF and CD34 in group 1 were 3.4570+0.4808, 2.9276+0.1681, 2.8267+0.0945 and in
group 2 were 3.2345+0.2428, 2.9570+0.4211, 2.5467+0.2936. Expression of NIS and CD34 in
group 1 (MLC-2v promoter) was significantly higher than that in the control group (P < 0.05,
Fig 6A).

Correlation between transgene expression levels and imaging findings

Mean I-125 uptake was significantly correlated with mean IOD value of NIS (Pearson Correla-
tion value r = 0.807**, P <0.05, Fig 6B) and also significantly correlated with mean IOD of
CD34 (Pearson Correlation value r = 0.807**, P <0.05). Mean I-125 uptake showed no signifi-
cant correlation with mean IOD value of VEGF (Pearson Correlation value r = 0.370, P >0.05)
(Table 3).

Table 3. Correlation between I-125 uptake and Mean 10D value of NIS, VEGF,CD34.

Mean 10D value of NIS Mean 10D value of VEGF Mean 10D value of CD34
|-125 uptake Pearson correlation value 0.807** 0.370 0.884**
(uCifcm?3) P value (Sig.) 0.000 0.175 0.000

Table 3 showed mean I-125 uptake was significantly correlated with mean 10D value of NIS (Pearson Correlation value r = 0.807**, P <0.05) and also
significantly correlated with mean 10D of CD34 (Pearson Correlation value r = 0.807**, P <0.05).
(** Correlation is significant at the 0.01 level (2-tailed).)

doi:10.1371/journal.pone.0133952.1003
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Discussion

In this study, we demonstrated the feasibility of noninvasive SPECT/CT imaging using NIS as
the reporter gene to monitor (up to 60 days) the expression of the therapeutic gene VEGF, in a
mouse model of myocardial ischemia. Cardiac NIS transgene expression peaked on day 1 fol-
lowed by progressive decline to baseline levels at day 21. The test group injected with Lenti-
MLC-2v-VEGF;45-IRES-NIS showed the highest levels of '*°I activity and the positive group
injected with Lenti-EF1a-VEGF, ¢5-IRES-NIS showed the lower '*I activity levels. No specific
accumulation of I-125 was observed in animal heart in negative control group.

Non-invasive methods to monitor gene expression and location are crucial for the success
of gene therapy. HSV1-tk and the sodium/iodide symporter (NIS) are promising radionuclide
imaging reporter genes. Recently, Perin et al. [9] used HSV1-tk for the long-term (up to 5
months) in vivo monitoring of stem cells. Compared with HSV1-tk, NIS does not require com-
plex radiochemistry labels and can be used with imaging techniques such as SPECT. This facili-
tates its use in hospitals that lack radiochemistry laboratories and PET facilities.

To date, some reports have demonstrated the feasibility of using NIS for myocardial gene
expression imaging in animals using scintigraphy or SPECT/CT [20-24], but these studies did
not used a combination of NIS with the therapeutic gene. Our study is the first to use a dual
gene recombinant lentivirus, which linked NIS to VEGF. We identified NIS and VEGF co-
expression both in vitro and vivo. Our study also confirmed the correlation between transgene
expression levels and imaging findings. We proved mean I-125 uptake was significantly corre-
lated with mean IOD value of NIS and CD34 (Table 3). Unfortunately, we failed to find signifi-
cant correlation between I-125 uptake and mean IOD value of VEGF. We think the reason
may be the complexity of VEGF molecular mechanism in vivo and we already confirmed NIS
and VEGF co-expression in vitro. In future work, we hope to make progress by increasing ani-
mal number and using new gene introducing technique. The significant correlation between I-
125 uptake and mean IOD value of NIS proved '*°I SPECT/CT imaging was sensitive to moni-
tor NIS gene expression in vivo. CD34 antibody is one of the most studied vascular markers
which is important for the prognostic evaluation of patients and also has diagnostic value to
reflect neoangiogenesis activity. The correlation between I-125 uptake and mean IOD value of
CD34 showed '*°I SPECT/CT imaging was helpful to monitor improvements in myocardial
neoangiogenesis. These results were encouraging for further investigations of the application of
NIS to monitor the magnitude, location and duration of VEGF expression, and those of other
potential therapeutic proteins, such as FGF, HGF and HIF-1.

The success of gene therapy depends on gene transfer vectors that facilitate the expression
of a therapeutic gene. Viral vectors are efficient tools for genetic modification in vitro and in
vivo. In this study, we chose a lentivirus system for the gene transfer vector in order to obtain
longer term NIS expression. Lee et al. [24] used a dual-gene adenovirus (Ad-EGFP-NIS) to
assess myocardial gene expression in living mice and '*’I imaging demonstrated clear focal
myocardial uptake at the injection site between days 2 and 4 that was no longer visible by day
9. In our study, we used '*°I micro-SPECT/CT reporter imaging which showed higher levels of
uptake in the mouse myocardium where NIS expression peaked on day 1 and was still visible
on day 21. The prolonged expression of NIS is very helpful for gene therapy studies because the
therapeutic effect cannot be observed within a short time period.

Specificity is an important concept for cardiac gene therapy. A specific promoter can restrict
the expression of NIS only in target cells and reduce unnecessary radioiodine uptake in normal
tissues; this increases specific cardiac transgene expression and therapeutic function [25]. Su
et al. [26] evaluated the use of the cardiac MLC-2v promoter and the hypoxia response element
to mediate cardiac-specific and hypoxia-inducible VEGF expression. We chose the first 250bp
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of the MLC-2v promoter because this contractile protein is abundant in cardiac muscles [17].
Although the MLC-2v promoter is 3 kb long, critical elements that mediate cardiac-specific
gene expression are located within the first 250bp [18]. In our study, we showed high levels of
NIS and VEGF protein expression following the in vitro infection of H9C2 cardiomyocytes
with recombinant lentiviruse that encoded the genes expressed from the cardiac-MLC-2v pro-
moter, while expression levels in non-cardiac C2C12 cells were low. The in vivo imaging of
mice injected with Lenti-MLC-2v-VEGF5-IRES-NIS showed higher levels of cardiac '*°T
activity than mice injected with Lenti-EF1a-VEGF,45-IRES-NIS. On day 1, mean '*I activity
value in group 1 was higher than that in group 2 (P < 0.05). The mean '*° activity value in
group 3 was statically lower than that in group 1 and 2 (P < 0.01). On day 60, '*°I uptakes in
test and positive control groups became very low and no significant differences in the mean
'2°T activity values were detected between group 1 and group 2 (P = 0.531 > 0.05).

On day 2, severely reduced levels of uptake in the apical, anterior and inferior wall were
observed in **™Tc-MIBI SPECT/CT imaging in animal cardiac. On day 54, **™Tc-MIBI
SPECT/CT was repeated. In group 1 (test group, Lenti-MLC-2v-VEGF,5-IRES-NIS) (Fig 3B),
oM MIBI SPECT/CT revealed improvements in the perfusion and wall thickening in cardiac
wall, which corresponded to the area of virus injection and no cardiac improvements were
observed in group 3. Myocardial expressions of NIS, VEGF following infection with Lenti-
MLC-2v-VEGF, 45-IRES-NIS were confirmed by immunohistochemistry. According to these
results, we confirmed our hypothesis recombinant lentivirus Lenti-MLC-2v-VEGF, 45-IRES-
NIS can non-invasive monitor gene therapy effectiveness in the treatment of cardiac ischemia
in vivo by SPECT imaging.

Our study had certain limitations. We hypothesized that simple gene viral therapy would
limit the therapeutic and imaging efficacy. Simple gene therapy can induce immune responses
and always has poor rates of treatment efficacy [12]. Combined therapeutic gene transfection
with stem cell therapy may improve the treatment effect and also prolong gene expression
durations [9]. We expect our future work will combine gene transfection with stem cell therapy
to prolong gene expression durations and give more satisfactory results.

Conclusions

We have successfully demonstrated the co-expression of NIS and VEGF from the same recom-
bined lentiviral vector plasma, as well as the feasibility of monitoring the magnitude, location
and duration of therapeutic gene expression indirectly by imaging NIS reporter gene expres-
sion. Based on this study, we hope to develop an effective method for monitoring gene therapy
in experimental or clinical studies of myocardial ischemic disease.

Supporting Information

S1 File. Copy of the 3R ARRIVE guidelines for reporting animal research. Our study was
performed according to requirement of the ARRIVE guidelines for reporting animal research.
We uploaded a copy of the completed ARRIVE checklist as supplemental information in S1
File.

(PDF)

S1 Table. Dataset of I-125 uptake in different groups. S1 Table was the dataset of '*°I uptake
which was measured on days 1, 3, 7, 21, 45, 60 following injection with recombinant lentivirus
or saline in three groups mice (group 1 following injection with Lenti-MLC-2v-VEGF165-IR-
ES-NIS, group 2 with Lenti-EF1A- IRES-VEGF165-NIS, Group 3 negative control group with
saline).

(XLS)

PLOS ONE | DOI:10.1371/journal.pone.0133952 July 31,2015 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133952.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133952.s002

@’PLOS ‘ ONE

Molecular Imaging of Cardiac Dual-Gene Monitoring System

S2 Table. Dataset of NIS mean I0D value.
(XLS)

S3 Table. Dataset of VEGF mean 10D value.
(XLS)

$4 Table. Dataset of CD34 mean 10D value.
(XLS)

Acknowledgments

The authors thank Prof. Liu Mofang and Hua Minmin from the Shanghai Institute for Biologi-
cal Sciences, CAS for the great help of lentivirus amplification, Yan Guofeng from the Shanghai
Jiaotong University School of Medicine for producing myocardial ischemia rat models, and
Zhang Yinjian and Zhang Jianping from the Department of Nuclear Medicine Fudan Univer-
sity Shanghai Cancer Center for the great help in micro-SPECT/CT imaging.

Author Contributions

Conceived and designed the experiments: BL Miao Zhang LW. Performed the experiments:
Miao Zhang LW RG SL XJ Min Zhang. Analyzed the data: Miao Zhang LW RG. Contributed
reagents/materials/analysis tools: SL X]J Min Zhang. Wrote the paper: Miao Zhang LW.

References

1. Forouzanfar MH, Moran AE, Flaxman AD, Roth G, Mensah GA, Ezzati M. Assessing the global burden
of ischemic heart disease, part 2: analytic methods and estimates of the global epidemiology of ische-
mic heart disease in 2010. Glob Heart.2012; 7(4): 331-342. PMID: 23505617

2. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Blaha MJ, et al. Executive Summary: Heart
Disease and Stroke Statistics—2014 Update: A Report From the American Heart Association. Circula-
tion. 2014; 129(3): 399-410. doi: 10.1161/01.cir.0000442015.53336.12 PMID: 24446411

3. Velazquez EJ. Does imaging-guided selection of patients with ischemic heart failure for high risk revas-
cularization improve identification of those with the highest clinical benefit? Circ Cardiovasc Imaging.
2012; 5(2):271-279. doi: 10.1161/CIRCIMAGING.111.964650 PMID: 22438425

4. Patrick PS, Hammersley J, Loizou L, Kettunen MI, Rodrigues TB, Hu DE, et al. Dual-modality gene
reporter for in vivo imaging. Proc Natl Acad Sci. 2014; 111(1): 415-20. doi: 10.1073/pnas.13190001 11
PMID: 24347640

5. Brader P, Serganova |, Blasberg RG. Noninvasive molecular imaging using reporter genes. J Nucl
Med. 2013; 54(2):167—172. doi: 10.2967/jnumed.111.099788 PMID: 23318292

6. Contag CH, Bachmann MH. Advances in in vivo bioluminescence imaging of gene expression. Annu
Rev Biomed Eng. 2002; 4:235-260. PMID: 12117758

7. Shaner NC, Campbell RE, Steinbach PA, Giepmans BN, Palmer AE, Tsien RY. Improved monomeric
red, orange and yellow fluorescent proteins derived from Discosoma sp. red fluorescent protein. Nat
Biotechnol. 2004; 22(12): 1567—1572. PMID: 15558047

8. James ML, Gambhir SS. A molecular imaging primer: Modalities, imagingagents, and applications.
Physiol Rev. 2012; 92(2):897-965. doi: 10.1152/physrev.00049.2010 PMID: 22535898

9. Perin EC, Tian M, Marini FC 3rd, Silva GV, Zheng Y, Baimbridge F, et al. Imaging long-term fate of intra-
myocardially implanted mesenchymal stem cells in a porcine myocardial infarction model. PLoS One.
2011; 6(9):€22949. doi: 10.1371/journal.pone.0022949 PMID: 21912635

10. WuJC, ChenlY,Wang, Tseng JR, Chhabra A, Salek M, et al. Molecular imaging of the kinetics of
vascular endothelial growth factor gene expression in ischemic myocardium. Circulation. 2004; 110(6):
685-691. PMID: 15302807

11. Vadysirisack DD, Shen DH, Jhiang SM. Correlation of Na+/I- symporter expression and activity: impli-
cations of Na+/I- symporter as an imaging reporter gene. J Nucl Med. 2006; 47(1):182-90. PMID:
16391203

PLOS ONE | DOI:10.1371/journal.pone.0133952 July 31,2015 13/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133952.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133952.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133952.s005
http://www.ncbi.nlm.nih.gov/pubmed/23505617
http://dx.doi.org/10.1161/01.cir.0000442015.53336.12
http://www.ncbi.nlm.nih.gov/pubmed/24446411
http://dx.doi.org/10.1161/CIRCIMAGING.111.964650
http://www.ncbi.nlm.nih.gov/pubmed/22438425
http://dx.doi.org/10.1073/pnas.1319000111
http://www.ncbi.nlm.nih.gov/pubmed/24347640
http://dx.doi.org/10.2967/jnumed.111.099788
http://www.ncbi.nlm.nih.gov/pubmed/23318292
http://www.ncbi.nlm.nih.gov/pubmed/12117758
http://www.ncbi.nlm.nih.gov/pubmed/15558047
http://dx.doi.org/10.1152/physrev.00049.2010
http://www.ncbi.nlm.nih.gov/pubmed/22535898
http://dx.doi.org/10.1371/journal.pone.0022949
http://www.ncbi.nlm.nih.gov/pubmed/21912635
http://www.ncbi.nlm.nih.gov/pubmed/15302807
http://www.ncbi.nlm.nih.gov/pubmed/16391203

@’PLOS ‘ ONE

Molecular Imaging of Cardiac Dual-Gene Monitoring System

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Higuchi T, Anton M, Dumler K, Seidl S, Pelisek J, Saraste A, et al. Combined reporter Gene PET and
iron oxide MRI for Monitoring survival and localization of transplanted cells in the rat heart. J Nucl Med.
2009; 50(7): 1088—-1094. doi: 10.2967/jnumed.108.060665 PMID: 19525455

Miyagawa M, Beyer M, Wagner B, Anton M, Spitzweg C, Gansbacher B, et al. Cardiac reporter gene
imaging using the human sodium/iodide symporter gene. Cardiovasc Res. 2005; 65(1): 195-202.
PMID: 15621047

Ricci D, Mennander AA, Pham LD, Rao VP, Miyagi N, Byrne GW, et al. Non-invasive radioiodine imag-
ing for accurate quantitation of NIS reporter gene expression in transplanted hearts. Eur J Cardiothorac
Surg. 2008; 33(1): 32—39. PMID: 17980613

Zhang M, Guo R, Shi S, Miao Y, Zhang Y, Li B. Baculovirus vector-mediated transfer of sodium iodide
symporter and plasminogen kringle 5 genes for tumor radioiodide therapy. PLoS One. 2014; 9(3):
€92326. doi: 10.1371/journal.pone.0092326 PMID: 24647588

Guo R, Zhang M, XiY,MaY, Liang S, Shi S, et al. Theranostic studies of human sodium iodide sympor-
terimaging and therapy using '®®Re: a human glioma study in mice. PLoS One.2014; 9(7):e102011.
doi: 10.1371/journal.pone.0102011 PMID: 25000403

Lee KJ, Ross RS, Rockman HA, Harris AN, O'Brien TX, van Bilsen M, et al. Myosin light chain-2 lucifer-
ase transgenic mice reveal distinct regulatory programs for cardiac and skeletal muscle-specific
expression of a single contractile protein gene. J Biol Chem. 1992; 267(22):15875—-15885. PMID:
1379240

Lee KJ, Hickey R, Zhu H, Chien KR. Positive regulatory elements (HF-1a and HF-1b) and a novel nega-
tive regulatory element (HF-3) mediate ventricular muscle-specific expression of myosin light-chain 2-
luciferase fusion genes in transgenic mice. Mol Cell Biol. 1994; 14(2):1220—1229. PMID: 8289802

Lei H, Fang L., He X.. [Construction and expression of lentiviral vector of rat beta-defensin-2 gene].
Zhonghua Shi Yan He Lin Chuang Bing Du Xue Za Zhi. 2010; 24(3): 232—234. PMID: 21186537

Higuchi T, Anton M, Dumler K, Seidl S, Pelisek J, Saraste A, et al. Combined reporter Gene PET and
iron oxide MRI for Monitoring survival and localization of transplanted cells in the rat heart. J Nucl Med.
2009; 50(7): 1088—1094. doi: 10.2967/jnumed.108.060665 PMID: 19525455

Miyagawa M, Beyer M, Wagner B, Anton M, Spitzweg CGansbacher B, et al. Cardiac reporter gene
imaging using the human sodium/iodide symporter gene. Cardiovasc Res. 2005; 65(1): 195-202.
PMID: 15621047

Rao VP, Miyagi N, Ricci D, Carlson SK, Morris JC 3rd, Federspiel MJ, et al. Sodium-iodide symporter
(hNIS) permits molecular imaging of gene transduction in cardiac transplantation. Transplantation.
2007; 84(12): 1662—-1666. doi: 10.1097/01.tp.0000295932.26883.ba PMID: 18165779

Ricci D, Mennander AA, Pham LD, Rao VP, Miyaqgi N, Byrne GW, et al. Non-invasive radioiodine imag-
ing for accurate quantitation of NIS reporter gene expression in transplanted hearts. Eur J Cardiothorac
Surg. 2008; 33(1): 32—39. PMID: 17980613

Lee KH, Kim HK, Paik JY, Matsui T, Choe YS, Choi Y, et al. Accuracy of myocardial sodium/iodide sym-
porter gene expression imaging with radioiodide: evaluation with a dual-gene adenovirus vector. J Nucl
Med. 2005; 46(4):652-457. PMID: 15809488

Kang JH, Lee DS, Paeng JC, Lee JS, Kim YH, Lee YJ, et al. Development of a Sodium/lodide Sympor-
ter (NIS)-Transgenic Mouse for Imaging of Cardiomyocyte-Specific Reporter Gene Expression. J Nucl
Med. 2005; 46(3): 479483 PMID: 15750162

SuH, Joho S, Huang Y, Barcena A, Arakawa-Hoyt J, Grossman W, et al. Adeno-associated viral vector
delivers cardiac-specific and hypoxia-inducible VEGF expression in ischemic mouse hearts. Proc Natl
Acad Sci,2004; 101(46): 16280-16285. PMID: 15534198

PLOS ONE | DOI:10.1371/journal.pone.0133952 July 31,2015 14/14


http://dx.doi.org/10.2967/jnumed.108.060665
http://www.ncbi.nlm.nih.gov/pubmed/19525455
http://www.ncbi.nlm.nih.gov/pubmed/15621047
http://www.ncbi.nlm.nih.gov/pubmed/17980613
http://dx.doi.org/10.1371/journal.pone.0092326
http://www.ncbi.nlm.nih.gov/pubmed/24647588
http://dx.doi.org/10.1371/journal.pone.0102011
http://www.ncbi.nlm.nih.gov/pubmed/25000403
http://www.ncbi.nlm.nih.gov/pubmed/1379240
http://www.ncbi.nlm.nih.gov/pubmed/8289802
http://www.ncbi.nlm.nih.gov/pubmed/21186537
http://dx.doi.org/10.2967/jnumed.108.060665
http://www.ncbi.nlm.nih.gov/pubmed/19525455
http://www.ncbi.nlm.nih.gov/pubmed/15621047
http://dx.doi.org/10.1097/01.tp.0000295932.26883.ba
http://www.ncbi.nlm.nih.gov/pubmed/18165779
http://www.ncbi.nlm.nih.gov/pubmed/17980613
http://www.ncbi.nlm.nih.gov/pubmed/15809488
http://www.ncbi.nlm.nih.gov/pubmed/15750162
http://www.ncbi.nlm.nih.gov/pubmed/15534198

