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    Chapter 20   

 Theranostic Imaging of Cancer Gene Therapy                     

     Thillai V.     Sekar     and     Ramasamy     Paulmurugan       

  Abstract 

   Gene-directed enzyme prodrug therapy (GDEPT) is a promising therapeutic approach for treating cancers 
of various phenotypes. This strategy is independent of various other chemotherapeutic drugs used for 
treating cancers where the drugs are mainly designed to target endogenous cellular mechanisms, which are 
different in various cancer subtypes. In GDEPT an external enzyme, which is different from the cellular 
proteins, is expressed to convert the injected prodrug in to a toxic metabolite, that normally kill cancer 
cells express this protein. Theranostic imaging is an approach used to directly monitor the expression of 
these gene therapy enzymes while evaluating therapeutic effect. We recently developed a dual-GDEPT 
system where we combined mutant human herpes simplex thymidine kinase (HSV1sr39TK) and  E. coli  
nitroreductase (NTR) enzyme, to improve therapeutic effi ciency of cancer gene therapy by simultaneously 
injecting two prodrugs at a lower dose. In this approach we use two different prodrugs such as ganciclovir 
(GCV) and CB1954 to target two different cellular mechanisms to kill cancer cells. The developed dual 
GDEPT system was highly effi cacious than that of either of the system used independently. In this chapter, 
we describe the complete protocol involved for in vitro and in vivo imaging of therapeutic cancer gene 
therapy evaluation.  

  Key words     Bioluminescence  ,   Gene-directed enzyme prodrug therapy  ,   Herpes simplex thymidine 
kinase  ,   In vivo imaging  ,   Firefl y luciferase  

1       Introduction 

  Gene-directed enzyme prodrug therapy (GDEPT)    is   a promising 
therapeutic strategy, in which enzyme-coding genes are introduced 
into cancer cells to convert nontoxic prodrugs into active cytotoxic 
compounds. HSV1-TK/ GCV   and NTR/CB1954 are two differ-
ent GDEPT systems currently in different stages of clinical trials 
[ 1 ]. Active  GCV   compound of HSV1-TK/GCV  GDEPT   strategy 
inhibits DNA synthesis in actively dividing cancer cells, whereas, 
active compound of CB1954 in NTR/CB1954 GDEPT systems 
exerts cytotoxicity to cells with all stages of cell cycle. Further, these 
two  GDEPT   strategies have potential bystander effect and there-
fore extend the cytotoxicity to the adjacent cells, which are not 
expressing the GDEPT system and ensure the complete removal of 
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tumor. But the limitation is the need of higher level of expression 
GDEPT enzymes to achieve therapeutic conversion of prodrugs in 
to active metabolites. Most of the gene therapy systems suffer from 
poor gene delivery effi ciency. Hence to improve therapeutic effi -
ciency with minimum level of gene expression we combined two 
different therapeutic genes target two different cellular mechanisms 
to kill cancer cells. The combination of these two  GDEPT   systems 
seems highly potential in terms of enhanced therapy and reduction 
in the amount of prodrugs needed for treatment. We showed the 
enhanced therapeutic effect of HSV1-TK-NTR fusion dual- GDEPT   
system in triple negative  breast cancer   cells such as SUM159 and 
MDA-MB-231 [ 2 ]. Additionally, it was highly effi cient against met-
astatic tumor in mice model [ 3 ]. In this chapter we describe the 
protocol details by which the fusion HSV1-TK-NTR clone was 
generated and how it was evaluated for cancer gene therapy in  cells 
  and human xenograft models in mice. Further, we provide different 
methods to image and evaluate the expression of this fusion protein 
in living animals by  theranosti  c imaging. 

 Theranostic imaging combines treatment of specifi c disease and 
evaluating the therapeutic effi cacy of particular drug simultaneously 
[ 4 ]. In conventional approach, separate set of agents will be adminis-
tered for treatment, and thereafter imaging agents or contrasting sub-
stances will be given just before diagnostic imaging of particular 
disease. In  GDEPT  , therapeutic genes used for treating cancer can be 
tracked by designing imaging substrates, which monitor therapeutic 
gene expression while injected prodrugs can treat cancer. Further, 
when two genes are fused, multiple modality imaging could be used 
to evaluate the therapeutic effi ciency of either of the gene separately or 
in combination ( see  Fig.  1 ). Theranostic imaging applications facili-
tates saving time by evaluating therapeutic effi cacy of any therapeutic 
systems while measuring the expression level of delivered therapeutic 
genes, as it combines both diagnosis and therapy together. Additionally, 
personalized therapy in cancer has been widely accepted as a promis-
ing treatment strategy. By applying theranostic imaging, personalized 
therapy could be adopted as it reveals the aftermath of therapy right 
away. Theranostic imaging also helps to understand the problems of 
innate immunity while therapeutic evaluation are attempted.

   A wide spectrum of therapeutic  reporter genes   are investigated 
for the past two decades, and many of them reached clinical trials. 
Herpes  simplex   virus 1-thymidine kinase (HSV1-TK),  E. coli  
Nitroreductase (NTR), and cytosine deaminase (CD) are the major 
 GDEPT   therapeutic reporters investigated in details. Additionally, 
for the fi rst time we developed a fusion form of two therapeutic genes 
which hold the potentials of  reporter genes   and studied them to 
reveal the enhanced therapeutic effi cacy by imaging [ 3 ]. Other than 
these enzyme-based reporters, many transporters and receptors, such 
as sodium iodide symporter (NIS), somatostatin receptor type 2 has 
also been investigated as therapeutic reporters [ 5 ]. Imaging 
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modalities such as PET, MRI, and optical imaging are generally 
applied to monitor the therapeutic effi cacy of  gene   therapy vectors. 
HSV1-TK has been thoroughly evaluated using PET imaging. 
[ 18 F]-Fluoro-3-hydroxymethyl butyl guanine ([ 18 F]-FHBG) and 
[ 18 F]-fl uoro-5-ethyl-1-beta- d -arabinofuranosyluracil ([ 18 F]-FEAU) 
labeled with fl uorine-18 and fl uoro-5-iodo-1-beta- d -arabinofurano-
syluracil (FIAU) labeled with Iodine-124 are mainly used to image 
the therapeutic value of HSV1-TK using PET imaging [ 6 ]. 
Alternatively, MRI imaging agents like 5-methyl-5,6-dihydrothymi-
dine (5-MDHT) have been developed and investigated to evaluate 
HSV1-TK therapeutic gene [ 7 ]. Additionally, to evaluate the extent 
of gene delivery, fusion genes such as GFP-HSV1-TK and FLuc-
HSV1-TK has been used to image through optical imaging modali-
ties [ 8 ]. Activity NTR could be imaged through fl uorescence 
microscopy by applying CytoCy5S dye, which fl uoresce when 
reduced by NTR enzyme [ 9 ]. Altogether, imaging modalities are 
chosen based on the type of  reporter genes   to be investigated. 

 Delivery vehicles are the important component in the successful 
execution of gene therapy.    Plasmid vectors, viral vectors, synthetic 
liposomes, and nanoparticles have so far been used as vehicles of 
choice in gene therapy. All of these vehicles have advantages and 
limitations depending on the gene of interest and target organs 

  Fig. 1    Schematic representation outlines the in vitro and in vivo therapeutic 
evaluation of HSV1-TK-NTR fusion theranostic gene therapy system evaluated in 
MDA-MB-231 triple negative  breast cancer   model       
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involved. Plasmid vectors along with liposome complexes 
were initially employed for successful execution of gene delivery, but 
they were not effi cient delivery vehicles to deliver genes in animal 
models. However, plasmid vehicles in assistance with other delivery 
vehicles such as super paramagnetic iron oxide nanoparticles and 
functionalized silica nanoparticles have shown promising delivery of 
nucleic acids and siRNAs [ 10 ]. Viral vectors have revolutionized the 
fi eld  of   gene therapy by enabling the selective delivery of therapeutic 
genes in small animals and humans. Viruses specifi cally attack their 
host by introducing and stably maintaining their genomes by using 
the replication machineries of host cells. Manipulations of viral 
genomes allowed them to be effi ciently introduced and stably inte-
grated into host genome without causing any pathogenicity. Many 
types of viral vectors are developed from viruses’ derived different 
families. Adenovirus, Adeno- associated virus ( AAV  ), and Lentivirus 
are most common viruses adopted to develop viral vectors. Viral vec-
tors differ with each other in terms of infectivity, effi ciency in gene 
transfer, and maintenance in host cells [ 11 ]. Host immunity-associ-
ated restriction of viral vectors lead to reduction in the effi ciency of 
gene therapy [ 12 ]. Adenoviral vectors are developed from adenovi-
ruses that have nonenveloped double-stranded DNA, not stably 
integrating into human genomes and will not multiply with host 
cells. However, effi cient gene transfer, high titer production of vec-
tors, and capacity of transducing transgenes of more than 30 kb 
made them one of the most commonly used viral vectors in gene 
therapy [ 13 ]. Adenoviral vector usage has been put in hold after the 
death of a man in 1999. Since it caused upper respiratory infections, 
many patients already have antibodies against adenovirus that limits 
the usage of adenoviral vectors for gene therapy and vaccination. 
Further, rapid clearance of adenovirus from blood also hampered 
the use of adenoviral vectors in gene therapy [ 14 ]. Nevertheless 
recent developments in improving the targeting effi ciency and sus-
tained release of viral vectors appear to be promising for novel cancer 
gene  therap  y [ 15 ]. Adeno-associated viral ( AAV  ) vectors are devel-
oped from AAV belongs to  parvoviridae  family. AAV can package 
and deliver a linear single-stranded DNA genome with the help of a 
helper virus such as adenovirus and herpesvirus.  AAV   can infect on 
both dividing and nondividing host cells, develop minimal host 
immune response, maintain long-term transgene expressions, and it 
is nonpathogenic in nature. All these properties made this vector 
suitable for gene delivery in small animal models and humans [ 12 ]. 
Since the fi rst application of  AAV  vector to introduce cystic fi brosis 
transmembrane regulator (CFTR) gene to treat cystic fi brosis in 
humans [ 16 ], many attempts were taken to treat several other dis-
eases. In cancer,  AAV   mediated delivery of HSV1-TK showed high 
level of anti-tumor activity [ 17 ]. Although a few successful clinical 
trials are reported, investigations are on to improve the potentiality 
of  AAV   for effi cient gene delivery. 
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 Lentiviral vectors are other gene delivery vehicles under inves-
tigation for gene therapy applications. Lentiviral vectors are devel-
oped from single-stranded RNA viruses belong to retroviridae 
family. Murine leukemia viruses (MLV)-based vectors are the most 
commonly used lentiviral vectors. Lentiviral vectors are designed 
by replacing gag, pol, and env genes of MLV genomes with 
expression cassette containing specifi c promoter and gene to be 
transferred and expressed. Therapeutic genes are stably integrated 
in dividing and quiescent cells with lentiviral vectors. Lentiviral 
particles are produced by co-transfecting three different vectors 
such as packaging vector, transfer, and envelope-encoding vectors 
in HEK293FT cells. Third generation lentiviral vectors are further 
improved with more safety features in which they replaced tat- 
independent constitutive promoter in transfer vector [ 18 ]. 
Modern lentiviral vectors are developed further to yield insignifi -
cant insertional mutagenesis that was a major setback in γ-retroviral 
vectors previously used for gene therapy. Lentiviral vectors are 
used to treat many immune-associated diseases such as X-SCID 
and melanoma. In cancer immunotherapy, it has been used to 
induce anti- tumor immune response. With the desirable outcomes 
it generated in clinics, lentiviral vectors seem a potential delivery 
vehicle for the successful treatment of major diseases including 
cancer. Adenovirus, lentivirus, and adeno-associated viral vectors 
are the important vectors that are used for the gene therapy in 
clinical trials associated with major diseases. Poxvirus, herpes 
virus, and alpha viruses are also investigated to introduce alterna-
tive gene delivery vectors. Because of side effects they caused, 
other viral vector may take several years to actively take part in the 
mainstream gene therapy missions.  

2    Materials 

       1.    Plasmid vectors pcPur-NTR, pcPur-HSV1-TK, and pcPur- 
HSV1- TK-NTR ( see  Fig.  2  and  Note   1 ).

       2.    MDA-MB-231 cells (ATCC ® , Manassas, VA).   
   3.    Dulbecco’s modifi ed Eagle’s medium (DMEM) with 10 % 

fetal bovine serum and 1 % penicillin and streptomycin solu-
tion (GIBCO BRL, Frederick, MD).   

   4.    Lipofectamine 2000 and serum free OptiMEM medium (Life 
Technologies, Grand Island, NY).   

   5.    37 °C Incubator with 5 % CO 2  (Thermo scientifi c, Sunnyvale, CA).      

       1.    CytoCy5S dye (a quenched substrate of NTR enzyme fl uo-
resce upon reduction by NTR enzyme).   

   2.    Fluorescent microscope with Cy5 and/or TxRed fi lters (Leica 
Microsystems, Buffalo Grove, IL).   

2.1  Expression 
of NTR, HSV1-TK, 
and HSV1-TK- NTR 
Fusion

2.2  Evaluation 
of NTR Gene 
Expression
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   3.    Fluorescent assisted cell sorter (FACS) (BD Biosciences, San 
Jose, CA).      

       1.     3 H-PCV (specifi c activity 14.9 Ci/mmol) (Moravek 
Biochemicals, La Brea, CA, USA).   

   2.    Scintillation fl uid (Cytoscint).   
   3.    Scintillation counter (Beckman Coulter, Brea, CA).   
   4.    0.1 N NaOH.   
   5.    Ice cold PBS (GIBCO BRL, Frederick, MD).   
   6.    MDA-MB-231 cells (ATCC, Manassas, VA).   
   7.    DMEM Medium, FBS, Penicillin, and streptomycin for cell 

culture (GIBCO BRL, Frederick, MD).   
   8.    Bio-Rad protein assay kit (Bio-Rad, Hercules, CA).      

       1.    MDA-MB-231 cells stably expressing NTR or HSV1-TK or 
HSV1-TK-NTR fusion.   

   2.     Ganciclovir (GCV)   and CB1954 (Sigma, St. Louis, MO).   

2.3   3 H-Penciclovir 
( 3 H-PCV) Uptake

2.4  Therapeutic 
Evaluation in Cells

  Fig. 2    Plasmid vector maps of NTR, HSV1-TK, and HSV1-TK-NTR fusion theranostic  reporter genes   express 
under a constitutive ubiquitin promoter       
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   3.    A colorimetric assay reagent for cell activity, 3-(4,5- dimethylth
iczol- 2-yl)-2,5-diphenyltetrazolium bromide (MTT).   

   4.    Infi nite-1000 (Tecan-Safi re) spectrofl uorometer.   
   5.    Nanodrop (Thermo scientifi c, Sunnyvale, CA).      

       1.    MDA-MB-231 cells stably  coexpressing   HSV1-TK, NTR, and 
HSV1-TK-NTR  fusion    proteins   along with  fi refl y   luciferase- 
EGFP (FLuc- EGFP  ).   

   2.      d -Luciferin   (Biosynth, Itasca, IL).   
   3.    Nude mice (nu/nu) (Charles River, San Diego, CA).   
   4.    MicroPET/CT (Inveon, Siemens, Malvern, PA, USA).   
   5.     Optical imaging i  nstrument with cooled CCD camera and living 

image  in vivo imaging   software (Perkin Elmer, Waltham, MA).       

3    Methods 

       1.    Plasmids (5 μg each) expressing fusion proteins of NTR or 
HSV1-TK or HSV1-TK-NTR, and FLuc- EGFP   fusion pro-
teins were co-transfected in MDA-MB-231 cells in 10 cm plate 
plated at 70 % confl uence 24 h before transfection by using 
lipofectamine 2000 transfection agent using manufacturer 
suggested protocol. The cells were incubated at 37 °C with 5 % 
CO 2  for 24 h.   

   2.    24 h after transfection, cells were trypsinized and plated to a 
1:3 subculture ratio in 10 cm plates and puromycin (Life 
Technologies, Grand Island, NY) was added to a fi nal concen-
tration of 500 ng/mL.   

   3.    The cells were further incubated for 48 h. The dead cells were 
washed and added fresh medium with 500 ng/mL of puromy-
cin. At this stage more than 80 % of cells died. The steps were 
repeated till no further cell death was observed. The cells were 
FACS sorted for  EGFP   expression and CytoCy5S reduction, 
and plated at low dilution (2000 cells/10 cm plate in 10 mL 
medium with 500 ng/mL puromycin).   

   4.    The cells were incubated further for 2 weeks with medium 
change once in every 3 days.   

   5.    At this stage colonies of 2–3 mm in diameter were formed 
from individual cells.   

   6.    Single colony of transfected cells were selected and expanded 
by plating fi rst in 12-well plate followed by 10 cm plate.   

   7.    The cells expanded from several colonies that express NTR or 
HSV1-TK or HSV1-TK-NTR with FLuc- EGFP   fusion  pro-
teins   were tested for the identifi cation of clones that express 

2.5  Therapeutic 
Evaluation in Small 
Animal Model

3.1    Generation 
of Stable Cells 
Coexpressing NTR  or   
HSV1-TK or HSV1-TK-
 NTR   Fusion 
with FLuc-EGFP
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equal level of sensor fusion proteins by immunoblot analysis 
using HSV1-TK antibody and mRNA expression by real time 
qRT- PCR ( see   Note   2 ).   

   8.    The identifi ed stable clones of cells were used for further 
in vitro and in vivo therapeutic evaluations.        

       1.    CytoCy5S is a quenched substrate of NTR enzyme. When this 
dye is reduced by the catalytic action of NTR enzyme, the result-
ing reduced fl uorescent product is retained inside the cells.   

   2.    CytoCy5S dye was used to check the expression of NTR in 
MDA-MB-231 cells stably expressing NTR, and HSV1-TK- 
NTR proteins.   

   3.    To check the function of NTR, MDA-MB-231 stable cells 
expressing NTR, and HSV1-TK-NTR were plated in 12 well 
culture and treated with CytoCy5S dye (1 μg/mL) 24 h after 
initial plating and incubated further at 37 °C for 2 h.   

   4.    The cells were washed with PBS before viewed in fl uorescent 
microscope under Cy5 or TxRed fi lter ( see  Fig.  3  and  Note   3 ).

       5.    Alternatively, MDA-MB-231 cells after CytoCy5S treatment 
can be analyzed with standard FACS analysis in live cell 
 suspension to confi rm the expression of NTR in NTR and 
HSV1-TK- NTR fusion.      

       1.    HSV1-TK phosphorylates  3 H-PCV and retains phosphory-
lated  3 H-PCV inside the cells; therefore the level of  3 H-PCV 
uptakes by cells indicates the amount of functional HSV1-TK 
present in cells.   

   2.     3 H-PCV-uptake assay was done to confi rm the functionality of 
HSV1-TK in MDA-MB-231 cells stably expressing HSV1-TK 
and HSV1-TK-NTR fusion protein.   

3.2  Expression 
and Functional 
Analysis of NTR Using 
CytoCy5S Dye

3.3  Functional 
Analysis of HSV1-TK 
Expression by  3 H-PCV 
Uptake

  Fig. 3    Microscopic images of MDA-MB-231 stable cells expressing NTR, and HSV1-TK-NTR fusion protein 
showing the accumulation of reduced CytoCy5S substrate of NTR protein       
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   3.    Stable MDA-MB-231 cells expressing HSV1-TK and HSV1- 
TK- NTR fusion protein were plated to 70–80 % confl uence in 
12-well culture plate.   

   4.    After 24 h incubation at 37 °C and 5 % CO 2 ,  3 H-PCV 
(0.5 μCi/well) was added to each well and incubated further 
at 37 °C for 3 h.   

   5.     3 H-PCV treated MDA-MB-231 cells were washed twice 
with PBS after aspirating the medium (The standard pro-
tocols described to handle radio-active compounds should 
be followed).   

   6.    To each well, 1 mL of 0.05 N NaOH was added and kept at 
RT for 10 min for complete cell lysis.   

   7.    Protein amount from every well was measured using Bio-Rad 
protein assay kit.   

   8.    Cell lysate from each well was added with 10 mL scintillation 
fl uid (Cytoscint) and the radioactivity was recorded in scintil-
lation counter.   

   9.    The functionality of HSV1-TK was assessed using the percent-
age conversion of  3 H-PCV/mg protein/total count.   

   10.    Appropriate negative control (untransfected cells) should be 
used to subtract the background activity from endogenous 
thymidine kinase.      

       1.    To evaluate the therapeutic effi ciency of NTR, HSV1-TK, and 
HSV1-TK-NTR fusion, MDA-MB-231 stable cells expressing 
NTR, HSV1-TK, and HSV1-TK-NTR along with FLuc- EGFP   
 fusion   protein were used.   

   2.    Stable cells were seeded in 12-well culture plate to a confl u-
ence of 60–70 % (1.0 × 10 5  cells/well in 12 well plate and 
0.5 × 10 5  cells/well in 24 well plates).   

   3.    The cells were treated with  GCV   (1 μg/mL) and CB1954 
(10 μM) individually or in combinations 24 h after initial plat-
ing of the cells. The medium was changed to 2 % FBS at the 
time of treatment.   

   4.    The cells were analyzed for induced apoptotic cells by PI- 
staining- based FACS analysis [ 3 ], trypan blue exclusion assay 
and MTT assay [ 19 ]. The analysis was performed once in every 
24 h for up to 4 days.   

   5.    The ratios of apoptotic cells measured from different assays 
were compared with controls (untreated stable cells and cell 
without therapeutic gene and treated with drug combina-
tions) to estimate therapeutic evaluation of different gene 
therapy vectors.      

3.4  Therapeutic 
Evaluation of NTR, 
HSV1-TK, and HSV1-
TK- NTR Fusion in Cells
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         1.    Nude mice handling was done following Institutional Animal 
Care and Use Committee guidelines.   

   2.    Generated MDA-MB-231 stable cells coexpressing NTR or 
HSV1-TK or HSV1-TK-NTR with FLuc- EGFP   fusion  pro-
teins   were used for the study.   

   3.    MDA-MB-231 stable cells expressing NTR or HSV1-TK or 
HSV1-TK-NTR and FLuc-EGFP fusion proteins were  tryp-
sinized   and collected in PBS on day 1.   

   4.    Cell numbers in PBS suspension were evaluated using 
hemocytometer.   

   5.    Stable cell suspension in PBS was adjusted to a concentration 
of 5 millions/50 μL.   

   6.    Stable cell preparation in PBS must be implanted within 2 h 
after trypsinization ( see   Note   4 ).   

   7.    To implant the stable cells, nude mice with an age group of 
4–5 weeks was anesthetized with 2 % isofl uorane with oxygen 
fl ow of 0.8–1 L/min ( see   Note   5 ).   

   8.    Stable cell suspension (5 millions/50 μL) was mixed with 50 μL 
of growth factor reduced matrigel just before implantation.   

   9.    Cell suspension mix was injected on either side of the lower 
fl ank and shoulder regions (fi ve million cells per xenograft) for 
subcutaneous xenograft model. For  metastatic   model 0.5 × 10 5  
cells in 200 μL PBS was tail vein injected slowly over 1 min time.   

   10.    Tumor growth was monitored periodically until it grows a vol-
ume of approximately 50–60 mm 3  for subcutaneous xenograft 
model and by bioluminescence imaging  for metastatic model. 
  It may take 3–4 weeks for the tumor to grow.   

   11.    After tumor growth, animals were administered with   d - Luciferin   
substrate (3 mg in 100 μL PBS) and optical images were cap-
tured with CCD camera 5 min after substrate injection. The 
same day animals were imaged with microPET/CT system using 
[ 18 F]-FHBG injection (radioactive substrate for HSV1-TK).   

   12.    After imaging, animals were treated with  GCV   (40 mg/kg 
body weight) and CB1954 (40 mg/kg body weight) indepen-
dently or in combinations to different groups animals for ther-
apeutic evaluation. The animals were treated two times with an 
interval of 5 days. Prodrugs were treated intraperitoneally with 
a maximum volume of 250 μL in sterile physiological saline 
and 10 % PEG400 [ 3 ].   

   13.    Animals must be optically imaged every day through out the 
experimental period for the expressed FLuc- EGFP    biolumi-
nescen  ce by injecting   d -Luciferin   (3 mg/animal).   

   14.    Images can be analyzed with Living Image analysis software. 
For analysis, regions of interest (ROI) were drawn over the 
area of signal acquired around the xenografts, and the signals 

3.5     Therapeutic 
Evaluation of NTR, 
HSV1-TK, and HSV1-
TK- NTR Fusion 
in Subcutaneous 
and Metastatic Tumor 
Xenografts in Nude 
Mice by Optical 
(Bioluminescence 
and Fluorescence) 
and microPET Imaging

3.5.1   Therapeutic Optical 
 Bioluminescence   Imaging 
of NTR, HSV1-TK, 
and HSV1-TK-NTR Fusion 
in Nude Mice Model
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must be defi ned as maximum photons per second per square 
centimeter per steradian (p/s/cm 2 /sr) ( see  Fig.  4a ).

       15.    FLuc signal indicates the volume of tumor, and therefore 
reduced FLuc signal in due course of time indicates the enhanced 
therapeutic effi ciency of HSV1-TK-NTR fusion protein.   

   16.    Therapeutic evaluation was compared by the amount of FLuc 
signal captured in nude mice xenograft model expressing 
HSV1-TK-NTR fusion with nude mice xenograft model 
expressing NTR or HSV1-TK alone.       

        1.    For fl uorescence imaging, same procedure described in 
Subheading  3.5.2  was followed except the CytoCy5S treat-
ment for monitoring NTR instead  of   FLuc-EGFP for  biolu  mi-
nescence imaging.   

   2.    MDA-MB-231 stable cells expressing NTR and HSV1-TK- 
NTR fusion protein pretreated with CytoCy5S dye before 
implantation to monitor therapeutic effect of tumor implants 
before they develop in to tumor or post tumor growth by 
injecting 25 μg of CytoCy5S/animal in 200 μL of PBS by tail 
4 h before fl uorescence imaging.   

   3.    Nude mice model with implanted cells were subjected to fl uo-
rescence imaging immediately after injected with cells.   

   4.    Animals were treated with  GCV   (40 mg/kg body weight) and 
CB1954 (40 mg/kg body weight) the same day after imaging.   

   5.    Fluorescence images were captured every day throughout the 
experimental period.   

   6.    Images were analyzed as described earlier.   
   7.    CytoCy5S fl uorescent signal is an indication of NTR enzyme 

expression at the time of imaging, hence any reduction in 
 CytoCy5S signal is an indication of down-regulation of NTR 
expression due to cell death ( see  Fig.  4b  and  Note   6 ).      

       1.    Positron Emission Tomography/Computed tomography 
(PET/CT) imaging was done to evaluate therapeutic potential 
of HSV1-TK using [ 18 F]-FHBG.   

   2.    MDA-MB-231 stable cells are implanted in nude mice as 
described above.   

   3.    PET/CT imaging was done before and 9 days after prodrug 
treatment.   

   4.    Nude mice bearing metastatic xenografts of MDA-MB-231 sta-
ble cells were anesthetized with isofl urane, and injected intrave-
nously with 7.4–8.9 MBq of [ 18 F]-FHBG in 200 μL volume.   

   5.    After 3 h, PET images were captured with 5 min static PET 
scans.   

3.5.2  Therapeutic 
Evaluation of NTR, 
and HSV1-TK-NTR Fusion 
by Optical Fluorescence 
Imaging in Nude Mice 
Model

3.5.3  Therapeutic 
Evaluation of NTR, 
and HSV1-TK-NTR Fusion 
by microPET Imaging 
in Nude Mice Model
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   6.    CT scan also was done for anatomic localization.   
   7.    Image analysis was done with IRW software (Siemens).   
   8.    Data was corrected for partial volume effect and spillover using 

calibration factors obtained from scanning a cylinder contain-
ing phantoms of different sizes, and is presented as %ID/g.   

   9.    MicroPET/CT imaging is useful for monitoring metastatic 
tumor growth in the internal organs with tomographic infor-
mation while showing therapeutic gene expression (HSV1- TK) 
by substrate accumulation.   

   10.    We used both bioluminescence and microPET/CT imaging to 
monitor therapeutic gene expression while monitoring tumor 
growth ( see  Fig.  5 ).

  Fig. 4    Optical imaging of nude mice models bearing MDA-MB-231 tumor xeno-
graft expressing NTR, and HSV1-TK-NTR fusion protein. ( a ) Optical images of 
nude mice bearing MDA-MB-231 tumor xenograft model captured in CCD cam-
era after injecting with   d -luciferin      substrate for the coexpressed FLuc- EGFP   over 
time to monitor tumor growth. ( b ) Fluorescent images acquired from nude mice 
model pretreated with CytoCy5S dye (NTR substrate) and followed over time 
after co-treated with  GCV   (40 mg/kg body weight) and CB1954 (40 mg/kg body 
weight) combination twice at a interval of 5 days       
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4             Notes 

     1.    pcPur vector is a modifi ed version of pcDNA3.1+ vector that 
express puromycin resistant gene instead of Neomycin.   

   2.    MDA-MB-231 stable cells expressing NTR, HSV1-TK, and 
HSV1-TK-NTR fusion should be periodically checked with 
CytoCy5S dye and/or  3 H-PCV uptake assays to confi rm the 
maintenance of transgenes expression.   

   3.    Reduced CytoCy5S (a Cy5-labeled quenched substrate) fl uo-
resces at ‘red-shifted’ wavelengths at 638 nm.   

   4.    MDA-MB-231 stable cells should be implanted within 2 h 
from the time of trypsinization.   

   5.    Nude mice animals should be preferably 4–6 weeks old during 
the time of tumor implantation.   

   6.    Control tumors also yield autofl uorescence signal at early time 
point due to low threshold of the target signal and it disappears 
over time .         

  Fig. 5    Micro-PET/CT fusion images of nude mice bearing MDA-MB-231 meta-
static xenograft in the lungs.  Top panel  showing images of nude mice before and 
after treated with vehicle control. The  bottom panel  showing images of animals 
before and after treated with two doses of  GCV   and CB1954 combination. 
Reproduced in part from Sekar et al. with permission from Theranostics, Ivyspring 
International Publisher Pty Ltd. [ 1 ]       
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