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Glioblastoma multiforme (GBM) is the most common and aggressive malignant 
primary brain tumor in humans. Current methods of treatments including radiation 
and temozolomide have not been effective in preventing disease progression most 
probably due to the heterogeneity and invasiveness of this tumor. In order to develop 
new therapies for GBM, a better knowledge of the tumor biology is needed. In this 
thesis we aim to enlarge our understanding of the pathology underlying glioblastoma 
by engineering molecular biosensors which can report for different cellular and 
molecular processes within GBM using different imaging modalities. We then use 
these reporters to develop and monitor the effect of novel experimental therapeutics 
in pre-clinical GBM animal models. 
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1. Glioblastoma 

Tumors of the central nervous system (CNS) represent 1.35% of all primary cancers 
diagnosed in the United States, i.e. 7.3/100,000, or almost 23.000, persons diagnosed 
each year. This is comparable to the numbers in the Netherlands: 6/100,000, or 
just over 1000 patients each year1.  Of these tumors, 78% are malignant gliomas2. 
Gliomas are derived from glial cells and are histologically heterogeneous and invasive 
tumors3. The World Health Organization (WHO) classifies gliomas into different 
grades according to their histological features, biological behavior and therefore 
prognosis: grade I (pilocytic astrocytoma), grade II (diffuse astrocytoma), grade III 
(anaplastic astrocytoma) and grade IV (glioblastoma multiforme)4. Only Grade III 
and IV used to be considered to be malignant gliomas; grade II gliomas however, 
also carry malignant features (infiltrative growth) and will dedifferentiate to a higher 
grade in time and are therefore increasingly being considered as malignant.  

Glioblastoma (GBM) accounts for about 60% of malignant gliomas and can be 
divided into two subgroups: primary GBM and secondary GBM. Primary GBMs develop 
directly without having previous pathology (de novo pathway), while secondary GBMs 
develop from a lower grade glioma (II or III; progressive pathway). Primary GBMs make 
up 90% of GBM cases and affect mostly the elderly, whereas secondary GBMs occur 
less frequently and occur in younger patients. Both groups of GBM are derived from 
astrocytes, glial precursor cells, or neural stem cells. Even though primary and secondary 
GBMs develop differently, they are clinically and morphologically indistinguishable 
and respond similarly to the conventional therapy techniques5,6. Since both tumors 
develop via different pathways, they have different genetic alterations and thus may 
respond better to individualized molecular therapies3 (Fig. 1). 

Glioblastoma “Multiforme” is defined as a complex tumor in many different 
ways. These heterogeneous tumors have extensive areas of necrosis and a high 
proliferation rate, robust angiogenesis as well as diffuse infiltration of the normal 
brain parenchyma3. Further, these tumors can be largely different at the genetic level, 
with various deletions, amplifications and point mutations, leading to activations of 
different transduction pathways7. An important genetic alteration in GBM is the gene 
amplification of the epidermal growth factor receptor (EGFR) or its mutant allele 
(EGFRvIII) which occurs in 40% of the GBM cases8. 

Currently, the standard therapy for GBM is surgical resection, concomitant 
radiotherapy and chemotherapy9. Survival improves significantly in cases where total 
resection of the gadolinium-enhanced part of the tumor on MRI scan is achieved10. 
Unfortunately, due to the invasive characteristics of GBMs, long, root-like processes, 
as well as isolated tumor cells (ITCs), infiltrate the surrounding brain parenchym 
and invariably result in tumor recurrence or progression, despite adjuvant therapy11. 
Radiation plays an important role in the treatment for GBM12. However, due to 
limited efficacy to kill the remaining infiltrating tumor cells without affecting the 
normal brain cells13, 90%  of the tumors recur at the original site after radiation14. 
Even though GBMs are resistant to most chemotherapies, Stupp and colleagues 
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showed in 2005 that temozolomide (TMZ), a DNA alkylating agent, in combination 
with radiotherapy improves the survival of GBM patients by 2.5 months15,16. Despite 
this therapeutic advancement, the prognosis of GBM patients remains poor with 
median survival rates of 14 to 15 months. The 2-year and 5-year survival rates are 
approximately 25 and 10%, respectively17.

Because of the poor prognosis of GBM patients and the complexity of the disease, 
due to the “multiform” facets of GBMs, innovative therapeutic approaches are 
desperately needed. In order to develop new therapeutic strategies, the molecular 
basis of the biological behavior of GBM must be better understood, so additional 
therapies, besides surgery, can intervene directly in these molecular and biological 
processes. Molecular imaging is a powerful tool in order to monitor these processes 
and new therapeutic strategies in GBM. Various (molecular) imaging modalities will 
be discussed below. This is followed by a short introduction of gene therapy in brain 
tumors since gene therapy tools are frequently used for molecular imaging and novel 
therapeutic approaches.  

2. molecular imaGiNG

Glioblastoma is a highly complicated disease with multiple processes within the 
tumor and its environment. Characterization and monitoring of these biological 
processes and abnormalities at the cellular and molecular level can lead to better 
understanding of the disease and subsequently more efficacious therapies18. The 
advancement in bioengineering and imaging technologies allows in vivo monitoring 
of many different biological processes including gene expression, tumor growth 
and regression, molecular events in the tumor as well as drug and gene therapy19. 
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Molecular imaging in particular allows real-time monitoring of these processes and 
therefore understanding of different molecular and cellular events during the process 
of tumor development. This is unlike ex vivo analysis such as histology, which only 
gives information at a single point in time.

In order to image certain events, some basic requirements are needed. Many 
researchers are therefore working in one of these fields: (1) high-affinity probes 
which are stable and non-toxic; (2) the capacity to overcome biological barriers such 
as blood-brain barrier and cellular membranes; (3) strategies for signal amplification; 
and (4) the availability of fast and high-resolution techniques18. For an optimum 
molecular imaging technique, these four requirements should be optimized. 

Imaging modalities can be categorized in different ways: by the energy used to 
derive the visual information (X-rays, positrons, photons or sound waves), the spatial 
resolution that is achieved (macroscopic, mesoscopic or microscopic) or the type of 
information which is acquired (anatomical, physiological or molecular).  

Here, we will focus on molecular imaging and will discuss briefly each imaging 
modality. 

2.1 Magnetic resonance imaging (MRI)
This imaging modality has been used to visualize biologic parameters in living cells and 
tissues in vivo. The principle of MRI is the alignment of unpaired nuclear spins (called 
magnetic dipoles) when placed in a magnetic field. A temporary radiofrequency pulse 
is emitted, which changes the alignment of the spins. Their return to the baseline is 
recorded as a change in electromagnetic flux20. MRI has two particular advantages 
over other imaging techniques: (1) a very high spatial resolution, and (2) the ability 
to measure physiological/molecular, as well as anatomical information, at the same 
time. Unfortunately, MRI has a low sensitivity in comparison with radionuclide and 
optical imaging techniques, and therefore needs signal amplification.  

2.2 Nuclear (radionuclide) imaging
2.2.1 Positron emission tomography (PET). A non-invasive nuclear medical 
imaging method that produces a quantitative, three-dimensional image, or map, of 
physiological, biochemical and molecular processes in body organs. PET is generally 
used to detect decaying nuclides such as 11C, 18F, 15O, 124I, 66Ga and 64Cu. After 
administration, these probes begin to decay and start emitting positrons that collide 
with free electrons, resulting in emission of two, high energy, g-rays in opposite 
direction which can be imaged by a set of detectors surrounding the subject21,22. 
These positron-emitting probes are usually attached to molecules that are recognized 
by enzymes or bind to receptors or membrane transporters. The disadvantage of this 
method is that antibodies and their fragments circulate for hours before finding and 
binding tumorcells, during which time a significant amount of the radionuclide has 
decayed. 64Cu in particular is an attractive radionuclide for PET imaging due to its long 
half life (12.7 hr) and 64Cu-labeled antibodies and peptides have shown promise for 
tumor targeting in animal models and patients23.
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2.2.2 Single photon emission computed tomography (SPECT). This imaging 
modality is based on the emission of a single photon by gamma emitting radionuclides 
such as 111In, 123I, 201TI or 99mTc that are introduced into an organism. A photon 
detector rotates around the imaging object to track the position and concentration 
of radionuclide distribution from multiple angles19.

2.3 Optical imaging 
Over the past decade, optical imaging techniques have emerged in the molecular 
imaging field. These imaging modalities are based on the high sensitivity for imaging 
of contrast agents and reporter molecules in vivo. Optical imaging is an excellent tool 
for in vitro and frequent small animal imaging, as it is inexpensive, highly sensitive and 
not very time consuming. However, there are some disadvantages to this technique, 
particularly due to the limited transmission of light through tissues with minimal 
ability for signal quantitation. Optical imaging can be divided into three categories: 
fluorescence imaging, fluorescence molecular tomography and bioluminescence 
imaging.

2.3.1 Fluorescence imaging. This imaging modality is based on the ability of 
certain molecules to absorb light provided by an external light source at a particular 
wavelength, and to emit light of a longer wavelength after a brief interval, called the 
fluorescence lifetime18. Generally, a fluorescent protein is expressed in cells and is used 
as a reporter. The green fluorescent protein (GFP), derived from jellyfish Aequorea 
Victoria, is the most studied reporter and plays an important role in the imaging of 
molecular and cellular features of neoplasia in vitro, and to a certain extent, in vivo. 
This fluorescent protein was discovered about 50 years ago24 and since then, new 
variants with different excitation and emission wavelengths, enhanced brightness, 
and an improved pH resistance, has been developed25. Also spectral variants of GFP 
has been produced, such as a blue-shifted variant (BFP), a cyan-shifted variant (CFP) 
and a yellow-shifted variant (YFP), which allows simultaneous monitoring of these 
different proteins within the same cell or organism19. Unfortunately, for use in vivo, 
the GFP can only be detected at a few micrometers depth due to light absorption 
by tissues. Brighter and more red-shifted proteins have shown to improve the in vivo 
applicability of fluorescent reporter proteins26. Fluorescence has the disadvantage 
of requiring an external light source for excitation, which in turn can result in a 
high background signal due to the tissue autofluorescence. Recently, state-of-the-art 
technologies which allow three-dimensional (3D) image reconstruction, have shown 
to increase the sensitivity of fluorescence imaging.

2.3.2 Fluorescence molecular tomography (FMT). This imaging modality allows 
quantitative imaging of fluorescent molecular probes/reporters in deep tissues by 
reconstructing the 3D in vivo distribution of intravascularly (i.v.) injected far-red 
and near-infrared fluorescent probes27. This technique is capable of resolving and 
quantifying pico- to femtomolar quantities of fluorochromes in whole animals and can 
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achieve several centimeters of tissue penetration. FMT has been used for the imaging 
of tumors28,29, as well as of enzymatic activities, such as proteases, in combination 
with near-infrared fluorescent molecular beacons30,31. This imaging technique has 
several advantages over fluorescence imaging including higher spatial resolution. In 
addition, near-infrared fluorescent probes are known to have lower tissue absorption 
of light at this wavelength, leading to higher sensitivity.

2.3.3 Bioluminescence imaging (BLI). Bioluminescence is defined as the emission 
of photons of light from a chemically generated excited state within an organism. 
In BLI, a luciferase reporter is used to generate light either in cultured cells or in the 
body of animals. The generated light is then transmitted through tissue, and can 
be detected and quantified using a cooled, charge-coupled device (CCD) camera (in 
vivo) or a luminometer (in vitro)32-35. The high sensitivity and the almost negligible 
background noise makes BLI a sensitive method for small-animal molecular imaging36. 

The American Firefly Luciferase from Photinus pyralis (Fluc) (Fig. 2) is the most 
commonly used luciferase due to its high quantum yield (>88%)37. This enzyme 
oxidizes its substrate beetle D-luciferin in the presence of ATP and oxygen and produces 
a broad emission spectrum with a light peak at 560 nm20,36. Another frequently used 
luciferase is from the sea pansy, Renilla reniformis (Rluc), which uses coelenterazine as 
substrate and produces blue light with peak emission at 480 nm. This luciferase does 
not require ATP for activity; however, it has a low enzymatic turnover and quantum 
yield (>6%)38.

More recently, the luciferase from the marine copepod Gaussia princeps (Gluc) 
(Fig. 3), which also uses coelenterazine as a substrate, has been characterized. Gluc 
is the smallest luciferase known (19 kDa) and therefore well suited as a reporter 
for viral vectors. Humanized Gaussia luciferase cDNA, which is codon-optimized for 
mammalian gene expression, was shown to be over 2000-fold more sensitive than 
other luciferases and produces 200-fold higher bioluminescence signal than Rluc 
in vivo39. Despite the fact that Fluc produces higher red-shifted light in vivo and 
that higher amounts of substrate can be used, Gluc produces comparable signal 
of subcutaneous tumors in vivo under standard imaging conditions39. Since Gluc is 
naturally secreted, it allows real-time monitoring of cell viability and gene expression 
in vitro by assaying few microliters of conditioned medium for its activity at different 
time points. In addition, in vivo, biological processes such as tumor growth and 
response to therapy, gene expression as well as virus infection, can be detected over 
time by assaying aliquots of blood or urine Gluc activity40. 

Since Fluc and Rluc (or Gluc) use different substrates, combinations of these 
luciferases can be used as a “dual-report” for simultaneous detection of two different 
processes41,42. An example of this dual imaging is the following report:  Gluc has been 
used as a tool to track T cells in vivo by engineering a membrane-bound Gluc through 
addition of a CD8 membrane domain to the carboxy-terminus of the enzyme. In 
this way, the Gluc will remain on the cell surface and therefore will not be secreted, 
enhancing the signal significantly. In the same animal model, tumor cells expressing 
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Fluc are injected. Tumor growth is monitored by Fluc in vivo BLI, whereas T cells can 
be tracked by Gluc imaging simultaneously43.

2.4 Multimodality imaging
Non-invasive imaging of reporter gene expression is becoming increasingly important 
in the field of cancer biology as it allows for a fast quantitative measurement of 
tumor burden and treatment response, thereby accelerating the development of 
experimental therapeutic strategies. Certain imaging approaches are better suited 
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than others for specific applications: for instance, optical imaging methodologies are 
well suited for in vitro studies, frequent imaging of small animals as they are cost-
effective and time-efficient. However, they are limited by depth of light penetration 
and scatter and do not all provide tomographic information. PET is also highly 
sensitive but, as in the case of SPECT, not suited for frequent imaging due to the use 
of radionuclides. MRI on the other hand provides a high degree of spatial resolution 
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and is well suited for tumor phenotyping and anatomical reconstruction of tissues 
and, similar to PET and SPECT, is more easily translated into humans. However, it is 
very costly. The advantages and disadvantages of the most commonly used modalities 
(Fig. 5) for tumor imaging are presented in table 1. 
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activity was lost (80% for RFP, and 50% for luciferase) for each reporter due to 
steric hindrance and/or lower level of expression due to reduced translation of coding 
sequences following the IRES element44. Also, the size of these and similar fusion 
proteins can be considerably large, making cassettes unable to be carried in vectors 
such as adeno-associated virus (AAV) vectors, which are widely used in clinical trials for 
gene transfer. An ideal system would then be to use a single reporter for multimodal 
imaging with a small size and high affinity binding to imaging agents. Nevertheless, 
combining different imaging modalities in the same system can be advantageous, 
given that every imaging modality has its own advantages, as well shortcomings45. 

2.5 Molecular biosensors
Molecular biosensors are devices of molecular size that are designed for sensing 
different analyses on the basis of biospecific recognition. They typically provide 
two functions: (1) the recognition (specific binding) of the target; and (2) the 
translation of information about the recognition event into a measurable signal. 
These biosensors are particularly useful in sensing specific biological processes at the 
cellular and molecular levels. They can be used to confirm the presence of expected 
molecules/events (e.g. apoptosis, transcription factor activation) prior to the delivery 
of therapeutic molecules such as drugs or gene therapy. Furthermore, they can be 
used as a feedback control mechanism to control the proper amount of therapeutics 
for each cell/disease state.  The general concept of a biosensor is shown in Fig. 6.

A simple, but very useful, biosensor is the use of an expressing system carrying a 
promoter which is activated in specific tissues/disease states to drive the expression 
of a reporter protein such as luciferase. Upon gene transfer, activation of these 
promoters can be imaged using bioluminescence imaging (Fig. 6a). 

Figure 6. Schematic overview of the concept of different biosensors.
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Molecular biosensors have also been used to monitor activation of different 

transcription factors (Fig. 6b). Nuclear factor Kappa B is a well-studied transcription 
factor as it is a key regulator in cellular activation, proliferation and apoptosis. 
Therefore, an abnormality in the NFkB pathway can have a major impact such as 
malignant, neurodegenerative and chronic inflammatory diseases. Gross et al46 
designed a reporter in which they fused the inhibitor of NFkB (IkB) to Fluc, thus 
sensing NFkB activation indirectly. 

Recently, Gluc has been shown to be an excellent reporter/biosensor. In this 
thesis we will use Gluc to monitor NFkB activation by designing a promoter based 
on tandem repeats of NFkB responsive element, driving the expression of Gluc as a 
reporter gene (the principle is shown in Fig. 6b). Since Gluc is naturally secreted, 
NFkB activation can be easily monitored in vitro by assaying an aliquot of conditioned 
medium and in vivo by assaying a few microliters of blood for Gluc activity47.

The biotin-streptavidin system is the strongest non-covalent interaction known and 
has been used for tracking of tumor cells in vivo. In this thesis, we engineer a reporter 
protein which, upon expression, displays biotin (vitamin H) on the cell surface. This 
biotin serves as a “molecular beacon” to attract any imaging and therapeutic agents 
coupled to streptavidin. This reporter will be suited for multi-modal imaging of brain 
tumors using bioluminescence, fluorescence, MR and SPECT. 

3. GeNe therapy aGaiNst braiN tumors

Gene therapy has been heralded as a potential revolution in medicine48. Currently, 
several hundreds of gene therapy protocols have been approved and tested in clinical 
phase I-III trials, most conducted using viral vectors for cancer (http://clinicaltrials.
gov/ct2/results?term=gene+therapy+cancer). An increasing number of studies have 
shown that gene therapy strategies can be additive or synergistic with each other and 
with ongoing neurosurgical, chemical and radiation therapies. Gene therapy is based 
on the delivery of certain genes, which are either therapeutic or constitute a mutated 
gene, to the cancer cells49 (Fig. 6c). Replacement of a mutated gene by a “normal” 
gene to overcome cancer resistance to traditional therapies has been shown to be 
possible. For example, a common phenomenon in GBM is the mutation, or loss, of 
the p53 tumor suppressor gene, which leads to increased cell growth. This is known 
to be an early event in the malignant transformation of human gliomas50,51. Replacing 
the normal gene in these tumors has been shown to restore the wild-type p53 tumor 
suppressor functions leading to inhibition of tumor growth52.

A common problem with cancer drug therapy is the toxicity of the drug against 
not only the cancer cells, but also the normal cells. To overcome this problem cancer-
specific gene therapy could be very useful. One of the commonly used cancer gene 
therapies is “suicide” gene therapy where a small enzyme is delivered to tumor cells 
which convert a non-toxic pro-drug into a toxic molecule53 (Fig. 7). 
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Figure 7. The sequence of events, from incorporation of the suicide gene into the 
host cell genome via a vector, activation by the appropriate pro-drug and eventual 
cell death. This gene encodes for an enzyme that converts the inactive pro-drug into its 
toxic metabolites. These act by inhibition of DNA or RNA synthesis, or both, and hence 
cell growth and division.
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phosphoribosyltransferase (UPRT) gene sensitizes cancer cells to 5-FU, therefore 
the combination of CD and UPRT is a great potential combination for cancer gene 
therapy55 (Fig. 8). 

Despite the impressive advancement in the gene therapy field against cancer, 
this therapeutic modality has several limitations: (1) achieving a high percentage 
of transduced tumor cells and therefore it is essential that the transgene has a 
“bystander” effect, such that the non-transduced, surrounding cells will be killed as 
well48,56; (2) loss of transgene expression overtime; and (3) toxicity of the vector or 
transgene to normal tissues57. 

In order to deliver specific genes to tumor cells, a “gene delivery vehicle” is 
required. The most commonly used gene delivery vehicles are based on viral vectors 
such as retroviral and lentiviral vectors, herpes simplex virus (HSV-1) vectors, adenoviral 
vectors, as well as AAV vectors. Each of these vectors has its own advantages and 
disadvantages for different applications (summarized in table 2), which depends on 

Table 2. The characteristics of viral vectors used for gene delivery.  

Virion Vector type Capacity Advantages disadvantages

Retrovirus MoMLV*-
based

7-8 kb Integration only into 
genome of dividing cells

Only integrates 
into dividing cells 
and integrates 
randomly.

  Lentivirus 7-8 kb Integration into genome 
of both dividing and 
nondividing cells

Random integration

Adeno-
associated 
virus (AAV)

  4.5 kb Low toxicity and 
immunogenicity and 
integrates specifically into 
chromosome 19 of dividing 
and non-dividing cells or 
stably retains in the nucleus

 

Adenovirus Recombinant 
adenovirus

20 kb Transduces both dividing 
and non-dividing cells

Immunogenic 
and instability 
of transgene 
expression

  ‘Gutless’ 
adenovirus

Up to 36 
kb

Transduces both dividing 
and non-dividing cells; Low 
toxicity and immunogenicity

 

Herpes 
simplex 
virus (HSV)

Recombinant 
HSV

30-50 kb Transduces both dividing 
and non-dividing cells

Immunogenic and 
some toxicity

  Amplicon 
HSV

Up to 
150 kb

No toxicity; Transduces both 
dividing and non-dividing 
cells

Low titers

* MoMLV: Moloney murine leukemia virus
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features such as size of the transgene to be packaged, toxicity, route of delivery 
and duration of gene expression. Most commonly used viral vectors for cancer gene 
therapy are based on lentivirus or AAV.

3.1 Lentivirus vectors.
An HIV-1-derived viral vector commonly used in basic science due to its ability to 
integrate into the genome of the target cell and therefore generate a long-term gene 
expression58. This is a desirable feature in vitro to create cell lines stably expressing 
a certain gene, and ex vivo, for transplanting strategies57. Unlike other retroviruses, 
lentivirus vectors are able to infect both dividing as well as non-dividing cells58. 
However, this feature might have a risk to activate a proto-oncogene or inactivate a 
crucial gene59. Despite this disadvantage, lentivirus vectors have been used in clinical 
trials60. These vectors have a packaging capacity about 8 kb. An additional advantage 
of lentivirus vectors is that inflammatory response is rare61.

3.2 AAV vectors.
These vectors are formed of a non-pathogenic, small virion (20-24 nm in diameter) 
and contain a single-stranded DNA genome62. An AAV vector will incorporate its 
transgene into the genome of the target cell, and unlike lentivirus, this vector will 
not integrate randomly, but into human chromosome 1963.  An AAV vector may also 
maintain as episomal DNA in the nucleus and does not integrate in the DNA of the 
host cell. Both ways guarantee long-term expression of the transgene57. AAV vector 
and its serotypes (AAV 2, 4, 5, 7 and 8) showed great preclinical promise in delivering 
therapeutic genes to brain tumors since they have much higher transduction efficiency 
as compared to other viral vectors, such as lentivirus vectors, and are currently in 
clinical trials for the treatment of many neurological disorders (http://clinicaltrials.gov/
ct2/results?term=AAV+brain). AAV 2 vector is the most used vector for gene delivery 
to the normal brain since it infects neurons preferentially64. This vector transduces 
dividing as well as non-dividing cells and has a very low toxicity and immunogenicity. 
Unfortunately, AAV vectors have only a transgene capacity of 4.5 kb62, making it 
often impossible to clone both a transgene as well as a reporter gene. 

aim aND outliNe

In order to unravel the biological processes involved in the development of glioblastoma 
multiforme (GBM), we set out to engineer biosensors in order to monitor different 
molecular events such as apoptosis and transcription factor activation. Additionally, 
using these reporters, we aim to develop experimental therapies against this tumor 
type. Finally, we decide to create an imaging reporter for multimodal imaging of 
brain tumors as to facilitate the analysis of different therapies pre-clinically and their 
transition to humans.  
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In Chapter 2, the design of an apoptosis reporter, using the secreted Gaussia  

luciferase (Gluc), is presented. This reporter system is based on a fusion protein 
that resides in the cytoplasm in an inactive form and is cleaved and activated upon 
apoptosis, leading to secretion of Gluc so that both the intrinsic, and extrinsic, 
apoptosis pathways can be monitored in real-time. 

Nuclear factor kappa B (NFkB) is a transcription factor that plays an important 
role in the immune response and in the recognition, regulation and response of 
pathogens. Monitoring NFkB activation is important in order to unravel its role in 
the development of different cancers. Moreover, it can be used in screening for 
therapeutics based on inhibiting NFkB activation. In Chapter 3 we describe the 
development of a reporter where Gluc is driven by an NFkB promoter, thus allowing 
the monitoring of NFkB activity in real-time by measuring Gluc levels.

In Chapter 3 we show the upregulation of the transcription factor NFkB in GBM 
tumors and therefore we develop an inducible, tumor-specific, suicidal gene therapy 
system that is described in Chapter 4. We clone the NFkB promoter to drive the 
expression of a therapeutic gene as well as the Gluc reporter. The therapeutic gene 
will convert the injected pro-drug into a toxic drug. 

The strong binding between streptavidin and biotin provides a very promising 
platform for the development of sensitive reporters. In Chapter 5, we describe the 
development of a biotinylated reporter system by fusing a biotin acceptor peptide 
(BAP) between a signal sequence and a transmembrane domain of PDGFR. Upon 
expression, the mammalian biotin ligase tags the BAP with a single biotin moiety 
that is displayed on the cell surface and can be imaged with any agent coupled to 
streptavidin. 

In Chapter 6, we extend this work and design a single reporter for multimodal 
imaging of brain tumors. We fuse Gluc to the biotin acceptor peptide followed by the 
transmembrane domain in order to show that this reporter can be imaged with all 
four available molecular imaging modalities including bioluminescence, fluorescence, 
MR, and radionuclide. 

GBM is a very complex tumor to treat, partly due to its invasive nature. The 
chemokine SDF-1a is known to play a role in cell movement and therefore we study, 
in Chapter 7, the possibility of SDF-1a as a tumor cell attractor. We first set up an 
invasive brain tumor model and showed the ability of SDF-1a to attract cells after 
injecting an AAV vector expressing this chemokine. In order to monitor tumor cells, as 
well as the spreading of the chemokine, we design a dual bioluminescent assay using 
two different luciferases, firefly luciferase and Gaussia luciferase.

In Chapter 8 we summarize the main findings of our studies described in this 
thesis.

In Chapter 9 we discuss our conclusions and provide a framework for potential 
future work.
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abstract

Noninvasive detection and in vivo imaging of apoptosis play a critical role in the 
development of therapeutics in many different fields including cancer. We have 
developed an apoptosis biosensor by fusing GFP to the N-terminus of the naturally 
secreted Gaussia luciferase separated by a caspase-3 cleavage peptide consisting 
of aspartic acid (D), glutamic acid (E), valine (V) and aspartic acid (D; DEVD).  We 
showed that this fusion is retained in the cytoplasm of cells in an inactive form. Upon 
apoptosis, the DEVD peptide is cleaved in response to caspase-3 activation, freeing 
ssGluc which can now enter the secretory pathway where it is folded properly and 
is released from the cells and can be detected in the conditioned medium in culture 
or in blood of live animals ex vivo over time. Since Gluc is secreted from cells via 
conventional pathway through the endoplasmic reticulum, Golgi and vesicles, we 
showed that the presence of Gluc in these compartments in response to apoptosis 
can be visualized in vivo using bioluminescence imaging. This reporter provides 
a valuable tool for imaging and real-time monitoring of apoptosis and is compatible 
with high-throughput functional screening application in cultured cells and animal 
models.   
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iNtroDuctioN

Programmed cell death or apoptosis is an important cellular event that plays a 
critical role in the treatment of different disorders. Two common pathways of 
apoptosis are known1-3: (1) an intrinsic pathway which relies on mitochondrial 
dysfunction followed by cytochrome c release leading to activation of series of 
caspases including caspase-3, 6 and 7. (2) an extrinsic pathway through binding 
of toxic molecules to a death-receptor on the cell surface initiating a chain of 
events including activation of the BH3 interacting domain death agonist (Bid) and 
caspase-8 leading to activation of caspase-3 followed by cell death. In cancer, many 
therapeutic modalities rely on the activation of apoptosis specifically in tumor cells4-6. 
For instance, the alkylating agent temozolomide methylates the DNA at a specific 
guanine residue leading to intrinsic activation of apoptosis in tumor cells7,8.  On 
the other hand, the tumor necrosis factor-related apoptosis inducing ligand (TRAIL) 
binds to death receptors present specifically on tumor cells leading to activation of  
the extrinsic apoptosis pathway9,10.

Development of methods to monitor apoptosis noninvasively can help advance 
novel therapeutics for different diseases. Many techniques have been established for 
detection of apoptosis in vivo. Since caspase-3 activation is the end product of both 
the intrinsic and extrinsic pathways, the most commonly used apoptosis reporters 
are based on a small peptide, consisting of aspartic acid (D), glutamic acid (E), valine 
(V) and aspartic acid (D) or DEVD, which is recognized and cleaved by this protease. 
In one study, firefly luciferase (Fluc) was cloned between two modified mouse 
estrogen receptor regulatory domains separated by DEVD (ER-DEVD-Fluc-DEVD-ER)11. 
The presence of these regulatory domains silences the activity of Fluc. During apoptosis, 
active caspase-3 cleaves the DEVD sequence, freeing the Fluc which is then detected 
using in vivo bioluminescence imaging after injection of its substrate, D-luciferin. 
In another study, multimodal imaging of apoptosis was achieved by fusing the 
monomeric red fluorescent protein (mRFP) to HSV1 thymidine kinase (TK) and firefly 
luciferase all separated by DEVD sequence (mRFP-DEVD-TK-DEVD-Fluc)12. Fusing these 
three reporters together leads to a dramatic decrease in their activity. Upon caspase-3 
activation and DEVD cleavage, each reporter will be free which is then detected 
using the corresponding imaging modality: fluorescence for mRFP, positron emission 
tomography (PET) for TK and bioluminescence for Fluc. Recently, a fluorescently labeled 
activity-based probes (ABPs) using an acyloxymethyl ketone (AOMK) which covalently 
label active caspases has been developed and successfully used for detection of 
apoptosis in vivo13. Although these methods have been shown to be useful for in vivo 
imaging, kinetic analysis of caspase-3 activation in real-time was not easily achieved. 
Further, the sensitivity of these reporters remains an issue since there was only  
a moderate increase (2-fold) in most of these reporters activity in response to apoptosis. 
Most of these techniques are not well suited for high-throughput functional screening 
applications and does not allow kinetic analysis over time.
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Recently, we characterized a luciferase from the marine copepod Gaussia princeps 
(Gluc) which is >2000-fold more sensitive than commonly used luciferases such as Fluc 
when expressed in mammalian cells14. Since Gluc is naturally secreted, we showed 
that in vivo processes can be monitored noninvasively and in real-time by assaying 
few microliters of blood for this luciferase activity15,16. We also showed that secreted 
Gluc is well suited for high-throughput functional screening applications and allows 
study of drug kinetics since its activity in the medium can be measured at different 
time points from a single well, keeping the viable cells intact for conformational 
analysis17,18. In this study, we show that Gaussia luciferase requires processing 
through the secretory pathway for proper folding and full activity and that Gluc 
looses >90% of its activity once it is modified to be retained in the cytoplasm. We 
fused Gluc including its signal sequence (ssGluc) to the C-terminus of GFP separated 
by DEVD, the caspase-3 cleavage peptide (GFP-DEVD-ssGluc). The presence of GFP 
in this fusion protein forces the Gluc to reside in the cytoplasm in an inactive form.  
Upon caspase-3 activation during apoptosis, DEVD is cleaved, therefore freeing 
ssGluc which can then enter the secretory pathway where it is folded properly and is 
released from the cells and can be detected in the conditioned medium in culture or 
in blood of live animals ex vivo over time. Further, since the Gluc secretes from cells 
through the conventional cell secretory pathway, i.e. rough ER, Golgi and vesicles19, 
the presence of this reporter in these compartments in response to apoptosis can be 
imaged in vivo using Gluc bioluminescence imaging. This reporter provides a valuable 
tool for imaging and real-time monitoring of apoptosis which is compatible with 
high-throughput functional screening application in cultured cells and animal models.   

results

Construction of the apoptosis biosensor. We have developed a fusion protein 
which upon cleavage by caspase-3, releases a secreted luciferase into the conditioned 
medium of cultured cells or into blood of mice bearing cells expressing it in vivo. 
We fused GFP to the N-terminal region of the Gaussia luciferase (including its 
signal sequence, ssGluc) separated by a DEVD, the caspase-3 cleavage peptide  
(GFP-DEVD-ssGluc; Fig 1). This fusion protein resides in the cytoplasm. Upon caspase-3 
activation during apoptosis, the DEVD sequence is cleaved, freeing ssGluc, which 
can then enter the endoplasmic reticulum (ER) and be secreted outside of the cell  
(Fig. 1). We cloned the expression cassette for this fusion into a lentivirus vector 
under the control of CMV promoter.

Gluc is not active when retained in the cytoplasm.  We compared the intracellular 
and the extracellular (conditioned medium) activity of the secreted Gluc, a cytoplasmic 
version of Gluc (Gluc cDNA cloned without the signal sequence; no ss) as well as the 
apoptosis biosensor GFP-DEVD-ssGluc. 293T human fibroblast cells were transfected 
with plasmid expressing either of these reporters under the CMV promoter.  
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Forty-eight hours later, cell lysates or conditioned medium were assayed for Gluc 
activity. As expected, since the GFP-DEVD-ssGluc and Gluc without the ss (no ss) 
reside in the cytoplasm, their activities in the conditioned medium were >100x lower 
as compared to wild-type Gluc (Fig. 2a). On the other hand, the intracellular activity 
of GFP-DEVD-ssGluc was 40-fold lower as compared to ssGluc showing that Gluc 
requires to enter the secretory pathway to be folded properly by different chaperone 
proteins and therefore to be active. Similarly, the activity of Gluc without the signal 
sequence was 8-fold lower compare to native ssGluc (Fig. 2a). 

GFP-dEVd-ssGluc as a sensitive apoptosis reporter. To determine the usefulness 
of the GFP-DEVD-ssGluc in detecting apoptosis, Gli36 human glioma cells stably 
expressing this reporter were plated in a 6-well plate and treated with different 
amounts of doxorubicin. Twenty-four hours later, the conditioned medium was 
collected and assayed for Gluc activity. An increase in Gluc level in the medium with 
increasing doxorubicin concentration was observed. At the 3.2 µM doxorubicin dose, 
a >10-fold increase in Gluc level as compared to the untreated sample was observed 
showing the sensitivity of our reporter in detecting apoptosis (Fig. 2b). 

To check the efficacy of this biosensor in monitoring apoptosis in real-time, Gli36 
cells expressing the GFP-DEVD-ssGluc were treated with different concentrations 
of doxorubicin. At different time points, 50 µl aliquots of the conditioned medium 
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Figure 1. Apoptosis biosensor. Schematic overview of the GFP-DEVD-ssGluc system. 
ptGFP lacking stop codon is fused to the N-terminal region of the Gaussia luciferase 
(including its signal sequence, ssGluc) separated by a DEVD, the caspase-3 cleavage 
peptide (GFP-DEVD-ssGluc). This fusion protein resides in the cytoplasm. Upon caspase-3 
activation during apoptosis, the DEVD sequence is cleaved, freeing ssGluc, which can then 
enter the endoplasmic reticulum (ER) and be secreted into the conditioned medium of 
cultured cells or into blood of mice bearing cells expressing it in vivo.
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were collected and assayed for Gluc activity using the luminometer and imaged using  
a CCD camera (Fig. 2c,d). An increase in Gluc level in the conditioned medium was 
observed over time confirming that apoptosis can be monitored in real-time from the 
same well, keeping the cells viable for validation analysis.

To corroborate these results using a different assay, Gli36 cells expressing  
GFP-DEVD-ssGluc were treated with different concentration of doxorubicin. Sixteen 
hours later, 50 µl aliquots of conditioned medium were assayed for Gluc activity.  
At the same time, cell lysates as well as conditioned medium were analyzed by 
western blotting using an antibody against Gluc. As expected, upon increasing dose 
of doxorubicin, the GFP-DEVD-ssGluc fusion in the cell lysate was decreased due to 
cleavage of the DEVD peptide, leading to an increase in the free Gluc level in the 
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Figure 2. Real-time monitoring of apoptosis in culture. (a) Gluc is inactive when it 
resides in the cytoplasm. 293T human fibroblast cells were transfected in triplicates with 
plasmid expressing either native secreted Gluc (ssGluc), GFP-DEVD-ssGluc, or Gluc without 
the signal sequence (no ss). Forty-eight hours later, cell lysates or conditioned medium were 
assayed in triplicates for the Gluc activity. (b-c) Gli36 human glioma cells stably expressing 
GFP-DEVD-ssGluc were plated in a 6-well plate and treated with different amounts of 
doxorubicin in triplicates. Twenty-four hours later (b), or at different time points (c),  
50 µl aliquots of the conditioned medium was collected in triplicates and assayed for Gluc 
activity using a luminometer. (d) Aliquots (in duplicates) of conditioned medium from (c) 
were imaged for Gluc activity using a CCD camera. For Gluc activity assay, data presented 
as mean ± SD for the 3 biological and 3 experimental replicates
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medium in a dose-dependent manner, which correlated with an increase in the Gluc 
activity using the luminometer (Fig. 3a,b).  

To confirm that the activity of released Gluc in the conditioned medium is 
strictly due to caspase-3 activation and therefore apoptosis, Gli36 cells expressing  
GFP-DEVD-ssGluc were treated with either different amounts of doxorubicin, or a 
combination of both doxorubicin and ZVAD-fmk, a caspase inhibitor. Sixteen hours 
later, cell lysates were analyzed by western blotting for Gluc as well as caspase-3 
using specific antibodies. Upon treatment with doxorubicin alone, pro-caspase-3 
level in the cell lysates decreased as the cleaved active caspase-3 increased which 
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Figure 3. GFP-DEVD-ssGluc is cleaved specifically in response to apoptosis. (a,b) Gli36 cells expressing GFP-

DEVD-ssGluc were treated with different concentration of doxorubicin in triplicates. Sixteen hours later, cell lysates as 
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Figure 3. GFP-dEVd-ssGluc is cleaved specifically in response to apoptosis. (a,b) 
Gli36 cells expressing GFP-DEVD-ssGluc were treated with different concentration of 
doxorubicin in triplicates. Sixteen hours later, cell lysates as well as conditioned medium 
were analyzed by western blotting using an antibody against Gluc (a) and 50 µl aliquots 
of conditioned medium were assayed for Gluc activity (b). (c,d) Gli36 cells expressing 
GFP-DEVD-ssGluc were treated with either different amounts of doxorubicin in triplicates, 
or a combination of both doxorubicin and ZVAD-fmk, a caspase inhibitor. Sixteen hours 
later, cell lysates and conditioned medium were analyzed by western blotting for Gluc as 
well as caspase-3 using specific antibodies (c) and conditioned medium was assayed for 
Gluc activity (d). Western blots shown are representative from a single well of different 
groups. For Gluc assay, data presented as mean ± SD for 3 biological and 3 experimental 
replicates.



34

2

correlated with an increase in the Gluc level in the medium (Fig. 3c,d).  As expected, 
upon inhibiting caspase-3 with ZVAD-fmk, the active caspase-3 and the Gluc levels 
in the medium were comparable to their levels in the non-treated control sample  
(Fig. 3c). These results were also confirmed by the Gluc assay in the conditioned 
medium which showed similar pattern of Gluc levels observed by western blot 
analysis (Fig. 3d).

Monitoring of extrinsic apoptosis pathway. Since doxorubicin induces the 
intrinsic apoptosis pathway, we tested whether our sensor can also be used to 
detect the extrinsic pathway. Gli36 cells expressing GFP-DEVD-ssGluc were plated 
in a 96-well plate and treated with different amounts of the tumor necrosis factor-
related apoptosis inducing ligand (TRAIL). This protein is known to bind to death 
receptors on tumor cells initiating series of cascades leading to caspase-3 activation. 

 

 
Figure 4. (a) GFP-DEVD-ssGluc as a biosensor for extrinsic apoptosis.  Gli36 cells expressing GFP-DEVD-
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Figure 4. GFP-dEVd-ssGluc as a biosensor for extrinsic apoptosis. (a) Gli36 cells 
expressing GFP-DEVD-ssGluc were plated in a 96-well plate and treated with different 
concentrations of TRAIL in triplicates. Sixteen hours later, aliquots of conditioned medium 
(in triplicates) were assayed for Gluc activity. (b-c) Cleaved ssGluc is secreted from cells via 
conventional secretory pathway. Gli36 cells expressing GFP-DEVD-ssGluc or native Gluc 
were treated with PBS or brefeldin A (BFA; 5µg/ml) for 2 hours. Cells were then treated 
with either PBS or doxorubicin (0.8 µM) in triplicates and, eight hours later, conditioned 
media and lysates were assayed for Gluc activity. Data presented as mean ± SD for relative 
Gluc activity in which the signal obtained from control native ssGluc treated with PBS only 
in (b) or treated with dox only (no BFA) in (c) is set to 1.
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Sixteen hours post-treatment, conditioned medium was assayed for Gluc activity.  As 
expected, an increase in Gluc level in the medium correlated with an increase in the 
TRAIL dose showing that this sensor can detect both intrinsic and extrinsic apoptosis 
pathways (Fig. 4a). 

Active Gluc released upon apoptosis, like native Gluc, is secreted from cells 
via the conventional secretory pathway. Recently, we showed that native Gluc 
leaves the cells via the conventional secretory pathway, i.e. ER, Golgi and vesicles19. In 
order to show that upon apoptosis, GFP-DEVD-ssGluc is cleaved, freeing ssGluc which 
then enters the ER and secretes from cells in a similar manner to native Gluc, Gli36 
cells expressing GFP-DEVD-ssGluc or native Gluc were treated with PBS or brefeldin 
A (BFA; 5µg/ml) for two hours. This drug inhibits anterograde ER export to the Golgi, 
but allows retrograde Golgi-ER transport, resulting in a fusion of the ER and the 
Golgi and blocking of secretion. Cells were then treated with PBS or doxorubicin 
(0.8 µM) and, eight hours later, conditioned media and lysates were assayed for Gluc 
activity. As expected, conditioned medium from GFP-DEVD-ssGluc cells treated with 
doxorubicin alone showed around 2-fold increase in Gluc activity while the wild-type 
Gluc cells did not show any change (Fig. 4b). Signals from conditioned medium 
of either native Gluc or GFP-DEVD-ssGluc cells treated with BFA and doxorubicin 
decreased significantly (80-fold for Gluc vs 15-fold for GFP-DEVD-ssGluc; Fig. 4c). On 
the opposite, Gluc activity in both lysates increased (20-fold for Gluc and 8-fold for 
GFP-DEVD-ssGluc) proving that cleaved Gluc enters the ER and leaves the cells via the 
conventional secretory pathway similar to native Gluc.

Noninvasive imaging and ex vivo blood monitoring of apoptosis in animal 
models. In order to show that the apoptosis biosensor developed here is useful for 
in vivo imaging and real-time monitoring of apoptosis noninvasively, Gli36 human 
glioma cells expressing GFP-DEVD-ssGluc were implanted subcutaneously in nude 
mice. Three weeks later, tumors were either injected with PBS (control) or with  
10 µg doxorubicin (n=5 per group). Immediately before and eight hours post-
injection, mice were i.v. injected with coelenterazine and imaged using a CCD 
camera. Around 5-fold increase in the Gluc tumor level was observed in the 
doxorubicin treated-tumors with no change in PBS-treated controls showing that this 
reporter is sensitive in imaging apoptosis in vivo (Fig. 5a). In the same experiment, 
5 µl blood (in triplicates) were withdrawn from a tail cut at different time points and 
assayed for the Gluc activity upon addition of coelenterazine using a luminometer.   
A significant increase in Gluc blood level over time was observed, as compared to time 
zero, reaching a maximum at eight hours (p<0.001 as calculated by student t-test) 
showing that this reporter is sensitive for real-time monitoring of apoptosis ex vivo 
(Fig. 5b). To confirm these findings, a set of tumors from each group were removed 
eight hours post-treatment and assayed either by western blotting for Gluc cleavage 
and caspase-3 activation or TUNEL (terminal deoxynucleotidyl transferase-mediated 
dUTP-biotin nick end labeling) staining for DNA fragmentation, a typical feature of 



36

2

apoptosis. Doxorubicin-treated tumors versus control tumors showed lower levels of 
GFP-DEVD-ssGluc fusion, increased levels of both free Gluc and cleaved caspase-3 
as well as increased TUNEL positive cells confirming the Gluc activity in the blood 
(Fig. 5c,d). To corroborate these findings in a clinically-relevant in vivo model, nude 
mice were injected into the left ventricles with MDA-MB-231BR breast cancer cells 
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Figure 5. In vivo imaging and ex vivo monitoring of apoptosis. (a) Gli36 cells 
expressing GFP-DEVD-ssGluc were implanted subcutaneously in 10 nude mice. Two 
weeks later, tumors were injected with either PBS (control) or 10 µg of doxorubicin (n=5 
per group). Immediately before and 8 hours post-injection, mice were i.v. injected with 
coelenterazine and imaged using a CCD camera. (b) In the same experiment, 5 µl blood 
(in triplicates) was withdrawn at different time points and assayed for Gluc activity using 
a luminometer. (c) A set of tumors from each group in (a) were removed 8 hours post-
treatment and assayed by western blotting using antibodies against Gluc and caspase-3. 
(d) A set of mice from (a) were perfused with 4% paraformaldehyde in PBS, tumors were 
removed, fresh frozen, sectioned into 10 µm sections and analyzed using TUNEL (red) 
as well as DAPI (blue) staining. Scale bar, 100 µm. (e-f) MDA-MB-231BR breast cancer 
cells were injected into the left ventricle of female nude mice. Four weeks later, mice 
were imaged with Fluc bioluminescence after i.p. injection of D-luciferin. A representative 
mouse imaged front and back showing that these cells did metastasize (e). Mice were 
then i.p. injected with either PBS or TRAIL (n=6 per group) and at different time points, 
5 µl blood (in triplicates) was withdrawn at different time points and assayed for Gluc 
activity using a luminometer (f). Data shown as mean ± SD
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engineered to stably express Fluc.  Four weeks post-injection, small foci in different 
tissues were observed with Fluc bioluminescence imaging showing that these cells 
have metastasized to different tissues (Fig. 5e). Mice were then injected with either 
PBS or TRAIL (0.5 mg/kg body weight; n=6 per group).  Immediately before and 
at different time points post-treatment, 5 µl blood (in triplicates) were withdrawn 
and assayed for Gluc activity.  A significant increase in Gluc activity in blood was 
observed six hours post-injection as compared to time zero (p<0.001; student t-test) 
in the TRAIL treated mice and not control showing that this reporter can be used 
to monitor apoptosis in systemic metastasis model (Fig. 5f). The Gluc blood levels 
slowly decayed to basal level over forty-eight hours. The same mice were also imaged 
with Gluc bioluminescence before and eight hours post-treatment, however, no Gluc 
activity was detected showing that this reporter is not sensitive enough to image 
apoptosis in systemic metastasis or small foci in deep tissues (data not shown).  

DiscussioN

Noninvasive imaging and real-time monitoring of apoptosis play a crucial role in 
the development and testing the efficiency of novel therapeutics in different fields 
including cancer. We have developed a multimodal apoptosis biosensor by fusing GFP 
to the N-terminus of the naturally secreted Gaussia luciferase separated by DEVD, 
the caspase-3 cleavage peptide. We showed that this reporter allows simultaneous 
real-time monitoring of apoptosis by assaying an aliquot of the conditioned medium in 
culture or few microliters of blood ex vivo for the Gluc activity at different time points. 
Moreover, since the native Gluc is secreted from cells via the conventional secretory 
pathway, i.e. ER, Golgi and vesicles, the presence of Gluc in these compartments in 
response to apoptosis can be imaged using in vivo bioluminescence. This reporter 
has several advantages over other commonly used bioluminescent-based apoptosis 
reporter: (1) Gluc is over 2000-fold more sensitive than Fluc or Renilla luciferase 
and >20,000-fold than the secreted alkaline phosphatase (SEAP) when expressed 
in mammalian cells14,19; (2) Gluc is naturally secreted, therefore its activity can be 
monitored over time by assaying an aliquot of conditioned medium at different 
time points, keeping the cells intact for conformational analysis; (3) Gluc assay is 
compatible with functional screening and allows the study of apoptosis kinetics 
from the same well in a high-throughput format17,18.  (4) In vivo, Gluc level in the 
blood can be used to monitor biological processes in real-time15,16. (5) Gluc has 
a half-life of >10 min in circulation16 and therefore its level/activity in the blood is a 
true estimation of caspase-3 activation at a given time point.

One of the major limitations of bioluminescence imaging is light absorption by 
pigmented molecules such as hemoglobin and scattering by mammalian tissues, 
thereby limiting the usefulness of this technology in deep tissues. When we applied 
our biosensor to image apoptosis in a systemic metastasis model, we could not obtain 
significant Gluc activity in any tissue upon caspase activation. However, this limitation 
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was overcome by the sensitivity of the Gluc blood assay to monitor apoptosis which 
reports not only from small tumor foci in deep tissues, but also from circulating tumor 
cells, giving a marker for the overall apoptotic events. 

An apoptosis reporter based on firefly luciferase was previously developed and 
used to monitor apoptosis in glioma cells implanted subcutaneously in mice11. 
Around 3-fold mean increase in bioluminescent signal was observed upon caspase 
activation in response to TRAIL. This study was limited to seventy-five minutes period 
without taking into consideration the longer in vivo half-life of Fluc. In another study, 
a multimodal imaging of apoptosis was established based on 3 reporters, RFP, Fluc 
and HSV1-TK12. In this study, normalization to cell viability using Renilla luciferase 
was required in order to achieve statistically significant results with moderate 
2-fold increase in Fluc or TK activity, twenty-four hours post-apoptosis induction. 
Neither of these reporters had the ability to monitor apoptosis kinetics in vivo. Our 
GFP-DEVD-ssGluc reporter allows imaging of apoptosis in tumors with a 5-fold 
increase in Gluc signal in doxorubicin-treated tumors versus control, eight hours 
post-treatment. Further, this reporter showed to be useful in real-time monitoring of 
caspase-3 activation kinetics ex vivo by assaying few microliters of blood for the Gluc 
activity at different time points. Still, the triple reporter has the advantage of being 
imaged in vivo with optical and microPET with the ladder being compatible with 
clinical applications.  

Recently, a fluorescently labeled activity-based probes (ABPs) based on 
acyloxymethyl ketone (AOMK) which covalently label active caspases has been 
developed and successfully used for imaging apoptosis in vivo13. This study showed 
around 3-fold increase in fluorescent signal in tumors treated with the monoclonal 
antibody Apomab as compared to controls. Unlike our apoptosis bioluminescent 
sensor, kinetic analysis of apoptosis using ABPs was not achieved noninvasively 
due to the slow clearance of these probes with and without the Tat peptide. Also, 
fluorescence imaging is generally less sensitive than bioluminescence imaging. Further, 
the specificity of ABPs to caspases remains an issue due to cross-reactivity of these 
probes with legumain. However, this caspase-targeted probe has the advantage over 
our system since no gene-transfer of the reporter is required. 

The biosensor developed here allows multimodal and simultaneous detection of 
apoptosis in the conditioned medium of cultured cells, in the blood of animals ex 
vivo, as well as in vivo using bioluminescence imaging. It allows the acquisition of 
timed data-sets which provides a high degree of validation and internal control. This 
caspase reporter can also be used to monitor certain cases of necrosis in which caspase 
activation has been shown to play a critical role20,21. Despite the incompatibility of 
our system with the use in human, the apoptosis biosensor could be useful for pre-
clinical analysis and can be easily applied for high-throughput screening to study drug 
kinetics over time and, more importantly, the same system can be used for validation 
analysis in vivo.



39IN VIVO IMAGING OF INTRINSIC AND EXTRINSIC APOPTOSIS

2

material aND methoDs

Expression Constructs.  The humanized Ptilosarcus green fluorescent protein 
cDNA (PtGFP) lacking the stop codon was amplified by PCR from pCMV-PtGFP 
(Nanolight, Pinetop, AZ) introducing NheI site at the 5’ end and BamHI at the  
3’ end.  The humanized Gaussia luciferase cDNA (Gluc) including the signal sequence 
was also amplified by PCR (Nanolight) using an upstream primer which introduced 
a BamHI site followed by a DEVD coding sequence (gacgaagtggac) at the 5’ end 
and NheI site at the 3’ end. PtGFP and Gluc were fused together in frame using the 
BamHI site and cloned in pCMV mammalian expression plasmid (Targeting Systems; 
El Cajon, CA). The GFP-DEVD-ssGluc fusion was then subcloned into the NheI site 
of CSCW2, a self inactivating lentivirus vector under the control of CMV promoter22, 
producing lenti-GFP-DEVD-ssGluc. The integrity of all constructs was verified by 
sequencing. All lentivirus vectors were produced and tittered as transducing units 
(TU)/ml as previously described22.

Cell culture. Gli36 human glioma cells were obtained from Dr. Anthony Capanogni, 
UCLA, CA. MDA-MB-231BR breast cancer cells were provided by Dr. Patricia S. Steeg 
(National Cancer Institute, Bethesda, MD)23. 293T human embryonic kidney fibroblasts 
were obtained from Dr. Maria Calos (Stanford University School of Medicine, 
Stanford, CA). All cells were cultured in DMEM medium, supplemented with 10% 
fetal bovine serum (Sigma), 100 U penicillin, and 0.1 mg streptomycin (Sigma) per 
milliliter at 37°C, in a 5% CO2 humidified incubator. Stable cell lines were generated 
by infecting cells in a 6-well plate (70-80 % confluent) using a multiplicity of infection 
of 30 TU/cell in the presence of 8 µg/ml polybrene as described16.

In vitro monitoring of apoptosis.  Three-hundred thousand Gli36 cells expressing 
GFP-DEVD-ssGluc were plated in 6-well plates. Twenty-four hours later, cells were 
treated in triplicates with different concentration of doxorubicin, a chemotherapeutic 
agent knowing to induce apoptosis in tumor cells, or the tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL). At different time points, aliquots of the 
conditioned medium were assayed for Gluc activity.

Gluc assay. For determination of Gluc activity in culture, 50 µl aliquots of the 
cell-free conditioned medium were collected in triplicates at different time points and 
transferred into a white 96-well plate. Gluc activity was assayed by injecting 50 µl 40 
µM coelenterazine, the Gluc substrate (Nanolight, Pinetop, AZ) diluted in PBS, and 
acquiring photon counts for 10 sec using a plate luminometer (Dynex, Richfield, MN). 
For the Gluc blood assay in vivo, 5 µl of blood in triplicates was collected over time by 
making a small nick in the mouse tail which was mixed immediately with 1 µl 20 mM 
EDTA. Gluc activity was then measured using the luminometer after injecting 100 µl 
100 µM coelenterazine and acquiring signal over 10 sec.
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Western blot analysis. Gli36 cells expressing GFP-DEVD-ssGluc were plated in 
6-well plates and treated with different concentration of doxorubicin and/or 20 µM 
of ZVAD-fmk (carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]- fluoromethylketone; 
Calbiochem), the caspase inhibitor. Twenty-four hours post-treatment, the 
conditioned medium was collected and cells were washed with PBS and lysed using 
50 µl of RIPA buffer containig 150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 
0.1% SDS in 50 mM Tris-HCl (pH 8) with 5 µl protease inhibitors (PI Complete: 
Boehringer Mannheim). The protein concentration in lysates was measured using 
the Bradford reagent (Bio-Rad). The conditioned medium was concentrated using 
microcon3 (cut-off 3 kDa). Protein (25 mg) as well 25 µl of concentrated medium 
were analyzed by electrophoresis on 10% SDS-polyacrylamide gels and transferred 
to nitrocellulose membranes (Bio-Rad). The blots were stained with ponceau to verify 
even protein loading. Membranes were blocked overnight using 10% non-fat milk 
powder in TBS-T (150 mM NaCl, 50 mM TRIS, pH 7.9, 0.5% TWEEN) at 4°C.  The 
membranes were then probed using antibodies against Gluc (1:500 in TBS-T for  
1 hour; Massachusetts General Hospital, antibody production core)19, Caspase 3 (1:200 
for 1 hour; Biolegend), or β-tubulin (1:1000 for 1 hour, Sigma). Membranes were then 
incubated with horseradish peroxidase (HRP) conjugated to secondary antibodies: 
sheep anti-mouse IgG-HRP (1:10,000) (Amersham Pharmacia Biotech, Piscataway, NJ). 
Proteins were detected using SuperSignal West Pico Chemiluminescent Substrate™ 
(Pierce, Rockford, IL).  For western blotting from tumor tissues, tumors were removed 
eight hours post-treatment and cells were first dissociated using trypsin, then lysed 
and analyzed as above.

Ex vivo monitoring of apoptosis. All animal studies were approved by the 
Massachusetts General Hospital Review Board. For subcutaneous tumor model, 
one million Gli36 cells expressing GFP-DEVD-ssGluc were resuspended in 50 µl PBS, 
mixed with an equal volume of Matrigel (BD bioscience) and immediately implanted 
subcutaneously in the flanks of nude mice. Three weeks later, 10 µg of doxorubicin 
or PBS (control) were injected into each tumor (n=5 per group). Before doxorubicin 
injection and at different time points after injection, 5 µl blood (in triplicates) was 
withdrawn and assayed for the Gluc activity using a luminometer (see above). 

For the breast cancer metastasis model, MDA-MB-231BR cells stably expressing 
Fluc24 were infected with lentivirus vector expression GFP-DEVD-ssGluc. 6-7 weeks old 
female nude mice were injected with 250,000 of these cells into the left ventricles as 
described24. Four weeks later, mice were imaged with Fluc bioluminescence imaging 
(see below) and were intra-peritoneal (i.p.) injected with either PBS (control) or TRAIL 
(0.5 mg/kg body weight; n=6 per group). At different time points, 5 µl aliquots (in 
triplicates) of blood were assayed for Gluc activity as above. The Gluc activity at 
different time points was compared to basal level at time zero.  Statistical analysis  
(p value) was calculated using student t-test.
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In vivo bioluminescence imaging. Mice were anesthetized with i.p. injection of 
ketamine (100 mg/kg) and xylazine (5 mg/kg) and Gluc imaging was performed 
immediately after intra-ocular injection (i.v.) of 150 ml coelenterazine (4 mg/kg 
body weight) and recording photon counts over five minutes using a cooled CCD 
camera with no illumination14. Fluc imaging in the MDA-MB-231BR breast cancer 
metastasis model was performed ten minutes after i.p. injection of 150 µl D-luciferin 
(150 mg/kg body weight). A light image of the animal was taken in the chamber 
using dim polychromatic illumination. Following data acquisition, post-processing and 
visualization was performed using CMIR-Image, a program developed by the Center 
for Molecular Imaging Research using image display and analysis suite developed 
in IDL (Research Systems Inc., Boulder, CO). Regions of interest were defined using 
an automatic intensity contour procedure to identify bioluminescence signals with 
intensities significantly greater than the background. The mean, standard deviation, 
and sum of the photon counts in these regions were calculated as a measurement 
of Gluc activity. For visualization purposes, bioluminescence images were fused with 
the corresponding white light surface images in a transparent pseudocolor overlay, 
permitting correlation of areas of bioluminescent activity with anatomy.        

TUNEL staining.  Eight hours post-treatment, animals were sacrificed by transcardial 
perfusion with 4% paraformaldehyde in PBS under deep anesthesia. Tumors were 
removed, fresh frozen using tissue freezing medium and sectioned into 10 µm 
sections. Sections were mounted on slides and analyzed using TUNEL staining as 
described in the manufacturer’s instructions (Promega). DNA/Nucleus was also 
stained using DAPI (4’,6-diamidino-2-phenylindole). Stained sections were evaluated 
using fluorescent microscopy.
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abstract

Nuclear factor kappa B (NFkB) is a transcription factor that plays a major role in many 
human disorders, including immune diseases and cancer. Monitoring of expression 
of this transcription factor should facilitate a better understanding of NFkB activation 
in pathological processes. We designed a reporter system based on NFkB responsive 
promoter elements driving expression of the secreted Gaussia luciferase (Gluc). We 
show that this bioluminescent reporter is a highly sensitive tool for non-invasive 
monitoring of the kinetics of NFkB activation and inhibition over time, both in 
conditioned medium of cultured cells, as well as in blood and urine of animals. NFkB 
activation was successfully monitored in real time in endothelial cells in response to 
tumor angiogenic signaling, as well as in monocytes in response to inflammation. 
Further, we demonstrated dual blood monitoring of both NFkB activation during 
tumor development as correlated to tumor formation using the NFkB Gluc reporter, 
as well as the secreted alkaline phosphatase reporter. This NFkB reporter system 
provides a powerful tool for monitoring NFkB activity in real time in vitro and in vivo.
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iNtroDuctioN

Over two decades ago, Baltimore and his colleagues described a nuclear factor 
that binds to DNA sequences in the promoter and enhancer regions of the mouse 
immunoglobulin (Ig) gene1. This transcription activation mechanism originally 
thought to occur exclusively in B cells soon turned out to be a universal transcription 
process with important roles in many physiological disorders. This transcription 
factor is referred to as nuclear factor kappa B (NFkB). NFkB is a heterodimeric protein  
composed of different combinations of five members of the Rel family of transcription 
factors, including p65 (RelA), RelB, c-Rel, p50 and p52, containing a common Rel 
homology domain (RHD) within their N-terminal region2. The RHD is responsible for 
DNA binding as well as homo- and heterodimerization. Only p65, RelB and c-Rel 
contain a transcription activation domain (TAD) allowing the induction of gene 
expression3. The NFkB protein complex is usually present in the cytoplasm as homo- 
or heterodimers bound to the IkB family (mainly IkBa). Binding of IkB prevents NFkB 
translocation from the cytoplasm into the nucleus and subsequent binding of NFkB 
to the DNA4. A wide variety of signals such as pro-inflammatory cytokines, growth 
factors, hormones, oxidative stress, viral infection, and DNA-damaging agents5, can 
cause the activation of IkB kinase (IKK), which in turn phosphorylates the IkB causing 
the release of the NFkB dimers and their nuclear translocation. In the nucleus, the 
NFkB dimers bind to a kappaB site in the promoter or enhancer region of target genes 
thereby controlling gene expression. Activated NFkB can induce the transcription of 
many genes such as cytokines, growth factors, adhesion molecules and mitochondrial 
anti-apoptotic genes2. 

While the crucial role of NFkB in the immune response is well established6, 
cumulative evidence has shown that it is a key mediator in inflammation as well 
as in tumor development, progression, and neovascularization7. Constitutive NFkB 
activation has already been demonstrated in many cancer types8-10. Activation of this 
signalling pathway can lead to the transcription of many anti-apoptotic genes and 
the inhibition of apoptosis, causing drug resistance11. Further, NFkB has been shown 
to play an important role in tumor angiogenesis and invasiveness12.

Bioluminescence imaging (BLI) has emerged as a powerful tool in biomedical 
research for monitoring of transgene expression, viral vector infection, tumor 
growth and metastasis, as well as inflammation and gene therapy13. Recently, we 
have established a novel assay for ex vivo bioluminescence measurement of in vivo 
processes14. By cloning the naturally secreted Gaussia luciferase (Gluc) under the 
control of the constitutively active cytomegalovirus (CMV) promoter, we were able to 
monitor different biological processes such as tumor growth and response to therapy, 
as well as tracking of circulating cells by assessing the Gluc activity in few microliters 
of blood, urine or serum in mice14. Here, we constructed an NFkB reporter system 
comprising five tandem repeats of the NFkB transcription responsive elements (TRE; 
12 bp each) and a TATA box driving the expression of the secreted Gluc. We showed 
that Gluc expression was induced up to 500-fold in response to NFkB activation in 
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response to TNFa and was inhibited by 5-fold in response to sulfasalazine (SSZ) in a 
dose- and time-dependent manner in vitro. Further, we successfully monitored NFkB 
activation in real time in response to different stimuli including tumor angiogenesis, 
as well as in circulating monocytes upon induction of inflammatory responses. In 
addition, using two secreted enzyme reporters requiring different substrates (Gluc and 
the secreted alkaline phosphatase or SEAP), we established a dual-blood-assay system 
allowing the monitoring of both the NFkB activation during tumor development as 
correlated with cancer cell proliferation and tumor growth.

results

Construction of the NF-Gluc reporter. Initially, we designed and compared various 
NFkB responsive promoters by cloning multiple tandem repeats of the NFkB TRE with 
different linker between each of the repeats (to reduce potential steric hindrance) to 
drive the expression of the Gluc reporter (Fig. 1a). 293T cells were transfected with 
each of these reporters and twenty-four hours later, NFkB was activated either by 
ionizing radiation (IR)15, or TNFa16. Gluc induction levels in response to NFkB activation 
were assessed in aliquots of conditioned medium twenty-four hours post-treatment. 
A significant increase in Gluc expression was detected after stimulation of these 
cells with IR for all six different constructs, with 5NFkB-0 and 2*5NFkB giving 6-fold 
induction (Fig. 1a). Adding >5 tandem repeats of the TRE or different linkers between 
each repeat did not enhance the Gluc induction level and therefore we decided to 
proceed with the construct containing 5 TREs of NFkB with no spacers (5NFkB-0] in all 
subsequent studies. In order to enhance the transcriptional activity of the reporter, a 
TATA box was inserted downstream of the NFkB TRE. As expected, a >28-fold increase 
in Gluc induction was observed in response to NFkB activation upon TNFa treatment 
as compared to the reporter without the TATA box (Fig.1b). When we packaged the 
NF-Gluc into a lentivirus vector and transduced 293T cells, we noticed a high basal 
level of Gluc expression as compared to transient transfection. In order to reduce any 
possible NFkB-independent transactivation of Gluc expression, we inserted chicken 
β-globin insulators 17 in the U3 region of the lentivirus vector, thereby flanking the 
Gluc expression cassette upon expression. This vector was designated as NF-Gluc. The 
addition of the insulators showed much tighter system with a significant reduction 
of the Gluc basal level in the absence of NFkB activating stimuli (Fig. 1c; **p≤0.01). 

In vitro monitoring of NFkB activation and inhibition. In order to confirm that 
the increase in Gluc expression is due to NFkB activation, 293T cells were transfected 
with plasmids expressing Gluc under either NFkB TRE, SV40 or CMV promoters 
and treated with TNFa (a renowned inducer of NFkB activity16) or PBS as a control. 
Twenty-four hours later, 20 µl aliquots of conditioned medium were transferred into a 
96-well plate and assayed for Gluc activity using the luminometer (Fig. 2a). The plate 
was also imaged using the CCD camera (Fig. 2b). As expected, cells expressing Gluc 
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Figure 1. The NFkB-Gluc reporter system. (a) Schematic overview of the different 
NF-Gluc expression cassettes with the corresponding Gluc induction levels. 293T cells 
were transfected with plasmids carrying the expression cassette of Gluc under the control 
of different NFkB responsive elements. Cells were either not treated or irradiated with 
5 Gy of IR and twenty-four hours later, Gluc activity was measured in an aliquot of 
conditioned medium. (b) 293T cells were transduced with lentivirus vector encoding Gluc 
under NFkB-0 TREs with or without a TATA box. Cells were treated with TNFa (10 ng/ml) 
and Gluc activity was measured in an aliquot of the conditioned medium twenty-four 
hours later. (c) 293T cells were transduced with lentivirus vector expressing 5NFkB-0-Gluc 
with or without HS4 insulator elements. Forty-eight hours later, Gluc was measured in an 
aliquot of the conditioned medium. Data in (b-d) is presented as the average fold increase 
in Gluc activity ± S.D (n=4). **p≤0.01, student t-test. 
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under the control of NFkB TREs showed a >100-fold increase in Gluc expression in 
response to TNFa, indicating NFkB-mediated transcriptional activation of the NF-Gluc 
reporter  (Fig. 2a & b). On the other hand, the SV40 promoter did not show any 
increase in Gluc activity in response to TNFa, while surprisingly the CMV promoter 
showed around a 2-fold increase in Gluc expression in response to TNFa. These 
results support previous reports that the CMV promoter can be induced by different 
drugs and that TNFa can further stimulate the activation of the CMV promoter via 
induction of NFkB18,19.

To test whether the NF-Gluc reporter system could be used to monitor NFkB 
activation in response to different stimuli, 293T human embryonic kidney cells were 
transduced with a lentivirus vector expressing NF-Gluc (lenti-NF-Gluc) to stably 
express Gluc under the control of NFkB. These cells were treated with different drugs 
previously described to induce NFkB activation, the inflammatory cytokine TNFa16, 
the chemotherapeutic drugs etoposide and doxorubicin20, as well the radiomimetic 
drug, bleomycin sulfate21. Alternatively, cells received a single dose of 5 Gy of IR15. The 
Gluc expression was assayed twenty-four hours post-treatment. The increase in Gluc 
expression as a measure of NFkB activation varied among the different treatments, with 
TNFa resulting in >500-fold induction (Fig. 2c). To investigate the activation of this 
reporter in different cell types, we transduced different human tumor cell lines, Gli36 
glioma cells, HEI193 schwannoma cells and A549 lung adenocarcinoma cells, as well 
as 293T human fibroblast cells with lenti-NF-Gluc. These cells have >95% transduction 
efficiency with lentivirus vector under the conditions used22,23. These cells were treated 
with TNFa and the Gluc activity was measured in an aliquot of conditioned medium 
twenty-four hours later. As expected, HEI193 human schwannoma cells [a benign 
tumor; 24-27] and 293T fibroblast cells showed the lowest basal levels of NFkB activity 
(around 500 RLU) and consequently the highest Gluc induction levels (>100 fold; Fig. 
2d). On the other hand, Gli36 human glioma and A549 human lung carcinoma cells 
[both malignant and invasive tumor types28,29] presented with high basal NFkB activity 
(around 120,000 RLU, data not shown) and a moderate additional increase in Gluc 
expression (3-5 fold) upon TNFa treatment (Fig. 2d). 

To determine the usefulness of the NF-Gluc reporter in monitoring NFkB activation 
in a dose- and time-dependent manner and in real-time, 293T cells stably expressing 
NF-Gluc were treated with different concentrations of TNFa. The Gluc signal increased 
upon increasingtheTNFa dose (Fig. 2e). Notably, even the lowest concentration (75 
pg/ml) resulted in >50-fold induction. When conditioned medium was collected at 
different time points and assayed for Gluc activity, an increase was observed as early 
as two hours after TNFa treatment, reaching a maximum at forty-eight hours (Fig. 2f).  

 Sulfasalazine (SSZ), an anti-inflammatory and immunosuppressive agent, inhibits 
IKKa and IKKβ thereby blocking NFkB activation30,31. To test whether NFkB inhibition 
could be monitored using our reporter system, cells expressing NF-Gluc were treated 
with 500 μM SSZ, a concentration reported to cause a 50% decrease in the binding 
of NFkB to TRE elements31. As expected, we observed a 2-fold decrease in Gluc basal 
level in response to SSZ treatment (Fig. 3a). SSZ also produced a decrease in NFkB 
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Gluc and treated with TNFa (20 ng/ml). (e) 293T cells expressing NF-Gluc were treated 
with different concentrations of TNFa. (f) Time response curve for TNFa induction. 293T 
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treated cells as compared to untreated ± S.D (n=4). dox = doxorubicin, etop = etoposide, 
BS = bleomycin sulfate, IR = ionizing radiation. 
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induction caused by TNFa by 4-fold (Fig. 3b). A similar decrease in NFkB induction 
caused by doxorubicin was also observed (data not shown). We further validated 
the inhibition of the TNFa-mediated NFkB activation by testing another NFkB 
inhibitor, parthenolide (PTL), which blocks the IKK complex32. PTL almost abolished 
the activation of NFkB by TNFa, yielding a modest 3-fold increase in Gluc activity 
when combined with TNFa (Fig. 3b). In order to determine the kinetics of the SSZ-
mediated inhibition, we treated cells with either SSZ, TNFa alone or a combination 
of both TNFa and SSZ. Aliquots of the cell-free conditioned medium were collected 
over time and assayed for Gluc activity. The inhibitory effect of SSZ on NFkB was 
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 Next, we determined whether we could use the NF-Gluc reporter system to monitor the 

induction of NFkB in a biologically relevant system. We decided to determine the induction of 

NFkB in angiogenic endothelial cells, a well studied process33. Low passage HBMVEC-mCherry 

cells were transduced to express NF-Gluc. These cells formed a confluent monolayer and were 

viable for at least 3 passages as determined by microscopic monitoring (Fig. 4a). Upon co-

culturing of these cells on a Matrigel substratum with U87-Cerulean cells, or in EBM containing 

an angiogenic cocktail (EGM), a tubule network was visualized using fluorescence microscopy34 

Figure 3. Monitoring of NFkB inhibition. 293T cells-expressing NF-Gluc were plated in 
96-well plate and Gluc activity was assayed in an aliquot of conditioned medium twenty-
four hours post-treatment with different drugs. (a) Cells were treated with either PBS 
(control) or SSZ (500 µM). Data is presented as RLU/sec ± SD (n=4). (b) Cells were treated 
with TNFa (5 ng/ml) in the presence or absence of SSZ (500 µM) or PTL (2 µM). (c) Time 
course for NFkB induction and inhibition after TNFa (20 ng/ml) and/or SSZ (500 µM) 
treatment. Aliquots from the conditioned medium were assayed for Gluc at different time 
points post-treatment. (d) Cells were treated with TNFa (20 ng/ml) and different doses 
of SSZ. In (b-d) data presented as fold change in Gluc activity, as compared to untreated 
samples ± SD (n=4). *p≤0.05, student t-test.
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sustained up to forty-eight hours (Fig. 3c). Further, a dose increase of SSZ in TNFa- 
treated cells correlated with a decrease in Gluc activity (Fig. 3d). In conclusion, the 
NF-Gluc reporter system proved to be a useful tool in monitoring both activation and 
inhibition of NFkB in real-time.

Next, we determined whether we could use the NF-Gluc reporter system to 
monitor the induction of NFkB in a biologically relevant system. We decided to 
determine the induction of NFkB in angiogenic endothelial cells, a well studied 
process33. Low passage HBMVEC-mCherry cells were transduced to express NF-Gluc. 
These cells formed a confluent monolayer and were viable for at least 3 passages as 
determined by microscopic monitoring (Fig. 4a). Upon co-culturing of these cells on 
a Matrigel substratum with U87-Cerulean cells, or in EBM containing an angiogenic 
cocktail (EGM), a tubule network was visualized using fluorescence microscopy34 
(Fig. 4a). The induction of endothelial tubules in vitro has been described to be 
partly mediated by NFkB33. In parallel to the fluorescence microscopic analysis, we 
analyzed the conditioned medium from these cells for Gluc activity. A clear induction 
of the NFkB-controlled Gluc signal was measured after stimulation of the HBMVECs 
with U87 glioma cells or the EGM medium containing a cocktail of angiogenic factors 
(Fig. 4b), confirming a role for NFkB in glioma angiogenesis in vitro.

In vivo blood monitoring of NFkB activity. Recently, we have shown that the level 
of Gluc in the blood of experimental animals bearing cells expressing this reporter 
under a constitutively active promoter can be used as a marker for cell viability 

 

(Fig. 4a). The induction of endothelial tubules in vitro has been described to be partly mediated 

by NFkB33. In parallel to the fluorescence microscopic analysis, we analyzed the conditioned 

medium from these cells for Gluc activity. A clear induction of the NFkB-controlled Gluc signal 

was measured after stimulation of the HBMVECs with U87 glioma cells or the EGM medium 

containing a cocktail of angiogenic factors (Fig. 4b), confirming a role for NFkB in glioma 

angiogenesis in vitro. 

 
Figure 4. Analysis of NFkB activation during tumor angiogenesis in vitro. (a) HBMVEC-mCherry cells infected with 

lenti-NF-Gluc were cultured under different conditions, as a monolayer on plastic (top left), or on Matrigel-coated 

plates in basal medium only (EBM) (top right), or basal medium supplemented with a cocktail of angiogenic factors 

(EGM) (bottom right), or with U87-CFP glioma cells (bottom left) [size bar, 300 µm]. Images are obtained twenty-four 

hours post-culture  (b) Twenty-four h after culturing, Gluc activity was assayed in the conditioned medium. Data is 

presented as average of fold increase in Gluc activity as compared to control monolayer culture ± S.D (n=4). *p≤0.05, 

student t-test. 

 
In vivo blood monitoring of NFkB activity 
Recently, we have shown that the level of Gluc in the blood of experimental animals bearing 

cells expressing this reporter under a constitutively active promoter can be used as a marker for 

cell viability and proliferation14. We therefore hypothesized that under the NFkB TREs, the Gluc 

expression should reflect the physiological state of NFkB activation. Hence, we used our 

reporter construct for in vivo assessment of NFkB activity by monitoring Gluc activity in the 

blood. HEI193 human schwannoma cells expressing either NF-Gluc or Fluc-mCherry as a 
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Figure 4. Analysis of NFkB activation during tumor angiogenesis in vitro. (a) HBMVEC-
mCherry cells infected with lenti-NF-Gluc were cultured under different conditions, as a 
monolayer on plastic (top left), or on Matrigel-coated plates in basal medium only (EBM) 
(top right), or basal medium supplemented with a cocktail of angiogenic factors (EGM) 
(bottom right), or with U87-CFP glioma cells (bottom left) [size bar, 300 µm]. Images are 
obtained twenty-four hours post-culture  (b) Twenty-four h after culturing, Gluc activity 
was assayed in the conditioned medium. Data is presented as average of fold increase in 
Gluc activity as compared to control monolayer culture ± S.D (n=4). *p≤0.05, student t-test.
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and proliferation14. We therefore hypothesized that under the NFkB TREs, the Gluc 
expression should reflect the physiological state of NFkB activation. Hence, we used 
our reporter construct for in vivo assessment of NFkB activity by monitoring Gluc 
activity in the blood. HEI193 human schwannoma cells expressing either NF-Gluc 
or Fluc-mCherry as a control were implanted subcutaneously (s.c.) in nude mice. 
One week later, 10 µl aliquots of blood were collected and assayed for Gluc activity. 
In parallel, the Gluc activity in tumors was quantified by in vivo bioluminescence 
imaging using the CCD camera after intravenous (i.v.) injection of coelenterazine. 
Mice were then i.v. injected with 100 µl of TNFa (16 µg/kg body weight) or PBS 
control and blood was collected at different time points. An increase in Gluc activity 
in the blood was observed starting at four hours after TNFa injection and reaching a 
maximum at sixteen hours followed by a gradual decrease to the basal level thirty-six 
hours post-treatment (Fig. 5a). In parallel, the mice were also imaged with the CCD 
camera for Gluc expression twelve hours and forty-eight hours after TNFa injection. 
An increase in Gluc expression was also detected by in vivo bioluminescence imaging 
twelve hours post-treatment followed by a decrease to the basal level forty-eight 
hours later, which correlated with the Gluc-blood level (Fig. 5b). To investigate 
whether the NF-Gluc reporter could be used to monitor NFkB inhibition by SSZ in 
vivo, similar mice bearing xenografts of HEI193-NF-Gluc cells were treated with either 
SSZ (15 mg/kg body weight), or TNFa and SSZ. A 2.5-fold decrease in NFkB basal 
level in blood was detected upon SSZ treatment. Moreover, SSZ inhibited the NFkB 
induction in HEI193 tumors after TNFa treatment (Fig. 5a). To confirm these results in 
another cell type, we implanted subcutaneously 293T cells expressing either NF-Gluc 
or Fluc-mCherry as a control, and treated mice with similar doses of TNFa, SSZ alone, 
or a combination of both. Similar induction of Gluc expression in response to TNFa-
mediated NFkB activation and a similar decrease in Gluc activity upon treatment with 
either SSZ alone or TNFa and SSZ was observed (data not shown).

Monitoring of NFkB activation in monocytes. NFkB plays a critical role in regulated 
expression of a large variety of genes involved in immune and inflammatory responses, 
such as cell adhesion molecules, chemokines and cytokines35. Some cytokines, such 
as TNFa directly activate NFkB in order to amplify the primary inflammatory response. 
Monitoring of NFkB activation in vivo may contribute to a better understanding of the 
innate immune response activation. We transduced U937 human leukemic monocyte 
lymphoma cells with lenti-NF-Gluc. Initially, these cells were exposed to different 
amounts of TNFa in culture. At different time points, aliquots of the conditioned 
medium were assayed for the Gluc activity. A dose-dependent increase in Gluc 
expression in the treated U937 cells compared to non-treated cells indicated that 
NFkB was activated by up to 8-fold (twenty-four hours post-treatment) in response 
to TNFa (Fig. 6a). To corroborate these findings in an in vivo model, U937 cells 
expressing NF-Gluc were injected i.p. and one hour later mice were injected with 
either PBS or 80 µg/kg body weight of TNFa. in a similar route. Before TNFa injection 
and at different time points after injection, 5 µl aliquots of blood was withdrawn and 
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assayed for Gluc activity. The Gluc blood level measured in response to NFkB activation 
showed a maximum at twenty-four hours post-TNFa injection (8-fold), after which 
the signal decreased to the basal level (forty-eight hours later), suggesting a transient 
induction of NFkB activation. At no time point did the PBS control group show any 
change in Gluc blood activity (Fig. 6b). Also, prior to TNFa injection and twenty-four 
hours post-injection, mice were imaged with the CCD camera after i.v. injection of 
coelenterazine. At neither time points, there was any positive signal with the CCD 
camera supporting the high sensitivity of the Gluc blood assay as compared to in vivo 
bioluminescence imaging in monitoring NFkB activation in dispersed monocytes. The 
NF-Gluc reporter together with the Gluc blood assay provide a means to monitor 
NFkB activation in immune cells, which can serve as a tool to study the dynamics of 
immune activation in subsets of immune cells in small animals. 

dual blood monitoring of NFkB activity and cell growth during tumor 
development. Since NFkB is involved in tumor progression12, we sought to look 
for NFkB activation during tumor development. Gli36 human glioma cells were 
co-transduced with lenti-NF-Gluc, lenti-Fluc-mCherry and lenti-SEAP and implanted 
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Figure 5. In vivo monitoring of NFkB activation and inhibition in real-time. (a) One million HEI193 cells were 

implanted s.c. in nude mice. One week later, mice were injected i.v. with either TNFα (16 µg/kg of body weight), TNF 

+ SSZ (15 mg/kg of body weight), SSZ only  or PBS (control). At different time points, 5 µl of blood was withdrawn 

and assayed for Gluc activity. (b) Bioluminescence obtained from HEI193-NF-Gluc cells using a CCD camera at time 

Figure 5. In vivo monitoring of NFkB activation and inhibition in real-time. (a) One 
million HEI193 cells were implanted s.c. in nude mice. One week later, mice were injected 
i.v. with either TNFa (16 µg/kg of body weight), TNF + SSZ (15 mg/kg of body weight), SSZ 
only  or PBS (control). At different time points, 5 µl of blood was withdrawn and assayed 
for Gluc activity. (b) Bioluminescence obtained from HEI193-NF-Gluc cells using a CCD 
camera at time zero, twelve and forty-eight hours post-treatment. Data presented as RLU/
sec ± SD (n=5) with CCD image of one representative mouse of each group.
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subcutaneously in mice. Before and at different time points post-implantation, serum 
was collected and assayed for Gluc or SEAP activity as an index for NFkB activation 
and cell growth, respectively. An increase in Gluc signal and therefore NFkB activation 
was observed over time, which correlated with an increase in SEAP signal, a marker 
for tumor cells proliferation (Fig 7a). In parallel, 5 µl of urine was collected and also 
assayed for Gluc activity which showed similar increase in Gluc expression proving 
that the Gluc level in urine can also be used as an index of NFkB activation (Fig. 7b). In 
another experiment, mice were implanted with different amount of these cells. One 
week later, tumor volume was monitored using in vivo Fluc bioluminescence imaging 
after i.p. injection of D-luciferin and serum were assayed for Gluc or SEAP activity. The 
Gluc level in serum as a marker for NFkB activation correlated with serum SEAP level, 
which in turn correlated with tumor volume as assessed by in vivo bioluminescence 
imaging (Fig. 7c). On the other hand, when these tumor cells were injected i.v., an 
increase in Gluc value (~7-10-fold) was observed in serum two hours post-injection 
indicating an immediate activation of NFkB in these cells which than dropped back to 
basal level  (near SEAP signals) eighteen hours later (Fig.7d). 

  

 
Figure 6. Monitoring of NFkB activation in monocyes. (a) U937 cells expressing NF-Gluc were treated with different 

concentrations of TNFα. At different time points, the Gluc activity was assayed in 10 µl of conditioned medium. (b) 

U937-NF-Gluc cells were injected i.p. and one hour later, mice were injected with either PBS (control) or TNFα (80 

µg/kg of body weight) in the same route before and at different time points after treatment, Gluc activity was 

monitored in 20 µl  blood.  (b) CCD camera images obtained before and twenty-four hours after TNFα injection. Data 

shown are average RLU/sec ± SD (n=6). 
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Figure 6. Monitoring of NFkB activation in monocyes. (a) U937 cells expressing 
NF-Gluc were treated with different concentrations of TNFa. At different time points, the 
Gluc activity was assayed in 10 ml of conditioned medium. (b) U937-NF-Gluc cells were 
injected i.p. and one hour later, mice were injected with either PBS (control) or TNFa (80 µg/
kg of body weight) in the same route before and at different time points after treatment, 
Gluc activity was monitored in 20 ml  blood.  (b) CCD camera images obtained before and 
twenty-four hours after TNFa injection. Data shown are average RLU/sec ± SD (n=6).
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DiscussioN

We have developed a novel NFkB reporter system based on the naturally secreted 
Gaussia luciferase14,36. The NF-Gluc reporter proved to be a useful tool for sensing both 
NFkB activation and inhibition in different models including tumors, angiogenesis, 
and inflammation. Moreover, the Gluc reporter allowed monitoring of NFkB activity 
by measuring its level in an aliquot of the conditioned medium of cultured cells or 
in blood or urine of animals at sequential time-points. Further, in the context of 
concentrated local NF-Gluc reporter in vivo, the Gluc signal can be confirmed and 
localized using in vivo bioluminescence imaging.

NFkB is a ubiquitous transcription factor that plays a critical role in regulating 
expression of a large variety of genes involved in immune and inflammatory responses, 
such as cell adhesion molecules, chemokines and cytokines, but also genes controlling 
other biological processes such as cell survival, apoptosis and differentiation. Activation 
of this transcription factor is associated with several physiological disorders, notably 
inflammation and cancer. Monitoring of NFkB activation may contribute to a better 
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CCD camera and Gluc and SEAP serum levels were assayed as in (a). (d) Gli36 cells expressing NF-Gluc and SEAP 

were injected i.v. and the serum Gluc and SEAP activity was monitored at different time points as in (a). 

 
 
 
 
 
 
 
 
 
 
 

Figure 7. dual-monitoring of tumor formation and NFkB activation.  One million Gli36 
human glioma cells expressing Fluc, NF-Gluc and SEAP were implanted subcutaneously in 
nude mice. (a-b) At different time points, blood or urine were withdrawn and serum was 
assayed for either Gluc or SEAP activity (a) and urine for Gluc activity (b). (c) one week 
post-implantation, tumor volume was imaged with in vivo Fluc bioluminescence imaging 
using the CCD camera and Gluc and SEAP serum levels were assayed as in (a). (d) Gli36 
cells expressing NF-Gluc and SEAP were injected i.v. and the serum Gluc and SEAP activity 
was monitored at different time points as in (a).
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understanding of such biological processes and pathological conditions. Several 
reporter systems have been used to study the expression and activation of NFkB. 
Previous studies have used NFkB responsive elements driving the expression of LacZ37,38 
Fluc39, eGFP40 or SEAP41 reporter genes. Although these systems proved to be useful in 
detecting NFkB activation, they may each have several disadvantages in the context of 
in vivo analysis and sequential monitoring of NFkB activity as compared to the NF-Gluc 
reporter developed here. Fluc requires D-luciferin injection before imaging, thus a total 
clearance of the substrate is essential before the next imaging session can be started, 
complicating the monitoring of NFkB activation kinetics, unless using a pump system 
which continuously delivers the substrate to the animal42. In addition, anesthetizing 
the animals can be a major limitation during kinetic studies, requiring multiple imaging 
sessions over a short period of time or during studies in which the animal needs to stay 
awake. The eGFP reporter gene is partly compromised by its relatively low sensitivity, 
and in most cases requires animal sacrifice before fluorescent analysis, or alternatively, 
the use of more elaborate techniques such as epi-fluorescence microscopy. A high 
signal to noise ratio due to auto-fluorescence in many organs decreases dramatically 
the sensitivity of in vivo fluorescence imaging. LacZ staining requires animal sacrifice 
and tissue sectioning before analysis. SEAP overcomes most of these problems, 
however we recently showed that this reporter is 20,000-fold less sensitive than Gluc 
in cultured cells with a linear range with respect to cell number covering <3 orders 
of magnitudes43. Further, the SEAP assay requires several different incubation steps 
before analysis making this assay more laborious and time consuming. On the other 
hand, the Gluc blood/urine assay is simple and short requiring only the addition of its 
substrate coelenterazine and luminometer analysis, and has a linear range of over 5 
orders of magnitude with respect to cell number14.

The NFkB transcription factor is known to be activated in many cancer types including 
lung, ovarian, astrocytomas, melanoma, prostate adenocarcinoma, and glioblastoma, 
and was shown to correlate with disease progression6,7,24-26,28,29,44. Therefore, this 
reporter could be used to identify and monitor potential chemotherapeutics based on 
interference or potentiation of NFkB activity in vitro and in vivo. Since NFkB has been 
shown to be involved in tumor angiogenesis and invasiveness12, the NF-Gluc reporter 
can also be used as a sensor for tumor angiogenesis. The neovascularization process 
occurs through a series of organized steps, which is initiated by remodeling of the 
extracellular matrix. NFkB plays a major role in this remodeling process by inducing 
expression of various genes such as VEGF, plasminogen activator inhibitors and matrix 
metalloproteinases in endothelial cells45-47. Further, NFkB plays a major role in migration 
and invasion of endothelial cells48,49, therefore the NF-Gluc reporter could be used to 
determine the kinetics of NFkB activation during the various steps of angiogenesis.

Besides cancer, identifying and testing of novel drugs that interfere with NFkB 
activity can be important for the treatment of a number of disorders, including 
neurological disorders50, rheumatoid arthritis51, inflammatory bowel disease52 and 
asthma53. The NF-Gluc reporter may also prove useful for high-throughput drug 
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screening for NFkB activators and inhibitors, which subsequently can be validated in 
vivo using the NF-Gluc-blood assay. Not many systems are available such as NF-Gluc, 
allowing both in vitro screening and kinetic analysis as well as in vivo validation of 
a relatively large number of drugs in a short period of time. Moreover, this reporter 
system is easy to implement, is cost and time-effective, and can be extended to 
study other physiologically regulated transcription elements, such as cAMP, p53, ISRE, 
TARE, and SRF, making it a versatile tool for studying transcriptional activation in vitro 
and in vivo in a non-invasive and quantitative manner. 

materials aND methoDs

Vector construction. Five tandem repeats of NFkB transcription responsive 
elements (TREs; TGGGGACTTTCCGC)54,55, were designed and annealed using 
the complementary oligonucleotide sequences 5’-GATCTTGGGGACTTTCCGCT-
GGGGACTTTCCGCTGGGGACTTTCCGCTGGGGACTTTCCGCTGGGGACTTTCCG-
CA-3’ and 5’-CTAGTGCGGAAAGTCCCCAGCGGAAAGTCCCCAGCGGAAAGTC-
CCCAGCGGAAAGTCCCCAGCGGAAAGTCCCCAA-3’. Additional NFkB reporters 
with multiple tandem repeats of 5, 10 and 15 NFkB TRE, were constructed with 0, 4, 
8, 12 or 30 random base-pairs (bp) acting as spacers separating each of the tandem 
copies (Fig. 1a). All of these promoter elements were designed to generate sticky 
ends compatible with BglII and NheI restriction sites at the 5’ and 3’ ends, respectively. 
The humanized Gaussia luciferase cDNA (Nanolight, Pinetop, Az)36 was amplified by 
PCR adding a TATA box from the human immunodeficiency virus type 1 subtype 
E promoter (ATATA) 30 bp upstream of the Gluc cDNA. The TATA-Gluc fragment 
was purified from a 1% agarose gel and ligated into the mammalian expression 
plasmid pHGCx (from Dr. Yoshimura Saeki, MGH, Boston MA)56 by replacing the CMV 
promoter with NFkB elements generating pHGNF-Gluc. Similarly, the CMV promoter 
in pHGCX was replaced with the SV40 promoter (amplified from pSEAP2-control 
plasmid, Clontech, Palo Alto, CA) generating pHGSV40-Gluc. The NF-Gluc expression 
cassette was subsequently subcloned into CSCW, a self-inactivating lentivirus vector57, 
at the BamHI and XhoI sites producing pCSNF-Gluc. A DNA fragment spanning two 
copies of the 1.2 Kb chicken β-globin (HS4) insulator elements, amplified from 
the pJC13-1 plasmid17 (a kind gift of Dr. Adam West, National Institutes of Health, 
Bethesda, MD), was inserted  into the U3 region of the pCSNF-Gluc plasmid using 
the PmeI and KpnI restriction sites creating pCSHSNF-Gluc (designated lenti-NF-Gluc 
throughout the text). Using the pCSCW-IG self-inactivating vector57, we cloned the 
mCherry fluorescent protein (kindly provided by Dr. Roger Tsien, UCSD, CA) cDNAs 
under the control of the CMV promoter, thereby generating LV-mCherry. SEAP and 
mCherry separated by an internal ribosome entry site (IRES) were cloned in a similar 
vector by amplifying the SEAP from the pSEAP2-basic vector (Clontech, Palo Alto, 
CA)14. The integrity of all constructs was verified by sequencing. All lentivirus vectors 
were produced and titered as transducing units (TU)/ml as previously described57. 
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Cell culture and reagents. 293T human kidney fibroblasts cells (from Dr. Maria 
Calos, Stanford University, Stanford, CA), U87 human glioma  (ATCC, U87 MG), 
Gli36 human glioma (from Dr. Anthony Capanogni, UCLA, Los Angeles)58, A549 
human lung carcinoma (ATCC) and U937 monocytic/histiocytic lymphoma (ATCC) 
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (Sigma, St. Louis, MO), 100 U/ml penicillin, and 0.1 
mg/ml streptomycin (Sigma). HEI193 human schwannoma cells59 were maintained 
in DMEM supplemented with 10% FBS, 2 µM forskolin (Calbiochem Corp., LaJolla, 
CA), 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 50 mg/ml geneticin (Invitrogen, 
Carlsbad, CA). U87-CFP cells were produced by stably transducing U87 cells with a 
CMV-controlled Cerulean expression cassette using a lentivirus vector60. Human brain 
microvascular endothelial cells (HBMVECs; Cell Systems ACBRI-376) were cultured 
in EGM medium (Cambrex) for no more than 10 passages. HBMVEC-mCherry cells 
were produced by stably transducing HBMVECs (passage 5) with lentivirus vector 
expressing mCherry. After 3 passages the cells were discarded. All cells were grown 
at 37ºC in a 5% CO2 humidified incubator. Sulfasalazine (SSZ), parthenolide (PTL), 
etoposide and doxorubicin were purchased from Sigma. Recombinant human tumor 
necrosis factor alpha (TNFa) was obtained from R&D systems, Minneapolis, MN. 
Ionizing radiation treatments were performed at 3-10 gray (Gy) using a 137Cs source.

Transfection and lentivirus transduction. 293T human fibroblast cells were plated 
in a 6-well plate (1.5x104 cells/well) and transfected with plasmids expressing Gluc 
under either NFkB, CMV or SV40 promoters, using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s guidelines. To achieve stable gene expression in 
most cells (>90%), different cell types were transduced with lentivirus vectors at 100 
transduction units (TU)/cell. 

In vitro Gaussia luciferase activity. For Gluc assays, 15 µl aliquots of the cell-free 
conditioned medium were collected at different time points. Gluc activity was assayed 
by adding 20 µM coelenterazine, the Gluc substrate (Nanolight, Pinetop, AZ) to the 
supernatant and measuring photon counts in a 96-well plate luminometer (Dynex, 
Richfield, MN) over ten seconds. 

In vitro angiogenesis assay. Low passage HBMVEC-mCherry cells transduced with 
lentivirus vector to express NF-Gluc (passage <7) were cultured on Matrigel (Beckton 
Dickinson, San Jose, CA) in EBM basal medium (Cambrex, San Diego, CA) in the 
presence or absence of U87-CFP cells, or EGM cocktail (Cambrex). Twenty-four h 
later, aliquots of conditioned medium were analyzed for Gluc activity and the cultures 
were analyzed by a combination of light and fluorescence microscopy.   

In vivo experiments. All animal experiments were approved by the Massachusetts 
General Hospital Subcommittee on Research Animal Care. One million HEI193, 293T 
or Gli36 expressing NF-Gluc and/or SEAP were injected subcutaneously (s.c.) into 
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nude mice. TNFa (16 µg/kg body weight) and SSZ (15 mg/kg body weight) were 
injected intravenously (i.v.) unless otherwise specified. For circulating tumor cells, 0.5 
million cells expressing NF-Gluc and SEAP were injected intra-ocularly.

Monocyte model. U937 human leukemic monocyte lymphoma cells were transduced 
with lenti-NF-Gluc at 100 TU/cell. Cells were plated in wells of 96-well plates and 
treated with different concentrations of human TNFa (R&D Systems). At different 
time points, Gluc activity was assayed in the medium as above. For the in vivo studies, 
1 million U937 cells expressing NF-Gluc were injected intraperitoneally (i.p.) into 8 
mice and one hour later, 4 mice were injected with PBS (control) and the other four 
mice with 2 mg of TNFa (in 100 µl) via the same route. Before PBS/TNFa injection and 
at different time points after injection, 5 µl blood was withdrawn and assayed for 
Gluc activity (see below).

Gluc/SEAP blood assay. For the Gluc assay, 5 µl of blood was collected by making a 
small nick in the mouse tail and mixed immediately with 1 µl 20 mM EDTA. Gluc activity 
was measured using the luminometer after injecting 100 µl 100 µM coelenterazine 
and acquiring photon counts over ten seconds. The SEAP chemiluminescence activity 
was measured in 5 µl serum using the Great EscAPe SEAP assay kit (Clontech) as per 
manufacturer’s instructions using the luminometer. 

In vivo bioluminescence imaging. Mice were anesthetized by i.p. injections of 
ketamine (100 mg/kg) and xylazine (5 mg/kg) and then received an intra-ocular 
injection of coelenterazine (4 mg/kg body weight diluted in PBS). Photon counts were 
acquired for five minutes using a cooled CCD camera system. White-light surface 
images were also taken before each Gluc imaging session providing an anatomical 
view of the animal. Image processing and signal intensity quantification and analysis 
were performed using CMIR-Image, software developed by the Center for Molecular 
Imaging Research at Massachusetts General Hospital using image display and analysis 
suite developed by IDL (Research Systems Inc., Boulder, CO). Images were represented 
in a pseudo-color photon count manner, superimposed on a gray-scale anatomic 
white-light image, exposing the bioluminescence intensity as well as the animal 
anatomy. Bioluminescence signals were defined by an automatic intensity highlight 
procedure after subtracting background noise. The sum of the photon counts was 
calculated as a measure of Gluc reporter activity.

acKNoWleDGemeNts

This work was supported partially by grants from NIH/NCI P50 CA86355-07 and the 
VONK-SEMMY foundation. We would like to thank Dr. Ralph Weissleder (Center for 
Molecular Imaging Research, Massachusetts General Hospital) for the use of the CCD 
camera and Dr. Xandra Breakefield for her insights.



62

3

refereNces
1. Sen, R. & Baltimore, D. Multiple 

nuclear factors interact with the im-
munoglobulin enhancer sequences. 
Cell 46, 705-716 (1986).

2. Ghosh, S., May, M.J. & Kopp, E.B. 
NF-kappa B and Rel proteins: evo-
lutionarily conserved mediators 
of immune responses. Annu Rev 
Immunol 16, 225-260 (1998).

3. Hayden, M.S. & Ghosh, S. Shared 
principles in NF-kappaB signaling. Cell 
132, 344-362 (2008).

4. Verma, I.M., Stevenson, J.K., Schwarz, 
E.M., Van Antwerp, D. & Miyamoto, 
S. Rel/NF-kappa B/I kappa B family: 
intimate tales of association and dis-
sociation. Genes Dev 9, 2723-2735 
(1995).

5. Pahl, H.L. Activators and target genes 
of Rel/NF-kappaB transcription factors. 
Oncogene 18, 6853-6866 (1999).

6. Coussens, L.M. & Werb, Z. Inflamma-
tion and cancer. Nature 420, 860-867 
(2002).

7. Karin, M. & Greten, F.R. NF-kappaB: 
linking inflammation and immunity to 
cancer development and progression. 
Nat Rev Immunol 5, 749-759 (2005).

8. Escarcega, R.O., Fuentes-Alexandro, 
S., Garcia-Carrasco, M., Gatica, A. & 
Zamora, A. The transcription factor 
nuclear factor-kappa B and cancer. 
Clin Oncol (R Coll Radiol) 19, 154-161 
(2007).

9. Lee, C.H., Jeon, Y.T., Kim, S.H. & 
Song, Y.S. NF-kappaB as a potential 
molecular target for cancer therapy. 
Biofactors 29, 19-35 (2007).

10. Rayet, B. & Gelinas, C. Aberrant rel/
nfkb genes and activity in human 
cancer. Oncogene 18, 6938-6947 
(1999).

11. Bentires-Alj, M., et al. NF-kappaB 
transcription factor induces drug re-
sistance through MDR1 expression 
in cancer cells. Oncogene 22, 90-97 
(2003).

12. Karin, M. Nuclear factor-kappaB in 
cancer development and progression. 
Nature 441, 431-436 (2006).

13. Sadikot, R.T. & Blackwell, T.S. Biolu-
minescence imaging. Proc Am Thorac 
Soc 2, 537-540, 511-532 (2005).

14. Wurdinger, T., et al. A secreted luci-
ferase for ex vivo monitoring of in vivo 
processes. Nat Methods 5, 171-173 
(2008).

15. Brach, M.A., et al. Ionizing radiation 
induces expression and binding 
activity of the nuclear factor kappa B. 
J Clin Invest 88, 691-695 (1991).

16. Osborn, L., Kunkel, S. & Nabel, G.J. 
Tumor necrosis factor alpha and in-
terleukin 1 stimulate the human 
immunodeficiency virus enhancer 
by activation of the nuclear factor 
kappa B. Proc Natl Acad Sci U S A 86, 
2336-2340 (1989).

17. Chung, J.H., Whiteley, M. & Felsenfeld, 
G. A 5’ element of the chicken beta-
globin domain serves as an insulator 
in human erythroid cells and protects 
against position effect in Drosophila. 
Cell 74, 505-514 (1993).

18. Prosch, S., et al. Stimulation of the 
human cytomegalovirus IE enhancer/
promoter in HL-60 cells by TNFalpha is 
mediated via induction of NF-kappaB. 
Virology 208, 197-206 (1995).

19. Svensson, R.U., Barnes, J.M., Rokhlin, 
O.W., Cohen, M.B. & Henry, M.D. 
Chemotherapeutic agents up-regulate 
the cytomegalovirus promoter: impli-
cations for bioluminescence imaging 
of tumor response to therapy. Cancer 
Res 67, 10445-10454 (2007).

20. Arlt, A., et al. Inhibition of NF-kappaB 
sensitizes human pancreatic 
carcinoma cells to apoptosis induced 
by etoposide (VP16) or doxorubicin. 
Oncogene 20, 859-868 (2001).

21. Ishii, H. & Takada, K. Bleomycin induces 
E-selectin expression in cultured 
umbilical vein endothelial cells by in-
creasing its mRNA levels through acti-
vation of NF-kappaB/Rel. Toxicol Appl 
Pharmacol 184, 88-97 (2002).

22. Prabhakar, S., et al. Treatment of im-
plantable NF2 schwannoma tumor 
models with oncolytic herpes simplex 



63REAL-TIME MONITORING OF NF-kappaB

3

virus G47Delta. Cancer Gene Ther 14, 
460-467 (2007).

23. Tannous, B.A., et al. Metabolic bi-
otinylation of cell surface receptors 
for in vivo imaging. Nat Methods 3, 
391-396 (2006).

24. Guo, R.X., et al. Increased staining for 
phosphorylated AKT and nuclear fac-
tor-kappaB p65 and their relationship 
with prognosis in epithelial ovarian 
cancer. Pathol Int 58, 749-756 (2008).

25. Korkolopoulou, P., et al. Expression 
of nuclear factor-kappaB in human 
astrocytomas: relation to pI kappa 
Ba, vascular endothelial growth 
factor, Cox-2, microvascular charac-
teristics, and survival. Hum Pathol 39, 
1143-1152 (2008).

26. McNulty, S.E., del Rosario, R., Cen, 
D., Meyskens, F.L., Jr. & Yang, S. 
Comparative expression of NFkappaB 
proteins in melanocytes of normal skin 
vs. benign intradermal naevus and 
human metastatic melanoma biopsies. 
Pigment Cell Res 17, 173-180 (2004).

27. Shukla, S., et al. Nuclear factor-
kappaB/p65 (Rel A) is constitutively 
activated in human prostate adeno-
carcinoma and correlates with disease 
progression. Neoplasia 6, 390-400 
(2004).

28. Smith, D., Shimamura, T., Barbera, 
S. & Bejcek, B.E. NF-kappaB controls 
growth of glioblastomas/astrocyto-
mas. Mol Cell Biochem 307, 141-147 
(2008).

29. Zhang, Z., Ma, J., Li, N., Sun, N. & 
Wang, C. Expression of nuclear factor-
kappaB and its clinical significance in 
nonsmall-cell lung cancer. Ann Thorac 
Surg 82, 243-248 (2006).

30. Wahl, C., Liptay, S., Adler, G. & 
Schmid, R.M. Sulfasalazine: a potent 
and specific inhibitor of nuclear factor 
kappa B. J Clin Invest 101, 1163-1174 
(1998).

31. Weber, C.K., Liptay, S., Wirth, T., 
Adler, G. & Schmid, R.M. Suppression 
of NF-kappaB activity by sulfasalazine 
is mediated by direct inhibition of 
IkappaB kinases alpha and beta. Gas-
troenterology 119, 1209-1218 (2000).

32. Hehner, S.P., et al. Sesquiterpene 
lactones specifically inhibit activa-
tion of NF-kappa B by preventing 
the degradation of I kappa B-alpha 
and I kappa B-beta. J Biol Chem 273, 
1288-1297 (1998).

33. DeBusk, L.M., Massion, P.P. & Lin, 
P.C. IkappaB kinase-alpha regulates 
endothelial cell motility and tumor 
angiogenesis. Cancer Res 68, 10223-
10228 (2008).

34. Wurdinger, T., et al. miR-296 regulates 
growth factor receptor overexpression 
in angiogenic endothelial cells. Cancer 
Cell 14, 382-393 (2008).

35. Jimi, E. & Ghosh, S. Role of nuclear 
factor-kappaB in the immune system 
and bone. Immunol Rev 208, 80-87 
(2005).

36. Tannous, B.A., Kim, D.E., Fernandez, 
J.L., Weissleder, R. & Breakefield, X.O. 
Codon-optimized Gaussia luciferase 
cDNA for mammalian gene expression 
in culture and in vivo. Mol Ther 11, 
435-443 (2005).

37. Bhakar, A.L., et al. Constitutive nuclear 
factor-kappa B activity is required for 
central neuron survival. J Neurosci 22, 
8466-8475 (2002).

38. Schmidt-Ullrich, R., et al. NF-kappaB 
activity in transgenic mice: develop-
mental regulation and tissue spe-
cificity. Development 122, 2117-2128 
(1996).

39. Carlsen, H., Moskaug, J.O., Fromm, 
S.H. & Blomhoff, R. In vivo imaging of 
NF-kappa B activity. J Immunol 168, 
1441-1446 (2002).

40. Magness, S.T., et al. In vivo pattern 
of lipopolysaccharide and anti-CD3-
induced NF-kappa B activation using 
a novel gene-targeted enhanced GFP 
reporter gene mouse. J Immunol 173, 
1561-1570 (2004).

41. Haridas, V., et al. VEGI, a new member 
of the TNF family activates nuclear 
factor-kappa B and c-Jun N-terminal 
kinase and modulates cell growth. 
Oncogene 18, 6496-6504 (1999).

42. Gross, S. & Piwnica-Worms, D. 
Real-time imaging of ligand-induced 
IKK activation in intact cells and in 



64

3

living mice. Nat Methods 2, 607-614 
(2005).

43. Badr, C.E., Hewett, J.W., Breakefield, 
X.O. & Tannous, B.A. A highly sensitive 
assay for monitoring the secretory 
pathway and ER stress. PLoS ONE 2, 
e571 (2007).

44. Shukla, S. & Gupta, S. Suppression 
of constitutive and tumor necrosis 
factor alpha-induced nuclear factor 
(NF)-kappaB activation and induction 
of apoptosis by apigenin in human 
prostate carcinoma PC-3 cells: cor-
relation with down-regulation of NF-
kappaB-responsive genes. Clin Cancer 
Res 10, 3169-3178 (2004).

45. Chilov, D., et al. Genomic organiza-
tion of human and mouse genes for 
vascular endothelial growth factor C. J 
Biol Chem 272, 25176-25183 (1997).

46. Hou, B., et al. Tumor necrosis factor 
alpha activates the human plasmino-
gen activator inhibitor-1 gene through 
a distal nuclear factor kappaB site. J 
Biol Chem 279, 18127-18136 (2004).

47. Vincenti, M.P., Coon, C.I. & Brinck-
erhoff, C.E. Nuclear factor kappaB/
p50 activates an element in the distal 
matrix metalloproteinase 1 promoter 
in interleukin-1beta-stimulated 
synovial fibroblasts. Arthritis Rheum 
41, 1987-1994 (1998).

48. Huang, S., Pettaway, C.A., Uehara, H., 
Bucana, C.D. & Fidler, I.J. Blockade of 
NF-kappaB activity in human prostate 
cancer cells is associated with suppres-
sion of angiogenesis, invasion, and 
metastasis. Oncogene 20, 4188-4197 
(2001).

49. Li, L., et al. Transfection with anti-p65 
intrabody suppresses invasion and an-
giogenesis in glioma cells by blocking 
nuclear factor-kappaB transcrip-
tional activity. Clin Cancer Res 13, 
2178-2190 (2007).

50. Ghosh, A., et al. Selective inhibition 
of NF-kappaB activation prevents 
dopaminergic neuronal loss in a 
mouse model of Parkinson’s disease. 

Proc Natl Acad Sci U S A 104, 18754-
18759 (2007).

51. Feldmann, M., Brennan, F.M. & Maini, 
R.N. Role of cytokines in rheuma-
toid arthritis. Annu Rev Immunol 14, 
397-440 (1996).

52. Neurath, M.F., Becker, C. & Barbules-
cu, K. Role of NF-kappaB in immune 
and inflammatory responses in the 
gut. Gut 43, 856-860 (1998).

53. Barnes, P.J. & Adcock, I.M. Transcrip-
tion factors and asthma. Eur Respir J 
12, 221-234 (1998).

54. Duan, H., Heckman, C.A. & Boxer, L.M. 
Histone deacetylase inhibitors down-
regulate bcl-2 expression and induce 
apoptosis in t(14;18) lymphomas. Mol 
Cell Biol 25, 1608-1619 (2005).

55. Nabel, G. & Baltimore, D. An inducible 
transcription factor activates expres-
sion of human immunodeficiency 
virus in T cells. Nature 326, 711-713 
(1987).

56. Saeki, Y., Breakefield, X.O. & Chiocca, 
E.A. Improved HSV-1 amplicon 
packaging system using ICP27-
deleted, oversized HSV-1 BAC DNA. 
Methods Mol Med 76, 51-60 (2003).

57. Sena-Esteves, M., Tebbets, J.C., 
Steffens, S., Crombleholme, T. & 
Flake, A.W. Optimized large-scale pro-
duction of high titer lentivirus vector 
pseudotypes. J Virol Methods 122, 
131-139 (2004).

58. Kashima, T., Vinters, H.V. & Campa-
gnoni, A.T. Unexpected expression of 
intermediate filament protein genes in 
human oligodendroglioma cell lines. 
J Neuropathol Exp Neurol 54, 23-31 
(1995).

59. Hung, G., et al. Establishment and 
characterization of a schwannoma 
cell line from a patient with neurofi-
bromatosis 2. Int J Oncol 20, 475-482 
(2002).

60. Rizzo, M.A., Springer, G.H., Granada, 
B. & Piston, D.W. An improved cyan 
fluorescent protein variant useful for 
FRET. Nat Biotechnol 22, 445-449 
(2004).







CHAPTER

Suicidal gene therapy in an NFkappaB-
controlled tumor environment as 

monitored by a secreted blood reporter

4

Johanna M. Niers1,3,4*, Christian E. Badr1,3,4*, Danielle Morse1,3, 
Jorien A. Koelen1,3,5 , Peter Vandertop4, David Noske4, 

Pierre Zalloua5, Xandra O. Breakefield and Bakhos A. Tannous1,2,3,6

1Neuroscience Center, Department of Neurology, and 2Center for Molecular 
Imaging Research, Department of Radiology, Massachusetts General Hospital, 
and 3Program in Neuroscience, Harvard Medical School, Boston, USA. 4Neuro-

oncology Research Group, Department of Neurosurgery, VU Medical Center, 
Cancer Center Amsterdam, 1007 MB Amsterdam, The Netherlands. 5Graduate 

School of Life Sciences, Utrecht University, the Netherlands. 6School of Medicine, 
Lebanese American University, Chouran-Beirut 1102 2801, Lebanon

*these authors contributed equally to this work

GENE THERAPY 2010 Dec 9.



68

4

abstract

The nuclear factor kappa B (NFkB) is known to be activated in many cancer types 
including lung, ovarian, astrocytomas, melanoma, prostate as well as glioblastoma 
and has been shown to correlate with disease progression. We have cloned a novel 
NFkB-based reporter system [five tandem repeats of NFkB responsive genomic element 
(NF; 14 bp each)] to drive the expression cassette for both a fusion between the 
yeast cytosine deaminase and uracil phosphoribosyltransferase (CU) as a therapeutic 
gene and the secreted Gaussia luciferase (Gluc) as a blood reporter, separated by an 
internal ribosomal entry site (NF-CU-IGluc). We showed that most invasive tumor cells 
have high-expression of Gluc which correlates to high activation of NFkB. When NFkB 
was further activated by TNFa in these cells, we observed up to 10-fold increase in 
Gluc levels and therefore transgene expression in human glioma cells which served 
to greatly enhance the sensitization of these cells to the pro-drug, 5-fluorocytosine 
(5-FC) both in cultured cells and in vivo subcutaneous tumor xenograft model. This 
inducible system provides a tool to enhance the expression of imaging and therapeutic 
genes for cancer therapy.
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iNtroDuctioN

Over the last decade, cancer gene therapy has been an evolving and promising field 
for cancer treatment. Many gene therapy strategies have or are still being tested in 
clinical trials in cancer patients. This therapeutic approach is based on the introduction 
of toxic elements into the tumor in a manner so as to achieve maximum toxicity 
specifically towards tumor cells while having a minimal effect on the surrounding 
normal cells. Among the toxic proteins used in gene therapy are: pro-apoptotic bax1, 
diphtheria toxin A2, tumor necrosis factor (TNFa3)  and many others4.

One particular strategy for cancer gene therapy is the gene directed enzyme/
prodrug therapy (GDEPT; for review see5-8), also referred to as “suicide therapy”. In 
this therapeutic modality, an exogenous enzyme targeted for preferential expression 
in tumor cells converts a non-toxic pro-drug into a potent toxin, leading to cell 
death. One of the commonly used enzyme/pro-drug combination is herpes simplex 
thymidine kinase (HSV TK)/ganciclovir (GCV)9. Although proven efficient in many 
animal tumor models, this treatment modality requires cell contact via gap junctions 
to kill neighboring non-transduced tumor cells which limits its extent of toxicity 
within the tumor mass10,11. 

Another commonly used GDEPT is the use of E.coli cytosine deaminase (CD) in 
combination with the prodrug 5-fluorocytosine (5-FC)12-14. The bacterial CD converts 
5-FC into the cytotoxic agent  5-FU which is further transformed into the DNA and 
RNA damaging metabolites 5-fluorodeoxyuridine-5’-monophosphate (5-FdUMP) and 
5-fluorouridine-5’-triphosphate (5-FUTP)13. The pyrimidine analogue 5-FU has been 
extensively studied and is used as a drug for cancer treatment including colorectal 
cancer15. E.coli uracil phosphoribosyltransferase (UPRT) have been shown to have 
synergistic anti-tumor effect with CD since 5-FU generated through CD is further 
metabolized into 5-FUMP by UPRT16,17. Further, the yeast forms of CD and UPRT have 
recently been shown to have enhanced toxicity to tumor cells as compared to the 
bacterial enzymes18,19.

The use of inducible promoters in suicidal gene therapy provides a selective control 
of transgene expression, thus yielding a safer delivery of toxic genes to tumors. 
The main challenge is the choice of a highly active promoter to ensure sufficient 
transgene expression with a maximal therapeutic benefit. Constitutive activation of 
the transcription factor nuclear factor kappaB (NFkB) is a common trait in malignant 
tumors. This transcription factor mediates inflammation-induced tumor growth and 
promotes the expression of pro-survival genes and inhibition of pro-apoptotic genes, 
thereby contributing to chemoresistance in malignant tumors20,21.  Further, many 
anti-cancer drugs activate NFkB leading to enhanced chemoresistance22. Since NFkB 
is constitutively active in malignant tumors but not in normal tissue and its activation 
can be enhanced within the tumor and its environment by treatment modalities such 
as chemotherapy22, radiotherapy23, or by inflammatory and/or hypoxic conditions24, 
the use of an NFkB-driven therapeutic gene has the potential to be both potent 
against tumors and safe for normal tissue.
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Efficient cancer gene therapy depends on highly selective gene delivery with 
specific gene expression within the tumor25. Combining suicidal gene therapy with 
non-invasive imaging offers the advantage of assessing both transgene expression 
and tumor volume in vivo. Using the naturally secreted Gaussia luciferase (Gluc), we 
have developed a blood-based bioluminescent assay to monitor biological processes 
such as tumor growth and response to therapy as well as activation of transcription 
factors26-28. This assay allows non invasive, real-time measurement of transgene 
activity by ex vivo quantification of the Gluc activity in a few microliters of blood 
samples over time in the same experimental animal.

In this study, we exploited the constitutive NFkB activation in tumors as a way to 
achieve high transgene expression. We cloned a novel NFkB-based promoter system [five 
tandem repeats of NFkB responsive element (NF; 14 bp each)26] to drive the expression 
of both a protein fusion between yeast CD and yeast UPRT (CU) as a therapeutic gene, 
and Gluc as a blood reporter separated by an internal ribosomal entry site (NF-CU-
IGluc). We packaged this construct into a lentivirus vector and applied it for suicidal 
gene therapy in malignant tumor cells. TNFa was used to further activate NFkB which 
enhanced the killing effect of the pro-drug 5-FC in NF-CU-IGluc transduced cells in 
culture, as well as in an experimental subcutaneous tumor model in vivo.

results

NFkB-controlled transgene expression. Since NFkB is constitutively active in cancer 
cells, we designed a reporter system in which we cloned into a lentivirus vector an 
NFkB-responsive promoter [five tandem repeats of NFkB responsive element (NF; 14 
bp each) and a TATA box] to drive the expression of both the CU therapeutic fusion 
protein and the Gluc reporter separated by an internal ribosomal entry site (NF-CU-
IGluc; Fig. 1a). In order to reduce any possible NFkB-independent transactivation of 
transgene expression through the site of genomic insertion, we inserted 2 copies 
of the chicken β-globin cHS4 insulators in the U3 region of the lentivirus vector, 
therefore flanking the integrated provirus on both sides with the insulator26. Upon 
NFkB activation, the Gluc is expressed and is secreted from cells and therefore can be 
detected in the conditioned medium in culture or in the blood of animals ex vivo over 
time. The level of Gluc in blood correlates with the level of CU expression, thereby 
allowing us to indirectly monitor the therapeutic gene expression. 

NFkB is activated in malignant tumor cells. Malignant and invasive tumor 
cells are known to have high NFkB transcriptional activity as compared to normal 
cells29-34. In order to confirm NFkB activation in different tumor cell lines using our 
system, Gli36 and U87 human glioma cells, A549 lung adenocarcinoma cells, PC3 
prostate adenocarcinoma cells, colo 320 colorectal adenocarcinoma cells as well as 
293T immortalized human fibroblast cells transduced with lenti-NF-CU-IGluc were 
plated in a 96-well plate and treated with either PBS (control) or TNFa. Twenty-
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four hours later, aliquots of the conditioned medium were assayed for Gluc activity. 
293T fibroblast cells showed the lowest levels of endogenous Gluc expression and 
the highest levels of NFkB activated expression as compared to the other tumor cell 
lines tested which showed significantly higher endogenous Gluc levels confirming 
previous findings (Fig. 1b). Despite these higher levels of endogenous NFkB promoter 
activation in malignant tumor cell lines, when cells were exposed to TNFa, NFkB was 
further activated by up to 5-fold in tumor cells compared to >25-fold in the 293T 
fibroblast cells proving that our system is sensitive in monitoring both the basal NFkB 
level as well as NFkB activation in response to TNFa in tumors (Fig. 1b). To investigate 

showed ~2-fold increase in response to TNFα (Fig. 1c). At the same time, total RNA 

was extracted from these cells and the level of the CU fusion mRNA was analyzed by 

qRT-PCR which showed 9-fold induction in CU fusion mRNA levels in response to TNFα 

(Fig. 1d).   

 

 
Figure 1. NFkB-controlled transgene expression. (a) Lentivirus vector driving the expression of the yeast 

cytosine deaminase (C) and uracil phosphoribosyltransferase (U) fusion cassette (CU) as well as Gaussia 

lucferase (Gluc) separated by an internal ribosomal entry site (IRES) elements under the control of NFkB 

responsive promoter. Two copies of the 1.2 kb chicken β-globin (HS4) insulators elements were also cloned 

into the U3 region of the lentivirus vector to retain minimal non-specific transcriptional activation. (b) 

Comparison of NFkB basal activity and induction in different tumor cell lines and in 293T human fibroblast 

cells. Gli36, U87, A549, PC3, colo320 and 293T fibroblast cells were transduced with lenti-NF-CU-IGluc and 

treated with either PBS or TNFα. Twenty-four hours later, aliquots of conditioned medium were assayed for 

Gluc activity. (c-d) Gli36 cells infected with lenti-NF-CU-IGluc were treated with either PBS or TNFα and 

conditioned medium was assayed for Gluc activity (c) or RNA was extracted and CU mRNA expression 

levels were analyzed with qRT-PCR using primers directed against either C or U mRNA after twenty-four 

hours (d). Results are presented as fold Gluc increase (c) or fold mRNA increase (d) in which the untreated 

sample was set to 1. *p≤0.05, **p≤0.001, Student t-test.  

 

 
 
 

Figure 1. NFkB-controlled transgene expression. (a) Lentivirus vector driving the 
expression of the yeast cytosine deaminase (C) and uracil phosphoribosyltransferase (U) 
fusion cassette (CU) as well as Gaussia lucferase (Gluc) separated by an internal ribosomal 
entry site (IRES) elements under the control of NFkB responsive promoter. Two copies of the 
1.2 kb chicken β-globin (HS4) insulators elements were also cloned into the U3 region of the 
lentivirus vector to retain minimal non-specific transcriptional activation. (b) Comparison of 
NFkB basal activity and induction in different tumor cell lines and in 293T human fibroblast 
cells. Gli36, U87, A549, PC3, colo320 and 293T fibroblast cells were transduced with 
lenti-NF-CU-IGluc and treated with either PBS or TNFa. Twenty-four hours later, aliquots 
of conditioned medium were assayed for Gluc activity. (c-d) Gli36 cells infected with lenti-
NF-CU-IGluc were treated with either PBS or TNFa and conditioned medium was assayed 
for Gluc activity (c) or RNA was extracted and CU mRNA expression levels were analyzed 
with qRT-PCR using primers directed against either C or U mRNA after twenty-four hours 
(d). Results are presented as fold Gluc increase (c) or fold mRNA increase (d) in which the 
untreated sample was set to 1. *p≤0.05, **p≤0.001, Student t-test. 
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whether this increase in Gluc activity correlates with expression of the CU fusion, 
Gli36 glioma cells infected with lenti-NF-CU-IGluc were treated with either PBS or 
TNFa. Twenty-four hours later, Gluc was assayed in the conditioned medium which 
showed ~2-fold increase in response to TNFa (Fig. 1c). At the same time, total RNA 
was extracted from these cells and the level of the CU fusion mRNA was analyzed 
by qRT-PCR which showed 9-fold induction in CU fusion mRNA levels in response to 
TNFa (Fig. 1d).  

In vitro effect of NFkB-induced transgene expression. Gli36 human glioma 
cells stably expressing mCherry were infected with lenti-NF-CU-IGluc and plated in 
96-well plate.  Forty-eight hours later, cells were treated with TNFa (2.5 ng/ml) or 
PBS control. Gluc levels were measured twenty-four hours later as a marker for CU 
transgene expression and showed a 2-fold induction in response to TNFa similar to 
the induction level shown in Fig. 1c. Cells were then treated with either PBS (control) 
or 5-FC (50 µg/ml) and at different time points, cell viability was assayed using an 
ATP-based bioluminescence assay and confirmed by mCherry fluorescent microscopy 
(Fig. 2a and b). Cells in which NFkB activation and therefore transgene expression 
was induced with TNFa showed around 50% cell death at twenty-eight hours 
compared to non-induced cells (PBS) which showed a similar killing only eighty-four 
hours post-treatment. These results show that NFkB induction using TNFa increased 
sensitivity of tumor cells to 5-FC by more than 3 fold. A positive control for transgene 
expression consisting of a constitutively active CMV promoter driving the expression 
of CU and a negative control in which the promoter was removed were also used to 
investigate the effect of TNFa and 5-FC on transduced cells. There was no significant 
cell death caused by TNFa or 5-FC on cells transduced with promoterless vector, 
whereas cells expressing the CU under the CMV promoter showed >90% cells death 
when treated with 5-FC alone or 5-FC+TNFa (Fig. 2c).  For further confirmation, we 
analyzed these cells for PI/Annexin V staining forty-eight hours after 5-FC treatment. 
PI+/Annexin V+ cells (late apoptotic/dead cells) significantly increased when TNFa was 
combined with 5-FC (40% for 5-FC alone compared to 80% for 5-FC+TNFa) (Fig. 
2d). Cells treated with TNFa alone showed 10% PI+/Annexin V+ and 19% of PI+/
Annexin V- (necrotic cells). To validate this gene therapy approach on other cancer cell 
lines, U87, A549, PC3 and colo320 expressing NF-CU-IGluc were treated with TNFa 
and/or 5-FC as above. Forty-eight hours later, all four cell lines treated with TNFa + 
5-FC showed around 50% decrease in cell viability as compared to control proving 
that this system can be used for the treatment of different tumor types (Fig. 2e).  

In vivo suicidal gene therapy in an NFkB-controlled tumor environment. To 
evaluate the therapeutic effect of transgene expression controlled by NFkB activation 
in vivo, Gli36 cells stably expressing Fluc were infected with lenti-NF-CU-IGluc and 
implanted subcutaneously into nude mice. One week later, mice were divided into 
2 groups receiving either PBS or TNFa (20 µg/kg body weight). Seventeen hours 
post-TNFa injection, 5 µl of blood were assayed for Gluc activity which showed 
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>10-fold increase in Gluc level and therefore NFkB activation and CU expression, 
as compared to PBS-treated mice (Fig. 3a). Each group of mice was then divided 
into 2 subgroups which received either PBS or 5-FC (500 mg/kg). Tumor growth was 
monitored by Fluc in vivo bioluminescence imaging once a week. Control tumors 
treated with PBS or TNFa alone showed similar exponential growth demonstrating 
that the dose of TNFa used was not toxic to tumor cells. Tumors in mice treated with 
5-FC alone showed a significantly reduced rate of growth as compared to PBS or 
TNFa. On the other hand, tumors in mice which received both TNFa + 5-FC regressed 
within two weeks post-injection (Fig. 3b and c). In this group, tumors in >40% of 

Figure 2.  In vitro effect of NFkB-induced transgene expression. (a-b) Gli36 human 
glioma cells stably expressing mCherry were infected with lenti-NF-CU-IGluc and plated 
in a 96-well plate. Cells were either treated with PBS, TNFa (2.5 ng/ml), 5-FC (50 µg/
ml) or both TNFa + 5-FC. At different time points, cell viability was assayed using an 
ATP-based cell-titer Glo assay (a) and was confirmed by mCherry analysis using fluorescent 
microscopy (b). Scale bar, 100 µm. (c) Gli36 cells expressing CU under the control of CMV 
promoter (CMV-CU) or CU under no promoter (control vector) were treated as described 
in a-b. Cell viability was assayed forty-eight hours later using cell-titer Glo. (d) Gli36 cells 
transduced with lenti-NF-CU-IGluc were treated as above. Forty-eight hours later, cells 
were stained for PI and Annexin V-FITC and subjected to flow cytometry analysis. (e) U87, 
A549, PC3 and colo320 cells were transduced with lenti-NF-CU-IGluc and treated with 
TNFa and/or 5-FC as above. Cell viability was assayed forty-eight hours later. *p≤0.05, 
**p≤0.001 Student t-test.
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mice (2 out of 5 mice) completely regressed and did not show re-growth for forty 
days. Tumors in the other mice slowly re-grew by twenty-seven days post-treatment. 
Upon re-induction of NFkB activation and transgene expression with TNFa and 
treatment with 5-FC, tumor growth in these latter mice slowed down again showing 

 
Figure 3. In vivo suicidal gene therapy in an NFkB-controlled tumor environment. (a-c) Gli36-Fluc 

human glioma cells were infected with lentivirus vector expressing NF-CU-IGluc and implanted 

subcutaneously in nude mice. One week later, mice were divided into two groups which received PBS or 

TNFα (20 µg/kg body weight). Seventeen hours post-TNFα injection, 5 µl of blood was assayed for Gluc 

activity (a). Each group was then split into two subgroups which received either PBS or 5-FC (500 mg/kg). 

Tumor growth was monitored by Fluc in vivo bioluminescence imaging once a week after i.p. injection of D-

luciferin. Photons count in the tumor was calculated using CMIR image program and presented as % Fluc 

activity in which the signal before injection was set to 100% (b). Bioluminescent images overlayed to bright 

field images at day seven and twenty-seven post-implantation (c). (d-e) Gli36-Fluc cells were implanted 

subcutaneously in nude mice. At days nineteen and twenty post-implantation, mice received intra-tumoral 

injection of lenti-NF-CU-IGluc or PBS (n=4) and were treated with TNFα and/or 5-FC as above for fourteen 

days. Photons count is presented as % Fluc activity in which the signal on day seven after tumor 

implantation was set to 100% (d). A representative mouse from each group which was injected with either 

lenti-NF-CU-IGluc (lenti) or PBS and treated with TNFα and/or 5-FC is shown at day seven and forty-nine 

post-implantation (e). Arrows represent the beginning and end of the TNFα/5-FC treatment.*p≤0.05, 

**p≤0.001 Student t-test. 
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(a-c) Gli36-Fluc human glioma cells were infected with lentivirus vector expressing NF-
CU-IGluc and implanted subcutaneously in nude mice. One week later, mice were divided 
into two groups which received PBS or TNFa (20 µg/kg body weight). Seventeen hours 
post-TNFa injection, 5 µl of blood was assayed for Gluc activity (a). Each group was then 
split into two subgroups which received either PBS or 5-FC (500 mg/kg). Tumor growth 
was monitored by Fluc in vivo bioluminescence imaging once a week after i.p. injection 
of D-luciferin. Photons count in the tumor was calculated using CMIR image program and 
presented as % Fluc activity in which the signal before injection was set to 100% (b). 
Bioluminescent images overlayed to bright field images at day seven and twenty-seven 
post-implantation (c). (d-e) Gli36-Fluc cells were implanted subcutaneously in nude mice. 
At days nineteen and twenty post-implantation, mice received intra-tumoral injection of 
lenti-NF-CU-IGluc or PBS (n=4) and were treated with TNFa and/or 5-FC as above for 
fourteen days. Photons count is presented as % Fluc activity in which the signal on day 
seven after tumor implantation was set to 100% (d). A representative mouse from each 
group which was injected with either lenti-NF-CU-IGluc (lenti) or PBS and treated with 
TNFa and/or 5-FC is shown at day seven and forty-nine post-implantation (e). Arrows 
represent the beginning and end of the TNFa/5-FC treatment.*p≤0.05, **p≤0.001 
Student t-test.
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that this NFkB-controlled transgene expression can be re-activated in these tumors 
(data not shown). 

In order to apply this therapeutic modality to a clinically-relevant model, tumors 
expressing Fluc were generated in nude mice. Three weeks later, mice received an 
intra-tumoral injection of either lenti-NF-CU-IGluc or PBS (control). Two days after 
virus injection, mice were treated with i.p. injections of either TNFa and/or 5-FC 
as above. Mice which received an intra-tumoral injection of lenti-NF-CU-IGluc and 
treated with TNFa and 5-FC showed a clear delay in tumor growth as compared to 
mice treated with TNFa or PBS alone (Fig. 3d and e). Mice which received lenti-NF-CU-
IGluc and treated with 5-FC also showed slower tumor growth but to a much lesser 
extent than the combined TNFa+5-FC-treatment.  On the other hand, there was no 
significant difference among the four treated groups in tumors which received intra-
tumoral injection of PBS indicating that neither 5-FC nor TNFa treatment affected 
tumor growth in the absence of the CU transgene expression (Fig. 3e).

DiscussioN

Despite all progress in cancer gene therapy, improved targeted expression of toxic 
transgenes is still highly desirable. Since the implementation of gene directed enzyme/
prodrug therapy (GDEPT), a vast leap towards this goal has been accomplished. 
The use of constitutively active promoters to drive the expression of toxic genes is 
advantageous, since strong transgene activity is required for an efficient therapeutic 
benefit. Nevertheless, these types of promoters could be rendered harmful towards 
normal tissues surrounding the tumor. Making use of the environment within the 
tumor to drive the expression of therapeutic genes provides a safer strategy for gene 
therapy. Since NFkB is upregulated and activated in malignant tumor, but not in 
normal tissues, the use of promoters responsive to this transcription factor activation 
provides a safe and potent therapeutic strategy.

Co-expression of cytosine deaminase and uracil phophoribosyltransferase (CU) 
has been shown to have a significant synergistic effect towards the conversion of 
5-FC into toxic metablolites35-37. In this study, we evaluated NFkB-driven expression 
of the fused CU gene as a targeted and tumor environment-controlled suicidal gene 
therapy. We showed that malignant tumor cells have constitutively active NFkB which 
led to slower tumor growth of cells transduced with CU upon treatment with the 
pro-drug 5-FC. Interestingly, further induction of NFkB activation in vivo with TNFa 
yielded complete tumor regression in >40% of mice. Since our reporter system 
also drives the expression of the secreted Gaussia luciferase under NFkB responsive 
elements, the Gluc blood level served as a sensitive marker for basal and extrinsic 
NFkB activation and therefore therapeutic gene expression in the tumor. We observed 
a much higher increase in Gluc expression, and therefore NFkB activation, in Gli36 
human glioma subcutaneous tumors in vivo as compared to the same cells in culture. 
We hypothesized that TNFa injection in mice could also stimulate the recruitment 
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of other cytokines and NFkB inducing factors to the tumor therefore contributing 
further towards NFkB activation.

NFkB can be induced not only by cytokines such as TNFa, but also by factors within 
the tumor environment like hypoxia24 and inflammation22. Additional extrinsic factors 
commonly used in cancer therapy could potentially induce NFkB activity. Ionizing 
radiation23 as well as many chemotherapeutic drugs such as cisplatin35, doxorubicin36, 
gemcitabine40, taxol37 and etoposide42 are potent inducers of NFkB activation. These 
therapeutic modalities could be easily applied to our inducible gene therapy system 
to achieve a targeted and more efficient transgene expression.

One challenge in suicidal gene therapy is the need to achieve high transduction 
efficiency at the tumor site. Given that only a small percentage of cells in the tumor 
mass express the transgene following viral vector delivery, usually about 1-5% 
after direct intratumoral injection38, it is essential that the transgene product has a 
“bystander” effect, such that adjacent, uninfected tumor cells are also killed. Unlike 
the HSV thymidine/ GCV kinase system which requires gap junctions in order to kill 
non-transduced cells, the 5-FU diffuses freely between cells in the absence of gap 
junctions39. A transduction efficiency as low as 1% by an adenovirus expressing CD or 
UPRT has been reported to impact tumor growth17.  In this study we tried to address 
this issue by testing our lentivirus system injected directly into tumors. Although 
the therapeutic effect was less dramatic than the one observed in tumor xenografts 
transduced with the lentivirus ex vivo, there was a significant delay in tumor growth 
in mice treated with both TNFa and 5-FC as compared to the control group. The 
NF-CU-IGluc expression cassette could be cloned into any viral vectors known to 
transduce tumor cells more efficiently, such as adenovirus, adeno-associated virus or 
herpes virus vectors which might achieve a more pronounced effect on tumor growth.

 Optimization of gene therapy can be facilitated by imaging methods which provide 
a means to monitor levels, cell specificity and duration of transgene expression, as 
well as tumor growth and regression40,41. Several efforts have been made towards 
noninvasive imaging of gene expression using techniques such as fluorescence, 
bioluminescence, magnetic resonance (MR) and positron emission tomography (PET)46-

49. PET and MRI have the advantage over optical imaging in that they can be translated 
into clinical use. However, for pre-clinical evaluation, these methods are costly and 
not very sensitive. Recently, Xing et al. developed a CD and CU fusion gene with a 
monomeric red fluorescent protein (RFP)42. This reporter enabled them to monitor 
transgene expression and pro-drug activation using optical fluorescence imaging of 
RFP and magnetic resonance spectroscopy (MRS) using fluorine-19. One drawback of 
MRS is the lack of sensitivity when applied to small animals42. Fluorescence imaging is 
also rendered difficult and lacks sensitivity due to autofluorescence. Bioluminescence 
imaging is more sensitive, however, similar to fluorescence, quantification of the 
signal can be compromised by the location, especially in deep tissues and blood 
(hemoglobin)-rich organs, such as the liver, spleen and bone marrow due to photon 
absorption which can result in an underestimation of transgene expression43. Using 
secreted reporters in the blood such as the Gaussia luciferase can overcome these 
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problems and provide a sensitive and quantitative assessment of gene expression in 
real-time.

In addition to being an adjunct therapy for many types of malignant tumors, 
the NF-CU-IGluc system may also prove effective in shrinking benign tumors in 
inoperable locations, such as meningiomas or schwannomas pressing on critical 
neural structures44. Since these tumors are known to have low NFkB activation, gene 
expression can be enhanced by activating this transcription factor using cytokines as 
described here or many other chemotherapeutic agents. This study provides a new 
and valuable tool for a safer and controlled gene therapy, while being able to non-
invasively monitor therapeutic gene expression in real-time as a mean to evaluate 
different gene/drug therapies.

materials aND methoDs 

Cell culture. 293T human kidney fibroblasts cells (from Dr. Michele Calos, Stanford 
University, Stanford, CA), Gli36 human glioma cells (from Dr. Anthony Capanogni, 
UCLA, Los Angeles), U87 human glioma cells, PC3 prostate adenocarcinoma cells, 
colo 320 colorectal adenocarcinoma cells and A549 human lung carcinoma cells 
(from ATCC) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% fetal bovine serum (Sigma, St. Louis, MO), 100 U/ml 
penicillin, and 0.1 mg/ml streptomycin (Sigma). Cells were maintained in a 5% CO2 

humidified incubator at 37 ºC. 

Lentivirus vector constructs. We used the CSCW-IG, a self-inactivating lentivirus 
vector in which we have replaced the CMV promoter with 5 tandem repeats of the 
NFkB transcription responsive elements TRE (TGGGGACTTTCCGC) along with a TATA 
box serving as a minimal promoter to drive the expression of the CD-UPRT fusion as 
well as Gaussia luciferase cDNA, separated by an internal ribosomal entry site (IRES) 
element (Fig. 1a)26,53. In this construct, we also inserted a DNA fragment spanning 
two copies of the 1.2 Kb chicken β-globin (HS4) insulator elements, amplified from 
the pJC13-1 plasmid (a kind gift of Dr. Adam West, National Institutes of Health, 
Bethesda, MD)45, into the U3 region of this lentivirus vector to retain minimal non-
specific transcription of gene expression as previously described26. The synthetic 
fusion between yeast CD and UPRT commercially referred to as fcy::fur (Invivogen, 
San Diego, Ca) was obtained by PCR using the pORF5-fcy::fur plasmid as a template. 
Gluc, codon optimized for mammalian gene expression was amplified by PCR from 
pHGC-humGluc46. This plasmid identified as csw-NF-CD-UPRT-IGluc was packaged 
into a lentivirus vector as described previously53,56. The lentivirus vector is referred 
to as lenti NF-CU-IGluc.  The NF TREs were replaced by a cytomegalovirus (CMV) 
promoter to generate csw-CMV-CD-UPRT-IGluc. To general a negative control vector 
which lacks a promoter, the NF TREs were removed from the csw-NF-CD-UPRT-IGluc 
thereby generating a csw-CD-UPRT-IGluc vector.  The Lenti-mCherry is a lentivirus 
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vector expressing mCherry under the control of a CMV promoter. In all experiments, 
cells were transduced with the lentivirus vectors at a multiplicity of infection of 100 
transduction units (TU)/cell to achieve stable transduction of >90% of cells.

In vitro luciferase assays. For Gluc assays, 20 µl aliquots of the cell-free conditioned 
medium were collected in a new white 96-well plate at different time points. Gluc 
activity was assayed by adding 20 µM coelenterazine, the Gluc substrate (Nanolight, 
Pinetop, AZ) and measuring photon counts over 10 sec using a 96-well plate 
luminometer (Dynex, Richfield, MN). 

Quantitative RT-PCR. Cells transduced with lenti-NF-CU-IGluc were plated in a 6-well 
plate and treated with 0 or 10 ng/ml of TNFa (R&D systems). After twenty-four hours, 
total RNA was isolated using the RNeasy mini kit (Qiagen) and cDNA was generated 
using Omniscript reverse transcription kit (Qiagen). Real-time PCR was performed in 
an ABI PRISM 7000 Sequence Detection System Thermal Cycler (Applied Biosystems). 
The following primer sets were used: 5’-TGTGGTGGGAGAGAATGTCA-3’  ; 
5’-AAACCAGTCCTGGGGTCTCT-3’ and 5’-ATTTGTGGGGTGTCCATTGT-3’  ; 
5’-GCAGTCTCCTCATCCCTCTG-3’ amplifying sequences in the CD and UPRT regions 
respectively. The fold increase was calculated based on Ct values of TNFa treated cells 
relative to untreated. Human GAPDH mRNA expression was used for normalization.

In vitro analysis of tumor therapy. Gli36 cells were transduced with lenti-NF-CU-
IGluc or lenti-mCherry at an MOI of 100. Two days after transduction, cells were plated 
in a 96-well plate at low density (1000 cell/well) and treated with or without TNFa 
(2.5 ng/ml). After twenty-four hours, 5-FC (Sigma; 250 µg/ml) was added to the cells. 
Viability assays were measured five days after 5-FC treatment. For cytotoxicity assays, 
we used the cell-titer glo (Promega, Madison, WI) according to the manufacturer’s 
guidelines. Data was calculated as percentage of cell viability. Fluorescence images 
of cells stably expressing mCherry were captured using an inverted fluorescent 
microscope (Nikon TE 200-U) coupled to a digital camera. Alternatively, cell death 
was measured with flow cytometry by staining for Annexin V-Propidium Iodide. 
Gli36-NF-CU-IGluc cells were plated in 6-well plates (150 000 cell/well). After twenty-
four hours cells were treated with 0 or 2.5 ng/ml of TNFa for sixteen hours followed 
by a forty-eight hours treatment with 5-FC (250 µg/ml). Single cell suspensions were 
stained with CytoGLO™ Annexin V-FITC Apoptosis Kit (Imgenex, San Diego, CA)) and 
subjected to flow cytometry using a BD FACS caliber flow cytometer (BD biosciences).

Animal experiments. All animal experiments were approved by the Massachusetts 
General Hospital Subcommittee on Research Animal Care. Gli36-Fluc cells were 
transduced with Lenti-NF-CU-IGluc or Lenti-Fluc-mCherry. One million of these cells 
(in 50 µl PBS) were mixed with 50 µl Matrigel and implanted subcutaneously into 
nude mice (four-five weeks of age). One week after implantation, tumor volume 
was monitored using Fluc bioluminescence imaging (as described below).  Mice 
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were then separated into four different groups of five mice. Each group was injected 
intraperitoneally (i.p.) with PBS, 5-FC (500 mg/kg body weight), TNFa (20 µg/kg) or 
the same amounts of both 5-FC and TNFa. PBS or 5-FC injections were repeated 
twice daily for twelve consecutive days. Mice receiving TNFa were injected i.p. once 
every three days during these twelve days. The first daily 5-FC dose was administered 
seventeen hours following TNFa injection. Immediately before and seventeen hours 
after TNFa injection, 5 µl of blood was withdrawn from each mice and assayed for 
Gluc activity, a marker for NFkB activation and therefore transgene expression (see 
below). In another experiment, Gli36 cells expressing Fluc-mCherry were implanted 
subcutaneously into thirty-two nude mice. At day nineteen, mice were randomly 
divided into four groups of eight mice which were divided into 2 subgroups: 1) 
received intra-tumoral injection of lenti-NF-CU-IGluc (107 transducing units in 5 
µl); (2) received 5 µl PBS.  These injections were repeated twenty-four hours later. 
Treatment with TNFa and/or 5-FC  started at day twenty-one and lasted for fourteen 
days as described above 

Gluc blood assay. Five µl of blood was collected by making a small nick in the mouse 
tail and mixed immediately with 1 µl 20 mM EDTA. Gluc activity was measured using 
the luminometer after injecting 100 µl 100 µM coelenterazine and acquiring photon 
counts over 10 sec.

In vivo Fluc bioluminescence imaging. Mice were anesthetized by i.p. injections 
of ketamine (100 mg/kg) and xylazine (5 mg/kg) and then received an i.p. injection 
of D-luciferin (150 mg/kg body weight diluted in PBS). Photon counts were acquired 
for one-five minutes using a cooled CCD camera system. Light surface images were 
also taken before each imaging session providing an anatomical view of the animal. 
Image processing and signal intensity quantification and analysis were performed 
using CMIR-Image, software developed by the Center for Molecular Imaging 
Research at Massachusetts General Hospital using image display and analysis suite 
developed by IDL (Research Systems Inc., Boulder, CO). Images were represented in a 
pseudo-color photon count manner, superimposed on a gray-scale anatomic white-
light image, exposing the bioluminescence intensity as well as the animal anatomy. 
Bioluminescence signals were defined by an automatic intensity highlight procedure 
after subtracting background noise. The sum of the photon counts was calculated as 
a measure of Fluc reporter activity.
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abstract

Metabolic biotinylation of intracellular and secreted proteins as well as surface 
receptors in mammalian cells provides a versatile way for: monitoring gene expression; 
purifying and targeting of viral vectors; monitoring cell and tumor distribution in 
real time in vivo; labeling cells for isolation; and tagging proteins for purification, 
localization and trafficking. Here, we show that metabolic biotinylation of proteins 
fused to the bacterial biotin acceptor peptides (BAP) varies among different 
mammalian cell types and can be enhanced by over 10-fold upon over-expression of 
the bacterial biotin ligase directed to the same cellular compartment as the fusion 
protein. We also show that in vivo imaging of metabolically biotinylated cell surface 
receptors using streptavidin conjugates is significantly enhanced upon co-expression 
of bacterial biotin ligase in the secretory pathway. These findings have practical 
applications in designing more efficient targeting and imaging strategies.
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iNtroDuctioN

The strong interaction of biotin with chicken egg white avidin or its bacterial 
counterpart streptavidin has served as the basis for development of many techniques 
ranging from protein and DNA detection to imaging and tumor therapy in vivo1-4. 
In nature, biotin serves as a coenzyme by binding covalently to carboxylating and 
decarboxylating enzymes and thereby carrying CO2 to their substrates5. Biotin ligase 
is the enzyme responsible for the post-translational covalent attachment of a single 
biotin moiety to a biotin acceptor peptide (BAP) within these enzymes. In general, 
proteins engineered to contain a bacterial BAP sequence from the 1.3S subunit of 
Propionibacterium shermanii transcarboxylase domain [PSTCD; 129 amino acids (aa)] 
and expressed in mammalian cells have been shown to be biotinylated to a certain 
extent by the endogenous biotin ligase, holocarboxylase synthetase (HLCS)6. This 
endogenous metabolic biotinylation of recombinant BAP proteins in combination 
with streptavidin conjugates has been used in mammalian cells for different purposes 
such as: purifying proteins and antibodies7,8; tracking cells and tumors in vivo by 
expressing a metabolically biotinylated reporter on their surfaces9,10; purifying and 
targeting viral vectors to specific cells, such as adenoassociated virus (AAV) and 
lentivirus11-13; and determining the location and molecular structure of triad junctions 
in skeletal cells by biotinylating receptors, such as the acetylcholine receptor and 
dihydropyridine calcium channel14,15.

Mammalian cells have four known endogenously biotinylated proteins. Three of 
them: pyruvate carboxylase (130 kDa), 3-methylcrotonyl coA carboxylase (75 kDa) 
and propionyl coA carboxylase (72 kDa) are found in the mitochondria, whereas acetyl 
coA carboxylase (220 kDa) is located in the cytoplasm16,17.  In this study, we compared 
the expression and biotinylation level of these endogenous enzymes as well as the 
level of holocarboxylase synthetase in different mammalian cells, and show that they 
vary among different cell types. Further, we show that metabolic biotinylation of 
proteins fused to the PSTCD BAP have different metabolic biotinylation efficiency in 
different mammalian cell types and can be enhanced over 10-fold by over-expressing 
the bacterial biotin ligase which is directed to the same cellular compartment as the 
fusion protein. We also show that in vivo imaging of metabolically biotinylated cell 
surface reporter is significantly enhanced upon co-expression of bacterial biotin ligase 
in the secretory pathway.  

results

Expression and biotinylation levels of endogenously biotinylated proteins. 
To check for the expression level and the biotinylation state of the carboxylases 
and decarboxylases among different mammalian cell types, SDS-polyacrylamide gel 
electrophoresis followed by western blot analysis was performed on lysates from 
different cell lines including a variety of tumor cell lines and fibroblast. Detection with 
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streptavidin-horseradish peroxidase conjugate (streptavidin-HRP) revealed different 
band intensities for the endogenous biotinylated proteins which could be detected 
among different cell lines showing that their expression and/or biotinylation varies 
among different mammalian cell types (Fig. 1a). To corroborate these results with 
the expression of the endogenous mammalian biotin ligase in these cells, the same 
blot was probed with an antibody against HLCS followed by a secondary antibody 
conjugated to HRP (Molecular Probes), which revealed that HLCS expression also 
varied among different mammalian cell types (Fig. 1a). These findings suggest that 
metabolic biotinylation of BAP sequences incorporated into different proteins would 
also vary from cell to cell with different efficiency depending on HLCS expression and 
the cellular compartment of the protein. 

Metabolic biotinylation of proteins incorporating bacterial BAP is not efficient 
and is enhanced by co-expression of bacterial biotin ligase. Recently, we have 
described a biotinylated surface reporter which consists of the prokaryotic PSTCD BAP 
(129 aa) placed between an N-terminal signal sequence followed by an HA-tag and the 
transmembrane domain (TM) of the platelet derived growth factor receptor (BAP-TM, 
22 kDa)10. This reporter was shown to be biotinylated by mammalian HLCS, to display 
biotin on the cell surface, and to be effective in tracking cells expressing it in vivo with 
agents coupled to streptavidin. To determine the efficiency of metabolic biotinylation 
of the BAP-TM reporter in different mammalian cell types, cells were infected with a 
lentivirus vector expressing the BAP-TM reporter and eGFP separated by an internal 
ribosome entry site (IRES) under the control of the cytomegalovirus (CMV) promoter 
(lenti-BAP-TM)10. As a control, cells were infected with similar vector carrying the 
eGFP expression cassette only. FACS analysis of cells expressing the BAP-TM reporter/
eGFP and labeled with anti-biotin antibody conjugated to allophycocyanin (APC) 
revealed marked labeling of the cells expressing the biotinylated reporter and not the 
control cells (Fig. 1b-d). Interestingly, the mean fluorescence intensity (MFI) of cells 
expressing BAP-TM varied among the different mammalian cell lines (Fig. 1b). This 
supports the hypothesis that levels of metabolic biotinylation of BAP-protein fusions 
in mammalian cells are cell-type specific and usually not very efficient. In order to 
enhance the metabolic biotinylation efficiency of BAP-TM, a lentivirus vector was 
generated containing the codon-optimized bacterial biotin ligase cDNA (hBirA, 35 
kDa)18 preceded by a signal sequence (sshBirA) which directs hBirA to the secretory 
pathway followed by IRES-mCherry. Different mammalian cells expressing BAP-TM 
were transduced with this vector or similar vector expressing mCherry (control) and 
analyzed by western blot and FACS as above. Indeed, over-expression of the hBirA 
in the secretory pathway enhanced the biotinylation of BAP-TM reporter in all cells, 
up to 10-fold, as detected by both western blot using streptavidin-HRP and FACS 
analysis with anti-biotin-APC (Fig. 1a-d). The enhanced biotinylation in the presence 
of sshBirA is more evident with FACS analysis since some cell lines (e.g. U251, U20S, 
Gi36) had very high transduction efficiency with lentivirus vectors giving a saturation 
signal by western blot analysis upon detection with streptavidin-HRP even after 
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1 second exposure of the membrane. Further, detection of the HA-tag (fused to 
BAP-TM) using specific antibody, as a marker for transduction efficiency, showed 
similar band intensities in the presence or absence of sshBirA (Fig. 1a). These results 
show that although metabolic biotinylation of bacterial BAP-containing proteins in 
mammalian cells is not efficient, it can be increased by co-expression of bacterial 
biotin ligase. 

 

 
Figure 1. Efficiency of metabolic biotinylation in mammalian cells.  Different mammalian cell lines were 

transduced with lentivirus vectors to express BAP-TM/GFP or both BAP-TM/GFP and sshBirA. (a) cells were 

lysed and analyzed by western blotting using streptavidin-HRP to detect endogenous biotinylated proteins 

and BAP-TM reporter, as well as anti-HA antibody (detecting HA fused to BAP-TM) and tubulin for 

normalization. (b-d) viable cells were stained with anti-biotin-APC antibody and analyzed by FACS for both 

APC and GFP. Data presented as mean ± SD (n=3). (c-d) Representative FACS analysis results for 293T 

cells. 
 

Biotinylation of proteins in different cellular compartment is enhanced by 
directing the bacterial biotin ligase to these compartments. 
To check for the effect of co-expressing the bacterial biotin ligase in different cellular 

compartments on the biotinylation efficiency of BAP-containing proteins that are not 

targeted for the plasma membrane, coding sequences for a single-chain antibody 

fragment, MR1(scFv), with specific binding to epidermal growth factor receptor-vIII 

(EGFRvIII)19 were fused to the 129 aa PSTCD BAP, in-frame, at the 3’ end to generate 

pMR1-BAP (60 kDa). 293T cells were transfected with pMR1-BAP plasmid alone or 

together with a plasmid expressing a biotin ligase with an HA-tag that was directed to 

either the cytoplasm (phBirA), the endoplasmic reticulum (ER; psshBirA-KDEL) or the 

Figure 1. Efficiency of metabolic biotinylation in mammalian cells.  Different 
mammalian cell lines were transduced with lentivirus vectors to express BAP-TM/GFP or 
both BAP-TM/GFP and sshBirA. (a) cells were lysed and analyzed by western blotting using 
streptavidin-HRP to detect endogenous biotinylated proteins and BAP-TM reporter, as well 
as anti-HA antibody (detecting HA fused to BAP-TM) and tubulin for normalization. (b-d) 
viable cells were stained with anti-biotin-APC antibody and analyzed by FACS for both 
APC and GFP. Data presented as mean ± SD (n=3). (c-d) Representative FACS analysis 
results for 293T cells.

Biotinylation of proteins in different cellular compartment is enhanced by 
directing the bacterial biotin ligase to these compartments. To check for the 
effect of co-expressing the bacterial biotin ligase in different cellular compartments 
on the biotinylation efficiency of BAP-containing proteins that are not targeted for 
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the plasma membrane, coding sequences for a single-chain antibody fragment, 
MR1(scFv), with specific binding to epidermal growth factor receptor-vIII (EGFRvIII)19 
were fused to the 129 aa PSTCD BAP, in-frame, at the 3’ end to generate pMR1-BAP 
(60 kDa). 293T cells were transfected with pMR1-BAP plasmid alone or together with 
a plasmid expressing a biotin ligase with an HA-tag that was directed to either the 
cytoplasm (phBirA), the endoplasmic reticulum (ER; psshBirA-KDEL) or the secretory 
pathway (psshBirA). Forty-eight hours post-transfection, cell lysates were analyzed for 
biotinylation efficiency by western blotting with streptavidin-HRP. As hypothesized, 
this antibody fusion protein (MR1-BAP, 60 kDa) was not biotinylated efficiently by the 
mammalian biotin ligase alone (Fig. 2a). When this antibody-BAP was co-expressed 
with the cytoplasmic hBirA, its biotinylation efficiency increased relatively (2-3 fold). 
However, consistent with this antibody-BAP being secreted, co-expression of either 
the secreted or ER-directed ligase increased its biotinylation efficiency dramatically 
(approximately 10-fold) (Fig. 2a). Interestingly, as observed by western blotting, 
expression of the bacterial biotin ligase did not have an effect on the biotinylation 
of endogenous carboxylases and decarboxylases normally biotinylated in mammalian 
cells, demonstrating that the bacterial biotin ligase did not recognize the mammalian 
BAP within these enzymes (Fig. 2b) 

Co-expression of the bacterial biotin ligase biotinylates small 14 aa BAP 
efficiently. In order to check for the smallest size of BAP compatible with biotinylation, 
a new construct was generated in which the 129 aa BAP in the BAP-TM reporter 
was replaced with a 14 aa BAP (Avidity, 14BAP-TM, 11 kDa) which is known to be 
biotinylated by bacterial biotin ligase in bacteria and mammalian cells20. This new 
fusion protein was expressed in mammalian cells and, as expected, was not biotinylated 
by endogeneous HLCS (Fig. 2c). However, when the bacterial biotin ligase directed 
to the secretory pathway was co-expressed with 14BAP-TM, this fusion protein was 
efficiently biotinylated, as observed by western blotting analysis with streptavidin-
HRP conjugate, proving that a very short BAP sequence can be used for metabolic 
biotinylation within a cellular compartment in mammalian cells. As an additional 
conformation, the same 11 kDa band was also detected with a combination of an 
anti-HA antibody and a secondary antibody-HRP conjugate in both lanes containing 
lysates from cells transfected with 14BAP-TM or with both 14BAP-TM and sshBirA.  
Another HA-tagged band of 35 kDa was also observed in the lane containing lysates 
from sshBirA expressing cells confirming its expression (Fig. 2c). 

To check for the effect of co-expressing cytoplasmic, ER-targeted or secreted 
biotin ligases on the biotinylation of cell surface 14BAP-protein fusions, 293T cells 
were co-transfected with p14BAP-TM alone or together with phBirA, psshBirA and 
psshBirA-KDEL and analyzed by FACS after staining with anti-biotin-APC conjugate 
(Fig. 2d). As expected, co-expressing the cytoplasmic hBirA showed little biotinylation 
of 14BAP-TM and hence little staining by FACS. When the hBirA was directed to 
ER (sshBirA-KDEL) or to the secretory pathway (sshBirA), the staining was enhanced 
greatly (up to 10-fold with no difference between sshBirA and sshBirA-KDEL) 
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suggesting that metabolic biotinylation of secreted or cell-surface BAP-protein fusions 
is optimized by co-expression of a biotin ligase directed to the same compartment 
where the fusion protein is being directed. 
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Figure 2. Metabolic biotinylation of secreted and cell surface BAP-protein fusions 
in mammalian cells. (a) 293T cells were transfected with pMR1-BAP with and without 
hBirA, sshBirA or sshBirA-KDEL. Forty-eight hours later, cells were lysed and analyzed by 
western blotting for efficiency of biotinylation with streptavidin-HRP.  The same blot was 
also detected with anti-HA and secondary-HRP to normalize for transfection and loading 
efficiency. (b) Cells were transfected with either phBirA, psshBirA and psshBirA-KDEL 
and forty-eight hours later, cells were lysed and analyzed by western blotting with either 
streptavidin-HRP for detection of endogenous biotinylated proteins or anti-HA antibody 
for detection of biotin ligases or anti-β-tubulin antibody for normalization. (c) Cells were 
transfected with either p14BAP-TM or with p14BAP-TM and sshBirA and analyzed by 
western blotting with streptavidin-HRP for biotin detection (left) and with a combination 
of anti-HA antibody and a secondary-HRP conjugate (right). (d) Cells were transfected 
with p14BAP-TM alone or together with h either cytoplasmic phBirA, secreted psshBirA 
or ER-directed psshBirA-KDEL. Live cells were labeled with anti-biotin-APC conjugate and 
analyzed by FACS for both GFP and APC. Relative mean fluorescence intensity is plotted 
against the different conditions of transfection. Data presented as mean ± SD (n=3).
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In vivo imaging of metabolically biotinylated cell surface reporter is enhanced 
upon co-expression of secreted biotin ligase. We have shown that BAP-TM reporter 
is useful to track cells expressing it in vivo10.  To corroborate the in vitro findings in 
an in vivo model, Gli36 human glioma cells expressing either GFP (control), BAP-TM 
or both BAP-TM and secreted sshBirA were implanted subcutaneously in nude mice 
in three different locations. Two-weeks later, mice were intravenously (i.v.) injected 
with streptavidin-Alexa750 conjugate and fluorescence-mediated tomography (FMT) 
imaging was performed to quantify the accumulation of the fluorescent conjugate 
in the different tumor implants.  Tumors expressing the BAP-TM showed higher 
binding/uptake of the fluorophore as compared to control tumors. Moreover, tumors 
expressing both BAP-TM and sshBirA showed significantly higher accumulation of 
the fluorophore as compared to BAP-TM tumors (>5-fold; p=0.001), confirming our 
in vitro findings (Fig. 3). These results reveal that in vivo imaging using metabolically 
biotinylated cell surface receptors is enhanced by co-expression of the bacterial biotin 
ligase in the secretory pathway.
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Figure 3. In vivo imaging of metabolically biotinylated surface reporter. Gli36 
human glioma cells expressing either GFP (control), BAP-TM or both BAP-TM and sshBirA 
were implanted subcutaneously in nude mice. Two weeks later, mice were i.v. injected with 
streptavidin-Alexa750 conjugate and imaged using fluorescence-mediated tomography. 
(a) The FMT image is displayed with the fluorescence signals superimposed with the 
grayscale planar excitation light image of the mouse. (b) Quantitation of tumor-associated 
streptavidin-fluorochrome levels in (a). Data presented as mean ± SD (n=5).  

DiscussioN

Metabolic biotinylation of BAP-protein fusions have been used in many different fields 
ranging from protein purification and trafficking to vector purification and targeting 
as well as non-invasive in vivo tumor tracking. The work presented here provides 
insight into conditions for the optimization of metabolic biotinylation of BAP-protein 
fusions in mammalian cells. It shows that the expression levels of mammalian 
biotin ligase, holocarboxylase synthetase as well as the metabolic biotinylation of 



93ENHANCED IN VIVO IMAGING OF CELL SURFACE REPORTERS

5

endogenous carboxylases and decarboxylases and exogenous BAP-protein fusions 
vary among mammalian cells. Co-expression of the bacterial biotin ligase enhances 
the biotinylation of BAP-protein fusions in mammalian cells for both 14 aa and 129 
aa PSTCD BAPs, especially when directed to the cellular compartment where the 
fusion protein is targeted. Further, in vivo imaging of cells expressing biotinylated 
surface reporter was significantly enhanced upon co-expression of the bacterial biotin 
ligase in the secretory pathway. Bacterial biotin ligase did not recognize and hence 
did not increase the biotinylation of the biotin acceptor sequences within the human 
carboxylases and decarboxylases normally biotinylated in mammalian cells.

The specificity of the bacterial biotin ligase for the BAP sequences provides a unique 
way to study cellular biological processes. This methodology could theoretically be 
applied to any cellular protein irrespective of its cellular compartment and thereby 
provide an easy and universal means to purify biotinylated protein expressed in 
mammalian cells with commercially available reagents, such as monomeric avidin 
beads, and to bring down associated proteins. This strategy can eventually encompass 
many different proteins in a variety of locations within the cell or secreted from it. The 
extremely high and stable interaction of biotin with streptavidin makes this system 
advantageous over genetically encoded tags for antibodies by enabling detection 
of the label with higher sensitivity and allowing more stringent washing that can 
increase the specificity and decrease the background interference.  This labeling 
methodology also provides a sensitive means of tracking proteins within living cells 
during synthesis and processing and under different physiologic conditions, as well as 
tracking cell movement, proliferation and death in vivo. 

Recently, a method for labeling surface receptors was developed using exogenous 
recombinant biotin ligase to biotinylate surface proteins which had been engineered 
to incorporate BAP sequences21,22. In this case, a 14 aa BAP was incorporated into a 
transmembrane receptor for expression in mammalian cells and then cultured cells 
were incubated with extracellular recombinant biotin ligase, ATP and free biotin. 
Although this system has the advantage of using a small 14 aa BAP with great 
potential for discrete labeling of surface proteins in cultured cells, it would be difficult 
to use in vivo since this BAP is not biotinylated by the endogenous biotin ligase and it 
would be difficult to administer biotin ligase and ATP to animals/humans. As shown 
here, co-expressing the bacterial biotin ligase with the 14BAP-TM reporter has the 
advantage that the cell surface receptors are metabolically biotinylated endogenously 
during biosynthesis which can be detected in culture as well as in vivo after injection 
of imaging agents coupled to avidin or streptavidin10.

Optimized metabolic biotinylation in combination with the strong interaction 
of biotin to avidin or streptavidin provides a unique platform for the development 
of more efficient targeting strategies and can be applied to many different fields 
including vector purification, monitoring of protein fate, investigation of cell biologic 
events, targeting of therapeutic agents, and monitoring of tumor growth and 
regression in vivo.
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material aND methoDs

Cell lines. Gli36 human glioma cells are a kind gift from Dr. Anthony Capagnoni (UCLA, 
Los Angeles, CA). 293T human embryonic kidney fibroblasts were obtained from Dr. 
Maria Calos (Stanford University School of Medicine, Stanford, CA). A549 human 
lung adenocarcinoma, U251 human glioma as well as U20S human osteosarcoma 
were obtained from ATCC. These cells were grown in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine serum (Sigma, St. Louis, MO), 
100 U penicillin and 0.1 mg of streptomycin (Sigma) per ml at 37 °C and 5% CO2 
in a humidified atmosphere. HEI193 human shwanomma cells23 were maintained in 
similar growth medium supplemented with 2 µM forskolin and 50 mg/ml gentamicin. 

Constructs. All constructs used in this study were initially cloned in the pDisplay 
vector (Invitrogen, Carlsbad, CA) which tags all genes with an N-terminal epitope of 
hemagglutinin A (HA). The pBAP-TM construct was generated previously10. The cDNA 
sequence for the 14 BAP was amplified by PCR from pAN-4 (Avidity) and cloned 
into the BglII/SacII sites of pDisplay vector to generate p14BAP-TM. The cDNA for 
the single-chain antibody fragment, MR1(scFv), with specific binding to epidermal 
growth factor receptor-vIII (EGFRvIII)19 was amplified by PCR and fused in-frame to 
the 129 aa PSTCD BAP at its 3’ terminus in pBAP-TM, replacing TM, to generate 
pMR1-BAP (60 kDa).  The bacterial biotin ligase, codon optimized from mammalian 
gene expression (hBirA)18 was amplified by PCR and either cloned in BglII and SacII 
to generate the secreted form (psshBirA) or cloned in EcoRI and SacII to remove 
the signal sequence, generating the cytoplasmic version (phBirA). To generate the 
ER-targeted hBirA (psshBirA-KDEL), a primer set in which the KDEL sequence was 
introduced to the downstream primer was used to amplify the hBirA and cloned 
in BglII and SacII sites.  The BAP-TM reporter was subcloned into a lentivirus vector 
together with eGFP separated by an IRES to generate lenti-BAP-TM-IGFP. The secreted 
biotin ligase sshBirA was subcloned into a lentivirus vector together with mCherry 
red fluorescent protein separated by an IRES generating lenti-sshBirA-ImCherry24. 
Lentivirus vectors were packaged and tittered as previously described10. 

Western blot analysis. Different types of cells were infected with lenti-BAP-TM-IGFP 
followed by either lenti-mCherry control or lenti-sshBirA-ImCherry at a multiplicity of 
infection of 30. Or 293T cells were transfected with different constructs or pDisplay 
plasmids (as a control) using lipofectamine (Invitrogen). Forty-eight hours post-
transduction, cells were harvested and lysed in 50 ml 150 mM NaCl, 1% NP40, 0.5% 
deoxycholic acid, 0.1% sodium dodecyl sulfate in 50 mM Tris-HCl, pH 8, with 0.5 ml 
protease inhibitor (Roche, Indianapolis, IN). The protein concentration of cell lysate 
was measured using the Bradford reagent (BIO-RAD, Hercules, CA) and 20 mg were 
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
with molecular weight standards, as described25.  After transferring proteins onto 
nitrocellulose membranes, blots were stained with Ponceau to verify even protein 
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loading.  The endogenously biotinylated proteins as well as the BAP-fusions, BAP-TM 
(MW 22 kDa), 14BAP-TM (11 kDa), or MR1-BAP (60 kDa) were visualized with 
streptavidin-horseradish peroxidase conjugate (streptavidin-HRP, Molecular Probes).  
Blots were also probed with antibodies against either HA epitope (Roche Diagnostics, 
Indianapolis, IN; to normalize for transduction efficiency), β-tubulin (Sigma, St Louis, 
MO) or holocarboxylase synthetase (HLCS; Novus Biologicals, Littleton, CO) followed 
by a secondary antibody-HRP conjugate (Molecular Probes). ECL Reagent (Pierce 
Biotech, Rockford, IL) was used to develop all blots.

FACS analysis. Cells were transduced with pBAP-TM or p14BAP-TM alone or 
together with phBirA, psshBirA, or psshBirA-KDEL. A plasmid expressing the 
enhanced green fluorescence protein under control of CMV promoter was co-
transfected with p14BAP-TM construct to normalize for transfection efficiency. 
Forty-eight hours post-transduction, cells were incubated with anti-biotin antibody 
conjugated to allophycocyanin (APC; Miltenyi Biotec) diluted 100x in PBS for 5 min at 
room temperature. Cells were then washed, resuspended in PBS, and analyzed with 
a FACS-Calibur cytometer (Becton Dickinson, San Jose, CA).

In vivo tumor model. All animal studies were approved by the Subcommittee on 
Research Animal Care at Massachusetts General Hospital and were performed in 
accordance to their guidelines and regulations. Gli36 human glioma cells were infected 
with lentivirus vectors carrying the expression cassette for GFP (control), BAP-TM or 
both BAP-TM and sshBirA. One million of these cells (in 50 µl in PBS) were mixed 
with same volume of Matrigel and implanted subcutaneously at 3 different sites. Two 
weeks later, mice (n=5) were intravenously injected with 70 nmol/kg body weight (with 
respect to the fluorophore) of Streptavidin-Alexa750 conjugate. Twenty-four hours 
later, coronal fluorescence-mediated tomography (FMT) images were acquired using 
a continuous wave-type scanner capable of acquiring transillumination, reflectance, 
and absorption data (VisEn Medical). Prototypes of the device and reconstruction 
algorithms26,27 as well as the imaging protocol28 have been described previously.
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abstract

We have developed a multifaceted highly specific platform for targeting and 
multimodal imaging of brain tumors. A metabolically biotinylated, membrane-bound 
form of Gaussia luciferase was synthesized, termed mbGluc-biotin. We engineered 
glioma cells ex vivo to express this reporter and showed that brain tumors formation 
can be temporally imaged by bioluminescence following i.v. administration of 
coelenterazine. Brain tumors expressing this reporter had high sensitivity for detection 
by magnetic resonance (MR) and fluorescence tomographic imaging upon injection 
of streptavidin conjugated to magnetic nanoparticles or Alexa750 fluorophore 
respectively. Moreover, single photon emission computed tomography (SPECT) showed 
enhanced imaging of these tumors upon injection with streptavidin complexed to 
67Ga-DTPA-biotin. This work shows for the first time a single small reporter (20 kDa) 
which can be monitored with most available molecular imaging modalities including 
bioluminescence, fluorescence, MR and radionuclide imaging such as SPECT and can 
be extended for single cell imaging such as intravital microscopy, allowing real-time 
tracking of brain tumors in vivo.
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iNtroDuctioN

Advances in bioengineering, chemistry and imaging techniques have enabled tracking 
of gene expression, stem cells tracking, tumor growth and regression, molecular 
events in the tumor as well as gene therapy1-4. The most commonly used reporters 
are the green fluorescent protein (GFP) as well as the red fluorescent protein (RFP) 
and more recently, mutant variants emitting at different wavelengths which are used 
in combination with fluorescence imaging5. Luciferases from the American firefly 
Photinus pyralis, the sea pansy Renilla reniformis or the marine copepod Gaussia 
Princeps are used as reporters for bioluminescence imaging (BLI)4. Thymidine kinase 
(TK) from the herpes simplex virus (HSV) type-1 is commonly used for positron 
emission tomographic (PET) imaging6. Other reporters include transferrin receptors 
overexpression to increase the uptake of magnetic resonance (MR) imaging agents7 
and sodium–iodine symporters (NIS) for PET and single photon computed molecular 
tomographic (SPECT) imaging8. All these reporter genes and the corresponding 
imaging technique have unique benefits as well as specific limitations, making them 
better suited for some applications over others1. For instance, some optical imaging 
methodologies are well suited for in vitro studies, frequent small animal imaging, and 
are cost-effective as well as time efficient. However, they can be limited by depth of 
light penetration and scatter and in the case of bioluminescence, do not yet provide 
tomographic information; PET and SPECT are highly sensitive translational tools but 
expensive and not suited for frequent imaging due to the use of radionuclides; MR 
on the other hand provides a high degree of spatial resolution and is well suited 
for tumor phenotyping and anatomical reconstruction but can lack molecular detail. 
Many of the limitations of each of these techniques can be overcome by the use of a 
reporter which gives the choice for the modality to be used, thereby facilitating the 
validation of the study in animal models and its translation into humans9. As a general 
approach, fusion proteins consisting of two or more reporters are generated through 
recombinant DNA constructs the expression of which can be imaged with different 
modalities in both cells and living organisms10,11. These reporters have limitations such 
as loss of activity, large fusion size and the best described reporter allowed imaging 
with up to three modalities.

The strong interaction of biotin with streptavidin have been used for decades for 
different applications ranging from protein and nucleic acid analysis in vitro, protein 
tagging and purification in cultured cells to tumor targeting in vivo12-15. On the other 
hand, metabolic biotinylation of a biotin acceptor peptide (BAP) in which the enzyme 
biotin ligase catalyses the addition of a single biotin moiety to a specific lysine residue 
within its sequence has been used to monitor gene expression16; purify and target 
viral vectors17; monitor of cell and tumor distribution in real time in vivo18; and tag 
proteins for purification, localization and trafficking19,20.

In this paper, we took advantage of the natural secretion feature of Gaussia 
luciferase21,22 and engineered a membrane-bound variant fused to BAP. We show 
that both Gluc and biotin are displayed on the cell surface in an active form (mbGluc-
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biotin). More importantly, we show that brain tumors expressing this reporter can 
be imaged with different imaging modalities including BLI, fluorescence, MR, as well 
as radionuclide imaging such as SPECT using either coelenterazine, the substrate for 
Gluc, or different labeled streptavidin moieties. This is the first report of a single small 
reporter (~20 kDa) which can be monitored with most available molecular imaging 
modalities and is successfully used to localize tumors in deep tissues. 

results

mbGluc is metabolically biotinylated in mammalian cells. A lentivirus vector 
construct bearing the naturally secreted Gaussia luciferase cDNA, including its signal 
sequence (ss; 185 amino acids) fused to the transmembrane domain of PDGFR 
(mbGluc), separated by the BAP sequence (129 amino acids) was generated. This 
expression construct also contains the sequence of the enhanced green fluorescent 
protein (GFP), separated from the reporter by an internal ribosome entry site 
(IRES), driven by a cytomegalovirus (CMV) promoter (Fig. 1). Upon gene transfer, 
GFP is expressed. further, this reporter is biotinylated by biotin ligase with both 
biotin and Gluc are displayed on the cell surface (mbGluc-biotin). Upon injection 
of coelenterazine, the Gluc substrate, this reporter can be imaged by BLI. On the 
other hand, upon injection of streptavidin conjugated to magnetic nanoparticles, 
fluorophore, or radionuclide, the reporter can be imaged with MR, fluorescence/
intravital microscopy (IVM) or SPECT/PET respectively. Natively, cells can be visualized 
via GFP which can also be imaged with IVM and tracked with fluorescence analysis 
cell sorting (FACS) and histology.

Tracking of mbGluc-biotin in mammalian cells. In order to measure the expression 
of the mbGluc-biotin in mammalian cells, 293T human fibroblast cells were 
transfected with this construct, and forty-eight hours later, Western blot analysis 
was performed on cell lysates using either streptavidin-horseradish peroxidase (HRP) 
conjugate (to detect biotinylation efficiency) or Gluc specific antibody showing 
that this reporter is expressed and metabolically biotinylated (Fig. 2a). To confirm 
the expression of Gluc on the cell surface in an active form, Gli36 cells expressing 
mbGluc-biotin or native secreted Gluc were plated in a 96-well plate. Forty-eight 
hours later, cells were washed and the cellular-associated Gluc signal was measured 
using a luminometer after addition of coelenterazine. Cells expressing mbGluc-biotin 
showed much higher Gluc signal (>7 fold) as compared to native Gluc confirming the 
expression and full activity of Gluc on the cell surface (Fig. 2b). To localize Gluc and 
biotin to the cell surface, we labeled viable Gli36 cells expressing this mbGluc-biotin 
with either an anti-biotin antibody conjugated to allophycocyanin (APC) or anti-Gluc 
antibody followed by a secondary-Alexa647 conjugate. Fluorescence-activated cell 
sorting (FACS) analysis confirmed that the mbGluc-biotin reporter is metabolically 
biotinylated and showed that both Gluc as well as biotin are displayed on the cell 
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surface (Fig. 2c). To visualize the expression of Gluc and biotin on the cell surface, 
cells were plated on coverslips and stained with either Gluc antibody followed by 
secondary-Alexa647 or streptavidin-Alexa647 conjugate followed by analysis using 
fluorescence microscopy which showed a distinct surface staining for both Gluc and 
biotin, confirming the FACS analysis data (Fig. 2d). 

Optical imaging of brain tumors with mbGluc-biotin reporter. We first 
engineered Gli36 human glioma cells by a lentivirus vector to stably express the 
mbGluc-biotin reporter or GFP as a control (n=5 per group). We injected either of 
these cells intracranially into nude mice. Two weeks later, we first imaged tumors 
with bioluminescence imaging by injecting coelenterazine intravenously (i.v.)22, the 
substrate for Gluc. A signal was detectable only in the mbGluc-biotin-expressing 
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Figure 1. mbGluc-biotin reporter. Schematic overview of the multimodal imaging of 
the mbGluc-biotin reporter system. Upon vector-mediated delivery and expression, GFP 
is expressed.  Biotin ligase will metabolically tag the BAP sequence within the reporter 
with a single biotin moiety followed by processing through the secretory pathway leading 
to displaying both Gluc and biotin on the cell surface.  The biotin serves as a “molecular 
beacon” which can attract any imaging agent conjugated to streptavidin suited for 
fluorescence-mediated tomography (FMT), intravital microscopy (IVM), magnetic resonance 
(MR) and radionuclide imaging such as single emission photon computed tomography 
(SPECT) or positron emission tomography (PET).  Further, the presence of Gluc on the cell 
surface allows bioluminescence imaging of this reporter.  
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cells and not the control cells showing that this reporter is successfully detected with 
BLI (Fig. 3a and b). We next determined whether brain tumors can be detected 
with fluorescence imaging. The same mice were injected with streptavidin-Alexa750 
conjugate and imaged with fluorescence-mediated tomography (FMT) four, eight 
and twenty-four hours post-injection. An accumulation of Alexa750 fluorophore was 
observed in brain tumors expressing the mbGluc-biotin reporter and not GFP, the 
highest being at twenty-four hours, showing that brain tumors can be imaged with 
fluorescence (Fig. 3c and d). 

 
Figure 2. Analysis of cells expressing mbGluc-biotin reporter. (a) 293T cells were transfected with a plasmid 

expressing mbGluc-biotin or GFP control. Forty-eight hours later, cell lysates were analyzed by western blotting for 

both expressing of Gluc and biotinylation as of the reporter using either a combination of Gluc-specific antibody 

followed by secondary-HRP conjugate or streptavidin-HRP conjugate respectively. (b) Gli36 cells expressing either 

mbGluc-biotin or native secreted Gluc were imaged for Gluc expression on the cell surface by adding coelenterazine 

directly to viable cells followed by photon count using a luminometer. (c) Viable Gli36 cells infected with lentivirus 

vector encoding mbGluc-biotin and GFP or GFP alone were labeled with anti-biotin antibody conjugated to APC or 

Gluc antibody followed by a secondary-Alexa647 conjugate and analyzed by FACS. (d) Gli36 cells expressing 

mbGluc-biotin or GFP were plated on coverslips and stained with Streptavadin-Alexa647 or with a combination of 

Gluc antibody followed by secondary-Alexa647 conjugate. Cells were then fixed using 4% paraformaldehyde and 

analyzed by fluorescence microscopy. 
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Figure 2. Analysis of cells expressing mbGluc-biotin reporter. (a) 293T cells were 
transfected with a plasmid expressing mbGluc-biotin or GFP control. Forty-eight hours 
later, cell lysates were analyzed by western blotting for both expressing of Gluc and 
biotinylation as of the reporter using either a combination of Gluc-specific antibody 
followed by secondary-HRP conjugate or streptavidin-HRP conjugate respectively. (b) 
Gli36 cells expressing either mbGluc-biotin or native secreted Gluc were imaged for Gluc 
expression on the cell surface by adding coelenterazine directly to viable cells followed 
by photon count using a luminometer. (c) Viable Gli36 cells infected with lentivirus vector 
encoding mbGluc-biotin and GFP or GFP alone were labeled with anti-biotin antibody 
conjugated to APC or Gluc antibody followed by a secondary-Alexa647 conjugate and 
analyzed by FACS. (d) Gli36 cells expressing mbGluc-biotin or GFP were plated on coverslips 
and stained with Streptavadin-Alexa647 or with a combination of Gluc antibody followed 
by secondary-Alexa647 conjugate. Cells were then fixed using 4% paraformaldehyde and 
analyzed by fluorescence microscopy.
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detectable only in the mbGluc-biotin-expressing cells and not the control cells showing that this 

reporter is successfully detected with BLI (Fig. 3a and b). We next determined whether brain 

tumors can be detected with fluorescence imaging. The same mice were injected with 

streptavidin-Alexa750 conjugate and imaged with fluorescence-mediated tomography (FMT) 

four, eight and twenty-four hours post-injection. An accumulation of Alexa750 fluorophore was 

observed in brain tumors expressing the mbGluc-biotin reporter and not GFP, the highest being 

at twenty-four hours, showing that brain tumors can be imaged with fluorescence (Fig. 3c and 
d).  

 
Figure 3. Bioluminescence and fluorescence imaging of mice bearing intracranial tumors. Gli36 cells 

expressing either mbGluc-biotin or GFP control (n=5/group) were implanted intracranially. (a) Three weeks later, mice 

were i.v. injected with coelenterazine and imaged by bioluminescence using a cooled CCD camera. (b) quantification 

of tumor-associated bioluminescence signal in (a). (c) The same mice from (a) were i.v. injected with streptavadin-

Alexa750 conjugate and imaged twenty-four hours later with fluorescence-mediated tomography (FMT). (d) 

Quantification of tumor associated fluorochrome levels in (c). Data shown as mean ± SD (n=5). 

 
 
 
 

Figure 3. Bioluminescence and fluorescence imaging of mice bearing intracranial 
tumors. Gli36 cells expressing either mbGluc-biotin or GFP control (n=5/group) were 
implanted intracranially. (a) Three weeks later, mice were i.v. injected with coelenterazine 
and imaged by bioluminescence using a cooled CCD camera. (b) quantification of tumor-
associated bioluminescence signal in (a). (c) The same mice from (a) were i.v. injected with 
streptavadin-Alexa750 conjugate and imaged twenty-four hours later with fluorescence-
mediated tomography (FMT). (d) Quantification of tumor associated fluorochrome levels 
in (c). Data shown as mean ± SD (n=5).

Radionuclide imaging of brain tumors expressing mbGluc-biotin. We first 
synthesized 67Ga-DTPA-biotin (Fig. 4a and b) and then complexed it to streptavidin. 
Mice bearing intracranial brain tumors from above (n=4) were then i.v. injected with 
this complex and imaged with SPECT twenty-four hours later. High accumulation of 
radionuclide probe was observed in the mbGluc-biotin-expressing brain tumors as 
compared to GFP control tumors, with respect to the normal brain, showing that 
this reporter can be used to image gliomas with any radionuclide imaging technique 
including SPECT and can be extended to PET (Fig. 4c and d).

Magnetic resonance imaging of brain tumors expressing mbGluc-biotin. To 
show the utility of the mbGluc-biotin reporter in imaging brain tumors with magnetic 
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resonance, the same mice from above (n=4) were i.v. injected with a conjugate 
between streptavidin and magnetic nanoparticle. Twenty-four hours later, a decrease 
in the spin-spin relaxation time (T2) was observed in tumors expressing mbGluc-biotin 
as compared to GFP control tumors proving that this reporter can also be imaged 
with magnetic resonance (Fig. 5).

Radionuclide imaging of brain tumors expressing mbGluc-biotin 
We first synthesized 67Ga-DTPA-biotin (Fig. 4a and b) and then complexed it to streptavidin. 

Mice bearing intracranial brain tumors from above (n=4) were then i.v. injected with this complex 

and imaged with SPECT twenty-four hours later. High accumulation of radionuclide probe was 

observed in the mbGluc-biotin-expressing brain tumors as compared to GFP control tumors, 

with respect to the normal brain, showing that this reporter can be used to image gliomas with 

any radionuclide imaging technique including SPECT and can be extended to PET (Fig. 4c and 
d). 

 
Figure 4. In vivo radionuclide imaging of mbGluc-biotin-expressing brain tumors. (a-b) biotin-DTPA agent was 

synthesized (a) and analyzed by mass spectrometry (b). (c) biotin-DTPA was then used to chelate 67Ga which was 

then complexed to streptavidin. Mice bearing glioma tumor expressing either mbGluc-biotin or GFP (n=4/group) were 

i.v. injected with this agent (500 µCi) and imaged by single photon computed molecular tomography (SPECT). (d) 

tumor-associated radionuclide signal was measured. Data shown as the mean ratio of tumor-accumulated 

radionuclide versus normal brain ± SD (n=4).  

 

 

Magnetic resonance imaging of brain tumors expressing mbGluc-biotin  

Figure 4. In vivo radionuclide imaging of mbGluc-biotin-expressing brain tumors. 
(a-b) biotin-DTPA agent was synthesized (a) and analyzed by mass spectrometry (b). (c) 
biotin-DTPA was then used to chelate 67Ga which was then complexed to streptavidin. 
Mice bearing glioma tumor expressing either mbGluc-biotin or GFP (n=4/group) were 
i.v. injected with this agent (500 µCi) and imaged by single photon computed molecular 
tomography (SPECT). (d) tumor-associated radionuclide signal was measured. Data shown 
as the mean ratio of tumor-accumulated radionuclide versus normal brain ± SD (n=4). 
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DiscussioN

Recent advances in non-invasive imaging, including the introduction of genetically 
encoded reporters into cells and the use of different imaging techniques, had a 
critical role in understanding normal physiology, disease progression and response 
to therapy2-4. Imaging modalities are becoming increasingly important in the 
field of cancer as it can allow a fast quantitative measurement of tumor weight 
and treatment response, thereby accelerating the development of experimental 
therapeutic strategies1. Since every imaging modality has its own characteristics and 
limitations (depth, resolution, cost, throughput), the use of a multimodal reporter 
provides the option of the modality to be used, thereby giving insight into the 
anatomy, physiology and functions of living organisms, facilitating the validation of 
the study in experimental models and its translation into the clinic9.

To show the utility of the mbGluc-biotin reporter in imaging brain tumors with magnetic 

resonance, the same mice from above (n=4) were i.v. injected with a conjugate between 

streptavidin and magnetic nanoparticle. Twenty-four hours later, a decrease in the spin-spin 

relaxation time (T2) was observed in tumors expressing mbGluc-biotin as compared to GFP 

control tumors proving that this reporter can also be imaged with magnetic resonance (Fig. 5). 
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Figure 5. Magnetic resonance imaging of intracranial brain tumors expressing 
mbGluc-biotin. Mice-bearing glioma tumors expressing either mbGluc-biotin or GFP 
control were i.v. injected with streptavadin-MNP conjugate and imaged with T2-weighted 
magnetic resonance before and twenty-four hours post-injection. (a) a T2-weighted axial 
magnetic resonance slice through the brain of a typical mouse. (b) Quantification of T2 
values in tumors in (a) shown as mean ± SD (n=4). 
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In this study, we present a very small multimodal reporter based on a membrane-
bound form of the sensitive Gaussia luciferase reporter fused to a biotin acceptor 
peptide. Upon expression, biotin ligase tags the BAP peptide with a single biotin 
moiety at a specific lysine residue followed by processing through the secretory 
pathway and binding on the cell surface. The biotin now serves as a “molecular 
beacon” to attract any imaging agent coupled to streptavidin. Further, the presence 
of Gluc on the cell surface can be imaged with bioluminescence imaging upon 
injection of its substrate, coelenterazine. We showed that brain tumors expressing 
this reporter were tracked with high sensitivity with most commonly used molecular 
imaging modalities including bioluminescence, fluorescence, radionuclide (SPECT) 
and magnetic resonance. 

Fusion proteins consisting of two or more reporters, generated through 
recombinant DNA expression constructs, and which expression can be imaged with 
different imaging modalities in both individual cells and living organisms have been 
described. For instance, fusions between a fluorescent protein and a PET reporter 
protein23,24, a triple fusion proteins between luciferase, RFP and TK10 or a hybrid 
between NIS and eGFP linked with an internal ribosomal entry site (IRES)11 were 
developed and applied for multimodal imaging of tumors. Although such fusions or 
linked proteins have proven to be applicable for experimental purposes, a considerable 
amount of activity was lost (80% for RFP, and 50% for luciferase) for each reporter 
due to steric hindrance and/or lower level of expression due to reduced translation of 
coding sequences following the IRES element25. Thus, the use of these multi-fusions 
reduces detection sensitivity. Further, the size of these and similar fusion proteins is 
considerably large (Rluc-mRFP-TK; 2.4 kb; 90 kDa; NIS-IRES-eGFP; 3.7 kb; 140 kDa) 
making the expression cassettes too large to be carried in some viral vectors such as 
AAV vectors which are widely used in clinical trials for gene transfer. 

The interaction of biotin with streptavidin is the strongest non-covalent binding 
known (Kd = 10-15) with orders of magnitude higher than most antibodies26. The 
attachment of biotin to the BAP sequence, through biotin ligase, is a highly selective 
process and has already been used in different fields16,17,20. Further, the streptavidin-
biotin system has been used in clinical trials for targeted tumor therapy as well as 
for imaging using magnetic nanoparticles and radionuclides27,28,12,15. The mbGluc-
biotin reporter described here has several advantages compared to commonly used 
multimodal reporters: (1) the reporter has a small size (~20 kDa) which makes it a 
valuable reporter for several delivery systems; (2) This reporter can be imaged with four 
different imaging modalities including BLI, FMT, MR and SPECT and can be extended 
for PET and IVM imaging; (3) the very strong binding of biotin to streptavidin makes 
the reporter very sensitive even in detecting tumors in deep tissues such as gliomas. 
The mbGluc-biotin reporter provides a strong platform for multimodal imaging of 
tumors and can be extended to many different fields including stem cells tracking for 
gene and cell therapy.
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material aND methoDs

Cell culture. Gli36 human glioma cells were obtained from Dr. Anthony Capagnoni 
(UCLA, Los Angeles, CA). 293T human embryonic kidney fibroblasts were obtained 
from Dr. Maria Carlos (Stanford University School of Medicine, Stanford, CA). Both 
cell lines were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (Sigma, St. Louis, MO), 100 U penicillin and 0.1 mg of 
streptomycin (Sigma) per milliliter at 37 °C and 5% CO2 in a humidified atmosphere.

mbGluc-biotin reporter construct. The sequence for Gluc, codon optimized for 
mammalian gene expression21, was amplified by polymerase chain reaction (PCR) 
using specific primers introducing EcoRI and BglII restriction sites at the 5’ and 3’ 
end respectively. The plasmid pDisplay-BAP-TM18 was digested with similar restriction 
enzymes removing the Igk signal sequence and HA-tag. Gluc PCR product was then 
digested and cloned in frame with BAP-TM producing pmbGluc-biotin. The mbGluc-
biotin reporter sequence was then amplified by PCR using primers which introduce an 
NheI site at both sides and cloned in similarly digested CSCW-IG22, a self-inactivating 
lentivirus vector plasmid which expresses both mbGluc-biotin as well as GFP separated 
by an IRES element under the control of CMV promoter (CSCW-mbGluc-biotin-IG). 
CSCW-IG which expresses GFP alone was used as a control. Lentivirus vectors were 
produced and titered as transducing units (TU)/mL as previously described29. Initially, 
both 293T as well as Gli36 cells were engineered by lentivirus vector to overexpress 
biotin ligase in order to enhance biotinylation efficiency of BAP in mammalian cells30.  
These cells were used throughout this study.

Western blot analysis. 293T cells (2 X 105) were transfected with the plasmid 
expressing mbGluc-biotin using lipofectamine (Invitrogen). Forty-eight hours later, 
cells were collected and lysed in 50 µl RIPA buffer (150mM NaCl, 1% NP40, 0.5% 
deoxycholic acid, 0.1% SDS in 50 mM TRIS-HCl (pH 8.0) with 0.5 µl protease inhibitor 
(PI Complete: Boehringer Mannheim)). The protein concentration was measured by 
using a Bradford reagent (Bio-Rad). The lysates were eletrophoresed on 10% SDS-
polyacrylamide gels and transferred to nitrocellulose membranes (Bio-Rad). The 
blots were stained with ponceau to verify even protein loading. Then conjugated 
Streptavadin-HRP (Amersham Pharmacia Biotech, Piscataway, NJ) was diluted (1:5000) 
in TBS-T and the membrane was incubated for thirty minutes followed by washing. 
The same blot was also detected with Gluc antibody (Massachusetts General Hospital, 
antibody production core; 1:500 in TBS-T)31 for one hour, washed, incubated with 
horseradish peroxidase (HRP) conjugated secondary anti-mouse antibody (1:10,000; 
Amersham Pharmacia Biotech). Blots were developed using SuperSignal West Pico 
Chemiluminescent Substrate (Pierce, Rockford, IL).

mbGluc expression. Gli36 cells (1 X 104 cells/well) expressing mbGluc-biotin or the 
wild-type naturally secreted Gluc were plated in a white 96-well plate and forty-eight 
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hours later cells were washed with PBS. Gluc activity was assayed by adding 50 µl 40 µM 
coelenterazine (Nanolight, Pinetop, AZ) diluted in PBS directly to the cells, and photon 
counts were acquired for ten seconds using a plate luminometer (Dynex, Richfield, MN).

FACS analysis. Gli36 cells (2.5 X 105) expressing mbGluc-biotin or control Gli36 
cells expressing GFP were plated in a 6-well plate and twenty-four hours later, cells 
were resuspended in 100 µl of of anti-biotin-APC (Miltenyi Biotec, Auburn, CA) 
diluted 10x in PBS pH 7.2, 0.5% bovine serum albumin (BSA) and 2 mM EDTA and 
incubated for five minutes in the dark. Cells were then washed using the same buffer 
and resuspended in 200 µl PBS followed by analysis using a FACS-Calibur cytometer 
(Becton Dickinson, San Jose, CA).

Cell-surface staining. Gli36 cells were infected with lentivirus vectors expressing 
either mbGluc-biotin and GFP or GFP alone as control. These cells were then plated on 
coverslips in a 12-well plate (1.2X105 cells/well). The next day, cells were washed two 
times with PBS and incubated with either streptavidin-Alexa647 (Molecular probes 
1:100) for ten minutes or with Gluc antibody (1:100 dilution in PBS) for ten minutes 
at room temperature followed by secondary anti-mouse antibody conjugated to 
Alexa647 (Molecular probes; 1:400 dilution) for thirty minutes at room temperature. 
Cells were then washed and fixed in 4% PFA for ten minutes at room temperature. 
Finally the coverslips were mounted onto microscope slides using fluorescent 
mounting medium and analyzed by fluorescence microscopy. 

In vivo studies. All animal studies were approved by the Massachusetts General 
Hospital Review Board and were performed in accordance to their guidelines 
and regulations. The serum level of biotin in mice was reduced to make the level 
comparable to that in humans32,33 by placing the mice on a biotin-deficient diet (Purina 
Biotin-deficient diet 5839; Purina Test Diet). Mice were anesthetized with i.p. injection 
of ketamine (100 mg/kg) and xylazine (5 mg/kg). Gli36 human glioma cells (2x105) 
expressing either mbGluc-biotin or GFP control were washed and resuspended in 2 
μL PBS and implanted in the left midstriatum of anesthetized nude mice (n=6 / group) 
using the following coordinates from bregma in mm: anterior-posterior +1, medio-
lateral +2, dorso-ventral -2.5. Tumor cell injection was performed using a Micro 4 
Microsyringe Pump Controller (World Precision Instruments, Sarasota, FL) attached 
to a Hamilton syringe with a 33-gauge needle (Hamilton, Rena, NV) at a rate of 0.4 
μl/min. Bioluminescence imaging and FMT were performed on these groups around 
three weeks post-injection. Later the same groups of mice were imaged with SPECT. 
Finally, these mice were imaged with MRI around five weeks post-injection. 

Bioluminescence imaging. Mice were anesthetized as above and i.v. injected 
with 150 μl coelenterazine (4 mg/kg body weight) diluted in PBS. Immediately, 
photon counts were recorded over five minutes using a cooled CCD camera with no 
illumination21. A light surface image of the animal was taken in the chamber using 
dim polychromatic illumination. Processing of images, quantification and analysis 
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was performed using CMIR-image, a program developed by the Center of Molecular 
Imaging Research using image display and analysis suite developed in IDL (Research 
Systems Inc., Boulder, CO). Tumors were defined using an automatic intensity contour 
procedure to identify bioluminescence signals with intensities significantly greater 
than the background. The Gluc-activity was quantified by calculating photon counts 
after subtraction of the background noise.

FMT. Both groups of mice were i.v. injected with 70 nmol/kg body weight (with 
respect to fluorophore) of streptavadin-Alexa750 conjugate diluted in PBS. At four, 
eight and twenty-four hours later, mice were imaged with FMT under general 
isoflurane anesthesia (1-1.5% at 2l/min). Coronal FMT images were obtained using 
a continuous wave-typer scanner capable of acquiring transillumination, reflectance 
and absorption data (FMT-2500, PerkinElmer). 

MRI. Streptavidin-MNP conjugate was prepared as we previously described18. Mice 
were injected i.v. with 5 mg/kg body weight of streptavidin-MNP and imaged with 
MR before and 24 hours post-injection. MR imaging was performed using a 4.7T 
small animal MR scanner (Bruker BioSpin, Billerica, MA). The imaging protocol 
for mice consists of axial T1-weighted fast spin echo and T2-weighted multi-slice 
multi-echo (MSME) pulse sequences. The standard T1-weighted sequence had 
the following parameters: fast spin echo 635/15 msec (TR/TE), 4 averages, matrix 
size 256x128, FOV 4.0 x 2.5 cm and slice thickness 1 mm. The parameters for 
the T2-weighted sequence were the following: MSME 2000/6.5 msec  (TR/TE), 4 
averages, echo spacing 6.5 ms. Sixteen slices with a slice thickness of 1 mm, field 
of view of 42 X 24 mm, and matrix of 128 X 64 were acquired. Image analysis was 
performed using Image J 1.26T and OsiriX 2.1 software (Image J: National Institutes 
of Health, Bethesda, MD; OsiriX34). T2 maps were reconstructed by fitting pixels in 
selected regions of interest in images acquired at varying TE of 6.5 to 104 ms to a 
standard exponential transverse relaxation model (Moexp(-TE/T2) using OsiriX and 
a G5 dual processor Power Macintosh Computer. The calculated T2 map was fused 
with a corresponding T2-weighted image to get a fused T2-anatomical image.

SPECT/CT. Biotin-DTPA conjugate was first prepared. The (CO2t-Bu)4DTPA-Lys(ivDde) 
sequence was elongated on a Rink Amide MBHA resin using standard SPPS procedure 
as described previously35. After selective removal of the ivDde protecting group, 
biotin was coupled using PyBOP activation. The compound was fully deprotected 
and cleaved from the resin using a cocktail of TFA/H2O/TIS (95:2.5:2.5). After 
ether precipitation, the DTPA-Lys(Biotin)-NH2 compound was solubilized in water/
acetonitrile (5:2) and purified by RP-HPLC (UV monitoring at 220 nm, 0-60% eluant B 
in 30 minutes gradient, 21 mL.min-1 flow rate). The fraction collected (tR=11 minutes) 
was lyophilized. DTPA-Lys(Biotin)-NH2 (44.1 mg, 59.05 mmol) was obtained as a 
white powder. Mass spectrum: C30H50N8O12S; MW: 746.83 g.mol-1; calculated exact 
mass: 746.33; found m/z: [M+H]+=747.7, [M+2H]2+=374.3.  Biotin-DTPA was then 
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used to chelate 67Ga followed by complexation to streptavidin. Mice were imaged 
twenty-four hours post injection of 67Ga-DTPA-streptavidin complex (500 µCi) using 
a high resolution X-SPECT/CT system (Gamma Medica). Images were reconstructed 
using the ordered subset-expectation maximization (OSEM) iterative reconstruction 
algorithm as previously described36,37.
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abstract

Gliomas are the most malignant brain tumors due to their invasive and infiltrating 
growth which precludes complete surgical removal and causes tumor recurrence within 
months. Recently, it has been shown that glioma cells highly express the chemokine 
SDF-1a receptor, CXCR4, and that this CXCR4/SDF-1a axis plays a critical role in the 
migration of cancer cells. Here we present a proof-of-concept study showing that a 
high gradient of SDF-1a can attract tumor cells to its site of expression. We showed 
that primary glioma cells cultured as neural spheres express high levels of CXCR4 and 
are capable of infiltrating the brain, even to the contralateral hemisphere. We designed 
an ex vivo dual bioluminescence assay to simultaneously monitor cell movement and 
SDF-1a expression. Our results demonstrate migration of the tumor cells towards the 
highest levels of SDF-1a expression suggesting that infiltrated glioblastoma cells may 
be lured into one concentrated site, possibly allowing improved surgical removal and 
delayed glioma recurrence. 
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iNtroDuctioN

Gliomas are the most common primary tumors of the central nervous system in 
humans and are divided into four grades according to the World Health Organization 
(WHO): grade I (pilocytic astrocytoma), grade II (diffuse astrocytoma), grade III 
(anaplastic astrocytoma) and grade IV (glioblastoma multiforme or GBM)1. GBM is 
a heterogeneous tumor with vigorous angiogenesis and diffuses infiltration in the 
brain parenchyma2. The standard therapy is surgical resection, radiotherapy and 
chemotherapy. The survival of GBM patients is only 12-15 months with a 5-years 
survival rate of 3.3% (www.cbtrus.org), largely due to the invasive nature of these 
tumors. Here we investigate the possibility of the chemokine stromal cell-derived 
factor-1 alpha (SDF-1a or CXCL12) to attract tumor cells into a single site. Chemokines 
are small peptides that are chemotactic cytokines and have been identified to cause 
directed migration of leukocytes. Cells expressing the right chemokine receptor move 
towards localized high chemokine concentrations, also known as the chemokine 
gradient3. The role of chemokines is not limited to chemotaxis; they also regulate 
cellular processes such as mitosis, apoptosis, survival, angiogenesis and tumor cell 
growth. Although more than 50 members of the chemokine ligand family are known, 
the subgroup CXC chemokine seems to be the most important in cancer4. SDF-1a 
and its receptor CXCR4 are characterized as key regulators of metastasis in many 
different types of cancer5-10. SDF-1a also plays an important role in the physiological 
cell motility during embryogenesis, hematopoietic precursor migration and pre-B cell 
proliferation11-13 and is secreted by several organs (e.g. liver, lung, lymph nodes and 
bones) attracting CXCR4+ cells to these tissues14. Two different variants of SDF-1 
arise by alternative splicing: SDF-1a and SDF-1β, where SDF1a is more dominantly 
in affecting chemotaxis15. SDF-1 binds and activates CXCR4, a member of the 
G-protein-coupled receptor superfamily. Recent observations showed that SDF-1 
can also bind and activate CXCR7 to mediate survival and adhesion, but not cell 
migration16. Further, CXCR4 has been shown to be highly expressed in GBM cells, 
and that there is a correlation between its expression levels and tumor invasiveness17. 
These data suggest that the CXCR4-SDF1a axis is likely to play an important role 
in cancer. Since SDF-1a and CXCR4 are at least partly responsible for metastasis of 
several cancers, we hypothesized that infiltrating tumor cells can be attracted to a 
single site by creating a high gradient of SDF-1a.

results

Characterization of GBM stem-like cell infiltrative model. GBM stem-like 
cells cultured as neural spheres have been shown to form highly invasive tumors 
upon injection into the brain18. We confirmed this phenomenon by transducing 
GBM8 stem-like cells with a lentivirus vector expressing both firefly luciferase (Fluc) 
and the red fluorescent protein mCherry (Fig. 1a). The expression of Fluc allows 
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assessment of tumor growth using in vivo bioluminescence imaging and the mCherry 
expression allows identification of these cells in histological sections ex vivo using 
fluorescence microscopy. Five hundred thousand cells were implanted in the brain 
of immunodeficient mice and imaged weekly by Fluc bioluminescence imaging. As 
expected, some of the implanted cells died upon implantation and the cells that 
survived began to grow rapidly around day 12 (Fig. 1b and c). Finally, mice died 
around 32 days post-implantation. Just before mice died, they were sacrificed and 
the brains were harvested, sectioned and analyzed by fluorescent microscopy. GBM 
cells migrated into the hemisphere where they were originally injected, and even 
more remarkably, cells migrated over the corpus callosum to the other hemisphere 
(Fig. 1d). Secondary experiments using three hundred thousand cells were conducted 
in order to investigate whether the number of implanted cells affects their migration. 
GBM cells still migrated to the contralateral hemisphere, although at a much slower 
rate and mice survived about one week longer (39 days; data not shown).

 
Figure 1. Glioblastoma infiltrative in vivo model. (a) GBM8 stem-like cells neural spheres expressing 

Fluc and mCherry were stereotactically injected into the left midstriatum of nude mice brain. (b,c) Tumor 

growth was monitored by Fluc in vivo bioluminescence imaging and photon counts in the tumor area were 

quantified using CMIR image program. (d) At the last imaging point, mice were sacrificed and brains were 

removed, sectioned (10 microns) and analyzed for mCherry fluorescence using microscopy. GBM8 cells 

infiltrated the brain from the left to the right cerebral hemisphere via the corpus callosum. White arrow, 

injection site. Scale bar, 500 µm.  

 

Delivery of SDF-1α to the brain using AAV vector 

SDF-1α has an attractor function on CXCR4+ cells and therefore we hypothesized that 

SDF-1α might force migrated GBM cells to a single site in the brain, making them an 

easier target for surgical resection and therapy. Since AAV vectors are known to 

efficiently transduce the normal brain parenchyma19,20, we constructed two AAV vectors; 

one encoding SDF-1α (AAV-SDF1α) and the other encoding Gaussia Luciferase (AAV-

Gluc) both under control of the CBA promoter. We first confirmed the expression of SDF-

1α in the AAV production cell line 293T, after transfection, using an enzyme-linked-

immunosorbent assay (ELISA; Fig. 2a).  

Recently, it has been shown that the CXC chemokine receptor (CXCR4) is expressed on 

glioma cells, and the highest expression is found in GBM21. To confirm the expression of 

CXCR4 on GBM8 cells, we stained these cells with either CXCR4 antibody or IgG 

Figure 1. Glioblastoma infiltrative in vivo model. (a) GBM8 stem-like cells neural 
spheres expressing Fluc and mCherry were stereotactically injected into the left midstriatum 
of nude mice brain. (b,c) Tumor growth was monitored by Fluc in vivo bioluminescence 
imaging and photon counts in the tumor area were quantified using CMIR image program. 
(d) At the last imaging point, mice were sacrificed and brains were removed, sectioned (10 
microns) and analyzed for mCherry fluorescence using microscopy. GBM8 cells infiltrated 
the brain from the left to the right cerebral hemisphere via the corpus callosum. White 
arrow, injection site. Scale bar, 500 µm. 
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delivery of SdF-1a to the brain using AAV vector. SDF-1a has an attractor 
function on CXCR4+ cells and therefore we hypothesized that SDF-1a might force 
migrated GBM cells to a single site in the brain, making them an easier target for 
surgical resection and therapy. Since AAV vectors are known to efficiently transduce 
the normal brain parenchyma19,20, we constructed two AAV vectors; one encoding 
SDF-1a (AAV-SDF1a) and the other encoding Gaussia Luciferase (AAV-Gluc) both 
under control of the CBA promoter. We first confirmed the expression of SDF-1a 
in the AAV production cell line 293T, after transfection, using an enzyme-linked-
immunosorbent assay (ELISA; Fig. 2a). 

Recently, it has been shown that the CXC chemokine receptor (CXCR4) is 
expressed on glioma cells, and the highest expression is found in GBM21. To confirm 
the expression of CXCR4 on GBM8 cells, we stained these cells with either CXCR4 
antibody or IgG isotype control followed by secondary allophycocyanin (APC) and 
FACS analysis showed enhanced CXCR4 staining on GBM8 cells (Fig. 2b).  

isotype control followed by secondary allophycocyanin (APC) and FACS analysis 

showed enhanced CXCR4 staining on GBM8 cells (Fig. 2b).   

 
Figure 2. AAV vector delivery and CXCR4 expression on GBM8 cells. (a) 293T cells were transfected 

with either AAV-SDF1α or AAV-Gluc. Cells were analyzed using enzyme-linked-immunosorbent assay 

(ELISA) to confirm SDF-1α expression. (b) GBM8 cells were stained with either CXCR4 antibody or IgG 

isotype control followed by secondary antibody labeled with APC and analyzed by FACS.      

 

Evaluate SDF-1α as an attractor for GBM cells 

To determine whether SDF-1α attracts GBM cells to a single site, GBM8-Fluc-mCherry 

cells were implanted into the left striatum. Two weeks later, enough time to allow tumor 

cells to grow and infiltrate the brain, one group of mice was injected with a mixture of 

AAV-Gluc (109 genome copies; gc) and AAV-SDF1α (either 109 or 1010 gc), 9 mm from 

GBM8 implantation site. Gluc is used as a reporter to localize and quantitate gene 

transfer. In another group, mice were injected with only AAV-Gluc (109 gc). Two weeks 

later, brains were harvested, sectioned, and analyzed for expression of Fluc (reflecting 

the number of tumor cells) and Gluc (reflecting AAV transduction efficiency and therefore 

SDF-1α expression) using a luminometer. Gluc and Fluc activity in each section were 

plotted and the peak reflecting the highest amount of cells (Fluc) or AAV-SDF1α 

expression (Gluc) was compared (Fig. 3). A shift of the Fluc peak towards the Gluc peak 

was observed in mice injected with both AAV-SDF1α and AAV-Gluc as compared to 

control mice which received AAV-Gluc only, indicating that SDF-1α can serve as a tumor 

cell attractor. Further, the lower AAV vector dose showed smaller shift in Fluc peak 

suggesting a dose-dependent SDF-1α tumor cell attraction. Interestingly, the control 

Figure 2. AAV vector delivery and CXCR4 expression on GBM8 cells. (a) 293T cells 
were transfected with either AAV-SDF1a or AAV-Gluc. Cells were analyzed using enzyme-
linked-immunosorbent assay (ELISA) to confirm SDF-1a expression. (b) GBM8 cells were 
stained with either CXCR4 antibody or IgG isotype control followed by secondary antibody 
labeled with APC and analyzed by FACS.    

Evaluate SdF-1a as an attractor for GBM cells. To determine whether SDF-1a 
attracts GBM cells to a single site, GBM8-Fluc-mCherry cells were implanted into the 
left striatum. Two weeks later, enough time to allow tumor cells to grow and infiltrate 
the brain, one group of mice was injected with a mixture of AAV-Gluc (109 genome 
copies; gc) and AAV-SDF1a (either 109 or 1010 gc), 9 mm from GBM8 implantation 
site. Gluc is used as a reporter to localize and quantitate gene transfer. In another group, 
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mice were injected with only AAV-Gluc (109 gc). Two weeks later, brains were harvested, 
sectioned, and analyzed for expression of Fluc (reflecting the number of tumor cells) and 
Gluc (reflecting AAV transduction efficiency and therefore SDF-1a expression) using a 
luminometer. Gluc and Fluc activity in each section were plotted and the peak reflecting 
the highest amount of cells (Fluc) or AAV-SDF1a expression (Gluc) was compared (Fig. 3). 
A shift of the Fluc peak towards the Gluc peak was observed in mice injected with both 
AAV-SDF1a and AAV-Gluc as compared to control mice which received AAV-Gluc only, 
indicating that SDF-1a can serve as a tumor cell attractor. Further, the lower AAV vector 
dose showed smaller shift in Fluc peak suggesting a dose-dependent SDF-1a tumor cell 
attraction. Interestingly, the control group showed two distinct peaks separated by around 
9 mm, similar to the distance between tumor cells implantation and AAV vector. This dual 
bioluminescence assay appears to be an accurate tool to analyze these two parameters. 

group showed two distinct peaks separated by around 9 mm, similar to the distance 

between tumor cells implantation and AAV vector. This dual bioluminescence assay 

appears to be an accurate tool to analyze these two parameters.  

 

 

Figure 3. Dual bioluminescence assay to monitor GBM cells attraction to SDF1α gradient. GBM8 cells 

expressing Fluc-mCherry were injected into the left striatum. Two weeks later, a subgroup of mice was 

injected with (a) both 109 gc of AAV-Gluc and either 1010 gc or (b) 109 gc of AAV-SDF1α. (c) A control 

subgroup received 109 gc of AAV-Gluc alone. Two weeks later brains were analyzed for Fluc (reflecting 

cells) and Gluc (reflecting SDF1α) expression using a luminometer. Upon injection of AAV-Gluc-SDF1α 1010 

(a), the cells are moving towards the SDF1α expression. The same is noticed upon injection of AAV-Gluc-

SDF1α 109 (b), but in a lesser extend than (a). The control does not show any movement of the cells (c). 

 

To corroborate the data observed with bioluminescence measurement with another 

assay, brains from similar groups of mice were sectioned and analyzed for mCherry 

expression using fluorescence microscopy. We compared brain slices taken from the 

same coordinates for both control AAV-Gluc and AAV-Gluc+AAV-SDF1α injected brains, 

taking into account the size of the tumor. Slices were taken at four points, two in front of 

the cell injection and the other two between tumor cells and AAV vector injection (Fig. 

4a). Again, we observed that tumor cells moved towards the injection site of AAV-SDF1α 

confirming the dual bioluminescence assay results (Fig. 4b). The control injected brains 

Figure 3. dual bioluminescence assay to monitor GBM cells attraction to SdF1a 
gradient. GBM8 cells expressing Fluc-mCherry were injected into the left striatum. Two 
weeks later, a subgroup of mice was injected with (a) both 109 gc of AAV-Gluc and either 
1010 gc or (b) 109 gc of AAV-SDF1a. (c) A control subgroup received 109 gc of AAV-Gluc 
alone. Two weeks later brains were analyzed for Fluc (reflecting cells) and Gluc (reflecting 
SDF1a) expression using a luminometer. Upon injection of AAV-Gluc-SDF1a 1010 (a), the 
cells are moving towards the SDF1a expression. The same is noticed upon injection of 
AAV-Gluc-SDF1a 109 (b), but in a lesser extend than (a). The control does not show any 
movement of the cells (c).
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To corroborate the data observed with bioluminescence measurement with 
another assay, brains from similar groups of mice were sectioned and analyzed for 
mCherry expression using fluorescence microscopy. We compared brain slices taken 
from the same coordinates for both control AAV-Gluc and AAV-Gluc+AAV-SDF1a 
injected brains, taking into account the size of the tumor. Slices were taken at four 
points, two in front of the cell injection and the other two between tumor cells and 
AAV vector injection (Fig. 4a). Again, we observed that tumor cells moved towards the 
injection site of AAV-SDF1a confirming the dual bioluminescence assay results (Fig. 4b). 
The control injected brains again showed that much more tumor cells were located at the 
implantation site as compared to SDF-1a injected brains (Fig. 4b). When the AAV-SDF1a 
vector was injected into mice bearing a relatively small GBM tumor (as observed by Fluc 
bioluminescence imaging), SDF-1a prevented tumor cells from migrating to the contra-
lateral hemisphere. On the other hand, when the tumor size was much larger, less tumor 
cells were attracted when a single AAV-SDF1a injection was performed (data not shown). 
These data suggest that tumor size might affect the extent of GBM cells that can be 
attracted to SDF-1a site of injection.

again showed that much more tumor cells were located at the implantation site as 

compared to SDF-1α injected brains (Fig. 4b). When the AAV-SDF1α vector was 

injected into mice bearing a relatively small GBM tumor (as observed by Fluc 

bioluminescence imaging), SDF-1α prevented tumor cells from migrating to the contra-

lateral hemisphere. On the other hand, when the tumor size was much larger, less tumor 

cells were attracted when a single AAV-SDF1α injection was performed (data not 

shown). These data suggest that tumor size might affect the extent of GBM cells that 

can be attracted to SDF-1α site of injection. 

 
Figure 4. Fluorescent microscopy analysis of GBM cell movement towards SDF1α gradient. (a) An 

overview reflecting the site of tumor cells and AAV vector injection as well as the analyzed brain slices. (b) 

Different brain slices (shown in a) were analyzed by mCherry fluorescent microscopy showing migration of 

GBM cells towards the SDF1α injection site. Photon counts are shown (left) in order to normalize for 

different tumor sizes.  

 

Since AAV vectors can transduce dividing as well as non-dividing cells, the AAV vector 

could possibly also infect the implanted tumor cells. Therefore, we stained brain slices 

with an antibody against Gluc followed by secondary-FITC, which identifies cells which 

were transduced with the AAV vector. Slices were then analyzed for mCherry (tumor 

cells) and FITC (AAV vector) using fluorescent microscopy. Co-localization of FITC with 

mCherry could not be detected in any of the brain sections showing that AAV vector 

transduced the normal brain parenchyma and not the tumor cells (Fig. 5).  

Figure 4. Fluorescent microscopy analysis of GBM cell movement towards SdF1a 
gradient. (a) An overview reflecting the site of tumor cells and AAV vector injection as well 
as the analyzed brain slices. (b) Different brain slices (shown in a) were analyzed by mCherry 
fluorescent microscopy showing migration of GBM cells towards the SDF1a injection site. 
Photon counts are shown (left) in order to normalize for different tumor sizes. 

Since AAV vectors can transduce dividing as well as non-dividing cells, the AAV 
vector could possibly also infect the implanted tumor cells. Therefore, we stained brain 
slices with an antibody against Gluc followed by secondary-FITC, which identifies cells 
which were transduced with the AAV vector. Slices were then analyzed for mCherry 
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(tumor cells) and FITC (AAV vector) using fluorescent microscopy. Co-localization of FITC 
with mCherry could not be detected in any of the brain sections showing that AAV vector 
transduced the normal brain parenchyma and not the tumor cells (Fig. 5). 

 
Figure 5. AAV vector transduces the normal brain cells and not GBM8 tumor. Brainslices from mice 

injected with GBM8 cells and AAV-Gluc/SDF1α were stained for Gluc followed by secondary FITC. These 

slices were analyzed using fluorescent microscopy for mCherry expression reflecting tumor cells and FITC  

reflecting AAV vector transduction). No co-localization of mCherry and FITC is observed confirming that the 

AAV vector did not transduce the tumor cells.    
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. AAV vector transduces the normal brain cells and not GBM8 tumor. 
Brainslices from mice injected with GBM8 cells and AAV-Gluc/SDF1a were stained for Gluc 
followed by secondary FITC. These slices were analyzed using fluorescent microscopy for 
mCherry expression reflecting tumor cells and FITC  reflecting AAV vector transduction). 
No co-localization of mCherry and FITC is observed confirming that the AAV vector did 
not transduce the tumor cells.  

DiscussioN

Glioblastoma is a very aggressive type of tumor, largely due to its invasive nature. 
After resection of the tumor bulk, migrated tumor cells remain in the brain which 
grow out and form new tumor foci. The chemokine SDF-1a and its receptor CXCR4 
are known to play an important role in the migrating behavior of gliomas. The expression 
level of CXCR4 was shown to correlate with the migrating capability of tumor cells17 and 
therefore is a potential therapeutic target22. Here, we hypothesized that SDF-1a can be 
used as a therapeutic tool, by creating a high expression gradient which attract migrating 
tumor cells expressing CXCR4 back into a single site which can then be treated with 
conventional therapies. We have set up an infiltrating glioblastoma model by injecting 
GBM tumor cells cultured as neural spheres in the brain of nude mice and analyzed 
their growth using bioluminescence imaging and their migration capability ex vivo using 
fluorescence analysis. Our results demonstrated that these GBM tumor cells are very 
invasive and migrate to the contralateral hemisphere via the corpus callosum. Further, the 
migration time depends on the amount of tumor cells injected; the higher the amount of 
cells implanted, the faster the migration of these cells is observed. Therefore, injection of 
the same amount of cells in different experiments is crucial in order to compare migration 
patterns. Using this infiltrating GBM model, we showed the strength of SDF-1a, delivered 
through an AAV vector, to attract these tumor cells into one site. We analyzed the data 
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using a novel method for screening brains slices ex vivo based on dual bioluminescence 

assay; Fluc as marker for tumor cells and Gluc for AAV vector transduction and therefore 

SDF-1a expression. This method provides an excellent tool to study migration of tumor 

cells. Using this technique, we showed that upon SDF-1a expression, GBM cells migrate 

towards the location of the highest amount of SDF-1a. These results confirm our hypothesis 

that the SDF-1/CXCR-4 axis plays a critical role in the migration of tumor cells and is the 

first demonstration of a relevant in vivo model as shown in previous in vitro studies5,22. The 

underlying mechanism is yet to unravel, although some well-founded hypothesizes can 

be made. Since SDF-1a and CXCR4 is a unique binding, CXCR4+ cells will move towards 

the highest expression of SDF-1a, known as the chemokine gradient3. Further, SDF-1a is 

known to stimulate neo-angiogenesis and therefore tumor cells will migrate to an area 

with a higher vessel density23. However, 90% of the high grade gliomas are known to 

recur at the site of the original tumor24 and thus migrated cells are not the key concern. 

Low grade gliomas grow slower, but infiltrate the brain parenchyma, and thus attracting 

these cells back into one spot might be desirable as this would make surgical resection 

more efficacious with less damage of surrounding normal brain tissue. Nevertheless, the 

CXCR4 expression in low grade gliomas is lower and this will probably affect the attracting 

role of the SDF-1a-CXCR4 axis.

In conclusion, the ability of CXCR4+ cells to move towards a higher SDF-1a 
gradient can be possibly used as a therapeutic target. This study lays the ground for 
possible treatment of the infiltrative glioma cells which are known to be the source 
of tumor recurrence and ultimately, patient death. Forcing these infiltrative cells to 
move into a single site, rather then migrating throughout the brain, allows them to 
be treated with traditional therapies such as surgery/radiation combined with more 
sophisticated treatment such as gene therapy. Our lab is currently exploring this 
strategy for potential novel glioblastoma therapy. 

material aND methoDs

Cell culture. 293T human kidney fibroblast cells (from Dr. Michele Calos, Stanford 
University, Stanford, CA) were cultured in DMEM supplemented with 10% FBS and 
1% Penicillin/Streptomycin. GBM8 cells were kindly provided by Dr. Wakimoto, 
Massachusetts General Hospital, Boston, MA18. These cells were cultured as neural 
spheres in neurobasal stem cell medium (EF20 medium; Invitrogen), supplemented 
with L-Glutamine 3 mM (Cellgro), 1x B27 supplement (Gibco), 0.5x N2 supplement 
(Gibco), 2 μg/mL Heparin (Sigma) and 0.5x Penicillin/Streptomycin/Amphotericin B 
(Cellgro). 50 mL EF20 medium, 20 ng/mL human recombinant FGF-2 (Peprotech) 
and 20 ng/mL human recombinant EGF (R&D systems) were freshly added to the 
medium on the day of culturing. Cells were grown in a 37°C incubator with 5% 
CO2 in a humidified atmosphere. To make GBM8 cells to stably express Fluc and 
mCherry, GBM neural spheres were plated in a well of 6-well plate and infected with 
a lentivirus vector carrying the expression cassette for Fluc and mCherry, separated 
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by an internal ribosomal entry site, under the control of CMV promoter. The lentivirus 
vector was prepared as described previously25. 

AAV vector design and preparation. The AAV vector used in this study, AAV2/
rh8 carry AAV2 inverted terminal repeats and the human SDF-1a cDNA, under 
transcriptional control of a hybrid CMV enhancer/chicken beta-actin promoter 
(CBA). These AAV vectors were derived from the plasmid pTRUF12.139 (from Richard 
Snyder, University of Florida, FL) by removing the internal ribosome entry site-green 
fluorescent protein cassette and replacing it with a woodchuck hepatitis virus post-
transcriptional regulatory element. The AAV2 vector pseudotyped with an AAVrh8 
capsid (hence AAV2/rh8) was prepared with a titer around 1013 gene copies/mL as 
described previously26.

Human CXCL12/SdF1a immunoassay. 293T cells were plated in a 6-well plate and 
twenty-four hours later were transfected with either AAV-SDF1a or AAV-Gluc using 
calcium phosphate. Seventy-two hours later, conditioned medium was collected and 
quantification of SDF-1a was performed using an ELISA kit for Human CXCL12/
SDF-1a (R&D systems) according to the manufacturer’s instructions. Total protein 
concentrations were determined using the DC protein assay (BioRad, Hercules, CA).

FACS analysis. GBM8 cells (3 x 105) were plated in 96-wells V-bottom plates. Cells 
were blocked with 1% mouse serum in Phosphate Buffered Saline (PBS) for two hours 
at 37°C. After removing the serum, either anti-CXCR-4 (R&D systems cat# FAB170F) 
or IgG2A isotype control (R&D systems cat# IC003F) antibody (control), both diluted 
2:15 in 1% mouse serum in PBS, was added to the cells and incubated for forty-five 
minutes at room temperature. Cells were then washed twice in PBS while on ice, 
fixed in 2% PFA in PBS for 1 hour at room temperature, washed again and analyzed 
by FACS using FACS-Calibur cytometer (Becton Dickinson, San Jose, CA).

In vivo glioma model. All animal studies were approved by the Massachusetts 
General Hospital Review Board and were performed in accordance to their guidelines 
and regulations. Different amounts of GBM8 cells expressing Fluc-mCherry were 
suspended in 2 μl PBS and implanted into the left midstriatum using the following 
coordinates from bregma in mm: anterior-posterior +0.1, medio-lateral +2, dorso-
ventral -2.5. Two weeks after implantation, AAV-Gluc or combination of both 
AAB-SDF-1 and Gluc (109-1010 genome copies of each) were suspended in 2 μL PBS 
and injected in the left midstriatum using the following coordinates from bregma 
in mm: anterior-posterior +1, medio-lateral +2, dorso-ventral -2.5. The tumor and 
AAV injections were performed using a Micro 4 Microsyringe Pump Controller (World 
Precision Instruments, Sarasota, FL) attached to a Hamilton syringe with a 33-gauge 
needle (Hamilton, Rena, NV) at a rate of 0.4 μL/min. Tumor size was monitored 
weekly using Fluc bioluminescence imaging.



125SDF1a ACTS AS A MAGNET FOR GLIOBLASTOMA

7

In vivo bioluminescence imaging. Mice were anesthetized with intraperitoneal 
(i.p) injection of ketamine (100 mg/kg) and xylazine (5 mg/kg) and Fluc imaging was 
performed ten minutes after i.p. injection of D-luciferin (150 mg/kg diluted in PBS) by 
acquiring photon counts for 1 min using a cooled CCD camera with no illumination 
as described by Wurdinger et al25. Following data acquisition, post-processing and 
visualization was performed using CMIR-image, a program developed in IDL (Research 
Systems Inc., Boulder, CO). 

Ex vivo dual bioluminescence assay. Mice were sacrificed four weeks after 
implantation of tumor cells. Brains were cryprotected in 30% sucrose in PBS and forty-
eight hours later, 50 μm coronal sections were prepared using a cryostat. Sections were 
stored in 96-well plates on ice and 50 μL M-PER Mammalian Protein Extraction Reagent 
(Thermo scientific) was added for one hour while vortexing the plates every thirty 
minutes. The plates were spun for two minutes at 1800 RPM. Twenty μL in duplicates 
was transferred into new white 96-well plates which were assayed for either Fluc or 
Gluc activity. Fluc activity was assayed by adding 20 μL FLAR (Targeting Systems) to 
each well. The Gluc activity was assayed by injecting 50 μL 20 μM coelenterazine, the 
Gluc substrate (Nanolight, Pinetop, AZ) diluted in PBS. Photon counts were acquired 
for one second using a plate luminometer (Dynex, Richfield, MN).
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DiscussioN

Glioblastoma multiforme (GBM) is known as a devastating tumor due to its 
heterogeneous and invasive nature1. Despite much research, the median survival of 
GBM patients remains 14-15 months with a 5-year survival rate of only 10%2. New 
therapies against this tumor are needed, as well as a better understanding of the 
biological processes underlying the growth of this aggressive tumor type. In the last 
decade, there has been an enormous increase in the field of molecular imaging; 
new imaging technologies as well as their applications have emerged. Despite a 
substantial rise in this field, many challenges remain to be faced in order to monitor 
and image the cellular and molecular processes underlying GBM and thus to develop 
more efficient and individually-tailored therapies.

Molecular imaging also plays an important role during the follow-up of several 
novel potential treatment options, such as gene therapy3. This therapeutic modality 
is developed to add functional genes or to insert potentially therapeutic genes4. Gene 
therapy is considered a promising type of therapy, since the problem is attacked at 
the source, i.e. the genes causing the tumor cells. Nevertheless, significant drawbacks 
have emerged, including oncogenesis due to chromosomal integration-mediated 
oncogene activation5. But in tumors like glioblastomas, which hardly respond to 
conventional therapies, gene therapy remains promising, although significant progress 
in this therapy needs to be achieved, such as a more efficient manner of delivering 
the therapeutic genes and the monitoring of the transgenic gene expression. 

Molecular imaging may contribute to the optimization of gene therapy by 
determining the expression levels of certain genes, and thus the effect of these 
genes on the tumor. In order to monitor gene expression, reporter genes, which can 
be imaged non-invasively, are essential to study the dynamics of gene expression 
over time. Different modalities for non-invasive imaging can be used, such as 
bioluminescence imaging, fluorescence imaging, SPECT/PET and MRI. Every imaging 
technique has its own advantages and disadvantages and therefore combining these 
different systems, called multimodality imaging, is a great feature in order to achieve 
a complete view of a specific process. 

In this thesis, we combined targeting, imaging and (gene) therapy in order to 
develop non-invasive reporter systems for use in therapeutic approaches, or which 
can be used to obtain information on molecular and cellular processes simultaneously, 
and assist in advancing the development of more specific therapeutic strategies 
against GBM. Fig. 1 covers an overview of the different subjects of each chapter.

In the context of bioluminescence imaging, Gaussia luciferase (Gluc) has several 
advantages compared to other bioluminescence reporters. Gluc is 2,000-fold 
more sensitive than commonly-used Renilla or firefly luciferases when expressed in 
mammalian cells6. Further, Gluc is well suited for in vivo applications since it can be 
detected both using bioluminescence imaging or by simply withdrawing and assaying 
a few microliters of blood for its activity ex vivo, both performed in a non-invasive 
manner7. Gluc catalyzes a bioluminescence reaction with a broad emission spectrum 
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extending up to 600 nm with a peak wavelength of 480 nm detected as blue light6. 
The firefly luciferase on the other hand has a peak emission of 560 nm. It is known 
that the red light penetrates mammalian tissues much better due to a lower overlap 
with the absorption spectrum of pigmented molecules such as hemoglobin8. Thus, 
for in vivo applications, a more red-shifted luciferase is desirable. Since Gluc shows 
a >200-fold higher light output in vivo as compared to other luciferases, therefore, 
a red-shifted variant of Gluc would even have greater benefit for in vivo imaging. 
Currently, we are working on a red-shifted Gluc variant in Dr. Tannous’ lab to further 
optimize its performance in vivo.

In Chapter 2, we demonstrate how bioluminescence imaging using Gluc can be 
a tool to assay cellular events. An important cellular event during cancer therapy is 
the so-called “programmed cell death”, or apoptosis, which is the counterbalance to 
proliferation. In cancer, the balance between apoptosis and proliferation is disrupted 
and cells will mainly proliferate, leading to a tumor. Real-time imaging of apoptosis can 
help to monitor the response of a tumor to a specific therapy9-11 and thus be valuable 
in the evaluation of the effect of novel apoptosis-inducing therapeutic strategies in 
tumor cells. It can also be extended to high-throughput screenings in order to find 
novel apoptosis-inducing drugs. Additionally, since Gluc requires chaperone proteins 
present in the secretory pathway to be folded properly and become active, it would 
be a useful marker for mutations or events that disrupt the activity of these proteins.  

to obtain information on molecular and cellular processes simultaneously, and assist in 

advancing the development of more specific therapeutic strategies against GBM. Fig. 1 

covers an overview of the different subjects of each chapter. 
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The nuclear factor kappa B (NFkB) was found to play an important role in the 
immune response as well as in regulating inducers and inhibitors in the recognition 
of pathogens. After studying these immune pathways, it was discovered that 
NFkB is also a regulator of gene expression involved in biological processes such 
as cell survival, differentiation and proliferation12. Upon modification of the NFkB 
expression, these processes are interrupted, possibly leading to cancer13. Therefore, 
a reporter which can monitor the NFkB activity in cells will be a great tool to study 
the influence of this transcription factor in diseases such as cancer. In Chapter 3, we 
designed a bioluminescent imaging modality based on the transcription factor NFkB. 
We showed that this NFkB reporter is sensitive for different biological events such as 
tumor growth, inflammation and angiogenesis. Further, we used this reporter for in 
vivo monitoring of NFkB activation over time using the Gluc-blood assay described 
above. With other luciferases, such as Fluc, real-time monitoring over time is not 
possible, since mice need to be anesthetized in order to perform bioluminescence 
imaging and anesthesia using ketamine can only be performed once every forty-eight 
hours due to potential toxicity of repeated exposure. 

Moreover, this reporter is suited for high-throughput screening since aliquots from 
conditioned medium in vitro or blood from mice ex vivo can be assayed over time for 
NFkB activity. Imaging multiple events simultaneously is a great feature in unraveling 
biological processes in cells. Currently, we are working on the development of 
different systems in which more than two cellular processes can be monitored at the 
same time. This has many advantages, since information about different processes 
can be collected simultaneously and a more complete “picture” about kinetics of 
these processes as well as the interference of different events in the cell will be 
achieved leading to better understanding of pathological mechanisms. 

Using the NFkB-reporter, we showed that this transcription factor is upregulated 
in tumor cells. We took advantage of this feature and designed  in Chapter 4 a 
tumor-specific suicide gene therapy system. Having Gluc in this expression construct, 
one could monitor both NFkB activation as well as the transgene expression by simply 
assaying few microliters of blood for this reporter activity providing information about 
the most efficient timing to give the pro-drug 5-FC. Using this system, we showed a 
great regression of tumors in vivo upon gene transfer using lentivirus vector. However, 
lentivirus vectors are not safe to use in the clinic yet since they can insert randomly 
in the human genome, potentially inactivating tumor suppressor genes, leading to 
cancer14. Using an adeno-associated virus would be more relevant, as this vector 
is currently in use for clinical trials against brain tumors (http://clinicaltrials.gov/ct2/
results?term=AAV+brain). This also suits our aim to try NFkB-controlled suicide gene 
therapy in brain glioma models. 

In Chapter 5 we designed a fusion protein, based on the interaction of biotin with 
(strept)avidin, that provides a multimodal imaging reporter. This system has many 
unique characteristics including strong and specific binding of biotin to (strept)avidin. 
Each molecule of (strept)avidin has four biotin binding sites providing a multifaceted 
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targeting system. Biotin is a small molecule found in all living cells and (strept)avadin 
is an exceptionally stable protein15. More importantly, the biotin-streptavidin system 
is currently being used in clinical trials for targeted tumor therapy16. We showed 
that metabolic biotinylation of the bacterial BAP is not efficient in mammalian cells 
and biotinylation, as well as in vivo imaging of BAP-based reporters, is enhanced 
by >10-fold upon co-expression of the bacterial biotin ligase directed to the same 
cellular compartment as the fusion protein. The (strept)avidin-biotin system has been 
used in many different fields such as monitoring gene expression, proteins, cells 
and tumor distribution, purifying and targeting of viral vectors and exploring other 
biological processes. Using our optimized biotinylation conditions as showed in this 
chapter adds a great value to all these applications. 

In Chapter 6, we extended this work and engineered a multimodality reporter 
based on this (strept)avidin-biotin system. This reporter provides a great advance 
in the molecular imaging field since it is the only small reporter published which 
allows imaging with all known modalities. Since each imaging modality has its 
own advantages and disadvantages, having a multimodal imaging reporter can 
help advance the pre-clinical analysis, for instance using bioluminescence and 
fluorescence imaging, and the same reporter can then be applied in the clinic for 
PET- and MR-imaging. In our work, we have used lentivirus vectors to transduce 
tumor cells ex vivo before injection. Our system can be easily translated into the 
clinic by simply cloning our reporter in a viral vector such as an adeno-associated 
virus (AAV) vector which can be injected directly into the tumor area or by designing 
targeted strategies against specific tumors such as glioma. Our laboratory is currently 
exploring this possibility by fusing BAP to single chain antibodies against receptors 
specifically expressed on glioma cells such as mutant EGFRvIII. In that case, the AAV 
vector can be injected into the tumor or surrounding area in which the normal brain 
cells can express and secrete this reporter which will find and bind EGFRvIII, and 
diagnose them with streptavidin-conjugates. This modality can even be extended 
and used for therapy in which “hot” streptavidin fused to a toxic molecule can be 
used to treat gliomas or any other type of tumors. One of the challenges facing 
these diagnostic/imaging modalities once applied to brain tumors is the delivery of 
these agents across the blood-brain barrier. One way to overcome this problem is to 
develop a means to facilitate delivery of these therapeutic/diagnostic agents from 
the vasculature into the brain tumor. This delivery strategy will help to decrease the 
potential toxicity associated by direct injection of therapeutic agents into the brain 
and will further allow the use of a lower, but efficient, dose of systemically injected 
agents. To accomplish this, we are exploring the use of a transport vehicle consisting 
of a conjugate between streptavidin and different antibodies/peptides known to 
bind endothelial cells receptors lining the blood vessels (e.g. transferrin) normally 
facilitating passage of molecules across the blood-brain barrier (BBB) by a process 
called transcytosis17. This “shuttle” vehicle should enhance the delivery of targeted 
imaging/toxic agents to the brain and therefore increase their diagnostic/therapeutic 
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efficacy for brain tumors by virtue of high affinity binding between biotin on the 
tumor cell surface, through BAP-EGFRvIII, and streptavidin complexes. 

In Chapter 7 we investigated the influence of the chemokine stromal cell-derived 
factor-1alpha (SDF-1a) and its receptor CXCR-4 on the migration of GBM cells and 
evaluated it as a therapeutic tool to attract the migrated/infiltrated GBM cells back 
into a single location where they can be treated with traditional or gene therapy 
strategies. These results provide a great proof-of-principle that the chemokine SDF-1a 
can attract tumor cells into a single locus which can then be treated with different 
therapies. The mechanism behind this phenomenon is yet to be defined, although 
SDF-1a is known to play a stimulating role in angiogenesis that could possibly explain 
attraction of GBM cells. 

future DirectioNs

Over the last 10 years, the median survival rate of GBM has only increased by a few 
months. The only advancement in the treatment of this cancer is the addition of 
the alkylating agent temozolomide to the standard-of-care therapy. However, since 
the discovery of this chemotherapeutic agent, not much improvement has been 
achieved largely due to the very complicated genetic modifications that cause this 
heterogeneous tumor. Thus, further exploration of these alterations is required. Many 
different subclasses within GBM have already been described, and the next logical 
step would be to identify these subclasses during diagnosis. This would allow for 
more prognostic predictions leading to treatment of patients with more individualized 
therapies, based on these particular diagnosed subtypes18,19. Recently, studies have 
characterized genomic alterations and pathways in glioblastoma which build upon 
the knowledge of different subtypes20,21. Known genetic alterations include the 
inactivation of p53 and retinoblastoma tumor suppressor pathways22 as well as NF1, 
PTEN and PARK2 resulting in an uncontrolled cell survival, division and motility19,20. A 
frequently activated oncogene in glioblastoma is the epidermal growth factor receptor 
(EGFR) gene which is amplified in 40% of the glioblastomas with the EGFRvIII variant 
as the most common one23,24. The presence of this mutation and its variant in a 
certain GBM will be informative for its sensitivity to radiotherapy and provides the 
opportunity to design an inhibitor of this receptor as therapeutic therapy25. Another 
marker in glioblastoma is considered to be the promoter methylation status of MGMT, 
a DNA repair enzyme, which is suggested to provide information on the sensitivity 
to temozolomide26; glioblastomas lacking MGMT gene expression are more sensitive 
to alkylating and methylating agents27. These are examples of genetic alterations 
activating different signaling pathways and therefore contributing to GBM growth. 
The gene mutations as well as the following pathways should be mapped in order to 
develop better therapies against this tumor. To gather this complete picture, biosensors 
are helpful and thus in this thesis we engineered specific reporters to monitor several 
events in order to enhance our knowledge about the pathology underlying GBM, 
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and in a broader sense, cancer. We developed reporters to image gene expression, 
monitor apoptosis, assay NFkβ activity, an important transcription factor in cancer, 
track cells and tumors by different imaging modalities, and finally, assay and image 
tumor cell movement within the brain. We extended these technologies and applied 
them for glioblastoma therapy using novel suicide gene therapy as well as attracting 
glioblastoma cells to one locus in order to make them an easier target for therapy. 

The reporters developed in this thesis do not necessarily only apply to 
glioblastoma, but could possibly be extended to other types of cancer and even 
to other diseases. For example, for the tracking of mesenchymal stem cells (MSC) 
which are used for specific anti-tumor targeting strategies. These cells are known 
to migrate towards inflammation sites and to the tumor area. Another example for 
which our reporters could be used is adoptive cell transfer. Here, the white blood cells 
of a patient are modified ex vivo for an enhanced anti-tumor effect and re-injected 
back into the patient to hopefully attack the tumor cells. Although this therapeutic 
modality offers a great advancement in cancer immunotherapy, the fate of these 
cells is still unknown. While treating these cells ex vivo, they can also be engineered 
with one of our reporters. This has been done in pre-clinical studies to monitor 
their survival, therapeutic efficacy and kinetic phases of distribution28. In case these 
reporters are constructed using Gluc, the amount of cells can be easily determined 
by withdrawing blood and the specific location of the cells can be monitored with 
BLI. Even though BLI is not used in the clinic, the level of Gluc in the blood can be 
detected ex vivo offering advantage in tracking these cells. Further, the use of the 
biotinylated membrane-bound reporter described in this thesis can also be applied 
for the tracking of these cells with clinically-relevant imaging techniques such as 
MRI, PET or SPECT. Unfortunately, not much is known about the immunogenicity of 
Gluc and other luciferases in general in human and potential toxicity of the luciferin 
substrate. This is something that should be studied thoroughly first in order to make 
the step of translating the use of bioluminescence imaging into the clinic. 

The studies presented in this thesis help to improve our knowledge about 
glioblastoma. Both, new reporters to explore the pathogenesis and experimental 
therapies to unravel biology and develop therapies are investigated, which are needed 
before new therapies can be designed. Hopefully in the near future, it will be possible 
to identify dominant aberrations of an individual tumor and a stratified therapy can 
be performed. All our diagnostic/therapeutic strategies developed in this proposal 
can potentially be extended to all types of tumors. Thus, molecular imaging holds a 
large potential, not only for glioblastoma, but also for cancer in general. Furthermore, 
molecular imaging aids in the development of gene therapy approaches. Although 
this therapeutic strategy does not remain without risks, it could be worthy to keep 
optimizing gene therapy approaches for tumors which are difficult to treat such as 
glioblastomas.
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summary

Glioblastoma multiforme (GBM) is an invasive and heterogeneous tumor. Due to 
these characteristics and the impossibility of complete resection of GBM in the brain, 
this tumor is difficult to treat and therefore the survival of GBM patients is very 
poor. New and better therapies are desperately needed and for this an improved 
knowledge of the underlying pathology of GBM is required. Using molecular imaging, 
a better understanding of this pathology can be achieved. In this thesis we developed 
biosensors in order to monitor several biological events such as apoptosis, assayed 
NFkB activity (an important transcription factor in cancer), imaged tumor cells using 
different modalities and assayed tumor cell movement in the brain. Additionally, we 
used these reporters in order to develop novel therapeutics against GBM.

In Chapter 2 we constructed an apoptosis biosensor by fusing the green fluorescent 
protein (GFP) to a caspase-3 cleavage site, known as DEVD, followed by Gluc with its 
signal sequence (ss). This DEVD peptide is cleaved upon caspase-3 activation, the end 
product of the intrinsic, as well as the extrinsic, apoptosis pathways. GFP will force 
this fusion protein, including Gluc, to remain in the cytoplasm. However, cleavage of 
the DEVD peptide allows ssGluc to enter the secretory pathway, where it is folded 
properly and becomes active, and where,  followed by release to the conditioned 
medium of cells in vitro, it can be detected using a luminometer after adding its 
substrate, coelenterazine. This reporter system is valuable in the evaluation of the 
effect of novel apoptosis-inducing therapeutic strategies in tumor cells. It can also be 
extended to high-throughput screenings to identify novel apopotosis-inducing drugs. 
Additionally, since Gluc requires chaperone proteins present in the secretory pathway 
to be folded properly and become active, it would be a useful marker for mutations 
or events that disrupt the activity of these proteins.  

In Chapter 3 we designed a reporter system based on five tandem repeats of the 
NFkB transcription responsive elements (TRE) and a TATA box driving the expression 
of the secreted Gluc. We analyzed this reporter in vitro in a time- and dose dependent 
manner, by inducing the NFkB activation using tumor necrosis factor-alpha (TNFa). 
The expression of Gluc was induced up to 200-fold in response to the upregulated 
NFkB activity. Similarly, we inhibited the NFkB activation by adding sulfasalazine (SSZ), 
which lead to a 5-fold decrease in Gluc expression. We also showed that this NFkB 
reporter is sensitive for other biological events such as angiogenesis. Further, we used 
this reporter for in vivo monitoring of NFkB activation over time using the Gluc-blood 
assay described above.

Moreover, this reporter is suited for high-throughput screening since aliquots from 
conditioned medium in vitro or blood from mice ex vivo can be assayed over time 
for NFkB activity. We also used this reporter in combination with another commonly 
used blood reporter, the secreted alkaline phosphatase (SEAP). After the transduction 
of cancer cells with lentivirus vector expressing Gluc and SEAP, two biological 
processes can be monitored at the same time such as tumor cell proliferation and 
NFkB activation.
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In Chapter 4 we fused the NFkB promoter to a therapeutic gene followed by 
the blood reporter Gluc. Since NFkB drives the expression of this toxic gene, upon 
a higher expression of NFkB, the toxic gene is expressed even more, causing a more 
toxic effect to tumor cells. We showed that this cascade can be enhanced by using 
TNFa, an inducer of NFkB, and could be extended to other factors in the tumor 
environment, such as hypoxia and inflammation.

In Chapter 5 we designed a reporter based on the strong interaction of biotin 
(vitamin H) with chicken egg white avidin, or its bacterial counterpart streptavidin. We 
designed a peptide that will be expressed on the cell surface and binds biotin. Biotin 
is now displayed on the cell surface and cells can be imaged with any agent coupled 
to streptavidin. In Chapter 6 we extended this work and fused the naturally secreted 
Gluc to this construct. We showed that brain tumors in mice can be imaged with 
any imaging modality including bioluminescence, fluorescence, MRI and radionuclide 
imaging such as SPECT.

In Chapter 7 we first developed an in vivo infiltrative GBM model: using primary 
cells dissociated from human tumorsections, stem-like cell neural spheres were grown 
in neurobasal medium. Upon intracranial injection of these cells, we observed tumor 
formation and invasion into the brain from one hemisphere into the other across 
the corpus callosum. This model provides an excellent tool for glioma research and 
for our purpose to investigate the hypothesis that an SDF-1a gradient can attract 
infiltrative tumor cells. We then designed an assay in which we can monitor the 
spreading of tumor cells as well as SDF-1a expression through an AAV vector, using 
dual bioluminescence monitoring of both Fluc and Gluc. We observed that GBM cells 
migrated towards the SDF-1a gradient.

In the Discussion (Chapter 8) we critically review our hypotheses and findings in 
light of the pertinent literature and reflect on possible future directions. Hopefully 
the steps taken in this thesis will be continued, eventually leading to new therapeutic 
possibilities for patients with braintumors.
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sameNvattiNG

Glioblastoma (GBM) is een invasieve en heterogene tumor. Vanwege deze kenmerken, 
en de onmogelijkheid om GBM compleet uit het brein te opereren, is deze tumor 
moeilijk te behandelen en is de overlevingskans van GBM-patiënten erg laag. Nieuwe 
en betere behandelingen zijn hard nodig en om deze te ontwikkelen is het belangrijk 
om de onderliggende pathologie van GBM beter te begrijpen. Door gebruik te maken 
van moleculaire beeldvorming kan een beter begrip van deze pathologie worden 
verkregen. In dit proefschrift hebben we biosensoren ontwikkeld om verscheidene 
biologische processen te volgen zoals apoptose, NFkB activiteit (een belangrijke 
transcriptiefactor in kanker) gemeten, tumorcellen in beeld gebracht door gebruik te 
maken van verschillende beeldvormende modaliteiten en de migratie van tumorcellen 
geregistreerd. Daarnaast hebben we deze reporters gebruikt om nieuwe therapieën 
te ontwikkelen voor GBM.

In Hoofdstuk 2 hebben we een apoptose-biosensor gebouwd door de green 
fluorescent protein (GFP) te combineren met een  caspase-3 splitbare linker, ook wel 
DEVD genoemd, met daarnaast Gluc met zijn signal sequence (ss). Dit DEVD peptide 
wordt gespleten zodra caspase-3, het eindproduct van zowel de intrinsieke als de 
extrinsieke apoptosereactiepaden, actief is. GFP dwingt dit gefuseerde eiwit, inclusief 
Gluc, om in het cytoplasma te blijven. Wanneer er splijting van het DEVD eiwit 
plaatsvindt, zal Gluc het secreterende reactiepad betreden, waar het gevouwen wordt 
in de actieve variant. Vervolgens wordt ssGluc uitgescheiden in het geconditioneerde 
medium van de cellen in vitro waar het gedetecteerd kan worden nadat zijn substraat 
coelenterazine wordt toegevoegd. Dit reportersysteem is waardevol voor de evaluatie 
van apoptose-inducerende therapeutische strategieën in tumorcellen en kan zelfs 
gebruikt worden voor screening van potentiële nieuwe apoptose-inducerende 
medicijnen. Daarnaast heeft Gluc, om in een actieve vorm gevouwen te worden, 
zogenoemde “chaperone” eiwitten nodig die zich in het secreterende reactiepad 
bevinden. Dit reportersysteem zou dus een handig middel kunnen zijn om mutaties 
of andere verstoringen van deze eiwitten te traceren.

In Hoofdstuk 3 hebben we een reportersysteem ontworpen dat gebaseerd is op 
vijf tandem repeats van de NFkB transcriptie-responderende elementen (TRE) en een 
TATA-box die de expressie van het gesecreteerde Gluc aandrijft. We analyseerden 
deze reporter in vitro in een tijd- en dosisafhankelijke manier, door NFkB te activeren 
met tumor necrosis factor-alfa (TNFa). De expressie van Gluc was 200 keer hoger 
door het geactiveerde NFkB. Zo hebben we NFkB ook geremd door sulfasalazine 
(SSZ) toe te voegen; dit leidde tot een afname van vijf keer van Gluc. Ook hebben we 
laten zien dat deze NFkB-reporter gevoelig is voor andere biologische veranderingen, 
zoals angiogenese. Daarnaast hebben we deze reporter gebruikt voor het in vivo 
meten van de NFkB-activiteit, door bloed te screenen op Gluc activiteit.

Deze reporter is uitermate geschikt voor high-throughput screening door in vitro 
het medium van de cellen, en ex vivo het bloed, te analyseren voor NFkB activiteit. 
We hebben deze reporter ook in combinatie met een andere, veel gebruikte, reporter 
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gebruikt: de gesecreteerde alkaline phosphatase (SEAP). Door deze reporters 
tegelijkertijd te gebruiken, kunnen twee biologische processen op hetzelfde moment 
gemeten worden, zoals tumorcelproliferatie en NFkB-activiteit. 

In Hoofdstuk 4 hebben we de NFkB-promotor gefuseerd met een therapeutisch 
gen en de bloedreporter Gluc. Wanneer er NFkB-activiteit is, zal het therapeutisch 
gen geactiveerd worden en een toxisch effect bewerkstelligen tegen de tumorcellen, 
leidend tot celdood. Dit systeem kan versterkt worden door het toedienen van TNF-a 
en kan ook gebruikt worden voor andere biologische processen, zoals hypoxie en 
ontsteking.

In Hoofdstuk 5 hebben we een reporter ontworpen die gebaseerd is op de 
sterke interactie van biotin (vitamine H) met het kippeneiwit avidin of zijn bacteriële 
tegenhanger, streptavidin. We hebben een peptide gemaakt dat op het oppervlak 
van de tumorcel tot expressie komt en waaraan biotin kan binden. Als biotin dan 
aan dit peptide gebonden is, aan het oppervlak van de cel, kan het een verbinding 
vormen met toegevoegd streptavidin. Aan streptavidin kan je allerlei beeldvormende 
middelen binden waardoor de tumorcellen in beeld gebracht kunnen worden. 

In Hoofdstuk 6 hebben we dit werk uitgebreid en Gluc toegevoegd aan 
dit construct. Hierdoor kunnen (hersen)tumoren in beeld gebracht worden 
met verschillende modaliteiten, zoals bioluminescentie, fluorescentie, MRI en 
radionuclidebeeldvorming, zoals SPECT.

In Hoofdstuk 7 hebben we eerst een infiltratief GBM-diermodel ontwikkeld: 
primaire tumorcellen, afkomstig van humane tumorsecties, werden als stamcellen 
gekweekt tot sferoïden. Na injectie van deze cellen in het brein bleek dat zij een 
invasieve tumor vormen die van de ene hemisfeer naar de andere migreren via het 
corpus callosum. Dit glioommodel bleek nuttig om onze hypothese te testen of 
gemigreerde tumorcellen aangetrokken kunnen worden een SDF-1a gradiënt. Door 
gebruik te maken van een AAV-vector konden we met dubbele bioluminescente 
beeldvorming zowel Fluc als Gluc meten, beide corresponderend voor respectievelijk 
de tumorcellen en de expressie van SDF-1a. Het blijkt inderdaad dat een SDF-1a 
gradiënt een aantrekkingskracht uitoefent op tumorcellen.

In de Discussie (Hoofdstuk 8) beschouwen we kritisch onze hypothesen en 
resultaten in het licht van de relevante literatuur en staan stil bij mogelijkheden voor 
toekomstig onderzoek. Hopelijk worden de stappen die in dit proefschrift genomen 
zijn, vervolgd, zodat dit uiteindelijk zal leiden tot nieuwe en betere behandelingen 
voor patiënten met een hersentumor.
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