
Secreted Luciferase for In Vivo Evaluation of Systemic Protein
Delivery in Mice

Salim S. El-Amouria, Phuong Caob, Carol Miaoc, and Dao Pana,b,*

aMolecular and Cell Therapy Program, Division of Experimental Hematology & Cancer Biology,
Cincinnati Children’s Hospital Medical Center

bDepartment of Pediatrics, University of Cincinnati School of Medicine, Cincinnati, OH

cDivision of Allergy and Infectious Diseases, University of Washington, Seattle, Washington

Abstract

A naturally secreted Gaussia luciferase (Gluc) has been utilized as a reporter for bioluminescence

imaging (BLI) evaluation. However, the potential application of Gluc for in vivo monitoring of

systemic protein delivery, as well as its natural biodistribution, has not been studied. To examine

Gluc secretion and uptake profile, we injected Gluc-encoding plasmids into mice by

hydrodynamic tail-vein injection. Whole-body BLI showed that imaging quantification obtained at

pawpad was directly correlated to blood Gluc activities. When gene expression was restricted to

the liver by the use of a hepatic promoter, in vivo Gluc biodistribution analysis revealed the

kidney/bladder, stomach/intestine and lung as the major uptake organs. Three-dimensional BLI

identified liver/stomach and lung as the main internal luminescent sources, demonstrating the

feasibility of detecting major uptake organs in live animals by 3D BLI with high background

signals in circulation. Notably, Gluc levels in capillary-depleted brain samples from Gluc-injected

mice were comparable to controls, suggesting Gluc may not cross the blood-brain barrier. Gluc

uptake kinetics and intracellular half-life were assessed in various types of cell lines, implicating

the involvement of non-specific pinocytosis. These results suggest that Gluc-based system may

provide a useful tool for in vivo evaluation of protein/agent biodistribution following systemic

delivery.
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Introduction

Most biopharmaceutical proteins or therapeutic drugs are delivered and/or distributed by

blood circulation in humans. The feasibility of real-time monitoring of the spatial and

temporal bio-distribution of these agents in animal models can provide invaluable insight
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into drug screening and targeting, as well as in vivo process/tracking of systemic protein

delivery. In vivo bioluminescence imaging (BLI) is emerging as a critical tool for

noninvasive detection and quantification of various biological processes in vivo [1–4].

Moreover, it provides the advantage of localizing and quantifying the in vivo delivered

agents at multiple time points in the same living subject.

Firefly luciferase (Fluc) and Renilla luciferase (Rluc) are the two most commonly used

luciferases for BLI studies. However, the detectability of Fluc is largely limited by the

requirement of ATP and Mg+2 as cofactors for the generation of luminescent signals. On the

other hand, no need of cofactor or ATP for signal production has made Rluc suitable for

imaging cell surface targets, yet it has a significantly lower quantum yield and less

enzymatic efficiency compared to Fluc. Recently, Gaussia luciferase (Gluc), a naturally

secreted luciferase isolated from a marine copepod, has attracted much attention as a

reporter protein for BLI evaluation, because it is both the smallest (19.9 kD) and the

brightest known ATP-independent luciferase [5, 6]. Compared to humanized forms of Fluc

or Rluc, humanized Gluc can generate over 100-fold higher luminescent intensity from

viable cells or cell lysates determined by luminometer [5, 6]. For in vivo imaging analysis,

Gluc has shown 200-fold higher signal intensity than Rluc and a comparable level of

intensity to that of Fluc. The application of humanized Gluc has been investigated in animals

as a marker/reporter for quantification of tumor growth [2], cell-based in vivo imaging [7],

immunoliposome delivery [8], and gene transfer efficiency [9]. In addition, the feasibility of

dual-reporter assessment of Gluc in combination with Fluc has been reported recently,

because these two luciferases utilize different substrates and the half-life of Gluc signals is

relatively short [10, 11]. Being the smallest luciferase, Gluc has also been utilized as part of

a bi-functional fusion protein that could be secreted in vitro [12], or monitored in vivo by

BLI [13]. However, the natural in vivo biodistribution and uptake profile of secreted Gluc in

animals have not been well studied.

Due to rapid hepatic clearance, it has been challenging for most of the externally

administered agents to maintain a stable level in the circulation for sufficient duration to

allow for an adequate examination and accurate quantification of their distribution in organs

and tissues. Hydrodynamic tail-vein (HTV) injection of naked plasmid DNA has been

proven to introduce a high transgene expression in the liver of small rodents [14]. This

method is well tolerated in mice and rats with peak levels of transgene expression

predominantly found in hepatocytes (> 90%) at 2–5 days post injection. The convenience

and effectiveness of in vivo hydrodynamic gene delivery have provided a unique platform to

evaluate the biology, physiology and immune responses of cell- and gene-based therapy

approaches in vivo (reviewed in [14, 15]). Compared to conventional synthetic protein

injection, the HTV approach we utilized might provide superior and stable plasma protein

delivery, and open a practical window for an in vivo evaluation of Gluc biodistribution and

uptake profile.

In this study, we evaluated the potential application of Gluc as a BLI reporter for systemic

protein delivery through the circulation in vivo, as well as its natural in vivo biodistribution.

We report here that Gluc can be robustly expressed in liver and secreted into the blood 24

hrs after HTV injection in mice. Gluc could be taken up by other peripheral organs with the
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highest level found in the kidney/bladder and stomach/intestine, but failed to cross the

blood-brain barrier (BBB) or into the testis. As a reporter protein, we were able to detect

Gluc activity above background level in mouse blood 20 days after HTV injection. Among

all three regions of interest (ROI) analyzed by bioluminescent imaging, the photon counts in

pawpad ROI were consistently correlated with blood Gluc activities as determined by

luminometer readings. Three-dimensional (3D) imaging analysis localized internal light

sources to liver/stomach and lung areas, demonstrating for the first time the feasibility of 3D

BLI with high background levels generated by circulating luciferase. To better understand

the mechanism of Gluc uptake and its clearance profile at the cellular level, its kinetics was

assessed in non-tumorgenic cell lines. Results suggested the likely involvement of

pinocytosis in Gluc internalization into cells. Our data on the natural biodistribution profile

of Gluc and its potential uptake route are valuable for the application of Gluc as a reporter

for in vivo monitoring of systemic protein delivery, as well as for other in vivo BLI

applications. Thus, the Gluc-based system may provide a useful tool for in vivo tracking of

temporal changes and biodistribution of agents/proteins in-frame fused with Gluc following

systemic delivery.

Materials and Methods

DNA plasmids and vector construction

Two Gluc-expressing plasmids were used in this study. The pCMV-Gluc plasmid was

obtained from New England BioLabs (Ipswich, MA). The phAAT-Gluc plasmid was

constructed using the pCMV-Gluc and pBS-HCRHPI-A plasmids. The pBS-HCRHPI-A

plasmid contains a liver specific human α-antitrypsin-based hybrid promoter (hAAT) as

described previously [16]. The Gluc gene was amplified by PCR from the pCMV-Gluc

plasmid to introduce flanking Ndel and EcorV restriction sites, followed by Topo-cloning

and sub-cloning into the Ndel and EcorV sites of the pBS-HCRHPI-A. The phAAT-Gluc

plasmid was verified by sequence analysis.

Cell lines and cultures conditions

Human foreskin fibroblasts (HFF), human embryonic kidney 293 cells (HEK293), murine

brain endothelial cells (bEnd.3), and mouse embryonic fibroblasts (NIH3T3) were obtained

from American Type Culture Collection (ATCC, Manassas, VA). Cells were maintained in

DMEM (high glucose) (Invitrogen, Carlsbad, California) supplemented with 10% fetal

bovine serum (Mediatech, Inc; Manassas, VA) plus 1% penicillin/streptomycin (Invitrogen,

Carlsbad, California).

NIH3T3 cells stably expressing Gluc (NIH3T3-Gluc) were generated by transfecting

NIH3T3 cells with pCMV-Gluc plasmid using TransIT®-3T3 transfection kit (Mirus Bio

LLC, Madison, WI). Gluc stably expressing cells were obtained by selection with 400µg/m1

of G418 for 3 weeks. After G418 selection, growth medium from NIH3T3-Gluc was tested

for Gluc activity to confirm the expression and secretion of Gluc into the cell medium.
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Animals

C57BL/6J and NOD/SCID/β2-microglobulin (SCID/β2) mice (9- to 10-week old) were used

in this study. The mice had free access to food and water, and were maintained on a 12-hour

dark/light cycle in a room with controlled temperature (24 ± 1 °C) and humidity (55 ± 5%).

The studies on animals were approved by the Cincinnati Children's Hospital Institutional

Animal Care and Use Committee, and carried out in a pathogen-free facility approved by the

Association for Assessment and Accreditation of Laboratory Animal Care.

Gluc luciferase activity assays in intact cells, conditioned culture media, cell/tissue
lysates, whole blood and urine

Different numbers of NIH3T3-GLuc cells in 5µl of 1X PBS or 5µl of conditioned cell

culture media were transferred to flat solid bottom and opaque-walled white 96 well

laminator Costar plates (Fisher Scientific Inc., Pittsburg, PA). Gluc bioluminescence values

were measured over 2.5sec immediately after automatic addition of 100 µl of 25 µM

colenterazine (Nanolight, Pinetop, AZ) by an injector-equipped Veritas microplate

luminometer (Promega, Madison, WI). To minimize bioluminescence signal between wells

of each 96 well plate, Gluc activity was measured in every other well of the plate. Each

sample was tested twice in duplicate reactions.

10µl of each cell lysate or tissue homogenate in 1X PBS buffer containing 200mM NaC1,

0.1% Triton-X100 and 1X protease inhibitors (Sigma, St. Louis, MO) were transferred to

flat solid bottom and opaque-walled white 96 well laminator Costar plates (Fisher Scientific

Inc., Pittsburg, PA). Gluc bioluminescence values were measured as described above

(2.4.1.). Protein concentration in each sample was determined with the Pierce BCA protein

kit assay (Thermo Fisher Scientific Inc., Rockford, IL). Gluc bioluminescence values were

normalized to their corresponding protein concentration.

Urine samples were collected by abdominal palpation. Blood samples (50 µl) were obtained

from the tail-vein of each mouse into heparinized or EDTA tubes. For plasma isolation,

blood samples were centrifuged for 25 min at 1.3×g at 4°C. Then, 5 µl of blood, plasma or

urine sample was used to carry out the Gluc luciferase activity assay as described above

(2.4.1) after mixing the samples with 100 µl of 50 µM Gluc substrate (Nanolight, Pinetop,

AZ).

Transient in vivo gene transfer by hydrodynamic tail vein injection

The expression of Gluc in mice from both Gluc expressing constructs (pCMV- and phAAT-

Gluc plasmids) was achieved via the HTV injection method. A total of 40 µg of DNA of

each Gluc-expressing plasmid was injected into the mouse tail-vein in a volume of saline

equivalent to 10% of the body mass of the mouse (e.g., 2.0 ml for mouse of 20 g). The total

volume was delivered within 5–8 seconds using a 26-gauge insulin syringe-needle. Injected

mice resumed normal activity within 5 minutes post injection.

In vivo bioluminescence imaging

The in vivo BLI was performed on mice 1–2 days after hydrodynamic injection of Gluc-

expressing plasmids using an IVIS Imaging System 200 (Xenogen Corporation, Alameda,
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CA). Mice were under continuous anesthesia on a heated stage using the XGI-8 Gas

Anesthesia System. Bioluminescence imaging was obtained by acquiring photon counts over

5 min immediately after intravenous tail-vein injection of 150 µl coelenterazine (4 µg/g body

weight) using a 26 mm square back-thinned CCD camera. Acquired data were analyzed

using Living Image Software Version 2.50 (Xenogen) with the overlay on light-view image.

Regions of interest (ROI) were created using an automatic signal intensity contour tool and

normalized with background subtraction of the same animal. The mean ± SD of the sum of

the photon counts in ROIs was calculated as a measurement of BLI luciferase activity.

To localize bioluminescent light sources inside a mouse, we conducted a sequential data

acquisition using three filters at the wavelengths of 580, 600 and 620 nm with exposure time

3–10 min. The subject surface topography was generated from a structured bright-light

image. The 3D reconstruction of bioluminescent sources was generated by Diffuse

Tomography analysis using Living Image 2.1 Software (Xenogen Corporation) according to

the manufacture’s user manual.

Tissue collection and protein preparation

Transcardiac perfusion was employed to purge blood vessels and remove residual blood

from anesthetized animals as described previously [17]. Under deep anesthesia with sodium

pentobarbital (I.P. injection of 40mg/Kg /mouse), each mouse underwent transcardial

perfusion with sterile ice cold 1X PBS for at least 3 min. The success of this procedure was

confirmed by a loss of color in the liver and the blood vessels that flank the midline of the

rib cage. Then, the brain and other tissues were quickly obtained from each mouse and

subsequently stored (except brain samples) at −80 °C until further analysis. For protein

sample preparation, tissues were weighed and homogenized in 4X (v/w) PBS buffer (1X)

containing 200 mM NaC1, 0.1% Triton-X100 and 1X protease inhibitors (Sigma, St. Louis,

MO). After homogenization on ice in microcentrifuge tubes with 10 strokes of disposable

Kontes pellet pestles (Fisher scientific, Pittsburgh, PA), tissue homogenates were incubated

on ice for 30 min, then centrifuged at 14000 rpm for 10 min at 4°C. Supernatants were

separated from the pellets for Gluc activity assays.

Brain capillary depletion was carried out using a modified depletion method from Triguero

et al. [18]. Briefly, freshly removed mouse brains were homogenized on ice with 10 strokes

by disposable Kontes pellet pestles in 2X (v/w) capillary depletion buffer (10 mM HEPES,

141 mM NaC1, 4 mM KCl, 1 mM NaH2PO4, 2.8 mM CaC12, 1.0 mM MgSO4, 10 mM D-

glucose, protease inhibitors, pH 7.4). Then, 1.5 volumes of cold 26% dextran were added for

a final dextran concentration of 16% and the tissues were homogenized with 3 additional

strokes. The tissue homogenates were centrifuged at 5400×g for 15 min at 4°C. The

supernatants containing brain tissues and the pellets containing the capillaries were carefully

separated and washed three times with 1X PBS. Brain homogenates and capillary isolates

were resuspended in Gluc lysis buffer for further analysis.

In vitro Gluc uptake and clearance assays

For Gluc uptake assays, HEK293, HFF, and bEnd.3 cells were subcultured in 12-well

culture plates at a density of 200×103, 100×103, and 200×103 cells per well, respectively,
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overnight at 37 °C in a 5% CO2 incubator. Cells were then treated with various volumes (0,

62.5, 125, 250, 500, or 1000 µl) of NIH3T3-Gluc cell growth medium (with Gluc activity

~3000 relative luminescence units [RLU] per µl) in a 1000 µl total incubation volume. At

the end of the incubation period (20, 60, or 180 min), cells were put on ice to stop the uptake

process and washed 3–5 times with ice cold 1X PBS. Then, cells were lysed with 200 µl

Gluc lysis buffer (1X PBS buffer containing 200 mM NaCl and 0.1% Triton-X100 plus

protease inhibitors). Thereafter, lysed cell samples were sonicated in an ice bath by three 10

sec pulses of 40-Watts using an Ultrasonic Processor GE 130PB (Hielscher Systems,

Teltow, Germany). The cell lysates were collected by centrifugation at 14000 rpm for 15

min at 4 °C. The Gluc activity of each cell lysate was determined as described above.

For clearance assays, HFF and HEK293 cells were seeded at densities of 100×103, and

200×103 cells per well in 12-well culture plates. The next day, 1 ml of Gluc medium (~3000

RLU/µl) was added to each well. After 1hr of incubation, the Gluc medium was removed

and cells were washed 5 times with fresh medium. Thereafter, the cells were returned to the

cell culture incubator and allowed to grow for various period of time (0, 10, 20 and 40 min,

and 1, 3, 6, and 24 hrs). At the end of each incubation period, cells were put on ice to stop

the clearance process, washed 5 times with ice cold 1X PBS, then lysed using the Gluc lysis

buffer. Lysed cell samples were sonicated in an ice bath, cell lysates were collected by

centrifugation, and luciferase activity was measured as described above. The half-life of

Gluc in cells was calculated using Excel software after data were fitted to a first-order

exponential model.

Statistical analysis

Results were expressed as mean ± SEM or SD as specified in the figure legends.

Comparisons were performed using two-tailed Student's t tests. Probability values of 0.05

were considered to be statistically significant.

Results and Discussion

Gluc transgene could be expressed and secreted in vitro and in vivo by ubiquitous and
liver-specific promoters

To validate Gluc expression and secretion, we first transduced the pCMV-Gluc plasmid into

NIH3T3 cells and generated a stable Gluc-expressing cell line by drug selection. Luciferase

activities were determined either in intact cells or in their growth media (Fig.1). Gluc

expression in intact cells was high enough to enable detection of as few as 10 cells with an

over 3–4 log fold increase on the standard curve and a high correlation coefficient (0.997)

(Fig. 1a). In addition, the standard curve (r2= 0.999) derived by serial dilutions of media

conditioned by 24-hr culture of NIH3T3-Gluc cells demonstrated that functional Gluc

luciferase could be secreted efficiently at a rate of ~ 4×105 RLU/cell (Fig.1b). The results

suggest that Gluc can provide sensitive detection, and be efficiently generated and secreted

by NIH3T3 cells.

The CMV promoter is the immediate-early gene promoter from cytomegalovirus that has

been commonly used to introduce strong gene expression in a wide range of cell types in
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vitro. However, in vivo transcriptional inactivation of CMV has also been observed in

animals which may be related to methylation and cytokine-related inhibition of viral

promoters [19, 20]. Moreover, ubiquitous expression from the CMV promoter may

complicate the evaluation of the in vivo Gluc uptake profile following the systemic gene

delivery used in this study. Thus we constructed a phAAT-Gluc vector to introduce

hepatocyte-specific Gluc expression using a hybrid promoter that consisted of a human α1-

antitrypsin promoter, a hepatic HCR and a portion of intron 1 in hFIX [16].

To evaluate Gluc expression and secretion ability in vivo, we utilized the HTV injection

method, which has been shown to introduce relatively transient yet robust gene delivery

mostly in the liver of small animals [21]. Twenty-four hours after HTV injection of 40µg

plasmid DNA of either pCMV-Gluc or phAAT-Gluc into mice, the luciferase activities were

determined in blood and the liver of well-perfused animals. Elevated Gluc activities were

detected in liver (mean of 5×104 or 1×106 ΔRLU/µg) and blood (mean of 4×105 or 1×107

ΔRLU/µl) in both groups (Fig.2). Interestingly, compared to the CMV promoter, the use of

liver-specific hybrid hAAT promoter resulted in approximately 20-fold higher Gluc levels in

the liver, although lower activities were observed in the blood stream. It has been reported

that the CMV promoter could induce higher transcriptional activity in liver than the hAAT

promoter following HTV injection [22]. Our result indicates that the inclusion of HCR of

apolipoprotein E and an intron sequence from hFIX in the hybrid hAAT promoter may

likely increase the strength of the AAT promoter in addition to sustaining gene expression as

has been reported previously [16]. The relatively higher Gluc levels in blood of pCMV-Gluc

mice may be due to the contribution of CMV-driven transcriptional activity in other organs

because gene transfer by HTV injection has also been reported in lung and spleen [15, 23].

Temporal Gluc levels in circulation exhibited biphasic reduction

To determine the window of detection for in vivo bioluminescent imaging and uptake

profile, blood Gluc levels were monitored for over 20 days post injection in immune-

competent C57/Bl6 or immune-deficient SCID-β2 mice (Fig.3). The luciferase activities

were the highest 24 hrs after injection (the earliest detection point) in both groups. A rapid

initial decline was seen in C57 mice with a drop of more than 40 fold from Day 1 to 3,

followed by a plateau stage until the end of the observation period. This biphasic decline of

luciferase activity in blood with time was consistent with the pattern of time-dependent Fluc

gene expression in the liver as reported by others [22]. A slower decline of blood Gluc (over

10-fold from Day 1 to 3) was observed in SCID mice, although a more continuous reduction

led to lower Gluc levels than those of the C57 group by 3 weeks post injection. The decrease

in activity is mostly due to the promoter silencing often seen in liver [24], although immune

reactivity toward Gluc and/or organ uptake may also play a role in the initial Gluc decline.

The stability of Gluc in blood may also contribute to the disappearance of Gluc from the

circulation and affect the uptake profile in organs. To determine the half-life of GLuc in

blood, blood samples were collected using either EDTA or heparin as anti-coagulant from

injected C57 or SCID mice, followed by incubation at 4 ° C or physiological 37 ° C with

repeated luciferase assays at the indicated times (Fig. 4). A reduction of ~20% in luciferase

activity was observed in heparin samples 4 days after incubation at 4° C, yet a similar
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reduction was seen in EDTA samples 9 days later, suggesting that EDTA may preserve

functional Gluc better than heparin. Interestingly, when incubated at 37 ° C, the Gluc

activities in EDTA samples decreased rapidly (> 25% reduction within 4-hr incubation),

followed by a slower yet continuously reduction at a rate similar to those observed in

samples incubated at 4 ° C. This data suggests that an efficient yet transient Gluc

inactivation mechanism may be present specifically at 37 ° C, in addition to a much slower

Gluc degradation process that is not temperature sensitive. Noticeably, the in vivo

disappearance of Gluc activity in circulation was more rapid (>97% lost within 2 days) (Fig.

3) than the loss of functional Gluc due to its instability in blood in steady-state (~50% within

2 days), even though Gluc production only occurred in vivo.

Gluc bioluminescent imaging demonstrated correlation of photon signals in pawpad
regions with blood activities

To monitor the relative bio-distribution of Gluc in living animals, bioluminescent imaging

analysis was performed in mice 1–2 days after HTV injection of either saline or pCMV-

Gluc (Fig. 5). Three regions of interest were identified that exhibited photon signals

significantly above background levels that had been elevated due to high Gluc levels in the

circulation (Fig.5a). Among them, the pawpad area showed the highest Gluc

bioluminescence signals, followed by the liver area and the abdominal area. Moreover, the

photon counts in the pawpad ROIs were consistently correlated (R2 =0.998) with blood

luciferase activities as determined by luminometer readings in all Gluc-injected animals over

the mock-injected controls (Fig.5b). Luminescent imaging signals in liver areas (ROI 2)

were not significantly above background controls in Gluc-injected mice when blood

luciferase levels were less than 100-fold of control levels. Of note, the correlation pattern

among ROIs and blood Gluc activities was derived from both white-fur SCID (Inj1 and

Inj2) and black-fur C57 (Inj3-Inj5) mice after the removal of their body hair. This in vivo

quantification of ROIs can be complicated by several factors, such as attenuation and

scattering of light by tissues [25]. Signal attenuation is largely associated with internal

absorption of photons by the presence of hemoglobin, melanin and other pigmented

macromolecules [26]. While scattering of signal occurs multiple times at cell and organelle

membranes depending on the wavelength and depth of the light source, leading to diffusion

of emitted light and reduction of spatial resolution. Thus, the pawpad area has several

advantages such as its hairless nature, the simplicity of blood vessels within this small

defined area, and proximity of blood vessels to the surface. Therefore photon signals

acquired here were most representative of Gluc levels in the circulation. Generation of red-

shift variants for Gluc, which can significantly reduce background absorption caused by

hemoglobin, may further improve Gluc usage in BLI applications.

Uptake of Gluc was observed in major peripheral organs, with confirmation by 3D BLI
analysis, but not in the brain or testis

To evaluate the Gluc uptake profile in mice, major organs were harvested, following

transcardiac perfusion to eliminate blood Gluc contamination, from mice 24 hr after HTV

injection with phAAT-Gluc vector. As expected, Gluc activities were highest in the liver

because it was the Gluc-producing organ (Fig.6). The kidney/bladder and stomach/small

intestine exhibited similarly high uptake activities, followed by the lung (50% of kidney
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levels), and lower levels were detected in spleen and heart (~16% of kidney levels) (Fig.6a).

Moreover, near background levels of luciferase activities (p=0.22) were observed in the

testis of all tested animals, while urine contained higher than blood levels of GLuc. These

results suggested that Gluc could be taken up by all peripheral organs tested except the

testis. High levels of Gluc found in kidney, bladder and urine were consistent with previous

reports of high Gluc levels detected in the urine of animals with Gluc-expressing tumor

growth [27]. The active glomerular filtration of blood Gluc with subsequent renal excretion,

as well as biliary or fecal excretion implicated by high luciferase levels found in stomach

and intestine, may play an important role in the rapid loss of Gluc activity from plasma as

described in Fig.3 and the ultimate removal from the body.

It is not clear whether secreted Gluc can cross the intact blood-brain barrier into brain

parenchyma, although passage of Gluc across the brain tumor-blood barrier has been

demonstrated previously [27]. The unique combination of liver-specific expression and

efficient systemic gene delivery by HTV injection resulted in Gluc expression that was more

than 4 orders of magnitude higher than background levels in the circulation at 24 hr post

injection (Fig.6b), thus providing a superb window of opportunity to evaluate the

accessibility of the BBB in vivo to peripheral Gluc. In all injected animals tested, the Gluc

levels in capillary depleted brain samples were not significantly higher than those from

control mice (p=0.20), although luciferase activity was detectable in some samples due to

residual Gluc contaminant from robust levels of peripheral blood (more than 104-fold above

controls). Taking together, the data suggested that secreted Gluc was unlikely to cross the

BBB.

To explore the feasibility of localizing and quantifying the light sources inside the body of

live animals by bioluminescent imaging, we performed in vivo 3D BLI using images taken

at 560, 580 and 600 nm with diffuse luminescent image tomography algorism analysis (Fig.

6c). Three-dimensional reconstruction images showed that the area with the most condensed

and highest intensity of Gluc expression (voxel boxes) coincided with the liver/stomach,

followed by the lung area. This was similar to the organ Gluc data obtained from tissue

lysates of perfused animals (Fig.6a). However, luciferase activity in the kidney was not

identified in the 3D image presumably because its location was too deep below the thoracic

surface to contribute to the surface signals, although Gluc expression was detected in the

area corresponding to the bladder. In vivo 3D bioluminescent imaging has been more

challenging than 2D analysis due to additional complications regarding the depth/

penetration of light sources, longer integration time and construction of whole body

localization references that often require CT and/or MRI co-registration [28]. Gluc has the

advantage of being the brightest among known luciferases, but also has the disadvantage of

having the shortest half-life (flash). The rapid signal attenuation limits the sensitivity of

Gluc in 3D BLI often requiring longer integration time. In addition, the relatively high

background signals derived from secreted Gluc in the circulation of live animals make it

more challenging to evaluate localized Gluc. In this study, we were able to identify the liver/

stomach area in the abdomen and lung in the thorax as high Gluc-containing organs by 3D

BLI, but could not distinguish organs (such as kidney) furthermost from the exposure

surface.
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Gluc uptake and clearance in different types of cells indicated the involvement of
pinocytosis

To get some insights into Gluc uptake at the cellular level, we evaluated its uptake and

clearance in vitro in cell lines representing different cell types including human foreskin

fibroblasts, human embryonic kidney cells and mouse brain endothelial cells (bEnd.3) (Fig.

7–8). Dose-dependent uptake was observed in all three cell lines after 60 min of exposure to

medium containing increasing amount of Gluc, with near perfect linear correlation (r2

>0.98). Interestingly, bEnd.3 cells exhibited the highest overall rate of internalization,

followed by HEK293 cells (~50% of bEnd.3 levels), then HFF cells with the lowest rate

(~20%) (Fig.7). No saturation was observed in any of the cell lines within the dosage range

used in this experimental setting. This is consistent with the classical interpretation of a

fluid-phase uptake mechanism, suggesting non-specific pinocytosis of Gluc by these cells.

Pinocytosis (“cell-drinking”) is one of the major forms of endocytosis found in many living

cells, with uptake rates varying among cell types, culture conditions and extracellular stimuli

[29]. In fact, high levels of pinocytotic activity have been reported in human umbilical vein

endothelial cells (largely via caveolae) for the uptake of Lucifer Yellow CH [30] and in

dendritic cells for the uptake of soluble firefly luciferase [31]. The endothelial nature of

bEnd.3 cells has been confirmed by morphology analysis, the expression of von Willebrand

factor and the uptake of fluorescently labeled low-density lipoprotein [32]. HEK293 cells

were derived from fetal kidney that is abundant for endothelial, fibroblastic and epithelial

cells, although the exact nature of HEK293 cells is un-determined. Thus, the varying rates of

Gluc uptake observed in the three different cell lines may likely be influenced by the

inherited nature of each cell type for pinocytosis as the culture conditions were identical

during the uptake process. Moreover, it is known that the barrier properties of the BBB

restrict passage of most molecules into the brain parenchyma, unless they are less than 0.4–

0.5 kD and highly lipophilic, or selectively recognized by the few but not-rare receptors on

the BBB [33]. Receptor-mediated transcytosis is the main molecular transport system for

protein transport across the BBB, which lacks fenestration. Thus the non-specific, non-

receptor-mediated nature of Gluc uptake in various cell types supports the notion that Gluc

would not cross the BBB as observed above.

The stability of Gluc within cells or tissues would be of importance for data interpretation

and experimental design. As shown in Fig.8, the clearance kinetics was evaluated in HFF

and HEK293 cells by determining intracellular Gluc activities at varying times after the end

of the uptake incubation. A biphasic curve was obtained for Gluc clearance in HFF cells,

with a rapid reduction of luciferase activity from 10–20 min, followed by a relatively steady

stage. Whereas a much slower but continuous reduction of Gluc was observed in HEK293

cells, reaching a plateau by 6 hr post uptake. The estimated half-life of Gluc is ~20 min in

HFF cells and ~2 hr in HEK293 cells, in comparison to ~3 hr for firefly luciferase turnover

in HepG2 cells [34]. To our knowledge, this is the first published data describing the half-

life of Gluc in different cells in vitro. Several intracellular pathways have been described for

the fate of endocytotic vesicles depending on the cell type and the agent being internalized,

including transfer to the endosome/lysosome compartment for degradation, to the Golgi

network via sorting endosome for special delivery, and exocytosis (as seen in trans-

endothelial transport). Although the clearance pathways of Gluc are not within the scope of
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this study, the data on Gluc uptake and half-life can provide valuable information for

experimental designs with repeated bioluminescent imaging.

In conclusion, Gaussia luciferase provides a sensitive tool as a naturally secreted reporter

for in vivo monitoring of protein biodistribution following systemic delivery through the

circulation. We characterized the Gluc natural uptake profile in nine peripheral organs,

revealing kidney/bladder, stomach/intestine and lung as the major uptake organs. We also

ascertained the inability of GLuc to cross the BBB or into the testis. The elimination of

liver-generated Gluc from the body was likely through glomerular filtration of blood Gluc

with subsequent renal excretion as well as biliary or fecal excretion. Moreover, our attempt

to utilize three-dimensional BLI analysis in live animals localized the main internal Gluc

sources to the liver/stomach and the lung, but with the limitation to identify Gluc in organs

(such as the kidney) far deep from the exposure surface. Thus we demonstrated for the first

time the feasibility of detecting major Gluc uptake organs by 3D BLI in live animals with

excessive background signals in circulation. Using three cell lines, we assessed the kinetics

of Gluc uptake and cellular clearance that implicated the likely involvement of non-specific,

fluid-phase pinocytosis. These results suggest that Gaussia luciferase not only provides a

useful tool for in vivo monitoring of protein biodistribution following systemic delivery, but

also may serve as a sensitive biomarker for evaluation of BBB integrity. Our data on the

natural uptake process of Gluc and its in vivo biodistribution may provide valuable

information for other in vivo BLI applications of Gluc. More recently, it has been reported

that two small structure repeat domains (71-amino acids) from the Gluc sequence have

similar capability to catalyze the oxidation of substrate and emit photon signals as the full-

size Gluc protein [35]. Thus, the option of including a small Gluc domain in a recombinant

therapeutic or diagnostic agent would expand the prospect of potential application of Gluc as

an in vivo reporter for systemic protein delivery.
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Fig. 1.
Detection of Gluc expression and secretion in vitro. Varying numbers of intact NIH3T3 cells

stably overexpressing Gluc (3T3-Gluc) (a), or serial dilutions of Gluc-containing media

conditioned by 24-hr culture with 106 3T3-Gluc (b), were analyzed for relative light units

(RLU) using a luminometer. Results were derived from two experiments and are presented

as mean ± SD with p<0.001 compared to parental cells or medium without Gluc (indicated

as symbols □).
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Fig. 2.
In vivo Gluc expression and secretion. Gluc activities were determined in liver homogenates

and EDTA-blood of C57 mice 24 hr after HTV injection with either pCMV-Gluc or

phAAT-Gluc plasmids. Luciferase activities were normalized by subtracting background

signals derived from samples collected from mock-injected animals, and expressed as ΔRLU

per µg protein or per µl of blood. The bars represent the mean values.
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Fig. 3.
Time-dependent Gluc activities in the circulation after HTV injection of pCMV-Gluc

plasmid. Blood samples were collected and analyzed at various time points from injected

mice (n=4) of either the immune-competent C57 strain or the immune-deficient SCID-β2

strain. Data from mock-injected mice of both strains were grouped together as no

differences were observed in background luciferase signals (n=4).
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Fig. 4.
Stability of Gluc in whole blood. Blood samples were collected (n=28) from 6 injected mice

in the presence of anti-coagulant, either heparin or EDTA, at 4° C or 37° C. Aliquots of

blood samples were analyzed at various times as indicated post collection. Results are

presented as % of Gluc activity of the same sample analyzed on the initial collection day.

Dashed line indicates the level of 80% original Gluc activity where maximum differences

were observed between the heparin and EDTA sets.
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Fig. 5.
Bio-imaging of Gluc expression and correlation of in vivo bioluminescence signals with

blood luciferase activities. Bioluminescence imaging analysis was performed in mice 1–2

days after HTV injection of either saline (mock-injected, n=3) or pCMV-Gluc (n=5). a
Representative BLI images using CCD camera are shown with the color scale indicating

luminescent signal intensity. Regions of interest (ROI) are defined as ROI 1 for the pawpad

area, ROI 2 for the liver area, and ROI 3 for the abdominal area. b Quantitative analysis of

Gluc bioluminescence signals obtained from different ROIs (as indicated in a) of five Gluc

injected mice from SCID strain (Inj1 and inj2) or C57/Bl6 stain (Inj3-Inj5) were compared

to the Gluc activities in blood samples from the same set of animals determined by

luminometer readings. Data are presented as ratio of BLI signals (RLU/s) or blood luciferase

activities (RLU/ml) over background levels obtained from control mock-injected mice

(n=3). Of note, the background control signals in ROI 2 or ROI 3 were 44- or 10-fold higher

than those in ROI 1, respectively. The coefficient of determination (R2) was derived from

the linear regression correlation of the underlying data set with the blood luciferase data set.
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Fig. 6.
Gluc biodistribution in peripheral organs and the brain. a Gluc activities were determined in

tissue homogenates of nine primary organs of well-perfused animals 24 hrs after HTV

injection with phAAT-Gluc plasmid. Each value represents mean luciferase activity of

triplicate assays that are normalized by protein contents quantified with BCA kit. Solid lines

indicate the average of each group (n=4–5). The background signals derived from

corresponding organ homogenates of mock-injected mice were presented in grey color. b
The ratios of luciferase activities in brain capillaries, capillary-depleted brain tissues (CD-

brain) and blood from injected mice (n=6) to those of un-injected controls (n=5) are shown

as mean ± SD. c A 3D reconstruction image of bioluminescent signals (left image) is shown

(face-to-face) with a digital mouse atlas (right), to obtain anatomical reference points, in a
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Gluc-injected mouse 1 day after injection. The colored boxes (voxel) indicate the origin of

luminescent light sources in the body (with the highest intensity in red).
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Fig. 7.
Gluc uptake profile in various cell lines. Cells originating from human skin fibroblasts

(HFF), embryonic kidney (HEK293) or brain endothelium (bEnd.3) were incubated with

various volumes (62.5–1000 µl out of a total 1000 µl) of Gluc-containing media (~3000

RLU/µl) and evaluated for luciferase activities at various time points as indicated. Data for

all cell types were derived from 2–3 independent experiments that were run in duplicate

culture wells and are shown as mean ± SD.
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Fig. 8.
Gluc clearance in HFF and HEK293 cells. Cells were incubated with 1 ml Gluc-containing

medium (~3000 RLU/µl) for 1 hr, rinsed thoroughly with 1X PBS and cultured continuously

for up to 1440 min (24 hr). Aliquots of cells from continuing cultures were harvested at

various time points as indicated and analyzed for luciferase activity using a luminometer.

Data were derived from 2–3 independent experiments that were run in duplicate culture

wells and are shown as mean ± SEM.

El-Amouri et al. Page 22

Mol Biotechnol. Author manuscript; available in PMC 2014 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


