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Abstract Molecular imaging is a fast growing biomedical

research that allows the visual representation, characterization

and quantification of biological processes at the cellular and

subcellular levels within intact living organisms. In vivo

tracking of cells is an indispensable technology for develop-

ment and optimization of cell therapy for replacement or

renewal of damaged or diseased tissue using transplanted

cells, often autologous cells. With outstanding advantages of

bioluminescence imaging, the imaging approach is most com-

monly applied for in vivo monitoring of transplanted stem

cells or immune cells in order to assess viability of adminis-

tered cells with therapeutic efficacy in preclinical small animal

models. In this review, a general overview of bioluminescence

is provided and recent updates of in vivo cell tracking using

the bioluminescence signal are discussed.
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Introduction

The increasing density of imaging technologies, coupled with

the development of cell therapies changes a revolution in cell

tracking in vivo. Tracking of transplanted cells via imaging

tools by visualizing the fate, function, migration, and homing

of the cells using in vivo models would be highly valuable for

research on cell-based therapies [1, 2]. Implanted cells can be

visualized using anatomical imaging modalities, such as mag-

netic resonance imaging and computed tomography, which

have excellent anatomical resolution and no depth limitation

[3–6]; however, these techniques have limitations of low

sensitivity, low throughput, and high cost of instrumentation.

Due to the highest sensitivity and low cost, optical imaging

has been used most commonly for in vivo cell tracking [7, 8].

Direct cell labeling can be a useful tool for evaluation of

initial distribution, localization, and migration of administered

cells; however, due to signal dilution by mitotic division of

labeled cells and persistent signals from the labeled cells even

after death, it cannot be used for long-term monitoring of cells

[9]. Despite its weaknesses, the direct labeling strategy has

been widely used for cell tracking due to the advantages of

simplicity and feasibility. Fluorophores, nanoparticles, or ra-

dionuclides are commonly used for direct labeling. Radionu-

clides are very sensitive agents for direct labeling; however,

there are radiation hazards and inability of long-term moni-

toring due to decay of the radionuclides. Among optical

imaging tools, bioluminescence imaging (BLI) is an indirect

cell labeling technique with reporter genes which is a prom-

ising method for cell tracking in small animal models. Biolu-

minescence is generated by conversion of chemical energy

into visible light by the action of luciferase enzymes and their

substrates in living animals. This applications in molecular

imaging is referred to as BLI [10]. In vivo, BLI has been most

commonly used by various researchers for the visualization of

a variety of biological events because of its high sensitivity,

relative ease of use, and low cost of instrumentation [11]. BLI

is based on the detection of light emitted from cells that

express light–generating enzymes, such as firefly luciferase

(FLuc), Renilla luciferase (RLuc), Gaussia luciferase (GLuc),

Metridia luciferase, Vargula luciferase, or bacterial luciferase

[12–15]. Results from comparison of BLI reporter proteins are

shown in Table 1.

Weaknesses of BLI are poor spatial resolution, limited

penetration depth, and low quantification accuracy due to loss

and scatter of light in the body; and, so far, the weaknesses
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make visualization of inner organs of animal difficult and

preclude clinical translation [6]. However, cell tracking using

BLI can provide the highest sensitivity in small animal studies

due to the absence of endogenous luciferase expression in

mammalian cells [24]. This review provides a general over-

view of bioluminescence and recent updates on cell tracking

using bioluminescence imaging modalities for in vivo animal

studies.

Bioluminescent Reporter Genes

Firefly Luciferase

The FLuc-encoding gene cloned from the North American

firefly, Photinus pyralis, is the most studied and well charac-

terized bioluminescent reporter gene [16]. BLI using the

FLuc-luciferin system has quickly become the standard pro-

cedure for in vivo cell tracking. D-Luciferin, a substrate for

FLuc, is a small molecule that freely diffuses across the cell

membrane. FLuc emits light in the presence of D-luciferin,

ATP, Mg2+, and oxygen [17]; the reaction of FLuc and D-

luciferin is illustrated in Fig. 1 [25]. Due to the glow kinetics

of FLuc, the photon emission from the reaction persists for a

relatively long period of time. The higher photon output of the

modified FLuc, which is codon-optimized for mammalian

cells, has been used prevalently for in vivo cell tracking. FLuc,

with a red-shifted spectrum, has recently been investigated for

achievement of better tissue penetration and resolution [26].

Light emitted from FLuc is in the yellow-green region, with a

peak at 562 nm in basic media (range, 550–570 nm) [27].

However, it is a pH-sensitive enzyme, the peak can shift the

emission to red (maximum at 620 nm) in acid media (pH 5–6),

as well as by high temperature and heavy metal cations [28].

In addition, differential sensitivity of FLuc to oxidative stress

in apoptotic cells has also been reported. Czupryna et al. [29]

suggested that reactive oxygen species (ROS) were responsi-

ble for the reduction of FLuc activity and could be substan-

tially altered in studies where pH levels and ROS levels

become elevated. Also, Kitamaya et al. [30] reported on the

thermal instability and pH-sensitive spectral property of firefly

luciferase which can affect its use as a sensitive multicolor

luminescence label or bioluminescence resonance energy

transfer donor. In addition, the isolation of bright, red-shifted

Table 1 Comparison of different luciferases

Content Firefly Renilla Gaussia Bacterial

Origin of the

species and name

Photoni firefly/

Photinus pyralis

and Vargula hilgendorfii

Sea pansy/Renilla

reniformis

Copepod/Gaussia princeps,

Metridia longa and

Metridia pacifica

Photobacterium/Vibrio fischeri,

haweyi and harveyi

Molecular weight 62 kDa 36 kDa ~20 kDa ~76 kDa

Emission max. 562 nm

(550-570 nm)

482 nm

(RLuc8, 547 nm)

480–600 nm ~490 nm

Emission type Glow Flash Flash Glow

Substrate D-Luciferin Coelenterazine Coelenterazine Not necessary

Cofactor ATP, Mg2+ No No ATP, FMNH2

Secretion No No Yes No

Reference [16, 17] [18, 19] [20, 21] [22, 23]

Fig. 1 Bioluminescence

reactions catalyzed by firefly,

Renilla, and Gaussia luciferase
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variants of Photinus pyralis luciferase in order to minimize

light absorption and scattering by tissue for in vivo animal

studies has also been reported [31–33].

Renilla Luciferase

RLuc purified from the marine organism Renilla reniformis

(sea pansy) displays blue-green bioluminescence by catalysis

of coelenterate luciferin (coelenterazine) oxidation [18].

RLuc, a 36-kDa monomeric enzyme, can catalyze the non-

ATP-dependent oxidation of coelenterazine in the presence of

oxygen for generation of a luminescence with a wavelength

centered at 482 nm [18]. In contrast to photon emission by

FLuc, due to its flash kinetics, photons produced by interac-

tion of RLuc and coelenterazine last a relatively short period

of time. For the first time, Bhaumik et al. [34] demonstrated

the ability of BLI using RLuc-coelenterazine as a cell tracking

strategy in living mice and also validated the possibility of

dual imaging with expression of RLuc and FLuc in the same

animal subjects. By these data, this strategy has been used in

various studies where the tracking of two molecular events is

needed, including the cell tracking of two cell populations

through use of two different reporter genes. However, RLuc

and its substrate also have some limitations, including insta-

bility, low permeability of the substrate, and high background

signals caused by auto-oxidation [35]. The number of avail-

able substrate analogs for RLuc is increasing, and new ones

having increased signal emission in vivo has been reported

[36]. In this study, coelenterazine-f, −h, and -e analogs showed

fourfold to eightfold greater RLuc activity, relative than

coelenterazine-native, in RLuc-expressing cells. Light emitted

by RLuc is easily absorbed and scattered by tissues due to blue

light emitted by RLuc. Accordingly, the imaging performance

suffers from poor sensitivity and spatial resolution. Several

studies given an effort to solve this disadvantage, red-shifted

variant RLuc, so-called RLuc8, was created and described as

having an emission light with a maximum wavelength of

660 nm (547 nm peak), which also had greater stability and

higher light emission than native RLuc [19, 37, 38].

Gaussia Luciferase

Gaussia luciferase (GLuc) is a small bright luminescent pro-

tein which involves chemical reaction higher than the lucifer-

ases fromRenilla sp. and firefly. GLuc, uses the same substrate

coelenterazine which is used for RLuc. GLuc does not require

ATP for production of light in cells and tissues; therefore, it is

a useful reporter [20]. GLuc has the nature of extracellular

secretion; therefore, its concentration in blood shows correla-

tion with expression level in a given biological system [21],

and it can be used as a biomarker for longitudinal monitoring

of therapy response of systemic metastases [39]. Limitations

of GLuc include loss of signal (quenching) by nearby

pigmented molecules such as hemoglobin and a flash-type

bioluminescence reaction in vivo. To overcome the limitation

of the quenching, an optimized microtiter well-based binding

assay involving capture of GLuc from blood using a specific

antibody has been developed, and use of the assay leads to

approximately tenfold increased sensitivity [40]. In an effort

to overcome the rapid light decay, Maguire et al. [20] isolated

and characterized a GLuc mutant (GLucM43I), which cata-

lyzes enhanced light stability in the presence of Triton-X 100

detergent, suitable for high-throughput applications. The se-

cretory nature of GLuc affords evaluation of luciferase activity

without lysis of cells or organisms and is a valuable charac-

teristic for noninvasive detection and quantification of biolog-

ical processes in animal models [41–43]. However, the secret-

ing nature of the native GLuc enzyme significantly attenuates

the in vivo bioluminescent signal from the cell expressing

GLuc [44]. Elmer et al. [45] reported that this limitation could

be overcome by modified Gluc by addition of a CD8 trans-

membrane domain, and also they produced the membrane-

anchored form of GLuc-positive cells from both mouse and

human primary T cells and demonstrated that the cells have a

markedly superior in vivo BLI signal when compared with

native GLuc positive T cells.

Bacterial Luciferase

Bacterial luciferase (Lux) is distinct in function from FLuc

and RLuc. Lux is isolated fromPhotorhabdus luminescens; its

luminescence reaction involves the oxidation of a long-chain

aldehyde (RCHO) and reduced flavin mononucleotide,

resulting in the production of oxidized flavin mononucleotide

and a long-chain fatty acid (RCOOH), alongwith the emission

of blue-green light at 490 nm [22, 23] which has been used for

BLI study of bacterial infections [46]. It is a unique

bioreporter system with no addition of exogenous substrate

due to generation of its own substrate [47]. Contag et al. [48]

first demonstrated the feasibility of in vivo BLI for the study

of microbial pathogenesis These researchers achieved stable

transformation of three strains of Salmonella typhimurium

with a plasmid bearing the lux operon from Potorhabdus

luminescens. They reported that bacterial pathogenesis ap-

peared unaffected by the lux labeling, and the intensity of

the light emitted by the bacteria enabled efficient in vivo

monitoring. Less light will be transmitted from Lux than

FLuc, which will affect quantification of imaging data because

attenuation of light intensity in tissue is greater for short

wavelengths than for long wavelengths. Francis et al. [49]

constructed a novel Potorhabdus luminescence lux operon by

cloning of a Gram-positive ribosome binding site and then

generated bioluminescent bacteria labeled with the novel op-

eron, which could be detected noninvasively in vivo. Min

et al. [50, 51] developed a quantitative, noninvasive imaging

technique that enables monitoring of bioluminescent bacterial

Nucl Med Mol Imaging (2015) 49:3–10 5



migration in living subjects. Using this technique, studies

involving the imaging protocol with luciferase-expressing

E. coli were a useful approach for quantitative visualization

of labeled bacteria in mouse models with tumor xenograft or

metastases.

Imaging of Bioluminescence

BLI has grown to be the method for optical tracking of

cells in small laboratory animals. BLI can enable simul-

taneous visualization of monitoring for the expression of

two divergent luciferase proteins by use of their specific

substrates, i.e., the dissimilarity in the substrates for each

luciferase makes it possible to selectively distinguish be-

tween the luminescent reactions for each enzyme. The

imaging dual luciferase gene (red codon optimized firefly

luciferase and a green click beetle luciferase) activities in

the same animals could reduce variations from individual

differences of the experimental animals [52]. This type of

experimental design is particularly useful when trying to

acquire accurate, quantitative data on gene expression by

simultaneously monitoring two events in real time. Wang

et al. [53] performed the imaging of stem cell differenti-

ation for prediction of the treatment response to stem cell

therapy using the dual reporter system consisting of the

RLuc gene driven by the mouse stem cell virus constitu-

tive promoter and the FLuc gene driven by the endothelial

cell-specific tie-2 promoter. Luciferases from different

species, depending on different substrates and emitting

at distinct wavelengths have been used to analyze

in vivo bioluminescence imaging of transplanted neural

stem cells in the brain [54]. Bioluminescence imaging of

Fluc and Rluc provided the real-time monitor of tumor

cells and hUC-MSCs administered simultaneously in

breast cancer therapy [55].

BLI has been further applied to the in vivo study for

simultaneous monitoring of multiple cellular events.

Nakajima et al. [56] developed a novel reporter assay

system that emits three different colors (green, orange,

and red light) using a single substrate. They demonstrated

that this system enabled direct comparison of two or more

transcriptional activities and/or interactions with transcrip-

tion factors in the same cell population in a one-step

reaction with a single luciferin. Kitayama et al. [57] who

first reported on a multicolor luciferase assay system,

successfully demonstrated two independent promoter ac-

tivities simultaneously within the same cells and precisely

compared their characteristics in vivo using green- and

red-emitting luciferases. The multicolor luciferase system

can be easily applied in various studies, including high-

throughput monitoring of gene expression, signal

transduction cascade, and protein-protein interaction in

both in vitro and in vivo studies.

Application of Optical Imaging for Cell Tracking

Tracking of Stem Cells

Stem cell therapy is an emerging therapeutic strategy for

the introduction of stem cells into damaged or diseased

tissues for the recovery of abnormal tissues, and has

become a promising tissue regeneration modality for the

treatment of irreversible cardiac and brain injury [58–62].

The therapeutic effect of stem cell therapy may be related

to the generation of target tissue by differentiation capac-

ity of the cell and also to the secretion and delivery of

cytokines by the cells [63]. The study of the in vivo

behavior of transplanted stem cells should be conducted

in animals for the development of clinical stem cell ther-

apy. Once injected systemically via the vascular route, the

injected cells migrate away from the initial injection site

toward target sites and can be observed in gastrointestinal

tissues, kidney, lung, liver, thymus, and skin [64]. Migra-

tion routes differ significantly according to the character-

istics of the administered cells, and tracking the adminis-

tered cells in vivo was almost impossible using classic

biological techniques, except for labor-intensive postmor-

tem histology. BLI has been a valuable tool for use in

longitudinal assessment of transplanted stem cell fate both

in vitro and in vivo, by labeling cells with a constitutively

expressing bioluminescent reporter gene. Several groups

have studied stem cell migration, survival, and morpho-

logical differentiation using BLI. Studies using BLI im-

aging for the treatment of myocardial ischemia with var-

ious adult stem cells have been undertaken and assessed

the fates of the implanted stem cells [65, 66]. They also

reported that bone marrow mononuclear cells exhibited a

higher survival rate than mesenchymal stem cells (MSCs),

adipose stromal cells, and skeletal myoblasts, leading to

more robust preservation of heart function. Kim et al. [67]

used the FLuc reporter gene in order to visualize survival

of grafted hair stem cells in animal models (Fig. 2). In

that study, the signal intensity from hair stem cells with

BLI reporter gene was drastically reduced within the first

4 days after stem cell transplantation, probably due to

apoptosis. Several studies using BLI reporter imaging

have demonstrated successful in vivo visualization of

administered cardiomyocytes purified from embryonic

stem cells and the beneficial effect of cardiac function

by cell administration following myocardial ischemia

[68–70]. However, lack of long-term survival potential

of engrafted therapeutic cells in vivo is one of the limita-

tions in stem cell therapy. One in vivo study investigated

6 Nucl Med Mol Imaging (2015) 49:3–10



the methods by improving cardiomyoblast survival and

biodistribution, including overexpression of BCL2 genes

[71].

Long-term in vivo monitoring of implanted stem cells

can be feasibly performed using BLI reporter gene

techniques. Many studies have been conducted in order

to enhance the homing of systemically delivered MSCs

toward target sites. The chemokine stromal-derived fac-

tor-1 and its ligand, CXCR4, play an important role in

regulating the homing of engrafted stem cells to

infracted areas [72]. Multiple studies have demonstrated

that overexpression of CXCR4 on MSCs was effective

in accelerating mobilization of these cells toward ische-

mic areas [72–74]. The mobility of MSCs to the target

tissue can be easily verified using in vivo BLI reporter

gene strategies as well. BLI imaging could provide a

significant amount of data, such as the real-time and

long-term visualization of transplanted stem cells; there-

fore, the in vivo dynamics of stem cells, including

migration, proliferation, death, and even differentiation

can be monitored noninvasively using BLI. It allows the

high-throughput screening of various factors affecting

therapeutic results of transplanted stem cells in various

in vivo animal models [75, 76].

Tracking of Immune Cells

In addition to stem cells, immune cells are also attractive

targets for tracking research using BLI techniques. Immune

cells such as T cells, natural killer cells, and dendritic cells

play important roles in cancer immunotherapy [77, 78]. Im-

mune cell migration is a key aspect of development of the

immune system and in mediation of an immune response.

Therefore, the ability to monitor the migration and fate of

immune cells noninvasively under in vivo conditions is help-

ful to understanding the role of immune cells in various

disease conditions and to devising rational therapeutic strate-

gies and is also critical to optimizing the strategies. BLI could

Fig. 2 a For the bioluminescence

imaging study, cell mixtures (1×

106 newborn mouse fibroblasts

[NFs] expressing enhanced firefly

luciferase [NF-effluc], 1×106

primary epithelial cells in a total

volume of 100 μl) were injected

into the hypodermis (on the right

flank). Parent NFs and epithelial

cells of the same number and

volume were injected into the left

flank. Bioluminescence imaging

was acquired at 1, 3, 7, 14, and

21 days after inoculation. NF-

effluc-inoculated sites were well

visualized following an injection

of D-luciferin but not at parental

NF inoculation sites. bA decrease

of total photon flux of

approximately 60 % was

observed on day 3, 70% on day 7,

80 % on day 14, and 90 % on day

21 at the NF-effluc inoculation

sites. (Reprinted with permission

of Kim et al. [67])
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track migration to sites of inflammation and measure the life

span of adoptively transferred T cells for tumor immunother-

apy [79]. Rabinovich et al. [80] developed an enhanced ver-

sion of FLuc that can be transduced into primarymouse Tcells

and could provide sufficient sensitivity in tracking <10,000 T

cells within living mice. Edinger et al. [81] demonstrated

homing of cytokine induced killer cells derived from

splenocytes, which were retrovirally transduced with both

green fluorescent protein and FLuc, to sites of tumor growth

followed by tumor eradication. BLI has also been proven

useful in noninvasive monitoring of engrafted Tcells inmouse

models of graft versus host disease [82]. Nguyen et al. [83]

performed noninvasive and longitudinal monitoring of in vivo

dynamics of regulatory T cells (Tregs) using luciferase ex-

pressing mouse Tregs in a mouse model of allogenic bone

marrow transplantation. They monitored robust proliferation

of Tregs in secondary lymphoid organs, with the early migra-

tion and infiltration to peripheral tissues. Shin et al. [84]

demonstrated the recruitment of macrophages to the athero-

sclerotic lesion in an in vivo animal model using BLI. In

addition, they reported that macrophage chemotaxis is higher

in mechanical atherosclerosis than in lipogenic atherosclero-

sis. Using BLI, Lee et al. [85] monitored migration of macro-

phages to chemically induced inflammation in a mouse model

over 21 days.

Tracking of Bacteria

A number of recent reports have demonstrated that bacteria

are capable of targeting both primary and metastatic tumors.

Bioluminescent bacteria were generated by transforming

MG1655 with an expression plasmid (pLux) that contains

the luxCDABE operon from Photobacterium leognathi. This

molecular imaging protocol is a powerful approach for the

quantitative visualization of the distribution of bacteria in

mouse tumor models [50].

Prospective and Conclusions

BLI is one of the most popular and sensitive techniques for the

in vivo monitoring of cell-based therapy. Application of the

BLI approach for monitoring of transplanted stem cells or

immune cells associates viability of administered cells with

therapeutic efficacy in preclinical animal models of various

diseases. However, BLI still has weaknesses of poor tissue

penetration of light photons and poor quantification by ab-

sorption and scatter in tissues in vivo. A promising potential

lies in the development of new bioluminescence proteins

capable of producing stronger and longer wavelength light; a

large number of researchers are working on these issues.

Development of BLI technologies that deliver more sensitive,

quantitative, and three-dimensional information is on the way

as well. In vivo BLI technology plays a pivotal role in the

investigation of preclinical cell tracking studies, and its con-

tribution to the studies will become more critical and indis-

pensable by the advancement of both BLI reporter proteins

and BLI technologies.
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