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Graft-versus-host disease (GVHD) results from immune-
mediated attacks on recipient tissues by donor-originated 
cells through the recognition of incompatible antigens 
expressed on host cells. The pre-conditioning irradiation 
dose is a risk factor influencing GVHD severity. In this 
study, using newly generated luciferase transgenic mice 
on a B6 background (B6.LucTg) as bone marrow and 
splenocyte donors, we explored the effects of irradiation 
doses on donor cell dynamics in major histocompatibility 
complex (MHC)-matched allogeneic GVHD hosts via bio-
luminescence imaging (BLI). Results from BLI of GVHD 
hosts showed higher emission intensities of luminescence 
signals from hosts irradiated with 900 cGy as compared 
with those irradiated with 400 cGy. In particular, BLI sig-
nals from target organs, such as the spleen, liver, and lung, 
and several different lymph nodes fluctuated with similar 
time kinetics soon after transplantation, reflecting the syn-
chronous proliferation of donor cells in the different or-
gans in hosts irradiated with 900 cGy. The kinetic curves 
of the BLI signals were not synchronized between the tar-
get organs and the secondary organs in hosts irradiated 
with 400 cGy. These results demonstrate that pre-condi-
tioning doses influence the kinetics and degree of prolif-
eration in the target organs soon after transplantation. The 
results from this study are the first describing donor cell 
dynamics in MHC-matched allogeneic GVHD hosts and the 
influence of irradiation doses on proliferation dynamics, 
and will provide spatiotemporal information to help under-
stand GVHD pathophysiology. 
 
 
INTRODUCTION 
 
Graft-versus-host disease (GVHD) is an obstacle for the appli-

cation of allogeneic hematopoietic stem-cell transplantation 
(HSCT) in curative therapies of hematological malignancies 
and immunologic diseases. The disease results from immune-
mediated attacks on recipient tissues by donor-originated T 
cells, which recognize disparities between donors and recipi-
ents at multiple genetic loci (Shlomchik, 2007). Mismatches at 
major histocompatibility complex (MHC) loci between stem cell 
donors and recipients is a major risk factor for GVHD develop-
ment (Ferrara et al., 1999; Yoon et al., 2007). In MHC-matched 
bone marrow (BM) transplantation, disparities at minor histo-
compatibility (H) antigen loci drive the allo-responses of donor T 
cells and contribute to the development of GVHD (Choi et al., 
2001; 2002a; 2002b; Korngold and Wettstein, 1990; Roopenian 

et al., 2002).  
The intensity of pre-conditioning of recipients prior to HSCT 

(for example, total body irradiation) is another risk factor influ-
encing GVHD severity (Ferrara et al., 2009). Pre-conditioning 
allows ablation of the recipient’s bone marrow and enhances 
engraftment of donor hematopoietic stem cells; however, it also 
provokes damage to the epithelial lining and the release of 
inflammatory cytokines, such as interleukin-1 (IL-1), IL-6, tumor 
necrosis factor α (TNF-α), and interferon γ (IFN-γ). This early 
release of cytokines activates antigen presenting cells (APCs), 
resulting in the activation and proliferation of allo-reactive T 
cells (Ferrara et al., 2009).  

Bioluminescence imaging (BLI) is a sensitive tool that en-
ables noninvasive in vivo monitoring of cells and provides im-
portant information on the biodistribution, proliferation, and 
persistence of cells (Cao et al., 2005; Panoskaltsis-Mortari et al., 
2004; Weissleder and Pittet, 2008). For this reason, this tech-
nique has been used to track immune cells during GVHD, usu-
ally under MHC-mismatched conditions. After transplantation of 
luciferase-expressing bone marrow (BM) and leukocytes from 
FVBluc+ mice into irradiated BALB/c mice, which are a MHC- 
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mismatched recipient strain (FVB → BALB/c), cells were de-
tected in the secondary lymphoid organs within 1 day after 
transplantation and spread into the intestine, liver, and skin 
during GVHD development (Beilhack et al., 2005; Zhang et al., 
2002). 

Previously, we demonstrated the induction of acute GVHD by 
transplantation of BM and splenocytes from C57BL/6 (B6) mice 
into irradiated BALB.B mice (B6 → BALB.B), a mouse strain 
matched at the MHC locus, but disparate at other loci com-
pared with the B6 strain (Choi et al., 2002a; 2011). During the 
B6 → BALB.B GVHD, minor H-antigen-specific CD8 T cells 
were detected in the blood and target organs, such as the 
spleen, lung, and liver, of the BALB.B hosts. Pre-conditioning of 
the host with 900 cGy-irradiation resulted in very low survival of 
the BALB.B hosts (100% mortality rate by day 42 post-trans-
plantation) with serious weight loss, while hosts irradiated with 
400 cGy survived longer than 56 days with mild weight 
changes (Choi et al., 2011). This difference in GVHD severity, 
depending on irradiation dose, was accompanied by different 
kinetics and compositions of leukocytes infiltrating GVHD target 
organs (liver, lung, and spleen) according to a fluorescence-
activated cell sorting (FACs) profiling study (Choi et al., 2011). 
However, where, how, and when such differences induced by 
different pre-conditioning doses develop is not yet clearly un-
derstood. In addition, the lack of luciferase-expressing trans-
genic mice on a genetically controlled B6 background ham-
pered the investigation of donor cell dynamics in MHC-matched 
allogeneic GVHD hosts. Moreover, the fact that allo-responses 
under the MHC-matched condition are weaker than under the 
MHC-mismatched condition requires donor mouse strains that 
efficiently express the reporter protein in order to detect the less 
vigorous donor cell proliferation in the MHC-matched allogeneic 
GVHD hosts. 

In this study, we report the generation of a transgenic mouse 
line on a B6 background that expresses luciferase with efficient 
enzyme activity (B6.LucTg). In addition, we describe the results 
of BLI of BALB.B GVHD hosts with different pre-conditioning 
doses using B6.LucTg mice as BM and splenocyte donors.  
 
MATERIALS AND METHODS 

 
Mice  
C57BL/6 (B6: H-2b) and C.B10-H2

b/LiMcdj (BALB.B: H-2b) mice 
were purchased from the Jackson laboratory (USA). Luciferase 
transgenic mouse lines were generated after microinjection of a 
DNA fragment, including promoter, luciferase coding, and poly 
A signal sequences, into fertilized eggs from B6 mice (B6. 
LucTg). This strain was maintained by crossing with B6 mice at 
the Center for Animal Resource Development, Seoul National 
University College of Medicine. The transgenic mice ubiqui-
tously express a codon-optimized firefly luciferase (Rabinovich 

et al., 2008) and one founder line out of 11 different founders 
was selected for its high level of luciferase activity. The induc-
tion of GVHD and subsequent bioluminescence imaging was 
performed under approval from the Seoul National University 
Institutional Animal Care and Use Committee (IACUC).  
 
Induction of allo-responses and GVHD  
To induce an allo-response, female B6 or B6.LucTg mice were 
intraperitoneally (i.p.) injected with splenocytes (2 × 107) from 
BALB.B mice. Mice were periodically bled for flow cytometric 
analysis of the antigenic-specificity of peripheral blood lympho-
cytes (PBL). For induction of GVHD, bone marrow cells (BM) 
and splenocytes were prepared from wild-type or B6.LucTg mice. 
Mixtures of BM (5 × 106) and splenocytes (2 × 107) in 1× phos-

phate buffered saline (PBS) were intravenously injected into 
irradiated BALB.B mice. Recipient BALB.B mice were pre-
conditioned with two split doses of either 900 cGy or 400 cGy 
from a 137Cs source with a 5 h interval. Mice were then trans-
planted with the BM/splenocyte mixture 5 h after the second 
irradiation.  
 
In vivo imaging  

In vivo bioluminescence imaging was performed using an IVIS 
100 imaging system with a charge-coupled device (CCD) cam-
era (Caliper Life Sciences, USA). Mice were kept on the imag-
ing stage under anesthesia with 1.5% isoflurane gas in oxygen 
at a flow rate of 1.5 L/min and were given an i.p. injection of the 
substrate, D-luciferin (150 mg/kg body weight; Molecular 
Probes, USA). Mice were positioned supine to image the ven-
tral surface or on the left side to reveal the spleen. In vivo BLI 
was collected at 10-15 min (0 h), 5, 12, and 24 h, and 2, 4, 8, 
14, and 21 days after GVHD induction.  
 
Analysis of bioluminescence data  
Relative intensities of emitted light were presented as pseu-
docolor images raging from red (most intense) to blue (least 
intense). Gray-scale photographs and the corresponding pseu-
docolor images were superimposed with LIVINGIMAGE (ver 
2.12; Xenogen) and IGOR (WaveMetrics, USA) image analysis 
software. Signals emitted by regions of interest (ROI) were 
measured and data were expressed as photon flux [photon s-1 

cm-2 steradian-1 (sr-1)], which refers to the photons emitted from 
a unit solid angle of a sphere. Data are presented as the mean 
± standard error of the mean (SEM). The machine background 
was subtracted electronically, both from the images and from 
the measurements of photon flux.  
 
Ex vivo imaging and analysis  
After in vivo BLI, mice were injected with an additional dose of 
D-luciferin (150 mg/kg body weight). Five minutes later, the 
animals were sacrificed and the organs were prepared and 
imaged. Single cell suspensions were prepared from the spleen, 
thymus, and peripheral blood, and placed into 48-well tissue 
culture plates. CD3+, B220+, and CD3-B220- cells were MACS 
purified from the spleen of wild-type B6 and B6.LucTg mice 
according to the manufacturer’s protocol (Miltenyi Biotec, USA) 
and placed into culture plates. Prior to imaging, 1 μl of D-
luciferin (30 mg/ml) was added into each well containing cells.  
 
Flow cytometry  
Fresh PBLs from immunized B6 or B6.LucTg mice were incu-
bated at 4°C for 30 min in FACs buffer (1× PBS with 0.1% bo-
vine calf serum and 0.05% sodium azide) containing PE-
labeled H60/H-Kb tetramer and FITC-conjugated anti-CD11a 
(2D7, eBioscience, USA) and APC-conjugated anti-CD8 (eBio-
science) monoclonal antibodies. Fresh PBLs, splenocytes, and 
thymocytes from B6 or B6.LucTg mice were stained with PE or 
APC-conjugated anti-Mac-1 (M1/70, eBioscience), FITC-con-
jugated anti-Gr-1 (RB6-8C5, eBioscience), PE-conjugated anti-
CD4 (GK1.5, eBioscience), and APC-conjugated anti-CD8 mono- 
clonal antibodies. After staining, cells were re-suspended in 
FACs buffer and analyzed using a FACSCalibur equipped with 
CellQuest software (BD Bioscience, USA).  
  
RESULTS 

 
Generation of luciferase-expressing transgenic mice 
We developed a universal donor transgenic mouse line that 
expresses luciferase in all tissues under the control of the 
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Fig. 1. Generation of luciferase-expressing transgenic mice. (A) Whole body bioluminescence imaging (BLI) and ex-vivo imaging demonstrate 

the expression of luciferase in all tissues of the transgenic mice. D-luciferin, a luciferase substrate, was given to the transgenic (Tg) and wild-

type (WT) B6 mice 5 min before imaging. These data represent more than three independent experiments. (B) Single suspensions of thymo-

cytes, splenocytes, and peripheral blood lymphocytes were prepared from the B6. Luc
Tg

 mice (Tg) and wild-type (WT) B6 mice. Cells were 

placed into 48-well plates as duplicates and serially diluted to determine the photon outcome per cell. D-luciferin was added to the medium 

solution in the wells. BLI was performed after 5 min. (C) T (CD3
+
), B (B220

+
), and non-T and B cells (CD3

-
B220

-
) were MACS purified using 

the splenocytes of Tg and WT B6 mice. They were distributed into 48-well plates and processed as described above for BLI. Single cell sus-

pensions of bone marrow (BM) were prepared by flushing the tibia and femur of Tg and WT mice. After depletion of CD3
+
 T cells, the BM cells 

were distributed into wells for BLI. The data shown are representative of two independent experiments. 
 
 
chicken beta actin promoter using firefly luciferase with se-
quence modification by codon optimization to enhance the 
enzyme activity (eff-luciferase) (Rabinovich et al., 2008). We 
selected a transgenic line (#15), out of 11 different founder lines, 
which showed the highest luciferase activity detected in the 
peripheral blood leukocytes (data not shown). We maintained 
the line by successive crossing with B6 mice and named it 
B6.LucTg.  

In vivo luminescence imaging of the total body of B6.LucTg 
mice confirmed the ubiquitous expression of the luciferase 
transgene (Fig. 1A). When photon flux emission from defined 
ROIs was measured after i.p. injection of the substrate, D-
luciferin, the highest value was detected in the central abdomi-
nal region (2.1 × 109 s-1cm-2sr-1), with other regions detected in 
a range of 1.4-5.8 × 108 s-1cm-2sr-1. All of the organ explants 
from the B6.LucTg mouse emitted signals in the range of 0.4-54 

× 107 s-1cm-2 sr-1, with the highest intensity detected in the gas-
trointestinal tract.  

Luciferase activity in hematopoietic cells of B6.LucTg mice 
was determined using single cell suspensions of the thymus, 
spleen, and PBL. Thymocytes, splenocytes, and PBLs were 
prepared from B6.LucTg mice and measured for the emission of 
bioluminescence signals by adding D-luciferin to the cell sus-
pension medium and incubating for 1 min before detection. The 
signals detected were 0.13 s-1cm-2sr-1, 0.29 s-1cm-2sr-1, and 5.1 
s-1cm-2sr-1 on average for thymocytes, splenocytes, and PBLs, 
respectively, while no signals were detected from wild-type B6 
mice (Fig. 1B).  

When luciferase activity was further measured for each leu-
kocyte subtype (T, B, and non-T and B cells) in the B6.LucTg 

mouse using the MACS-purified CD3+, B220+, and CD3-B220- 

cells, respectively, the intensity of the bioluminescence signal 
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Fig. 2. Normal hematopoiesis and immunity in B6. Luc

Tg
 mice. (A) Thymocytes, (B) splenocytes, and (C) peripheral blood lymphocytes (PBL) 

from B6. Luc
Tg

 mice (Tg) and wild-type (WT) B6 mice were stained with monoclonal antibodies against marker proteins for cell population 

subtyping (CD4, CD8, B220, Mac-1, and Gr-1) and the activation proteins (CD44 and CD62L). Percentages of cells corresponding to the CD4
-

CD8
-
 double negative, CD4

+
CD8

+
 double positive, CD4

+
 single positive, or CD8

+
 single positive cells in the thymus (A), and CD4

+
 cells, CD8

+ 

cells, Mac-1
+
 cells, or Gr-1

+
 cells in the spleen (B) are shown. The numbers of each cell population were calculated by multiplying the total cell 

yield and the percentage values. To compare the levels of CD44 and CD62L expression in CD4 and CD8 T cells from the spleen (B) between 

Tg and WT B6 mice, overlays of single histograms for CD44 and CD62L are shown after gating on CD4
+
 or CD8

+
 cells. These data represent 

more than three independent experiments. (D) To investigate whether allo-responses could be induced normally in B6. Luc
Tg

 mice, female B6. 

Luc
Tg

 mice were injected intraperitoneally (i.p.) with splenocytes (2 × 10
7
) from BALB.B mice, and PBLs collected from the three immunized 

mice were stained with PE-conjugated H60-H-2K
b 
tetramer, FITC-conjugated CD11a mAb, and APC-conjugated CD8 mAb. Flow cytometry 

analysis was performed using FACSCalibur equipped with CellQuest. H60-tetramer binding cells with CD11a
high

 phenotype are shown after 

gating on CD8
+
 cells. WT B6 mice were immunized and analyzed with the same methods described above. The data represent two independ-

ent experiments. 
 
 
was highest in the CD3-B220- cells (1.7 × 10-1 s-1cm-2sr-1 on 
average), intermediate in the B cells (2.78 × 10-2 s-1cm-2sr-1), 
and lowest in the T cells, (1.47 × 10-2 s-1cm-2sr-1) (Fig. 1C). The 
average photon emission value for BM depleted of CD3+ T cells 
was 2.2 × 10-1 photons s-1cm-2sr-1 (Fig. 1C). No cell subtypes 
from wild-type B6 mice emitted any luminescence signals. Re-
sults from BLI of leukocytes and each subtype confirmed the 
suitability of the B6.LucTg mouse as a universal donor for leuko-
cyte tracking.  
 
Normal hematopoietic cell development and induction of  

allo-reactivity in B6.Luc
Tg 

mice  

Prior to using cells from B6.LucTg mice to track immune re-
sponses, we first examined whether hematopoiesis in the B6.LucTg 

mouse was intact, without any influence from the transgene 
incorporation in the genome of the mice. Single cell suspen-
sions of the thymus, spleen, and peripheral blood prepared 
from B6.LucTg mice were analyzed via flow cytometry for com-
parison of cellular profiles with those obtained from wild-type B6 
mice. The overall composition of the three organs was compa-
rable between B6.LucTg and wild-type B6 mice. The thymic 
profile of B6.LucTg mice was normal, with percentages and 
numbers corresponding to CD4+CD8+ double positive, CD4+ 

single positive, and CD8+ single positive cells at appropriate 
ratios (80, 10, and 5%, respectively) (Fig. 2A). The composition 
of splenocytes and PBLs from B6.LucTg mice was also within 
normal ranges according to flow cytometric analysis after stain-
ing with antibodies for cell markers [CD4, CD8, B220, CD11b 
(Mac-1+), CD11c, and Gr-1] (Figs. 2B and 2C). Even the ex-
pression levels of CD44 and CD62L in CD4 and CD8 T cells 
from the spleen overlapped in B6.LucTg and wild-type B6 mice. 
Based on these FACs profiling data, we confirmed that the 
development of hematopoietic lineage cells in B6.LucTg mice is 
preserved. 

We tested whether leukocytes from B6.LucTg mice would be 
functional and able to generate immune responses against an 
antigenic challenge. For this, we induced an allo-response in 
B6.LucTg mice by i.p. injection of splenocytes from BALB.B mice, 
which is a MHC-matched allogeneic strain, and analyzed the 
PBLs from immunized B6.LucTg mice. Using flow cytometry we 
attempted to detect allo-antigen-specific CD8 T-cells in the 
blood after staining with peptide-MHC tetramers. Results from 
the flow cytometric analysis demonstrated that the frequencies 
of CD8 T cells specific for H60, a minor histocompatibility anti-
gen, were in the range of 5 to 7% of CD8 T cells in the blood of 
the immunized mice at the peak of the immune response (day 
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Fig. 3. Short-term kinetics of bioluminescence intensity after graft-versus-host disease (GVHD) induction in hosts pre-conditioned with different 

irradiation doses. (A) BALB.B GVHD hosts were transplanted with bone marrow (BM) cells (5 × 10
6
) and splenocytes (2 × 10

7
) from female B6. 

Luc
Tg

 mice after irradiation with 900 cGy or 400 cGy (n = 3 for each group). After transplantation, bioluminescence imaging (BLI) was per-

formed regularly and the in vivo imaging results demonstrate proliferation and migration of donor cells in the hosts. One mouse from each 

group is shown. (B) To compare the donor cell distribution in the different irradiation groups along with GVHD development, regions of interest 

(ROIs) were defined for the spleen, liver, lung, and intestine (abdomen) as target organs, and for the mediastenial nodes (MLN), cervical 

nodes (CLN), brachial nodes (BLN), and inguinal nodes (ILN) as secondary lymphoid organs from three different mice. Total photon outcomes 

after 4 days from each ROI from three different mice are plotted along the time course for short-term events. Data are represented as mean ± 

standard error of the mean (SEM). 
 
 
10 post-immunization) in both B6.LucTg and wild-type B6 mice 
(Fig. 2D). Additionally, mixed leukocyte culture of splenocytes 
from the immunization of B6.LucTg and B6 mice with irradiated 
BALB.B cells resulted in expansion of H60-specific CD8 T-cells 
in vitro (data not shown). All of these results verified that the 
leukocytes of B6.LucTg mice could be used for tracking immune 
responses occurring in BALB.B hosts after GVHD induction. 
Immunization of B6.LucTg and B6 mice with cells from either 
B6.LucTg or B6 did not induce any immune response in vivo nor 
cell proliferation in vitro, demonstrating that the luciferase trans-
gene is not immunogenic in B6 mice.  
 
In vivo distribution of donor cells in GVHD hosts 

Finally, we investigated donor cell dynamics in MHC-matched 
allogeneic GVHD hosts (BALB.B). In our previous study, we 
showed that BALB.B hosts irradiated with a 900 cGy dose had 
a very low survival rate with serious weight loss, while hosts 

irradiated with 400 cGy survived long with mild symptoms (Choi 
et al., 2011). Such differences in GVHD severity were thought 
to correlate with the degree of proliferation and tissue infiltration 
of the transplanted donor cells, depending on pre-conditioning 
doses.  

To examine if there would be differences in the donor dynam-
ics between hosts with different pre-conditioning doses, we 
used B6.LucTg mice as BM and splenocyte donors to induce 
GVHD in BALB.B mice (B6.LucTg 

→ BALB.B) irradiated with 
either 900 cGy or 400 cGy and performed longitudinal BLI on 
the irradiated BALB.B hosts. Overall, allogeneic BALB/B recipi-
ents showed a dramatic BLI signal increase within the first 8 
days after transfer of B6.LucTg splenocytes in both cases (Fig. 
3A). Soon after transfer, injected donor cells were trapped in 
the lung and spleen (0 h). The spleen, cervical lymph node, and 
lymph nodes in the abdominal region were then the major sites 
emitting distinctively strong BLI signals by day 4 after transfer. 
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Fig. 4. Long term kinetics of bioluminescence intensity after graft-versus-host disease (GVHD) induction in hosts pre-conditioned with different 

irradiation doses. (A) The donor cell distribution in the different groups along with GVHD development was monitored. One mouse from each 

group is shown. (B) The photon outcomes from each region of interest (ROI) were plotted along the time course for long-term events. ROIs 

were defined for target organs and secondary lymphoid organs. All conditions for irradiation and transplantation were as described in Fig. 3. 
 
 
The signal spread to the skin by day 8.  
 
Different kinetics of photoemission in target tissues early  

after transplantation between the GVHD BALB.B hosts  

irradiated with different doses  

To compare the proliferation and migration kinetics of donor 
cells in GVHD hosts given different irradiation doses, we spe-
cifically focused on early BLI signals detected by day 4 post-
transplantation in the target organs (lung, intestine, spleen, and 
liver) by defining the ROIs and measuring the photon flux val-
ues corresponding to each ROI (Fig. 3B). The photon output 
values measured at each time point were then plotted as kinetic 
curves of total photon flux.  

In the BALB.B recipients irradiated with 900 cGy, the spleen 
showed strong initial signals (5.0 × 105 s-1cm-2sr-1 on average) 
right after transplantation (0 h) with a subsequent signal in-
crease up to 30-fold (1.5 × 107 s-1cm-2sr-1 on average) at 12 h 
post-transplantation, forming an early small peak. After waning 
in intensity by day 2, it increased again to 23-fold higher (1.1 × 
107 s-1cm-2sr-1 on average) than the initial value by day 4 post-
transplantation. The initial strong signal was also detected in 
the lung (7.8 × 105 s-1cm-2sr-1 on average). The intensity de-
creased after 5 h, implying migration out of the trapped cells 
from the lung, and then increased at 12 h post-transplantation, 
forming an early small peak with an average value of 9.7 × 105 
s-1cm-2sr-1. The kinetics of photon flux from the intestine and 

liver were similar to that from the spleen and lung, with early 
small peaks detected 12 h post-transplantation with average 
values of 2.3 × 106 s-1cm-2sr-1 and 5.7 × 105 s-1cm-2sr-1, respec-
tively. The detection of early small peaks in each target organ at 
12 h post-transplantation suggested that donor cells would go 
through a few rounds of cell proliferation in a synchronous 
manner within the different target organs of 900 cGy-irradiated 
BALB.B hosts early after transplantation. The average intensi-
ties reached by day 4 post-transplantation were 8.8 × 106 s-1cm-2 

sr-1 (23-fold increase of initial value), 1 × 106 s-1cm-2sr-1 (5-fold 
increase), and 7 ×105 s-1cm-2sr-1 (0.9-fold increase) for the intes-
tine, liver, and lung, respectively.  

For BALB.B hosts irradiated with 400 cGy, the initial signal 
intensity from the spleen (5.8 × 105 s-1cm-2sr-1, on average) was 
similar to that detected in the 900 cGy group. And the overall 
kinetics during the first four days in the former was also similar 
to that observed in the latter, with early small peak detected at 
12 h, even though the peak intensity was lower (8.6 × 106 s-1 

cm-2sr-1) than that of the latter. However, in the other target 
organs (intestine, liver, and lung), the early small peak in BLI 
signal intensity did not occur at 12 h. Instead, it occurred at 5 h 
post-transplantation, with lower average peak values of 2.0 × 
106 s-1cm-2sr-1, 3.2 × 105 s-1cm-2sr-1, and 7.5 × 105 s-1cm-2sr-1 for 
the intestine, liver, and lung, respectively, compared to those 
detected in the 900 cGy. Not only the peak values, but also the 
intensities reached by day 4 post-transplantation were lower in 
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the 400 cGy hosts (5.3 × 106 s-1cm-2sr-1, 6.6 × 105 s-1cm-2sr-1, 
and 7.1 × 105 s-1cm-2sr-1 in the intestine, liver, and lung, respec-
tively). Altogether the data from the BLI study demonstrated 
that early proliferation within the different target organs was not 
synchronized in the 400 cGy hosts and the extent of the donor 
cell expansion was not so high as that in the 900 cGy hosts, 
illustrating the influence of pre-conditioning dose on the kinetics 
and degree of early proliferation of donor cells in each target 
organ.  

The de-synchronized early proliferation of donor cells in the 
target organs of 400 cGy hosts suggested that the early prolif-
eration occurs independently in each target organ after trans-
plantation. Then, we compared the kinetics of BLI intensity from 
secondary lymphoid organs between the hosts with 900 cGy 
and 400 cGy, to see if the de-synchronization would be target 
organ-specific phenomenon or be relevant to secondary lym-
phoid organs as well. Several different lymph nodes (medias-
tenial, cervical, brachial, and inguinal lymph nodes) were se-
lected as ROIs for the comparison. Unexpectedly, the early 
kinetics of photon emission from the lymph nodes was very 
similar between the GVHD hosts given the two different irradia-
tion doses, with early peaks observed in all lymph nodes at 12 
hr post-transplantation. This demonstrates that donor cell kinet-
ics in the secondary lymphoid organs is less dependent on the 
pre-conditioning dose, indicating significance of irradiation 
doses on the donor cell kinetics in situ at the target organs, 
rather than in the secondary lymphoid organs. Moreover, it 
implies that the in situ donor cell proliferation occurs immedi-
ately after trapping in the target organs, before the tissue infiltra-
tion of cells activated in the secondary lymphoid organs. 

 
Similar photon emission kinetics at late time points after 
transplantation between GVHD BALB.B hosts given differ-
ent doses of irradiation  
The BLI signal spread to the skin by day 8 post-transplantation 
and continued to increase in all regions by day 18 post-
transplantation (Fig. 4A). Overall BLI signal distribution pattern 
was similar between the hosts with 900 cGy and 400 cGy, but 
the signal intensities emitted from all the organs of BALB.B 
hosts irradiated with 900 cGy were higher than those given 400 
cGy throughout the observation period. Since BALB.B hosts 
irradiated with 900 cGy were moribund, we could not continue 
the BLI beyond day 18 post-transplantation.  

When the long-term kinetics of BLI signal intensity was com-
pared between the GVHD hosts irradiated with 900 cGy and 
400 cGy (Fig. 4B), all the target organs (spleen, liver, lung, and 
intestine) and secondary lymphoid organs (mediastenial, cervi-
cal, brachial, and inguinal nodes) showed similar kinetic curves 
in both groups: there was a steady increase in photon emission 
between days 4 and 14, and a steep increase by day 18. De-
spite the similarity in kinetic curves between the two groups, the 
intensity values were quite different. For example, the intestine 
showed the greatest increase in BLI signal intensity in both 
groups, but the values reached by day 18 post-transplantation 
were 11 × 108 s-1cm-2sr-1 (4,600-fold as compared with initial 
values) and 6.4 × 108 s-1cm-2sr-1 (1,800-fold) in the 900 cGy and 
400 cGy groups, respectively. In addition, the spleen (1,800-
fold: 5.4 × 108 s-1cm-2sr-1 versus 650-fold: 3.1 × 108 s-1cm-2sr-1) 

and liver (2,000-fold: 4.1 × 108 s-1cm-2sr-1 versus 568-fold: 1.3 × 
108 s-1cm-2sr-1) showed intermediate increase of BLI signal in-
tensity in both groups (900 cGy versus 400 cGy groups, re-
spectively). Lung showed the least increase in the both 900 
cGy (260-fold) and 400 cGy (100-fold) groups (2.2 × 108 s-1cm-2 

sr-1 and 1.0 × 108 s-1cm-2sr-1, respectively) at the end of the ob-
servation period (18 days post-transplantation).  

BLI signals intensities from secondary lymphoid organs also 
increased to a greater extent in the 900 cGy group (600~3,000-
fold) as compared with the 400 cGy group (600~2,000-fold). 
However, in overall, signal intensity emitted from the secondary 
lymphoid organs were lower than those from the target organs, 
indicating infiltration of donor cells and further expansion in the 
target organs at later time points after transplantation.  

In summary, overall long-term kinetic curves are considered 
to be similar between the two groups and consist of three 
phases: early (between 0 h and 4 days post-transplantation), 
intermediate (between 4 and 14 days post-transplantation), and 
late (after 14 days post-transplantation) phases. Over the long 
term, the kinetic curves of the BLI signal intensities in the 900 
cGy and 400 cGy groups diverged around days 4 and 8 (the 
intermediate phase). And they demonstrate stronger BLI sig-
nals in every tissues of 900 cGy than those of 400 cGy, sug-
gesting that this difference in the signal intensities in the long 
term is a reflection of differences initiated at the target organs in 

situ early after transplantation.  
 
DISCUSSION 

 
In this study, we generated a transgenic mouse line that ex-
presses luciferase in all tissues on a B6 genetic background 
(B6.lucTg) and obtained BLI results after GVHD induction using 
the B6.lucTg mice as the donor strain for BM and splenocytes. 
Possessing transgenic mice with efficient luciferase enzyme 
activity and normal immunological characteristics on a B6 ge-
netic background (B6.LucTg) enabled us to investigate donor 
cell dynamics in MHC-matched allogeneic GVHD hosts and the 
effects of irradiation on those dynamics.  

We monitored donor cell proliferation and migration in MHC-
matched allogeneic GVHD hosts after transplantation of BM 
and splenocytes from B6.LucTg mice. In terms of donor cell 
migration and proliferation, our data show that transplanted 
donor cells are first trapped in the lung and spleen, which is 
consistent with results from other studies (Beilhack et al., 2005; 
Ushiki et al., 2010). Secondary lymphoid organs, such as the 
mesenteric lymph node, spleen, and Peyer’s patches, have 
been thought to be the initial sites of acute GVHD, in which 
donor T cells are activated and proliferate (Murai et al., 2003; 
Panoskaltsis-Mortari et al., 2004). In MHC-mismatched GVHD 
hosts, homing of donor T cells was detected in the T cell zones 
of the lymph nodes within 12 h post-transplantation (Beilhack et 
al., 2005). They were found to be confined to the lymph node 
by day 3 before infiltration into target tissues. Splenectomy and 
prevention of T cell entry into all secondary lymphoid organs 
with anti-CD62L monoclonal antibody abrogated the onset of 
gut GVHD, supporting the importance of T cell activation in the 
secondary lymphoid organs (Beilhack et al., 2008). Our data 
also showed donor cell expansion in the secondary lymphoid 
organs and donor cell spread to the skin in MHC-matched al-
logeneic GVHD hosts, similar to that previously reported using 
MHC-mismatched GVHD systems (Negrin and Contag, 2006). 

Additionally, comparison of donor cell dynamics between 
hosts given two different irradiation doses revealed that early 
donor cell proliferation in the target organs is as important as in 
the secondary lymphoid organs. Donor cell proliferation in the 
target organs and secondary lymphoid organs seems to occur 
in a synchronized fashion early after GVHD induction in hosts 
irradiated with 900 cGy, but not 400 cGy, demonstrating the 
influence of pre-conditioning doses on the in vivo dynamics of 
donor cells. The photon flux intensities from the target organs at 
the early peak times are also higher in the former than the latter, 
implying different degrees of early proliferation of donor cells in 
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the target organs of GVHD hosts given different doses of irra-
diation. Based on these results, we suggest that donor cells 
trapped in the liver, lung, and spleen, in addition to those in the 
secondary lymphoid organs, also go through a few rounds of 
proliferation in situ early after transplantation, prior to infiltration 
into the target organs. The irradiation effect appears very early 
after transplantation. At this time, we are not aware of exactly 
what cell types go through early in situ proliferation, since we 
did not perform a subtyping analysis on the donor cells in this 
study. It is possible that macrophages and granulocytes are 
activated by irradiation-induced inflammation or T cells may be 
activated by recognition of allo-antigens presented by regional 
antigen presenting cells, such as myeloid and plasmacytoid 
dendritic cells (DC) in the liver (Shlomchik et al., 1999; Thom-
son and Knolle, 2010; Zhang et al., 2002). Whatever the sub-
type of cells that go through in situ proliferation, the degree of in 

situ early proliferation is closely related to the further expansion 
of donor cells after infiltration into the target organs and with the 
severity of GVHD. We assume that in hosts irradiated with 400 
cGy, the early proliferation of donor cells trapped in the same 
places is limited, because of less severe tissue damage by the 
lower dose of irradiation or killing of the donor cells by the host 
immune cells that survive irradiation. This results in the forma-
tion of only very small early peaks of total flux at 5 h post-
transplantation.  

Despite its significance as a risk factor for GVHD (Ferrara et 
al., 2009), the influence of pre-conditioning doses on the dy-
namics of donor cells in vivo, especially under MHC-matched 
allogeneic conditions, has never been evaluated. The results 
from this study show different kinetics and degrees of prolifera-
tion in situ early after transplantation in the target organs of 
GVHD hosts, depending on the pre-conditioning irradiation 
doses. To our knowledge, we are the first to monitor donor cell 
dynamics in GVHD hosts after MHC-matched allogeneic trans-
plantation and to investigate the effects of pre-conditioning on 
the dynamics in vivo. We consider that these results will provide 
helpful information on the pathophysiology of GVHD and aid in 
the development of preventative measures for GVHD.  
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