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The National Cancer Institute defines nonHodgkin lymphoma 
(NHL) as cancer of lymphocytes, and it affects various organs of 
the immune system, including lymph nodes, spleen, and bone 
marrow. The several different forms of NHL include slow-pro-
gressing, fast-progressing, B-cell, and T-cell types.6 Mantle cell 
lymphoma is a rare type of aggressive B-cell lymphoma (occur-
ring in about 6% of lymphoma patients in the United States2) and 
is extremely difficult to treat. Patients with mantle cell lymphoma 
are treated with chemotherapeutic drugs, radiotherapy and trans-
plantation of bone marrow,7 but the lymphoma relapses after 3 
to 4 y in nearly 50% of the patients.4 Therefore, it is essential to 
develop strategies for enhancing the therapeutic options in pa-
tients with B-cell lymphoma and specific drugs that can cure the 
disease or prevent its relapse. Because animal experiments enable 
the preclinical testing of promising therapeutics for subsequent 
evaluation in humans, the development of an appropriate animal 
model is crucial.

Mice engrafted with human tumors act as a model for testing 
various therapeutic drugs for their potency, toxicity, and dosing.1 
Severe immunodeficient mice (SCID) mice have widely been used 
to disseminate tumor cells in vivo,13 where the cells are engrafted 

via intravenous injection.10,24 These mice have been used to devel-
op a mouse model for human Burkitt lymphoma (a type of B-cell 
lymphoma) by using the Daudi cell line or SU-DHL-4 cells.23 In 
these experiments, hindlimb paralysis and solid tumor develop-
ment were observed as characteristic signs of lymphoma in the 
engrafted mice.9,23 Whereas one group observed hindlimb pa-
ralysis even without irradiation of mice, the other did not see this 
development in any of their nonirradiated animals.23 However, 
irradiation altered the pattern of tumor growth and the animals’ 
responses to various chemotherapeutic drugs. It also led to varia-
tions in the animals’ immune status in general and made them 
more susceptible to thyomas.23 Therefore, whether to irradiate 
mice prior to the injection of B-cell lymphoma cells has been a 
topic of debate.

The development of NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) 
mice has provided a valuable tool for the development of a B-
cell lymphoma model, because they lack mature B and T cells 
and various cytokines such as IL2, 4, 7, 9, 15, and 21, leading to 
impaired development of NK cells.14,20 Some studies have shown 
that irradiating mice prior to the injection of various tumor cells 
enhances the engraftment and growth rate of the tumor,3,21 but 
immunocompromised mice, especially NSG mice, are known 
to be sensitive to irradiation and subsequently may manifest in-
creased morbidity and mortality.12 In addition, the irradiation 
process can cause considerable distress in mice, and many insti-
tutions and IACUC require close monitoring and special care of 
mice after irradiation.16 In our lab, mice routinely are provided 
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of cells. All mice were injected with 5 × 106 Z138 cells via the 
tail vein. All cages were placed overnight (approximately 12 h) 
on a hot-water blanket before being returned to their rack. Ir-
radiated mice were offered HydroGel (Clear H20, Portland, 
ME) for 4 d after irradiation. To monitor engraftment, animals 
underwent bioluminescent imaging at various time points. In 
addition, mice were monitored for clinical signs of lymphoma 
(hunched posture, ruffled fur, decreased activity, hindlimb pa-
ralysis, and solid tumor development) and survival. They were 
euthanized when they exhibited signs of distress, hindlimb 
paralysis, inability to reach food or water, or a body condition 
score less than 2 (on a scale of 1 to 5).22 In a subgroup of mice, 
blood was collected for flow cytometric analysis, and tissues 
were collected for histopathology and immunohistochemistry. 
In addition, because the experimental groups comprised both 
male and female mice, survival and engraftment in both sexes 
were analyzed.

Flow cytometric and luminometric analyses. Z138 cells infected 
with the FUG2LW (UbProm-eGFP-P2A-ffluc-WPRE) lentivirus were 
analyzed for GFP expression by flow cytometry (Gallios Flow 
Cytometer, Beckman-Coulter, Fullerton, CA). Likewise, to mea-
sure infected Z138 cells for luciferase activity, cells were prepared 
by using the Luciferase Assay System (Promega, Madison, WI) 
and were analyzed by using the Veritas Microplate Luminom-
eter (Turner Biosystems, Promega, Madison, WI). Whole blood 
was collected from 6 mice per group (3 male and 3 female mice 
from each group) at the end of the study, and flow cytometric 
analysis was performed by using antihuman CD45 conjugated 
with phycoerythrin and antimouse CD45 conjugated with allo-
phycocyanin (Miltenyi Biotec, San Diego, CA) according to the 
manufacturer’s protocol. Briefly, the collected whole blood was 
lysed by using 1× RBC lysis buffer (Sigma, St Louis, MO) and 
washed with PBS with 0.1% BSA. The antibodies were added and 
cells were washed again before flow cytometry (BD FACSCanto 
II, BD Biosciences, San Jose, CA) was performed.

Bioluminescence imaging. A subgroup of mice (n = 4 from each 
group) was imaged by using a Xenogen IVIS system every other 
day after tumor cell injection to determine when engraftment 
became visible. Once engraftment was visible in this subgroup, 
all other mice were imaged to confirm similar degrees of engraft-
ment; and all mice then were imaged weekly thereafter until 
death. Briefly, mice were injected with D-luciferin (150 mg/kg 
IP; Promega) and anesthetized by using isoflurane. Mice were 
imaged at 5 min after the injection of D-luciferin to assess bio-
luminescence. The exposure time was 30 s, to obtain sufficient 
signal. Bioluminescence at day 12 was quantified by using Living 
image version 2.5 software (powered by Igor Pro 4.09A, Caliper 
Lifesciences, Hopkinton, MA).

Histopathology. Mice were euthanized by using CO2, and tis-
sues were collected from 3 animals per group for histopathology 
and immunohistochemistry. Liver, kidney, spleen, bone marrow, 
brain, and lung were collected in 10% formalin. Tissue sections 
were taken in paraffin blocks. Immunohistochemistry using an 
antiCD20 (Abcam, Cambridge, MA) antibody to stain Z138 cells 
(CD20 is expressed on the surface of Z138 cells) was performed 
on these cells.15 All slides were counterstained with hematoxylin.

Statistical analysis. The Gehan–Breslow–Wilcoxon test was 
used for all statistical analyses of survival data. Two-tailed t tests 
of equal variance were used to analyze flow cytometric data. Bio-
luminescence were evaluated by using unpaired t tests. Statistical 

with nutritional and fluid supplements and are placed on heating 
pads after irradiation, to prevent dehydration and death. Given 
irradiation’s potential negative effect on animal health and the 
irradiation-associated variations reported in similar animal mod-
els, the elimination of irradiation may yield a less stressful and 
more reliable model for NHL.

The objective of the current study was to compare irradiated 
and nonirradiated NSG mice as a model for a specific type of B-
cell NHL, mantle cell lymphoma. We evaluated engraftment, the 
development of clinical signs, and survival and potential sex-
associated differences in each of those parameters in both irradi-
ated and nonirradiated NSG mice injected with Z138 (mantle cell 
lymphoma) cells.

Materials and Methods
All animal experiments were performed in an AAALAC-ac-

credited facility and approved by the City of Hope Beckman Re-
search Institute IACUC.

Animals. NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (age, 4 to 8 
wk) were obtained from an in-house breeding core and were de-
rived from mice obtained from The Jackson Laboratory approxi-
mately 1 y prior to the current study. Mice were housed 4 per 
cage on corncob bedding (Bed-o’Cobs 1/4-in., The Andersons, 
Maumee, OH) in microisolation static cages (Allentown) covered 
with filter tops. Mice were designated SPF for Sendai virus, pneu-
monia virus of mice, mouse hepatitis virus, minute virus of mice, 
mouse parvovirus, mouse norovirus, Theiler murine encephalo-
myelitis virus, mouse reovirus type 3, mouse rotavirus, lympho-
cytic choriomeningitis virus, ectromelia virus, mouse adenovirus 
1 and 2, mouse cytomegalovirus, polyoma virus, K virus, mouse 
thymic virus, Hantaan virus, Prospect Hill virus, cilia-associated 
respiratory bacillus, E. cuniculi, and M. pulmonis. They also were 
free of Helicobacter spp., Tyzzer disease virus, and endo- and ecto-
parasites. Mice were maintained on a 12:12-h light:dark cycle and 
given nesting pads and PVC tubes for environmental enrichment. 
Mice had free access to irradiated diet (Pico-Vac Lab Rodent Diet 
5061, LabDiet, St Louis, MO) and reverse-osmosis–purified water 
in water bottles.

Cell culture. Z138 B cells were obtained from ATCC (Manas-
sas, VA); these cells were infected with concentrated FUG2LW 
lentivirus, which expresses the genes for enhanced green flu-
orescence protein and firefly luciferase under the control of 
the human ubiquitin promoter over a range of multiplicities of 
infection from 0.1 to 1.3, as estimated by flow cytometry. The 
cells were cultured in RMPI 1640 media (Gibco BRL–Life Tech-
nologies, Invitrogen, Grand Island, NY) supplemented with 
10% fetal bovine serum, 2 mM L-glutamine, and1 mM sodium 
pyruvate.

Experimental design. A preliminary experiment was performed 
to determine the optimal number of Z138 cells to inject for our 
model. Mice were injected via the tail vein with either 5 × 106 cells 
(10 male mice, 4 female mice) or 10 × 106 cells (4 male mice, 5 
female mice) and observed for survivability and tumor engraft-
ment (by bioluminescent imaging). The results of this preliminary 
experiment led us to use the dose of 5 × 106 cells for the remainder 
of the study.

Mice were divided randomly into 2 groups, which were irra-
diated (n = 12; 6 male mice, 6 female mice) or left nonirradiated 
(n = 20; 14 male mice, 6 female mice). Mice in the irradiated 
group were 137Cs-irradiated at 150 rad 24 h before injection 
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male mice (n = 4) survived for a median of 33 d (P = 0.179). Bio-
luminescent imaging showed engraftment in all mice at day 12 
after injection.

Neither survival nor engraftment differed between male and 
female mice during the main experiment which compared irra-
diated and nonirradiated animals. The development of clinical 
signs was similar for both sexes, and engraftment was visible 
by 12 d after injection of cells. Both irradiated male (n = 6) and 
female (n = 6) mice survived for a median of 27 d. Nonirradi-
ated male mice (n = 14) survived for a median of 34 d, whereas 
nonirradiated female mice (n = 6) survived for a median of 35 
d (P = 0.23). In addition, histopathology and immunohisto-
chemistry characteristics were similar between sexes. To evalu-
ate tumor cell engraftment, we analyzed 3 mice of each sex in 
each group by flow cytometry. Irradiated male mice had an 
average tumor cell population of 5.69% (SE, 1.65%), whereas 
irradiated female mice had an average of 5.22% (SE, 2.48%) 
tumor cells (P = 0.88). Nonirradiated male mice had an average 
tumor cell population of 9.16% (SE, 6.96%), whereas nonirradi-
ated female mice had an average of 6.51% (SE, 2.58%) tumor 
cells (P = 0.74).

Discussion
In this study, we validated a nonirradiated NSG mouse model 

of human B-cell NHL by using Z138 cells transduced with len-
tivirus carrying luciferase as a marker. Nonirradiated mice had 
similar clinical signs and engraftment characteristics when com-
pared with those that underwent irradiation. The tumor cells 
were disseminated to various organs, including bone marrow, 
liver, and spleen, and nonirradiated mice survived for a median 
of 35 d, 1 wk longer than did the irradiated group. Postirradia-
tion sickness can cause considerable morbidity, and our model 
eliminates the need for this potential stressor on the fragile NSG 
strain. The Guide for Care and Use of Laboratory Animals11 states 
that the 3Rs (replacement, refinement, and reduction) princi-
ples must be considered by the IACUC and investigators when 
designing animal research studies and that “refinement refers 
to modifications of husbandry or experimental procedures to 
enhance animal wellbeing and minimize or eliminate pain and 
distress.”11 According to Public Health Services policy principle 
IV,18 “proper use of animals, including avoidance or minimi-
zation of discomfort, distress, and pain when consistent with 
sound scientific practices is imperative.” Our study results 
show that the stress of irradiation can be eliminated in this model 

significance was defined as a P value of less than or equal to 0.05. 
All statistical analyses were done by using Prism 4 (GraphPad 
Software, San Diego, CA).

Results
Determining number of cells to be injected. Mice that received 

10 × 106 cells survived for a median of 30 d, whereas mice in-
jected with 5 × 106 cells survived for a median of 40 d (Figure 1)
. Thus, the number of cells injected had a significant effect (P = 
0.002) on the median survival time of mice. Because biolumi-
nescence (engraftment) was not observed until day 12 in both 
groups, the survival of mice for only 30 d provided too short a 
period of time for any type of therapeutic trial. Therefore, we 
decided to inject 5 × 106 cells into the mice used for the remain-
der of the study.

Clinical signs. Both irradiated and nonirradiated mice were nor-
mal in activity and showed no signs of illness during the first 3 
wk after injection. Mice showed signs of lethargy, ruffled fur, and 
decreased body condition during the fourth week after injection 
of the B-lymphoma (Z138) cells. Hindlimb paralysis occurred in 
approximately 25% of the mice in both irradiated and nonirradi-
ated groups. Solid tumor formation was not observed.

Tumor cell engraftment. According to bioluminescence, both 
irradiated and nonirradiated mice showed engraftment by day 12 
after tail-vein injection of the B-lymphoma cells (Figure 2). Irradi-
ation did not improve progression of NHL in NSG mice, because 
both irradiated and nonirradiated groups engrafted similarly suc-
cessfully (P = 0.99). Nonirradiated mice had an average biolumi-
nescence of 17.77 × 108 ± 3.049 × 108 photons/s, whereas irradiated 
mice had an average of 17.82 × 108 ± 3.042 × 108 photons/s. All 
mice showed continued engraftment weekly thereafter (days 19 
and 26) until death.

Survival. Median survival differed significantly (P = 0.001) be-
tween the irradiated and nonirradiated groups. Mice with irra-
diation survived for a median of 27 d before becoming moribund 
and being euthanized, whereas those without irradiation sur-
vived for a median of 35 d (Figure 3).

Flow cytometric analysis. Both irradiated and nonirradiated 
mice showed engraftment of tumor cells in the blood. We ana-
lyzed 6 mice from each group by flow cytometry using human 
CD45 antibody conjugated with phycoerythrin and mouse CD45 
antibody conjugated with allophycocyanin. The population of 
tumor cells in irradiated mice ranged from 3% to 15% (mean, 
5.45%; SE, 1.34%), whereas the nonirradiated mice had a tumor 
cell population of 2% to 20% (mean, 7.83%: SE, 3.37) in blood  
(P = 0.53; Figure 4).

Histopathology. There were no differences in staining charac-
teristics between the irradiated and nonirradiated groups. Z138 
cells were present in most of the organs sampled (Figures 5 and 6). 
Tumor cells were seen in large numbers in the bone marrow in 
both groups. Relatively low amounts of Z138 cells were noted in 
spleen, liver, and lung, and there were no signs of tumor cells in 
either the kidney or brain.

Sex-associated differences. In the preliminary study which 
evaluated the most appropriate cell concentration for the model, 
neither survival nor tumor engraftment differed by sex when 
mice were injected with either 5 × 106 or 10 × 106 Z138 cells. In 
mice injected with 5 × 106 cells, the median survival for both 
male (n = 10) and female (n = 4) mice was 35 d. Female mice (n = 5) 
injected with 10 × 106 cells survived for a median of 28 d, and 

Figure 1. Survival of mice intravenously injected with 5 × 106 or 10 × 106 
Z138 cells. The median survival time differed significantly (P = 0.002) 
between groups.
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system without affecting tumor development. Therefore our 
NHL mouse model meets the goal of refinement mandated by 
the Guide and Public Health Services policy.

In a previous study, 23 injection of 5 × 106 compared with 10 
× 106 Daudi cells in SCID mice did not affect the onset of the 
symptoms or survival of the mice. In our model using Z138 
cells and NSG mice, there were no significant differences in 
the onset of engraftment of cells, but survival times differed 
between the 2 groups, with the lower tumor cell concentration 
resulting in a 10-d extension in median survival. This finding 
led us to conclude that a concentration of 5 × 106cells would 
be more appropriate for our NHL model, given that a longer 
survival time would support longer drug-trial periods. The 
median survival times of our irradiated (27 d) and nonirradi-
ated (35 d) groups are shorter than those reported by others,8 
but the extension of survival time in the nonirradiated group 
mimics previous findings.8

Other colleagues8,9 reported that irradiation of mice led to 
variations in the immune system leading to mixed results. In 
the SCID mice used in the cited studies,8,9 irradiation rendered 
NK cells dysfunctional, leading to a hypothesized microenviron-
mental change in some of the organs and changing the pattern of 
tumor cell growth. The authors8,9 reported inconsistency in the 
distribution of tumor cells in various tissues as well as variations 
in the development of hindlimb paralysis (and therefore of spinal 
cord invasion) between irradiated and nonirradiated groups. Our 
study results support this previous hypothesis, given that NSG 
mice lack functional NK cells, and we observed no differences in 
the distribution of tumor cells or development of clinical signs 
between irradiated and nonirradiated groups. Hindlimb paraly-
sis has previously been reported to occur at different rates (from 

Figure 2. Bioluminescence imaging of mice at 12 d after injection of Z138 cells. (A) Irradiated mice. (B) Nonirradiated mice.

Figure 3. Survival of irradiated and nonirradiated mice engrafted with 
Z138 cells. The median survival time differed significantly (P = 0.001) 
between groups.

Figure 4. Flow cytometry of mouse blood. The green-labeled cell popu-
lation (upper left corner of each panel) represents tumor cells (human 
Z138 cells). (A) Irradiated mice. (B) Nonirradiated mice.
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cytometric analysis of the bone marrow gives a more accurate 
representation of tumor cell engraftment in this model (data not 
shown, but our experience shows the tumor cell population to 
be in the range of 30% to 60%). Although flow cytometry of bone 
marrow is not uncommon, blood is preferable that sample collec-
tion does not have to be an invasive or terminal procedure. Given 

0% to 100%) in other B-cell lymphoma models using various cell 
lines.8,9,23,24 Hindlimb paralysis occurred in only approximately 
25% of our mice.

The flow cytometric percentages of tumor cells in whole blood 
were fairly variable and were quite low (2% to 3%) in some mice. 
Subsequent studies in our laboratory have shown that flow 

Figure 5. Engraftment of Z138 cells in organs of mice without prior irradiation. (A, B) Bone marrow. (C, D) Lung. (E, F) Spleen. (G,H) Liver. (I, J) Kidney. 
(K, L) Brain. CD20 immunohistochemistry; magnification: 10× (panels A, C, E, G, I, and K), 40× (panels B, D, F, H, J, and L).
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Figure 6. Engraftment of Z138 cells in organs of mice with prior irradiation. (A, B) Bone marrow. (C, D) Lung. (E, F) Spleen. (G,H) Liver. (I, J) Kidney. 
(K, L) Brain. CD20 immunohistochemistry; magnification: 10× (panels A, C, E, G, I, and K), 40× (panels B, D, F, H, J, and L).
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that the Z138 cells seem to hone almost exclusively to the bone 
marrow, our studies of various NHL treatments are now relying 
on measuring the tumor cell population in bone marrow, given 
that the whole blood measurements do not seem to accurately 
reflect the status of the animal.

Humans in advanced stages of NHL show increased involve-
ment of the CNS and neurologic symptoms.17 In our mouse 
model, we observed neurologic signs of hindlimb paralysis in 
approximately 25% of the mice with advanced disease. The prog-
nosis for patients with CNS signs is very poor, with a median sur-
vival of 4 mo,5 and this aspect of our model would enable research 
groups to study this specific component of disease progression. In 
addition, gastrointestinal tract symptoms are a common finding 
at the time of diagnosis of NHL, but the reason for the gastroin-
testinal tract tropism has not yet been understood.19 Our mice 
lacked any gastrointestinal tract symptoms. It would have been 
advantageous to collect and histologically evaluate components 
of the gastrointestinal system, and this addition could be an area 
of future study.

In conclusion, our mouse model of B-cell NHL, which uses 
Z138 cells, does not require irradiation for engraftment of the tu-
mor. Nonirradiated mice developed tumors and were normal in 
activity until 3 wk after injection of cells. Thereafter, mice gradu-
ally showed signs of lethargy, ruffled fur, and decreased activity, 
and a percentage developed hindlimb paralysis prior to eutha-
nasia or spontaneous death. Male and female mice did not differ 
significantly in survival or tumor engraftment, and there were no 
differences in histopathologic or immunohistochemical features 
of various organs. Additional studies should be done with other 
human B-cell NHL cell lines (for example, Jeko, Granta) to evalu-
ate whether irradiation of recipient mice is necessary to establish 
all crucial components of those models.
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