
Abstract. Inbred strains of laboratory mice are commonly
used in different immunological studies, with varying results.
However, these variations are often overlooked and the
underlying molecular mechanisms are less explored. In this
study, we analyzed the differences in B-lymphocyte response
and mechanisms of class switch recombination in two
commonly used mouse strains, FVB and C57BL/6. These two
strains of mice differ in their major histocompatibility
complex (MHC) antigens, C57BL/6 having H-2b and FVB
having H-2q, along with multiple cryptic changes. Analysis
of in vitro class switch recombination showed that
lymphocytes from these two strains of mice had altered
preference for immunoglobulin isotype switching, with
C57BL/6 producing more IgG1 and IgG3, but less IgG2b
compared to FVB. Furthermore, cell-cycle patterns and gene
expression studies for critical genes showed moderate
differences between the two strains, suggesting that the cells
opted for different molecular mechanisms under identical
culture conditions.

Inbred strains of laboratory mice are commonly used in a
variety of biomedical research settings to elucidate
immunopathogenesis, infectious disease challenge, drug
discovery, and cancer biology (1). Many of these inbred
strains and transgenic models are also employed in immune
system characterization studies. Out of the inbred strains
available, FVB and C57BL/6 (C57) are often used to
generate knock-out, transgenic, or other conditionally-

modified strains of mice mimicing human disease conditions.
C57 is the most commonly used mouse strains in biomedical
experiments. FVB mice carry homozygous Fv1b allele for
sensitivity of Friend’s leukemia virus (2). These two strains
vary in their major histocompatibility complex (MHC)
antigens; FVB having H-2q subtype (2) and C57 being H-2b
subtype (3). Furthermore, FVB mice carry polymorphisms
in T-cell receptor a (Tcra-V11.1) and genomic deletion of
some Tcrb-V genes, including Tcrb-V8.2 (4). In addition to
these known genetic differences, there can be multiple
cryptic genetic variations between these two strains (5). As a
result when these mice are immunochallenged, they have
variable immune responses, making research findings
difficult to translate to the human condition being modeled.

B-lymphocytes are an integral part of the immune system as
they produce antibodies, act as antigen-presenting cells and can
phagocytize antigens (6). B-lymphocytes develop in the bone
marrow from a common lymphoid progenitor (CLP) and
proceed through early and late pro- B stages before entering
large and small pre- B stages (7). These immature B-
lymphocytes exit the bone marrow and populate the spleen and
other secondary lymphoid organs, where they undergo further
development to form mature naïve B-lymphocytes. Following
interaction with antigens and co-stimulatory molecules, B-cells
will proliferate and undergo somatic hypermutations (8), class
switching (9), and clonal expansion (10) to produce highly
specific immunoglobulin molecules against the invading
antigens. Finally, they will differentiate into memory B-cells or
long-lived plasma cells, the latter of which releases specific
antibodies to circulation (11). The specificity and effectiveness
of antibodies are attributed to the variable, diversity, and joining
(VDJ) rearrangement in the bone marrow and class switch
recombination (CSR) in secondary lymphoid organs. VDJ
recombination results in enormous diversity in antigen
recognition, somatic hypermutation increases the affinity and
CSR results in the production of different isotypes of antibodies
with varying effector functions. These gene recombination
events are initiated by DNA double-strand breaks in the
immunoglobulin gene, mediated by recombination activation
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gene (RAG) and activation-induced cytidine deaminase (AID)
enzymatic events during VDJ and CSR, respectively (12). These
DNA double strand breaks are then repaired through the break
repair mechanisms, predominantly by non-homologous end-
joining (NHEJ) (12). Although NHEJ mechanisms are
conserved across mammalian species, their functional efficiency
and preferences varies between individuals, age groups, genetic
strains and species. Previous studies have shown that FVB mice
produce significant levels of antigen-specific IgE antibody in
vivo (13, 14). In this study we sought to compare the CSR
ability of FVB and C57 mice. 

Materials and Methods
Mice. Five 20-week-old FVB and C57 mice were used for each
experiment. The mice were bred and maintained at the Association
for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) accredited core laboratory animal facility at Virginia
Maryland Regional College of Veterinary Medicine, Virginia Tech.
All experiments were carried out as per National Institute of Health
guidelines with the approval from the Virginia Tech Institutional
Animal Care and Use Committee (IACUC).

Splenic parameters. Spleens were harvested and evaluated grossly
for size comparison. Single-cell suspensions were labeled with
fluorescently tagged CD4, CD8 and IgM antibodies (eBiosciences,
San Diego, CA, USA) and analyzed by flow cytometry. Sections of
spleen were fixed in 4% formaldehyde followed by routine
processing and paraffin embedding. Four micron-thick tissue
sections were stained with hematoxylin and eosin (H&E), and
evaluated by a veterinary pathologist using a Nikon Eclipse 50i light
microscope. Images of the spleen were acquired using the NIS-
Elements D software 3.10 (Nikon, Melville, NY, USA).

CSR assay. Splenic B-lymphocytes were harvested using magnetic
beads and a magnetic-assisted cell sorting (MACS) system (Milteny
Biotec, Auburn, CA, USA). A total of 2×105 cells were treated with
5 μM carboxyfluorescein diacetate succinmidyl ester (CFSE) and
cultured in triplicate in 96-well culture plates (BD Biosciences, San
Diego, CA) with media containing Escherichia coli lipopoly-
saccharide (LPS, 25 μg/ml, Sigma-Aldrich, St. Louis, MO, USA) or
LPS and interleukin-4 (IL-4, 25ng/ml, Sigma-Aldrich) and incubated
at 37˚C for 96 h (15, 16). At 96 h of incubation, cells were washed
three times and labeled with fluorescently tagged anti-mouse IgG1,
IgE, IgG2b and IgG3 antibodies (e-Biosciences). The percentage of
cells undergoing class switch recombination events was assessed by
flow cytometry.

Confocal microscopy. Splenic B-lymphocytes were harvested using
a MACS system and cultured at 106 cells/ml in RPMI 1640 (ATCC,
Manassas, VA, USA) containing β-mercaptoethanol (Thermo
Scientific, Rockford, IL, USA), LPS and IL-4. Cells were harvested
at 0, 24, 48, 72 and 96 h and cytospun onto charged glass slides.
Cells were fixed using 4% paraformaldehyde (Thermo Scientific),
washed with tris-buffered saline (TBS, Fisher Scientific, Pittsburg,
PA, USA) with Tween20 (Fisher Scientific) and blocked with TBS,
containing 4% fetal bovine serum (FBS, Fisher Scientific). Cells
were incubated with rabbit anti-mouse γH2AX (Cell Signaling,
Danvers, MA, USA) at 1:500 dilution in TBS with 1% FBS,

followed by incubation with Alexa-fluor 488-conjugated anti-rabbit
antibody (Cell Signaling) at 1:1000 dilution in TBS with FBS, as
previously published (17). After labeling with 4’,6-diamidino-2-
phenylindole (DAPI, Cell Signaling), cells were visualized using an
LSM700 Carl Zeiss confocal microscope (Carl Zeiss Microimaging,
Thornwood, NY, USA) and LSM900® software (Carl Zeiss).

γH2AX flow cytometry. Splenic B-lymphocytes cultured in the
presence of LPS and IL-4 were harvested at 0, 48, 72 and 96 h, as
described above. Cells were fixed with 70% ethanol in PBS at –20˚C
for 24 h and permeabilized with 0.1% Triton-X (Sigma-Aldrich) in
TBS. Cells were then incubated with rabbit anti-mouse phosphoH2AX
antibody (Cell Signaling) at 1:500 dilution in TBS with FBS at 4˚C
for 30 min, followed by incubation with Alexa-fluor 488-conjugated
anti-rabbit antibody (Cell Signaling) at 1:1000 dilution. Cells were
analyzed using a FACScan flow cytometer (BD Biosciences).

Cell cycle analysis. Splenic B-lymphocytes from FVB and C57
mice were harvested and cultured in the presence of LPS and IL-4
as described above. Cells were fixed in 70% ethanol for 48-72 h and
incubated with propidium iodide (Sigma-Aldrich) at 5 μg/ml in PBS
containing RNAaseA (5 Prime, Gaithersburg, MD, USA), at room
temperature for 20 min and kept on ice. Cells were analyzed by flow
cytometry.

Gene expression analysis. B-lymphocytes from FVB and C57 mice
were cultured in the presence of LPS and IL-4, then harvested at 0, 24,
48, 72 and 96 h to prepare total RNA using RNeasy kit (Qiagen.
Valencia, CA, USA). First-strand cDNA was synthesized using
Superscript III (Invitrogen, Grand Island, NY, USA). Gene expression
was determined in triplicate by reverse quantitative, polymerase chain
reaction (RQ-PCR) using an iQ™5 Multicolor Real Time PCR
Detection System (BioRad, Hercules, CA, USA) for the following
genes Paired box5 (Pax5); 5’AGTCTCCAGTGCCGAATG3’,
5’TCCGTGGTGGTGAAGATG3’; Aid; 5’GCCAAGGGACGGCATG
AGACC3’; 5’CAACAATTCCACGTGGCAGCCAGACTTG3’: DNA
ligase 4; 5’ATTGAAGCCACGAGATTAGGT3’, 5’ACTGAATCGGA
CACCCAACT3’; Ku80; 5’AAT CCTGTTGAAAACTTCCGTT3’;
5’GGAAGCTGTTGAAGCG CTG3’; Ku70; 5’CCGCTTCACATACA
GGAGCGAC3’, 5’GGATTATAACCTGGAGGATAG3’; DNAPKcs;
5’GAG AGTGGGCTTTCAGAAGA3’, 5’ATTTCCTCTGTCTGTCA
GAAAT3’; p53; 5’CTCTGAGTAGTGGTTCCTGGCC3’; 5’AAGTA
GGCCCTGGAG GATAT3’; Gapdh control; 5’GCACAGTCAAGG
CCGAGAAT3’, 5’ CCTTCTCCATGGTGGTG AA3’. Expression was
calculated using the 2–ΔΔCt method (18) and results were normalized
to that of the corresponding Gapdh internal control.

Data and statistical analysis. Flow cytometric data were analyzed
using the FlowJo software (FlowJo, Ashland, OR, USA). Data were
analyzed with GraphPad Prism 5.0® (Graphpad Software, La Jolla,
CA, USA), using either a two-tailed t-test or analysis of variance
(ANOVA) and Bonferroni post test; a p-value <0.05 was considered
significant. 

Results
FVB and C57 mice had different spleenic features. In order to
better understand the immune system of the two strains of mice
(FVB and C57) their splenic parameters were compared. Five
mice of the same age group (20 weeks) were euthanized and
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the spleen was harvested. Primary evaluation of the size
revealed visibly smaller spleens in C57 mice compared to FVB
mice (Figure 1A). C57 mice also had a significantly reduced
splenic weight (Figure 1B), although histopathological
evaluation revealed comparable cellularity of the follicles when
compared to those of the FVB mice (Figure 1C). To better
understand the B-lymphocyte subsets within the spleen, cells
were labeled with fluorescently tagged anti-mouse IgM, CD4
and CD8 antibodies and analyzed by flow cytometry. Our
results showed a comparable percentage of total IgM+ cells in
the spleens of both strains. The CD4+ T-lymphocyte population
was smaller and the CD8+ T-lymphocyte population was larger
(not significantly) in C57 mice compared to FVB mice (Figure
1D and E). The CD4:CD8 ratio is an important parameter for
assessing the immune status and regulation of the immune
system. Altered CD4:CD8 ratios have been reported in aging
(19), viral infections (20), autoimmunity (21), diet (22), cancer
metastasis (23) and exposure to sunshine (24). Moreover,
strain-specific genetic makeup also plays a critical role in the
CD4:CD8 ratio in lymphoid organs and peripheral blood of
inbred mice (25, 26). Consistent with previously published
reports (27), our analysis showed a significantly lower
CD4:CD8 ratio in C57 mice compared to FVB mice (Figure
1F), suggesting altered production of T-lymphocyte subsets in
inbred mice with two different genotypes.

FVB and C57 mice have different class switch recombination
patterns. Splenic IgM+ lymphocytes were harvested and
cultured in the presence of LPS, or LPS plus IL-4 to induce
CSR and produce IgG2b and IgG3, or IgG1 and IgE
antibodies, respectively. Cells were harvested 96 h following
stimulation and analyzed for their recombination efficiency
and proliferation pattern by flow cytometry. Our results
showed that C57 mice had increased efficiency for IgG1 and
IgG3 antibody recombination (p<0.05 and 0.01,
respectively). C57 had a reduced efficiency for IgG2b
recombination and a slightly higher efficiency for IgE
recombination, when compared with cells from FVB mice,
although the differences in the levels of the latter were not
significant (Figure 2A, B and E). Evaluation of the
proliferation pattern of lymphocytes following stimulation
using CFSE labeling and flow cytometry showed comparable
proliferation in cells from both mouse strains (Figure 2C and
D). To better understand the cell proliferation pattern, cell-
cycle analysis was determined by labeling cells with
propidium iodide and by flow cytometry assessment.
Analysis showed comparable cell-cycle phases (apoptotic,
G1, synthetic and G2/mitotic) between FVB and C57 mice at
the time of stimulation (Figure 3A and B). In addition, the
cell-cycle pattern for apoptotic, synthetic and G2/mitotic
phases were comparable at 96 h of stimulation with LPS plus
IL-4 in cells from both FVB and C57 mice. However, C57
mice had an increased number of cells in the G1 stage at 96

h following stimulation, suggesting either cell-cycle arrest or
a strain-specific prolonged G1 stage (Figure 3A and B).
Because of the prolonged G1 stage in C57 mice, we analyzed
the expression of the pro-apoptotic gene, p53, and found its
expression to be elevated at 24, 48 and 72 h in C57 mice
(Figure 3C).

FVB and C57 mice had comparable DNA break induction
and repair patterns. Naive B-lymphocytes were harvested
from FVB and C57 spleens and cultured in the presence of
LPS plus IL-4. Stimulation with LPS and IL-4 should result
in the expression of Aid and lead to DNA double-strand
breaks in the immunoglobulin heavy chain gene, a critical
step in CSR (28). DNA double-strand break induction results
in the phosphorylation of serine139 of histone H2AX
(phosphoH2AX or γH2AX), which can be detected by
labeling and immunofluorescence assays (29). Flow
cytometric analysis for γH2AX showed a comparable
percentage of cells with DNA breaks at all the time points
tested, viz., 0, 24, 48, 72 and 96 h post-stimulation (Figure
4A and C). To better understand the DNA break induction at
the individual cell level, we labeled cells with fluorescently-
tagged anti-γH2AX and evaluated the number of breaks by
confocal microscopy. Our results showed a comparable
number of breaks at the cellular level in both FVB and C57
mice (Figure 4B). Considering the role of Aid in DNA break
induction, we analyzed its expression by RQPCR on cDNA
isolated at 0, 24, 48, 72 and 96 h post-stimulation. Our
results showed significantly higher (p<0.01) Aid expression
in C57 mice than in FVB mice at 24 h; however, the
expression was comparable between both strains of mice at
other time points tested (Figure 4D). 

C57 mice had altered DNA protein kinase expression
following stimulation with LPS plus IL-4. As our results
showed comparable DNA break induction in both FVB and
C57 strains, we considered the possible role of transcription
factors and DNA repair mechanism as a reason for the altered
preference for isotype switching. Splenic IgM+ cells were
harvested and stimulated with LPS plus IL-4 in culture for 96
h to delineate the NHEJ during CSR. Cells were harvested at
24 h intervals, total RNA was prepared and cDNA was
synthesized. Previous studies have shown that Pax5 is an
important regulator for CSR as it serves as master regulator
during B-cell differentiation and peripheral development (30);
and regulates Aid expression (31). Expression of Pax5 in FVB
and C57 cells, determined by RQ-PCR, was comparable at all
the time points tested. RQ-PCR analysis for the genes known
to be involved in NHEJ mechanism showed comparable
expression of DNA Ligase 4, Ku70 and Ku80 at 0, 24, 48, 72
and 96 h of culture in both strains of mice (Figure 5).
Previous studies have shown that increased expression of
DNAPKcs correlates with reduced CSR efficiency in the
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Figure 1. Strain difference in spleen. A: Photograph of spleen from FVB
and C57 showing a comparatively smaller spleen in C57 mice. B:
Analysis of splenic weight showed the one of C57 mice to be
significantly lower than that of FVB mice. C: Histology of spleen from
C57 and FVB mice showed comparable follicular and peri-arteriolar
cellularity in the strains. D: Representative flow cytometric plots for the
splenic T-lymphocyte fractions showed altered CD4+ and CD8+ cell
populations. E. Statistical analysis of T-cell fractions and IgM+ cells
showed a lower percentage of CD4+ and a higher percentage of CD8+

cells. Total splenic IgM+ cell percentage were comparable between FVB
and C57 mice. F: Analysis of CD4:CD8 ratio demonstrated a
significantly lower ratio in C57 mice. n=5; **p<0.01.
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Figure 2. In vitro class switch recombination assay showed different recombination efficiency in mouse strains under the same conditions. Harvested
splenic lymphocytes were cultured in the presence of lipopolysaccharide (LPS) or LPS plus interleukin-4 (IL-4) and analyzed for CSR efficiency by
flow cytometry. A: Representative flow cytometric plots of cells stimulated with LPS plus IL-4 and analyzed for IgG1 and IgE class switching. B:
Representative flow plots of cells stimulated with LPS and analyzed for IgG2b and IgG3 C: The proliferation pattern of lymphocytes stimulated
with LPS plus IL-4 using carboxyfluorescein diacetate succinmidyl ester (CFSE) labeling showed comparable proliferation in FVB and C57 strains.
D: Analysis of the CSR efficiency showed higher IgG1 and IgG3 class switching in B-cells from C57 mice. However, IgG2b recombination efficiency
was significantly lower in C57 mice compared to cells from FVB mice. n=5; *p<0.05, **p<0.01. FSC: Forward scatter, SSC: side scatter. 



chicken cell line DT40 (32). Likewise, our results showed
increased expression of DNAPKcs in cells from FVB mice at
96 h (Figure 5) and reduced class switch recombination
towards IgG1 and IgG3 (Figure 2A, B and E). Expression of
DNAPKcs was comparable between FVB and C57 mice at the
other time points tested (0, 24, 48 and 72 h). These results
suggest that under our in vitro conditions, gene expressions
might also have a role in class switch preference.

Discussion

Different inbred strains of mice have frequently been
employed for immunological studies interchangeably,
overlooking the possible variation between these strains (33,
34). Here, we delineate molecular differences occurring in
two commonly used strains of mice, FVB and C57, during a
typical immunological reaction. To understand the
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Figure 3. Cell-cycle kinetics showed growth arrest of B-cells at 96 h post-stimulation. Harvested B-lymphocytes from FVB and C57 mice were
cultured in the presence of LPS plus IL-4 and analyzed for cell-cycle pattern using propidium iodide (PI) labeling. Cells were analyzed for DNA
content and divided into apoptotic (A), growth phase 1 (G1), synthetic (S) and growth phase 2/Mitotic (G2/M) populations. A: Representative flow
cytometric plots showing different cell-cycle stages of stimulated B-cells from FVB and C57 mice prior to stimulation (0 h) and 96 h post-stimulation.
B: Statistical analysis showed comparable percentages of cells in the apoptotic, synthetic and G2/M stages at 0 and 96 h. However, the percentage
of cells in G1 was higher in C57 mice at 96 h of stimulation suggesting partial cell-cycle arrest. C. Analysis of p53 gene expression showed
comparable levels at 0, 24, 48, 72 and 96 h of stimulation between the two strains of mice. n=5; p<0.05.



mechanisms at lineage-specific levels and to avoid possible
extracellular effects, we performed our experiments on
harvested naïve B-lymphocytes. Our results shed additional
insight into strain-specific immunoglobulin class switch
preferences and patterns under identical culture conditions. 

Our preliminary results showed differences in the size of
spleen between FVB and C57 mice of the same age group,
though the animal weights were comparable (data not
shown). Histopathological analysis revealed comparable
morphological features, with similar follicular and
periarteriolar cellularity. Flow cytometric analysis for total
T- and B-cellularity was comparable between the two strains
tested; however the CD4:CD8 ratio was skewed in C57 mice,

with more CD8+ cells. The ratio of CD4:CD8 is critical in
determining the type of immune reaction, as well as
regulation of B-lymphocyte activation and proliferation
pattern (35). Previous studies have reported low CD4:CD8
ratio in C57 mice thymus, spleen and lymph nodes (27). This
could be due to inherent genetic regulations affecting the
Tcrα locus (26) or strain-specific altered expressions of
genes such as Notch1 (36) and Bcl-2 (37), which are known
to polarize T-cell differentiation. Genetic variation in
different strains could result in an altered expression of
linkage-related genes and thus alter the CD4:CD8 preference
(27, 38). Given that an inherently increased number of CD8+

cells can lead to more of a Th1-type immune reaction,
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Figure 4. FVB and C57 mice have comparable DNA break induction and repair patterns. Harvested B-cells were cultured in the presence of LPS plus
IL-4 and harvested at 0, 48, 72 and 96 h and labeled with anti-mouse γH2AX antibody. Cells were analyzed by flow cytometry and confocal
microscopy. A: Representative flow cytometric plots of B-cells from FVB and C57 mice at different time points showing DNA breaks indicated by
H2AX staining. B: Single-cell analysis of the break pattern induced in FVB and C57 mice by confocal microscopy revealed similar patterns. C:
Statistical analysis showed there to be a comparable percentage of cells with DNA breaks at all the time points tested. D: Gene expression analysis
of Activation induced deaminase (Aid) showed significantly higher levels in C57 mice at 24 h post-stimulation. n=5; *p<0.05, **p<0.01. 



resulting in more cytotoxic-type reactions (39), an increased
CD8+ population could also be a reason for frequently
observed hyper-responsiveness and dermatitis observed in
the C57 mouse strain (40). 

Antibodies are critical components of the humoral
immune response. Different subclasses/isotypes of
antibodies are produced under different stimulatory
conditions and they have distinct functions. IgG1 is the
most abundant IgG subclass, making up 66% of total IgG,

and functions mainly by complement fixing. IgG2
subclasses IgG2a and IgG2b are produced in response to
bacterial LPS and have low antigenic affinity, although
IgG2a is more effective in activating the complement. IgG3
has the highest compliment activation ability and it has
high affinity for antigens. IgE antibodies are known to
stimulate allergic hypersensitive reactions and parasitic
responses. In regards to strain differences in antibody
production, FVB mice have been shown to produce
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Figure 5. Gene expression profiling of factors involved in non-
homologous end joining showed different DNA protein kinase expression
to differ in C57 and FVB mice. B-lymphocytes from FVB and C57 mice
were harvested and stimulated with lipopolysaccharide (LPS) plus
interleukin-4 IL-4. Cells were harvested at 24-h intervals and total RNA
was extracted for gene expression by reverse quantitative-polymerase
chain reaction. Analysis showed comparable levels of DNA ligase4,
Ku70, Ku80 and Pax5 at all of the time points tested. However,
DNAPKcs expression was significantly lower in C57 mice at 96 hours
post-stimulation. n=5; *p<0.05.



significant amounts of IgE which leads to asthma-like
airway responsiveness. This prompted us to explore the
antibody isotype switching pattern in these two strains. 

Class switch recombination is a process in which IgM+

B-lymphocytes undergo gene recombination in their
immunoglobulin heavy chain gene, resulting in the
production of different isotypes of antibodies with the same
specificity. To determine the inherent differences in CSR
between two different strains, we performed an in vitro
CSR assay on naïve B-cells. Our results showed that C57
mice had an increased efficiency for IgG1 and IgG3
switching, in contrast to a reduced efficiency for IgG2b
production. This difference shows a clear preference
towards specific recombinations in the two mouse strains
when immune cells are stimulated under identical
conditions. Previous studies have shown that CSR
efficiency depends on proliferation of stimulated B-cells
(41). Our analysis showed comparable proliferation of cells
in the two strains, suggesting that proliferation may not be
the determining factor for recombination preferences
observed in this study. 

Recent studies have shown that break induction and fusion
during class switching are not entirely random, rather, they are
tightly regulated by cellular machinery depending on the type
of antigenic stimulation (9, 42). Antigenic stimulation leads to
Aid-mediated DNA double-strand breaks at switch regions of
immunoglobulin heavy chain. Previous studies have suggested
that isotype switching preference is regulated mainly by germ-
line transcription of immunoglobulin switch regions (43).
Specificity of Aid-mediated breaks on immunoglobulin gene
also depends on binding sites for B-cell signaling downstream
mediators, nuclear factor-Kβ (Nf-Kβ) and Stat6 (44, 45).
Underlying differences in genetic makeup at switch regions
between the two strains of mice or Nf-Kβ or Stat6 binding
sites, may contribute to the strain-specific isotype switching
preference observed in this study. To better understand the
DNA break induction pattern, we analyzed the frequency of
DNA breaks in stimulated B-cells from FVB and C57 mice.
Our results showed comparable induction and repair patterns
of DNA breaks in FVB and C57 mice, suggesting that
induction and repair patterns are similar. Expression of Aid
was significantly high at 24 h of stimulation in C57 mice;
however, these cells did not exhibit a higher number of breaks.
This could be due to internal cellular mechanisms preventing
the overactivity of DNA damage-inducing signals. Single-cell
analysis for breaks using confocal microscopy showed a
comparable number of breaks in break-positive cells, thus
indicating that the DNA break induction and repair is similar
in the two strains of mice tested.

Studies on cell-cycle kinetics during CSR suggested that
DNA break induction occurs during the G1 phase of the cell
cycle (46). The DNA break marker γH2AX is detectable
during the G1 and early S phase, but not during the G2/M

phase of the cell cycle (47), suggesting that DNA break
repair starts at S phase. The majority of NHEJ-mediated
repair occurs during the G2/M phase (48) and therefore,
impaired DNA repair results in cell-cycle arrest at this stage
(49). Our analysis of cell-cycle kinetics showed an increased
number of G1 stage cells in stimulated cells from C57 mice
at 96 h. As CSR involves DNA breaks and repair, any
impairment will result in the expression of pro-apoptotic and
apoptotic genes, especially p53. Our studies also showed
increased p53 expression in C57 mice at 24, 48 and 72
hours, although the differences were not significant. This
slight increase might have resulted in cell-cycle arrest or the
prolongation at the G1 stage at 96 h. Thus, C57 and FVB
mice had different cell-cycle kinetics, with there being more
cells in the G1 stage in C57 mice under identical culture
conditions than in FVB mice. 

As induction of double-strand breaks by Aid has been
shown to be less specific (50) it might not be the sole reason
for isotype preference. We considered the role of NHEJ
factors as determining components for class switching
preference observed in this study. Previous studies have
shown that altered expression or lack of NHEJ factors can
impair CSR (51). Our results showed that expression of
Ku70, a critical component in NHEJ-mediated DNA break
repair (52), was higher in C57 mice at 48 and 72 h of
stimulation, although the level was not significantly different.
Expression of Ku80 was lower at 24 h of stimulation in C57
mice. Moreover, increased levels of NHEJ factor DNAPKcs
may reduce the class switching efficiency (32). Consistent
with this finding, our gene expression analysis showed
increased DNAPKcs expression and reduced IgG1 and IgG3
class switch efficiency in FVB mice (Figure 5). Expression
of Pax5, which is considered a master regulator for the B-
cell lineage (30), was comparable at all the time points
tested. Taken together, these data suggests that altered
expression of critical genes involved in NHEJ might also
play a role in the difference in CSR patterns between
different inbred strains of mice.

Effective CSR is an important determinant of robust
antibody-mediated immune response. Strain-specific
differences in the isotype switching pattern might contribute
to their different immunity towards various infectious agents
and vaccines (53, 54). Our results show that differences in
genetic makeup in the background strains can lead to
different preferences in isotype switching under identical
conditions. These preference changes could be due to
changes in DNA break sites in immunoglobulin switch
regions and/or altered recombination of switch regions as a
result of changes in the expression of NHEJ factors, resulting
in preferential recombination in different strains. Further
studies are required to elucidate the molecular mechanisms
underlying the class switch preferences in different inbred
strains of mice.
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