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Abstract
The developmental process of human antibody (Ab)-secreting B cells in humanized mice is not fully defined. To examine the characteristics of class-switched and Ab-
secreting B cells in humanized mice, we analyzed NOD/Shi-scid, common γc-null mice reconstituted with cord blood-derived hematopoietic stem cells (CB-NOG). 
Most of the CD138-positive plasmablasts (PBs)/plasma cells (PCs) in the NOG spleen maintained CD5 expression. Moreover, IgG-bearing B cells, including PBs 
and memory cells, predominantly had a CD21-CD24hiCD5+ phenotype. We examined the expression of CD21, CD24 and CD5 on B cells developed in CB-NOG 
mice. We observed three types of B cells (CD24high CD21-; T1, CD24low/CD21-; T2, CD24-CD21+; T3) within CB-NOG CD5+ cells, which are similar to 
transitional B cells. However, the surface marker expression was different from normal transitional B cells. First, CD21 expression was significantly lower than in 
human peripheral blood and CB-derived mature B cells. Second, the expression of CD5 increased according to the developmental stage. The splenocytes were sorted 
according to the transitional subsets and examined for IL-10 expression. The CD21-CD24hiCD5+ fraction had the highest IL-10 expression among the CD5+ cells, 
suggesting the involvement of regulatory B cells. The same fractions were cultured in the presence of CpG and IgM. These stimulated B cells secreted a low level 
of IgM and IgG Abs to CpG and IgM stimulation in vitro and maintained a CD5+CD21low phenotype. These results demonstrate that IgG-bearing B cells with 
a CD21-CD24hiCD5+ irregular phenotype are developed in humanized NOG mice and have become the source of antibodies in CB-NOG mice. (250 words).
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Introduction
A humanized mouse immune system is established by transplanting 

CD34+ cells from human cord blood into severely immunodeficient 
NOG mice (CB-NOG). It has been shown that human T cells and B 
cells can develop in these mice, although the cells are only partially 
functional in xenograft environments [1,2]. The B cells of these mice 
can secrete antigen-specific IgM, natural IgM and IgG Abs. However, 
the B cells cannot produce normal levels of antigen-specific Abs 
[1,3,4]. We hypothesize that the development of B cells is not fully 
reconstituted and that B cells with an irregular transitional phenotype 
directly differentiate into plasma cells to secrete IgM and IgG antibodies 
in CB-NOG mice. 

There are reports of the analyses of B cells developed in CB-NOG 

mice, which demonstrate that the mature B cells are reduced compared 
to normal mice. Moreover, while the B cells secrete natural IgM and 
IgG, antigen-specific IgG secretion is severely suppressed. At first, the 
reason for this reduction was thought to be a mismatch of the TCR and 
MHC because the TCRs on human T cells are selected by mouse MHC 
in the mouse thymus. However, HLA expression was not able to drive 
sufficient antigen-specific IgG secretion [5].

We speculated that the B cells may not mature from naïve B cells 
to normal plasma cells (PCs) in the humanized NOG environment 
because the supporting non-hematopoietic cells, such as follicular 
dendritic cells and dendritic cells, are absent in mouse lymph nodes 
and spleens and most of the B cells express CD5, which is known as 
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a suppressive signal-inducing molecule [6]. These B cells are reported 
to contain a subset of regulatory B10 cells, which secrete IL-10 and 
might be induced by CD5 signals [7,8]. Although the developmental 
pathway of regulatory B cells has not been clarified, an irregular 
lymphopenic environment such as the humanized NOG mouse may 
induce regulatory B cell development, as in humans, patients who are 
lymphopenic following irradiation produce CD5+ B cells extensively 
[8]. 

Recently, Azulay-Debby et al. reported that immature B cells 
express Toll-like receptor 9 (TLR9) and that CpG stimulation induces 
IgM secretion [9]. Moreover, TLR9 signaling induces CSR in immature 
B cells and stimulates the production of IgG in immature B cells [10]. 
Transitional B cells isolated from human cord blood also produce IgG 
antibody after TLR9 stimulation [11]. After stimulation, these cells 
acquired a marginal zone (MZ) B cell phenotype. Thus, TLR9 signaling 
may induce antibody secretion irrespective of the activated stage of the 
B cells. 

In the current study, we examined the B cells that secrete natural 
IgM and IgG Abs in humanized NOG mice. We found that most of the 
CB-NOG B cells that secrete Abs have a CD21-CD24+CD5+ irregular 
phenotype and secrete a large amount of IL-10. 

Materials and methods
Mice

NOD/Shi-scid, common γc-null (NOD/SCID/γc-null; NOG) 
mice were provided by the Central Institute for Experimental Animals 
(Central Institute for Experimental Animals, Kawasaki, Japan). 
BALB/c mice were purchased from Crea Japan, Inc. (Kawasaki, Japan). 
All of the mice were housed in specific pathogen-free conditions in 
the animal facility located at the Tokai University School of Medicine 
(Isehara, Japan). All of the experiments were in compliance with the 
Guidelines of Care and Use of Laboratory animals and were approved 
by the committee of the Tokai University School of Medicine.

Human hematopoietic stem cells

Human umbilical cord blood (CB) was obtained from full-term, 
healthy newborns immediately after vaginal delivery. Informed consent 
was obtained according to the Institute guidelines and this research was 
approved by Tokai University Human Research Committee. MNCs 
were separated by Ficoll-Paque gradient centrifugation. CD34+ cells 
were purified from MNCs using a 2-step MACS purification method 
(Miltenyi Biotec, Gladbach, Germany), and the purity was greater than 
98%.

Transplantation

Nine-week-old NOG mice were irradiated sublethally with 2.5 
Gy prior to transplantation. The CD34+ cells were transplanted 
intravenously. PB was collected via retro-orbital bleeding under 
inhalation anesthesia eight weeks after the transplantation. MNCs 
were prepared and the reconstitution rates were calculated by hCD45 
expression using FACS analysis. The mice were sacrificed and analyzed 
for B cell development after 8, 12 and 14 weeks. 

Peptides

The Her-2 peptide includes the sequence identified as the epitope of 
an apoptotic anti-Her-2 Ab, CH401. The peptide was determined using 
MAP peptides with a partial amino acid sequence of Her-2/neu [12]. The 
sequence of the peptide is N:163-182 ((YQDTILWKDIFHKNNQLALT-

BBB)-K4K2KB). This peptide was synthesized using a Rink amide 
resin (0.4-0.7 mmol/g) and an ACT357 peptide synthesizer (Advanced 
Chemtech, Louisville, KY). Each of these MAP peptides was coated 
on a 96-well plate, and the cross-reactivity with CH401 was examined 
using an ELISA as previously described. 

Monoclonal Abs, flow cytometry and cell sorting

The cells were analyzed using a FACSFortessa or FACSCalibur 
(Becton Dickinson, Franklin Lakes, NJ, USA). Cell sorting was 
performed using a FACSAria (Becton Dickinson). The cells were 
incubated with appropriately diluted, fluorescently labeled primary 
mAbs for 15 min at 4°C and were then washed with PBS containing 1% 
(w/v) BSA. For each analysis or sorting, the live gate containing white 
blood cells or lymphocytes was further gated on human CD45+ cells. 
The mouse anti-human monoclonal Abs (mAbs) used in this study are 
listed in Table S1.

Stimulation of B cells

CB-NOG bone marrow cells and spleen cells were prepared and 
specific cell fractions were sorted as described in the above section. The 
cells were resuspended at 2 × 105/ml and cultured for 48 hours in RPMI 
1640 medium supplemented with 10% FBS in the presence of 10 μg/
ml LPS (Escherichia coli serotype 0111, Sigma) in 96-well flat-bottom 
plates. 

The sorted B cell fractions were seeded into 96-well flat-bottom 
plates and stimulated with anti-IgM mAb (Beckman Coulter, CA, USA, 
0.02 µg/ml) with CpG (Cosmo Bio, Tokyo JPN, 1.5 nmol/ml) in vitro. 
The supernatants and cells were collected and the surface markers and 
secreted antibodies were analyzed by ELISA or flow cytometry seven 
days after stimulation.

RT-PCR

RNA was extracted from the stimulated cells using an RNeasy Mini 
Kit (Qiagen, Germantown, MD). The total RNA (50 ng) was ampli-
fied using primers and the OneStep RT-PCR kit (Qiagen). The RT-
PCR conditions were as follows: pre-incubation at 50°C for 30 min and 
polymerase activation at 95°C for 15 min, followed by 33 cycles of PCR. 
Each PCR cycle consisted of denaturation at 94°C for 1 min, annealing 
at 60°C for 1 min and extension at 72°C for 1 min. The PCR products 
were subjected to agarose gel electrophoresis. The following primers 
were used in this study: IL-10 Forward: 5’-CTTCGAGATCTCCGAGA-
TGCCTTC-3’, Reverse: 5’-ATTCTTCACCTGCTCCACGGCCTT-3’; 
GAPDH Forward: 5’-GCCACCCAGAAGACTGTGGATGGC-3’, 
Reverse: 5’-CATGTAGGCCATGAGGTCCACCAC-3’. The RT-PCR 
products were subjected to agarose gel electrophoresis.

Real time PCR

The expression levels of mRNA for a housekeeping gene and IL-10 
were measured by qPCR using the Bio-Rad CFX96 system (Bio-Rad, 
Hercules, CA, USA). GAPDH and IL-10 specific primers were pur-
chased from Takara Bio (Otsu, Japan). The following primers were 
used: GAPDH (forward:5′- GCACCGTCAAGGCTGAGAAC-3’, re-
verse:5’- ATGGTGGTGAAGACGCCAGT-3’), and IL-10 (forward:5’- 
GAGATGCCTTCAGCAGAGTGAAGA-3’, reverse:5’- AAGGCTTG-
GCAACCCAGGTA-3’). Freshly isolated total RNA from the B cell 
fractions of CB-NOG mice was converted to cDNA using the Prime-
Script™ RT Reagent Kit (Takara Bio) according to the manufacturer’s 
instructions. The PCR reaction consisted of 5 µl of SsoFast™ EvaGreen® 
Supermix (Bio-Rad), 3.5 µl of RNase/DNase free water, 0.5 µl of 5 µM 
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primer mix, and 1 µl of cDNA in a final volume of 10 µl. The cycling 
conditions were as follows: 30 s at 95°C followed by 45 cycles of 1 s 
at 95°C and 5 s at 60°C. Melting curve analyses were performed from 
65°C to 95°C at the end of each reaction to confirm the homogeneity of 
the PCR products. All assays were repeated three times and the mean 
values were used to determine the gene expression levels. We used five 
controls of 10-fold serial dilutions for each standard transcript to de-
termine the absolute quantification, specificity and amplification effi-
ciency of each primer set. Standard transcripts were generated by in 
vitro transcription of the corresponding PCR product into a plasmid. 
The nucleotide sequences were confirmed by DNA sequencing using 
the CEQ8000 Genetic Analysis System (Beckman Coulter, Fullerton, 
CA, USA). The sequence quality and concentration were validated us-
ing the Agilent DNA 7500 Kit in an Agilent 2100 Bioanalyzer (Agilent, 
Santa Clara, CA, USA). GAPDH gene expression was used as an inter-
nal control. The expression levels of each target gene were normalized 
to GAPDH expression.

ELISA

ELISA was performed as described previously [3]. Briefly, 
microwells were coated with anti-human Igs (1:3000 v/v) (ICN, 
Aurora, OH, USA) diluted in carbonate buffer (pH 9.5) and adsorbed 
to microtiter plates (Sumiron, Tokyo, Japan) overnight at 4°C. The 
wells were washed with PBS-Tween (0.05% v/v) and blocked with 
3% BSA-PBS at room temperature for two hours. After three washes 
with PBS-Tween, 10-fold serial dilutions of mouse serum or human 
IgM or IgG standard protein were added to the wells. The plates were 
then incubated for two hours at room temperature. The plates were 
washed three times before biotin-conjugated mouse anti-human IgM 
monoclonal antibody (mAb; Pharmingen, San Diego, CA, USA) (1:3000 
v/v) or anti-human IgG mAb (Pharmingen) (1:3000) were added. After 
a 2-hour incubation at 37°C, the plates were washed three times and 
streptavidin-horseradish peroxidase (1:50,000 v/v; Pharmingen) was 
added. The plates were incubated for 1 hour at room temperature and 
the unbound conjugates were removed by washing. TMB peroxidase 
was then added. EIA substrate kit solution (Bio-Rad Laboratories, 
Hercules, CA, USA) was added to each well. The reaction was stopped 
with 10% HCl and the absorbance was measured at 450 nm.  

Statistics

Statistical analysis was performed with Microsoft Excel (Microsoft, 
Redmond, WA. USA). The data shown are the mean ± SD. Significant 
differences between groups were determined by two-sided Student’s 
t-test analysis.

Results
CD138 and IgG-positive plasma cells have an irregular 
phenotype

To clarify which type of B cells secrete class-switched IgG 
antibodies, we first examined the surface markers of CD138+ cells 
in the NOG bone marrow and spleen. As antibody secreting plasma 
cells express CD138 and CD38, we analyzed the surface markers of 
CD138+CD19+ B cells in CB-NOG mice. As a result, more than 80% 
of CD138+CD19+ cells were CD5+, and the remaining CD38+ cells 
expressed a low level of CD5, suggesting that the B cells did not have a 
conventional B2 cell origin (Figure 1). Similar results were obtained for 
the BM CD138+ cells.

Next, we examined whether IgG-positive memory cells possess 
a mature phenotype with low CD24 and/or high CD21 expression. 

Only 10% of the IgG+CD5+ cells in the spleen had a CD21high mature 
phenotype, while approximately 20% of the IgM+CD5+ B cells in 
spleen were CD21high, suggesting that most of the splenic B cells 
possess pre-mature or exhausted B cell characteristics with respect to 
CD5 expression (Figure 2). A fraction of the B cells were CD21/CD24 
double-positive, a normal memory B cell marker expression pattern. 
On the other hand, a significant amount of IgG-bearing CD5lo cells 
were CD21loCD24high B cells, which suggests that more immature B 
cells went through class-switching in the periphery to become memory 
B cells. In contrast to the spleen cells, BM and PB B cells did not 
contain a significant amount of CD21high IgG or IgM-bearing B cells, 
suggesting that the mature B cells are not contained in these fractions 
or that the mature cells became exhausted. 

These results suggest that the IgG-bearing plasma/plasmablast cells 
in CB-NOG mice have a CD5+ B cell phenotype and the IgG bearing 
memory B cells possess an immature/exhausted phenotype.

Innate B cell subsets in CB-NOG mice

As CD138+ cells are all CD5+ in CB-NOG mice, we examined 
whether innate CD5-positive cells are extensively developed into plasma 
cells in the mice. The detailed developmental pathways of human innate 
B cells have not been elucidated, although they are thought to occur in 
different lineages than conventional B2 cells. Some of these B cells are 
reported to express CD5 in the mature stage or during developmental 
stages [11,13]. Thus, it is necessary to examine whether the CD5+ B 
cells found in CB-NOG mice contain B cell subsets such as B1a, MZ 
and Breg cells.

We analyzed whether CB-NOG mice could develop B1a cells 
and MZ B cells by staining the cells for IgD and CD27. B1a cells are 
included in CD5+/IgD-/CD27+ cells and MZ cells are included within 
CD5+IgD+CD27+ cells. Therefore, we can distinguish B1a and MZ cells 
from immature and transitional B cells [14]. As shown in Figure 3, a 

Figure 1. Phenotype of CD138+CD19+ plasma cells in CB-NOG mice. CB-NOG B cells 
obtained from spleen (SPL) and bone marrow (BM) cells after 20 weeks of transplantation 
were stained with Mabs for human CD45, CD19, CD138, CD38 and CD5. hCD45+ cells 
were further gated by CD138- and CD19-expressing cells. The expression of CD38 and 
CD5 was analyzed. Representative data from 5 mice are shown. As a control, human PB-
derived plasma cells were analyzed with the same staining pattern.
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significant amount of CD5+/IgD-/CD27+ cells and CD5+/IgD+/CD27+ 
cells were detected in the CB-NOG BM and spleen. However, the ratio 
was significantly reduced in the total CD5+ cells, and most of the CD5+ 
cells were CD27-. This result suggests that most of the CD5+ B cells were 
neither B1 cells nor MZ B cells. 

Collectively, our data show that most of the CD5+ B cells in CB-
NOG mice are not normal innate B cells such as B1a or MZ B cells. 

Differentiation markers to distinguish immature transitional 
naïve B cell stages 

To determine the origin of the CD5+ B cells, we next analyzed 
the CD27-CD5+ B cells, which are categorized as transitional B cells. 
Conventional B2 cell differentiation from immature to naive mature B 
cells is divided into several stages. As shown in Figure 4, immature B 
cells express CD5 to become transitional 1 (T1) B cells before migrating 
into the spleen. These transitional B cells change their expression 
markers as they pass through the transitional 2 (T2) and transitional 
3 (T3) stages. The cells then become conventional naïve B2 B cells. 
Because developmental markers for these transitions have not been 

standardized, we first analyzed the markers of human PB- and CB-
derived B cells from healthy donors and defined the transitional stages. 
According to Suryani et al. [15], CD5, IgM, IgD, CD21, CD24, CD27 
and CD38 are markers that detect the stages of B cell maturation (Figure 
4). In both the PB and CB, the majority of the B cells were CD19+CD27- 
non-memory B cells (Figure 4). In the CB, we subdivided CD5+ cells 
into CD21-CD24+ (T1), CD21-CD24- (T2) and CD21+CD24+/-(T3) 
subsets. The CD5- cells were subdivided into CD21-CD24+ (immature) 
and CD21+CD24- (naïve) subsets. The expression of IgD was increased 
in the T2 to T3 fractions and CD38 was slightly decreased in these 
fractions. These results suggest that maturation proceeds throughout 
the T1 to T3 transitional stages. CD10 was decreased in T2 and T3 cells 
and IgM expression was decreased (Figure S1), which suggests that 
the transitional B cell subset can be defined by these markers. Most of 
the PB B cells from healthy donors were naïve B cells and T3 B cells. 
In the CB, there were very few memory B cells, and the frequency of 
transitional B cells was higher than in PB B cells. The cell percentage 
at each developmental stage is shown in Figure 4. Compared to the 
PB, immature and transitional B cells were more abundant within 
the CB MNCs. Collectively, these results show that these markers can 
distinguish immature, T1, T2, T3 and naïve B cells. Our subsequent 
analyses used these markers to identify B cell fractions.

CB-NOG-derived B cells accumulated at the transitional 3 
stage in the spleen

We examined the CD5, CD19, CD21 and CD24 expression levels 
in addition to IgD and CD38 expression to clarify which B cells (i.e., 
immature, transitional or mature naive B cell stages) develop in CB 
NOG mice. As shown in Figure 5 and Figure S3, most of the BM B cells 
(96%) were immature B cells. However, in the spleens, immature and 
T2 cells were dominant and fewer T3 cells were present. The expression 
level of CD21 on the T3 B cell subset was significantly lower than normal 
human PB and CB B cells. The frequencies of immature cells and T2 
cells in the PB were dominant and were significantly higher than in CB 
and PB MNCs (Figure 4). T3 stage B cells were not detectable in the 

Figure 2. Phenotype of IgM/IgG-bearing cells in CB-NOG mice. CB-NOG B cells 
obtained from the BM, PB and spleen were stained with Mabs for human CD45, IgM, IgG, 
CD5, CD19, CD21 and CD24. hCD45+ cells were further gated for IgM-expressing cells 
and IgG-expressing cells. The expression of CD21 and CD24 was analyzed. Representative 
data from 5 mice were shown.

Figure 3. Innate B cell subsets do not accumulate in CB-NOG mice. PB and CB-NOG 
MNCs were stained for CD45, CD19, CD5, CD27 and IgD (upper panels, PB; middle 
panels, CB-NOG SPL; lower panels, CB-NOG BM). Lymphoid and hCD45-gated cells 
were further gated using CD19 and CD5 expression. They were further subdivided based on 
IgD and CD27 expression. As indicated, CD19+/CD5+/CD27+/IgD- cells are human B1a 
cells. Representative data from six independent experiments (n=6) are shown. 
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CB-NOG PB. Collectively, CD21 expression was significantly lower in 
CB-NOG B cells.

Figure 5B shows the ratio of the B cell subsets in the CD45+/CD19+ 
cell subset (mean ± SD, n = 5, 14 weeks after the transplantation). 
These results demonstrate that most of the B cells in CB-NOG mice 
are CD21- immature and transitional/exhausted B cells in the spleen 
and in the PB.

With respect to T cell development, we observed a few CD5+CD19- 
cells that include T cells at 14 weeks after transplantation. The mature 
Th and Tc cell development is consistent with data previously reported 
by our group and others (Figure S2).

CD5 expression in B cells with a transitional phenotype

As surface expression of CD5 is prominent in CB-NOG B cells, 
we compared the mean fluorescence intensity (MFI) of CD5 among 
transitional B cells and found that CD5 expression was highest in the 
T3 cells. This result suggests that in CB-NOG T3 B cells, surface CD5 

expression is not decreased (Figure 7A). 

Recently, regulatory cell subsets called Breg or B10 cells have been 
described. These B cells secrete large amounts of IL-10 and regulate 
immune responses. In mice, these cells express CD5 [7], and the 
majority of human Breg cells also express CD5 [16]. We examined 
whether high levels of IL-10 were produced by the immature, T1 and 
T2/3 cell fractions that developed in CB-NOG mice. The immature T1 
and T2/T3 fractions were sorted from CB-NOG B cells according to 
expression of surface markers. The expression of IL-10 was examined 
using RT-PCR analysis. IL-10 mRNA was detected in 12-week-old CB-
NOG immature BM cells and spleen T1 cells (Figure 7B). These results 
suggest that immature CD24hiCD38hi cells can secrete IL-10 and may 
involve Breg subsets. 

Transitional B cells from NOG mice can differentiate to 
secrete IgM and IgG Abs with and without CpG stimulation

CB-NOG mice produced IgM and IgG after reconstitution of human 
T cells and B cells without any stimulation. Thus, we examined whether 

Figure 4. The B cells within PB and CB MNCs contain high frequencies of transitional B cells. A. The defined peripheral B cell stages and the markers are shown. B. The blood MNCs 
were stained with antibodies against CD45, CD19, CD5, IgD, CD38, CD27, CD24 and CD21 (Upper panels; PB, lower panels; CB). The lymphoid-gated cells were further gated for 
hCD45 expression. The hCD45+ cells were further gated for CD19+CD27- non-memory cells. Then, the cells were divided into CD19+/CD5+ and CD19+/CD5- cell fractions. These cells 
were further analyzed for CD21 and CD24 expression and defined as immature, transitional 1 (T1), T2, T3 and naïve B cells. (UL; upper left, LL; lower left, UR; upper right, LR; lower 
right) CD38 and IgD expression levels were also analyzed. The FACS plot is representative of six independent experiments. C. The subset cell percentages are shown as the frequency of 
CD45+CD19+CD27- cells. IM; immature B cell, T1; transitional 1 B cell, T2; transitional 2 B cell, T3; transitional 3 B cell, N; naïve B cell. Representative data from 4 experiments are 
shown. The mean percentage ± SD is shown (n=6).
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Figure 5. B cells that develop in the CB-NOG mouse contain B cells with CD21low expression. A. Bone marrow, spleen and PB B cells from NOG mice (14 weeks after transplantation) 
were stained for CD45, CD19, CD5, CD21, CD24, CD27, CD38 and IgD. Lymphoid and hCD45-gated CB-NOG BM (upper panels) and spleen (lower panels) MNCs were further gated 
according to CD19 and CD5 expression (very few CD27+ cells were detected, and we negated this fraction in the panel). These cells were further subdivided based on CD21 and CD24 
expression. The expression of CD38 and IgD in each fraction was shown as histograms. (UL; upper left, LL; lower left, LR; lower right) B. The percentages of the subsets within lymphoid-
gated fractions of hCD45+/CD19+ cells are shown. BM, spleen and PB MNCs from CB-NOG mice were prepared 14 weeks after transplantation. The mean percentage ± SD is shown (n=5).

the irregular B cells secrete these antibodies. Splenic transitional B cells 
(CD45+CD19+CD27-CD5+) from CB-NOG mice were sorted into T1, 
T2 and T3 fractions according to CD21 and CD24 expression. After 
stimulation with CpG and anti-human IgM, the culture supernatants 
and cells were collected and assayed by ELISA [17] and FACS analysis, 
respectively. As shown in Figure 6, stimulated and non-stimulated 
B cell fractions secreted IgM and IgG irrespective of their stages. T3 
B cells tended to secrete more antibodies compared to the other two 
stages, but no significant difference was observed. The unstimulated 
cells also secreted significant levels of antibodies. These results suggest 
that spontaneous Ig-secreting B cells or memory B cells exist within the 
splenic B cell fractions. The IgG secretion of T3 cells induced by CpG/
IgM stimulation in vitro was positively correlated with the level of total 
IgG in the CB-NOG plasma (r2=0.6413), while a very low correlation 
was observed between the IgM level secreted by T3 cells after CpG/
IgM stimulation and IgM levels in the CB-NOG plasma (r2=0.0179) 
(Figure 6). These results suggest that the major source of serum IgG 
was provided by stimulated irregular B cells in vivo. Furthermore, the 
major source of IgM is not developed from transitional B cells and 
may be the CD5+CD138+ subsets shown in Figure 1 that secrete IgM. 

After stimulation, the expression of CD5 and CD38 B cell markers 
was slightly decreased in all three stages, but the other markers were 
not changed (Figure 6C). The CD38 levels were comparable with PB 
mature B cells in the T3 stage. However, the CD5 expression level was 
not as low as in mature B cells. Moreover, the expression levels of CD21 
and IgD were lower than the expression on mature B cells. Therefore, 
most of the B cells were considered to be in an immature stage. The 
CD10 expression of these cells was very low in the T2 and T3 stages. 
This result suggests that these B cells may be exhausted B cells, which 
cannot express a normal amount of CD21. However, other maturation 
processes were intact and class-switch was possible. As CB-derived T3 
B cells also secrete IgM and IgG (Figure S3), antibody secretion by some 
plasma cells with a transitional/exhausted B cell phenotype may not be 
an artifact of the xenograft environment in humanized NOG mice, and 
it is a normally observed phenomenon. These results demonstrate that 
B cells with a transitional/exhausted phenotype can secrete antibodies, 
including IgM and IgG, in CB-NOG spleens without expressing high 
levels of CD21.
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Discussion
It is well known that the NOG mouse can develop human T cells 

and B cells from human HSCs in vivo and produce natural IgM and 
IgG. However, the B cells in these mice scarcely produce antigen-
specific IgG. The reason was thought to be the mismatch of human TCR 
and human HLA because human T cells are restricted to mouse MHC. 
However, HLA expression could not completely recover the immune 
reaction with specific antibody secretion. We hypothesized that the B 
cells cannot develop into normal mature B2 cells and secrete antigen-
specific class-switched Igs. Our results demonstrate that irregular CD5+ 
B cells are the main source of natural antibodies secreted in humanized 
NOG mice. 

Although human CD5+ B cells have classically been categorized 
as B1a cells, they are now thought to include transitional and/or pre-
naïve B cells [18-22]. We confirmed that the CD45+CD27-CD5+ cells 
are transitional B cells by comparing the expression of IgD and CD38 
(Figure S3). We also assessed the expression of IgM, CD10, CD40 
and CD23, and no differences from the transitional phenotype were 
observed (data not shown). Here, we found that CD138+ plasma cells 
expressed a high level of CD5 and a low level of CD21. Compared 
to the relatively normal human T cell development that occurs in 
the xenograft environment [2,4,23,24], human B cell development is 
complex in this mouse environment. Our results show that there are 
very few CD21high T3 cells in the CB-NOG PB, although these cells 
were found in the spleen. These results may suggest that immature to 

Figure 6. IgM and IgG secretion by transitional B cells that developed in CB-NOG mice. The sorted spleen B cells were greater than 90% pure. The cells were stimulated with IgM and CpG 
in vitro. The supernatants were used to evaluate Ab secretion by ELISA and the results were compared with the serum Ab level. A. Upper panel: natural IgM secretion by sorted transitional B 
cells. Open bars: non-stimulated B cells. Closed bars: CpG and anti-IgM stimulated B cells. CTRL indicates the non-stimulated B cells (n=9). Lower panel: natural IgG secretion by the same 
cell fractions. B. Upper panel: the correlation between non-antigen-specific IgM secreted by sorted T3 B cells and natural IgM in the CB-NOG sera. Lower panel: the correlation between 
natural IgG secreted by sorted T3 B cells and natural IgG in the CB-NOG sera. C. Expression of B cell differentiation markers. PB mature B cells: solid lines, isotype control; broken lines, 
Abs. The PB mature B cells, including memory B cells as the CD27-positive cells, were not gated. CB-NOG transitional B cells (T1, T2 and T3) seven days after the stimulation: solid lines, 
non-stimulated B cells. Broken lines indicate the cells after seven days of stimulation. Representative data from six experiments were shown.
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Figure 7. A. Representative CD5 expression in immature, T1, T2 and T3 B cells is shown. 
The cells were gated for IM, T1, T2 and T3 subsets, as shown in Figure 4. The gated 
cells were analyzed for CD5 expression. Representative data from 10 mice are shown. B. 
Immature, T1 and T2/T3 cells were purified from the BM and spleen cell fractions 12 weeks 
after the transplantation using a FACSAria to greater than 90% purity. Sorted cell fractions 
were stimulated with LPS and the total RNA was submitted for RT-PCR. For real time PCR, 
T1, T2 and T3 cells were purified. GAPDH was used as the positive control. SP, total spleen 
MNCs; IM, immature B cells; T1, T2, T3, transitional B cell subsets, HD; healthy donor. 
The representative data from three independent experiments (n=3 for RT-PCR) are shown.

transitional T1 and T2 B cells develop in the BM or spleen and that 
CD21 starts to be expressed when cells are in the spleen. However, the 
CD21 expression level was very low, and these cells might not return to 
the circulation or survive in the circulation.

There are reports suggesting that the stimulation of B cells with 
CpG or IL-21 to increase BLIMP1 expression could stimulate the 
final differentiation of B cells to plasma cells [25,26]. In our system, 
stimulation with CpG and BCR crosslinking could not induce the 
phenotype of mature B cells, although the cells expressed the terminally 
differentiated plasma cell marker CD138. Although the memory B 
cell-specific marker CD27 is expressed on a subpopulation of the 
B cells in the CB-NOG mice, most of the CD27+ B cells were CD5+ 
cells. Thus, affinity maturation via GC reactions might not be induced 
in the CB-NOG mouse system, which suggests that other stimuli are 
needed in this mouse system to achieve naïve B2 B cell to plasma cell 
differentiation [27]. As we and others have previously reported, follicles 
and GCs rarely form in CB-NOG mice [1,28,29]. In this system, B cell 
maturation from the transitional to the naïve B cell stage may also 

be impeded. The impaired transition might be due to defects in the 
microenvironment [30-32].

It is also well accepted that CB-NOG mice secrete non-specific 
IgM and IgG as well as antigen-specific IgM Abs [32]. Our results 
first demonstrated that these Abs were also secreted by plasma cells 
with a unique B cell phenotype defined by the expression of CD21 and 
CD24. There are several reports demonstrating that Abs are secreted 
by immature and transitional B cells [15,33,34]. Mouse B10 cells have 
also been reported to secrete antigen-specific Abs and auto-Abs, which 
have a phenotype similar to transitional or immature B cells [35]. The 
functions of these antibodies are not clear, but they are thought to have 
immunoregulatory function. The CB-NOG T cell response is slightly 
inhibited compared to the normal response, and the existence of Breg 
cells or innate IgM may cause the low reactivity of CB-NOG T cells 
[36]. The T1 cells are CD38high and secrete high levels of IL-10. Thus, 
they may include Breg cells [7], as shown in Figure 3C. The Breg cells 
themselves may be an immature/T1 cells, which eventually suppress T 
cell function. 

Compared to T1 and T3 cells, T2 cells are unique due to their high 
frequency in the PB of NOG mice. The characteristics of T2 cells are 
similar to so-called “exhausted” B cells, and they may be exhausted, 
non-reactive, anergic B cells. In CB-NOG mice, such non-reactive B 
cells may accumulate in the periphery. CD21 is a CR2 receptor that is 
involved in the co-signaling complex consisting of the B cell receptor 
together with CD19 and CD81. The co-signal is known to be induced 
by follicular dendritic cells (FDCs), but CB-NOG mice cannot develop 
FDCs. This result suggests that the co-signal may not be induced in 
this mouse system. As CD19-deficient mice cannot induce efficient 
reactions [37], specific IgG may not be induced in the FDC-deficient 
NOG environment in our system.

Our data show that non-specific IgG was secreted by stimulated 
and non-stimulated CD5+ B cells, and the amount was highly 
correlated with the serum IgG level. These results suggest that the main 
source of natural IgG Abs is CD5+ B cells, which have a very similar 
phenotype to transitional B cells. We also found that IgG-bearing cells 
display a transitional phenotype. In human cord blood, the transitional 
B cells can be developed into PCs directly to secrete both IgM and 
IgG, as reported previously (Figure S3) [10]. AID is expressed in the 
immature stage, which suggests that it is possible for immature B 
cells to produce IgG Abs. Thus, our finding may not be a xenograft 
phenomenon and might be a common characteristic of transitional B 
cells. Recently, TLR7-transgenic mouse T1 cells were reported to be 
activated and to secrete IgM and IgG from endogenous RNA [34]. The 
antibodies detected in CB-NOG mice might be produced partially via 
similar mechanisms. Alternatively, chronic stimulation of B cells with 
endogenous virus, bacteria or auto-antigens may induce the abnormal 
maturation of transitional B cells to produce natural Ab. 

The abnormal accumulation of transitional CD5+ B cells suggests 
that there is a disturbance in the early stages of B cell homeostasis. This 
result has been reported in systemic lupus and Sjogren’s syndrome, 
but the contribution of the B cell population to these diseases is not 
clear [19,38]. An increase in auto-Abs and short-lived plasma cells has 
been reported in these autoimmune diseases, and the transitional B 
cell population may contribute to the supply of the Abs or the PCs. 
CB-NOG mice may provide a suitable system to clarify the B cell fate, 
including the initiation of Ab secretion and CSR and the development 
of the cells into short-lived PBs/PCs. 

In summary, most of the human B cells that develop in CB-NOG 
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mice are in the CD5+ transitional stage, and natural IgM and IgG 
Abs are secreted by these CD5+ B cells without differentiating into the 
CD5- phenotype. This mouse system may allow the investigation of the 
peripheral expression of CD5 on B cells.
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