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Introduction

Summary

Differentiation and proliferation of haematopoietic progenitor cells occur
in intimate contact with the bone marrow microenvironment which is
composed of stromal cells and extracellular matrix proteins. MOP3 (also
known as brain and muscle Arnt-like protein-1, BMAL1), a master regula-
tor of circadian rhythm, plays important roles in the regulation of cell
differentiation and general physical functions. In the present studies,
MOP3-deficient mice had significantly reduced levels of B cells in the per-
ipheral blood, spleen and bone marrow compared MOP3*~ or MOP3*/*
littermates. Flow cytometry analysis showed the levels of pre-B cells in
bone marrow of MOP37~ mice were similar as that in control mice.
Adoptive transfer of MOP3™7~ bone marrow cells (BMC) to lethally irradi-
ated BALB/c Rag2™~ recipients, normal T and B cell development was
observed, whereas Adoptive transfer of BALB/c BMC to lethally irradiated
MOP3 ™~ recipients, B-cell development was significantly impaired. These
results presented herein with MOP3-deficient mice reveal the involvement
of MOP3 in the development of B cells, but not other immune cells. The
effect of MOP3 on the differentiation of pre-B cells to mature B cells
might be mediated by the bone marrow microenvironment. This study
also showed a connection between a master regular of circadian rhythm
with B-cell development in mice.

Keywords: MOP3; B-cell development; molecular clock; PAS; bone mar-
row cells

arrhythmic in constant darkness and have reduced loco-
motor activity levels under entrained and constant condi-
tions. MOP3 forms heterodimers with another bHLH/

The basic-helix-loop-helix (bHLH)-product of the Dro-
sophila period gene (PER)-aryl hydrocarbon receptor nuc-
lear translocator (ARNT)-SIM (PAS) superfamily plays
crucial roles in adaptive responses to low atmospheric
and cellular oxygen levels, exposure to certain environ-
mental pollutants, and diurnal oscillations in light and
temperature.' MOP3, also known as ARNT3 or brain
and muscle Arnt-like protein-1 (BMALL1), is a member of
the PAS superfamily, and a key transcription factor in the
transcriptional/translational feedback loop of mammalian
circadian genes.* It was previously shown that mice defi-
cient in the BMAL1/MOP3 gene become immediately

PAS protein, CLOCK (product of the clock locus in
mice), which drive transcription from E-Box elements
found in the promoter of circadian responsive genes,
including period 1 and cryptochrome.’

Although the precise role of peripheral clocks and the
mechanisms that link them to the hypothalamic suprachi-
asmatic nucleus remain largely obscure, the genetic tech-
niques, including gene mutation or deletion, have
indicated that some these genes may play a regulatory
role in cellular function, including cell division, oestrous
and phospholipid metabolism.>®’” Recent studies indicate

Abbreviations: ARNT, aryl hydrocarbon receptor nuclear translocator; bHLH, basic-helix-loop-helix domain; BMALI, brain and
muscle Arnt-like protein-1; BMC, bone marrow cells; CLOCK, product of the clock locus in mice; FITC, fluorescein
isothiocyanate; HIF, hypoxia-inducible factor; PAS, PER-ARNT-SIM homology domain; PE, phycoerythrin; PER, product of the

Drosophila period gene; VEGF, Vascular endothelial growth factor.
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that BMALI, a master regulator of circadian rhythm, also
plays important roles in the regulation of adipose differ-
entiation and lipogenesis in mature adipocytes, the glu-
cose homeostasis, and energy balance.®1°

Differentiation and proliferation of haematopoietic pro-
genitor cells occurs in intimate contact with the bone
marrow microenvironment, which is composed of stro-
mal cells, including vascular endothelial cells, adipocytes
and bone-lining cells, as well as extracellular matrix pro-
teins. Haematopoiesis occurs under relatively hypoxic
conditions in the bone marrow.'" Vascular endothelial
growth factor (VEGF), a putative target gene for hypoxia
inducible factor-la (HIF-1la)-containing and endothelial
PAS-2 (EPASI1)/HIF-20-containing HIF transcription fac-
tor complexes, is induced by hypoxia and has been impli-
cated in haematopoietic development.'? It is reported that
disordered circadian rhythm would change the host
immunity.'>'* In order to determine whether the circa-
dian rhythm-related gene MOP3 plays a role in immu-
nity, we evaluated the immune system and function in
MOP3-deficient mice. Here, our experimental results have
shown that MOP3 deficiency significantly affected B-cell
development in mice.

Materials and methods

Animals

Five to 7-week-old BALB/c (H-2%), BALB/c Rag2 ™",
C57BL/6 (B6, H-2%) and C3H (H-2 X) mice were pur-
chased from Taconic (Germantown, NY). Lewis rats were
purchased from Charles River Laboratories (Wilmington,
MA). Homozygous MOP3 deficient mice (MOP3™) in
C57BL/6 background were produced by breeding hetero-
zygous MOP3-deficient pairs (MOP3"") that were kindly
provided by Dr Christopher A. Bradfield, University of
Wisconsin Medical School (Madison, WI), and confirmed
by reverse transcription—polymerase chain reaction (RT-—
PCR) as reported before.* All mice and rats were main-
tained in a specific pathogen-free facility and were housed
in microisolator cages containing autoclaved feed, bed-
ding, and water. Animal care was in accordance with the
American Association for the Accreditation of Laboratory
Animal Care and institutional guidelines.

Monoclonal antibodies (mAb)

The following mAb were purchased from BD PharMingen
(San Diego, CA). Fluoroscein isothiocyanate (FITC)-
conjugated anti-mouse B220 mAb (RA3-6B2, rat immuno-
globulin G2a (IgG2a)), FITC-labelled anti-mouse L-AP
mAb (AF6-120-1; mouse IgG2a), FITC-labelled anti-
mouse I-AY mAb (34-5-3, IgG2a), FITC-labelled anti-
mouse T-cell receptor (TCR) B-chain mAb (H57-597,
Armenian hamster IgG2), FITC-labelled anti-CD21/
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CD35 mAb (CR2/CR1; 7G6, rat IgG2b), FITC-labelled
anti-mouse CD23 mAb (FceRIl; B3B4, rat IgG2a), FITC-
labelled anti-mouse CD43 mAb (Ly-48, leukosialin; S7,
rat IgG2a), FITC-conjugated mouse anti-mouse NKI.1
(Ly-55) mAb (PK136, 1gG2a), FITC-conjugated rat anti-
mouse IgGl mAb (A85-1, IgGl), FITC-conjugated rat
anti-mouse 1gG2a mAb (R19-15, 1gG1), FITC-conjugated
rat anti-mouse IgG2b mAb (R12-3, IgG2a), FITC-conju-
gated rat anti-mouse IgG3 mAb (R40-82, IgG2a), phyco-
erythrin (PE)-labelled anti-mouse CD4 mAb (RM4-5; rat
IgG2a), PE-labelled anti-mouse CD8o mAb (53-6.7; rat
IgG2a), PE-labelled anti-mouse IgM mAb, PE-labelled
anti-mouse B220 mAb, PE-labelled anti-mouse CD23
mAb, PE-labelled anti-mouse CD21 mAb, PE-labelled
anti-mouse Macl mAb and biotin-labelled anti-mouse
H-2K® mAb (AF6-88:5, IgG2a). In addition, anti-mouse
Fcell/IIIR mAb (2.4G2, rat IgG2b) was produced by
2.4G2 hybridoma in vitro in our laboratory (ATCC,
Rockville, MD).

Cell staining and flow cytometry (FCM)

Mouse splenocytes were prepared, and red blood cells
were lysed with ACK Lysis buffer (Invitrogen, San Diego,
CA) as described before.'>'® Peripheral blood mono-
nuclear cells (PBMC) were prepared with Histopaque-
1077 (Sigma Chemical Co., St. Louis, MO). Cells were
stained with PE-labelled anti-CD4 or CD8 mAb versus
FITC-labelled anti-TCR B mAb or different FITC- or PE-
labelled mAb combinations. Non-specific FcR binding
was blocked by anti-mouse FcR mAb 2.4G2. Cells were
analysed by two-colour FCM. Non-viable cells were exclu-
ded using the vital nucleic acid stain propidium iodide
(PI). Ten thousand cells were assayed by one-colour or
two-colour FCM using a FACSCalibur instrument (BD
Biosciences, San Jose, CA). The percentage of cells stain-
ing with a particular reagent or reagents was determined
by subtracting the percentage of cells staining non-specif-
ically with the negative control mAb from staining in the
same dot-plot region with the anti-mouse mAb.

Detection of antixenoantigen Ab production in sera by
FCM

For immunization, MOP3"* and MOP3™~ mice were
intraperitoneally injected with human peripheral blood
lymphocytes (PBL)."” The levels of anti-donor antibody
products in sera were detected as reported before.'®®
Briefly, 1 x 10° donor PBL were stained with 10 pl of
mouse serum for 30 min at 4°, washed, then incubated
with each of FITC-conjugated rat anti-mouse IgG1, IgG2a,
IgG2b, 1gG3 or IgM mAD at 4° for 30 min 10 000 cells for
each sample were analysed by using a FACScan flow
cytometer. Non-viable cells were excluded using PI. The
levels of anti-donor antibodies in sera were determined by

© 2006 Blackwell Publishing Ltd, Immunology, 119, 451-460



subtracting the median fluorescence intensity (MFI) of
cells staining non-specifically with naive mouse serum
from MFI staining with mouse serum samples.

Adoptive transfer animal models

T-cell depleted MOP3*"*, MOP3*~, MOP3™~ or BALB/c
mouse bone marrow cells (BMC) were prepared as repor-
ted previously.”” Six to 8-week-old BALB/c Rag2™~ or B6
Rag2™™ mice received 8 Gy whole body X-ray irradiation
and an intravenous (i.v.) injection of 1 x 107 T-cell deple-
ted BMC during 4-8 hr after irradiation. In some experi-
ments, MOP3"* or MOP3”~ mice were used as
recipients that received lethal whole body irradiation (10
Gy X-rays) and an i.v. injection of 1 x 107 T-cell depleted
allogeneic BALB/c BMC.

RT-PCR analysis of MOP3 mRNA expression in the
peripheral tissues

The brain and peripheral tissues were used for mRNA
isolation using Trizol (Life Technologies Inc., Gaithers-
burg, MD). cDNA was prepared from 2 pg total RNA
with 50 uM oligo(dT)20 and 15 units of Thermo Script-
TM reverse transcriptase (Gibco-BRL); 2 ul of the cDNA
mixture was used in a PCR reaction with 10 pmol of for-
ward and reverse primers and 2 U of Platinum Taq DNA
polymerase (Life Technologies/Gibco-BRL). The primer
sequences and sizes of specific PCR products were as
follows. Primers for MOP3: sense, 5-ACCGACCTACT
CTCCGG-3'; antisense, 5'-CAATCTGACTGTGGGCC-3'
(202 bp). The primers for B-actin: sense, 5'-ATGGATG
ACGATATCGCT-3, and antisense, 5-ATGAGGTAGTC
TGTCAGGT-3’ (569 bp). The intensity of each band was
determined by densitometry analysis of gels using a
Kodak DC 120 zoom digital camera and Kodak 1D image
analysis software. Semiquantitative analysis of gene
expression level was determined using the housekeeping
gene B-actin, which is generally assumed to be constitu-
tively expressed at similar levels in all cell types and tis-
sues’' as an internal standard. Data are presented as the
ratio between the optical density (OD) of cytokine gene
and the OD value of its internal standard B-actin.

Peripheral blood cell counts

The cell numbers of immune cells in peripheral blood
were detected by a Sysmex PocH-100iTM Automated
Hematology Analyzer (Sysmex Inc., Mundelein, IL) in the
Clinical Laboratories of The Nebraska Medical Center.

Statistical analysis
All data are reported as the mean * SD. Student’s t-test

for comparison of means was used to compare groups.
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A P-value less than 0-05 was considered to be statistically
significant.

Results

The expressions of MOP3 mRNA in primary and
secondary lymphoid organs

Although it has been reported that brain, thymus, and
skeletal muscle expressed high levels of MOP3 in neonatal
and adult mice,” whether other tissues in immune system
express MOP3 or not has not been determined. We there-
fore detected the expression of MOP3 mRNA in the pri-
mary and secondary immune tissues using RT-PCR. As
shown in Fig. 1, C57BL/6 mouse thymus, spleen and bone
marrow tissues expressed high levels of MOP3 mRNA,
although their levels were somewhat lower than brain.
Identical results were observed in BALB/c mice (data not
shown).

No detectable changes of the cell numbers and
function of T cells in MOP3™~ mice

The cell numbers of white blood cells (WBC) and
lymphocytes in the peripheral blood of MOP3™~ mice
were significantly lower than that of age-matched
MOP3"~ or MOP3"* mice, whereas red blood cells
(RBC) and monocytes showed normal levels in MOP37~
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Figure 1. The expressions of MOP3 mRNAs in the immune system.
The mRNA levels in B6 mouse primary and secondary immune tis-
sues were determined by RT-PCR as described in Materials and
methods. (a) One representative of the expression of MOP3 mRNA
in brain, thymus, spleen, bone marrow and muscle was shown.
(b) The quantification of the MOP3 mRNA expression in mouse
brain, thymus, spleen, bone marrow and muscle. The ratio of the
OD value of MOP mRNA product to its internal standard B-actin
was calculated. Data are one representative of two independent
experiments, with similar results.
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Figure 2. The levels of immune cells in the peripheral blood of
MOP3™*, MOP3"~ and MOP3™~ littermates. (a) WBC counts in
each mouse line were performed by an automated haematology ana-
lyser. The data were presented as x10” cells/ul for WBC, x10° cells/pl
for RBC, x10° cells/mm® for lymphocytes and monocytes. (b) The
percentages of CD4" T, CD8" T, B, and NK cells in the peripheral
blood of MOP3™*, MOP3*'~ and MOP3™~ mice were detected by
FCM. Data were presented as mean + SD. *P < 0-05; **P < 0-01,
compared with either MOP3** or MOP3*"~ mice. A summary of
three independent experiments is shown.

mice (Fig. 2a). In order to determine whether or not the
decreased lymphocyte numbers in the blood of MOP3™~
mice is caused by the impaired development and/or per-
ipheral maintenance of T cells, we subsequently compared
the levels of CD4" or CD8" T cells in the peripheral
blood and spleens of wild type, MOP3"~ or MOP37~
littermates. As assessed by flow cytometry, the percentage
of CD4" T cells were significantly enhanced in MOP3™~
mice compared with either MOP3*~ or MOP3™" litter-
mates (P < 0-05, Fig. 2b), whereas the levels of other
WBC including CD8" T cells, natural killer (NK) cells,
and NKT cells displayed normal in these mice. In accord-
ance with the peripheral blood, there were significantly
higher percentages of CD4" T cells in the spleens of
MOP3 ™~ mice compared with the controls (P < 0-05,
Fig. 3a). However, together with the tendency of total cell
numbers of spleens in MOP3™~ mice, the absolute cell
numbers of CD4" T cells in MOP3 ™~ mice did not exhi-
bit meaningful changes (P > 0-05, Fig. 3b). In addition,
the expressions of naive or memory markers such as
CD45RB, CD62L, CD44 or CD25 on CD4" splenocytes in
MOP3™~ mice were similar as in wild type or MOP3 het-
erozygous mice (data not shown). These data collectively
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indicated that relatively enhanced percentages of CD4" T
cells but unchanged cell numbers of CD4" T cells might
present in the periphery of MOP3™~ mice.

T cell development in the thymus is controlled
at multiple stages by signals emanating from
cell surface receptors

Different developmental stages of T cells within the thy-
mus can be defined by expression of coreceptor molecules
CD4 and CD8.”*** When the thymocytes in these mouse
lines were assayed by two-colour FCM, no significant dif-
ference for the levels of CD4 single positive (SP), CD8SP,
CD4/CD8 double positive (DP) or CD4/CD8 double neg-
ative (DN) thymocytes in MOP3™~, MOP3""~ or MOP3™'*
mice was observed (Fig. 4). The total cell numbers of
thymocytes in all these mouse lines were comparable
(Fig. 4c). Thus, MOP3 does not play a critical role in
T-cell development in the thymus in mice.

Although slightly enhanced percentages of CD4" T cells
in the periphery, T cells in MOP3 ™ mice showed normal
responses to mitogen (concanavalin A), as well as allo-
geneic or xenogeneic antigens in vitro as the control wild
type or MOP3"~ mice, when detected by the classic
’H-thymidine incorporation assay for cell proliferation
(data not shown). Thus, the development and function of
T cells were not remarkably altered in MOP3-deficient
mice.

Significantly reduced numbers of B cells in the
peripheral blood and spleens of MOP3 ™~ mice

Although there were no remarkable changes for T cells in
the periphery of MOP3™~ mice, significantly reduced per-
centages of B cells in the peripheral blood of MOP3™~
mice were observed, as detected by FCM (P < 0-01,
compared with MOP3"" or MOP3"~ mice, respectively;
Fig. 2). In accordance with the peripheral blood, there
were significantly lower percentages and total cell num-
bers of B cells in the spleens of MOP3™~ mice compared
with the controls (P < 0-05, or P < 0-01, respectively;
Fig. 3a). The levels of B cells in spleens and peripheral
blood in MOP3"~ and MOP3™" did not show statistic
difference (P > 0-05). In addition, B cells in MOP3™~
mice showed normal response to LPS in vitro as the wild
type or heterozygous control mice (data not shown),
indicating that the peripheral mature B cells in MOP3-
deficient mice might be functional.

Changes of B-cell subpopulations in the spleens
of MOP3™~ mice

To evaluate the effects of MOP deficiency on the devel-
opment and maintenance of B-cell subpopulations, we
compared the cellular composition and cell surface

© 2006 Blackwell Publishing Ltd, Immunology, 119, 451-460



Figure 3. The levels of immune cells in the
spleens of MOP3**, MOP3*~ and MOP3™~
mice. The percentages of immune cells in
spleens of MOP3**, MOP3*'~ and MOP3™~
mice were detected by FCM. (a) The percent-
ages of CD4" T, CD8" T, B, macrophage, NK
and NKT cells in spleens of MOP3™*,
MOP3"~ and MOP3™~ mice. (b) The total cell
numbers in spleens of MOP3""*, MOP3"/~ and
MOP3™~ mice. (c) The cell numbers of CD4"
T, CD8" T, B, macrophage, NK and NKT cells
in spleens of MOP3*/*, MOP3*~ and MOP3 ™"~
mice. Data were presented as mean + SD.
*P < 0-05; **P < 0-01, ***P < 0-001 compared
with either MOP3™* or MOP3"" mice. A
summary of three independent experiments is
shown.
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Figure 5. The B-cell subpopulations in the spleens of MOP3™,
MOP3*"~ and MOP3™~ mice. (a) One representative of B-cell subsets
detected by two-colour FCM was shown. (b) The mean percentages
of B-cell subpopulations in spleens of MOP3**, MOP3*~ and
MOP3™~ mice. Data are presented as mean * SD. A summary of
three independent experiments were shown. More than nine mice in
each group were used. *P < 0-05, **P < 0-01, ***P < 0-001 com-
pared with either age-matched MOP3** or MOP3*'~ mice.

MOP3-deficient mice existed. B cells expressing low levels
of CD21, high levels of mIgM and no IgD are recently
immigrants from the bone marrow and designed type I
transitional B cells. The fraction of B cells that expresses
high levels of both IgM and CD21 and is positive for
IgD is type II transitional B cells.** The percentages of
IgD™ IgM" cells in MOP3 ™~ mice were significantly lower
than MOP3™~ or MOP3™" mice (P < 0-05). Further-
more, as is shown in Fig. 5, the fraction of [gM"CD23"
cells, denoting follicular B cells, was significantly different
in the spleen of MOP3™~ mice from that in wild-type
mice. Staining with CD21 revealed a reduction of
CD21" IgM"&" T2 transitional B cells in MOP3™~ mice.
Thus, several B-cell subpopulations in spleens were
altered in MOP3 deficient mice.

Decreased antibody products in MOP3 ™~ mice
immunized with xenoantigens

To determine whether or not the humoral immune
response in MOP3™~ mice was impaired, we detected the
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Figure 6. The anti-donor antibody levels in MOP3™~, MOP3"'~ or
MOP3** mice after immunization. Age-matched MOP3"*,
MOP3*~ and MOP3™~ mice were immunized with human PBL and
the anti-donor antibodies were detected as described in Materials
and methods. Data were presented as mean + SD. *P < 0-05, com-
pared with either MOP3"* mice. Seven mice were used in each
group.

levels of anti-donor antibodies in MOP3™~ mice after
immunization with xenogeneic human PBLs as described
in Materials and methods."” As is shown in Fig. 6, the
levels of anti-donor IgGl antibody but not anti-donor
IgG2a, IgG2b, IgG3 and IgM antibodies in MOP3™~ mice
were significantly lower than those of MOP3*~ or
MOP"* mice at 3 weeks after immunization (P < 0-05),
whereas no significant difference was observed between
MOP3"~ and MOP*™* mice. These data indicated that
the in MOP3™~ mice had a slightly decreased humoral
immunity.

Significant changes in differentiating B cells in the
bone marrow of MOP3™"~ mice

The development of B cells from haematopoietic stem
cells is a complex and highly regulated process that results
in antigen-specific B cells with individual immunoglob-
ulin receptors. To assess the effect of MOP3 on B-cell
development more clearly, we analysed the B-cell precur-
sor populations in the bone marrow in each mouse line.
The total cell numbers of BMC in each mouse line,
MOP3™~, MOP3™~ or MOP3"* were identical (data not
shown). In addition, MOP3™~ mice had normal levels
of B220" CD43" progenitor B cells (pro-B cells) and
B220" CD43™ cells, suggesting the transition from CD43"
to CD43™ stage is unimpaired in MOP3-deficient mice.
However, the progress from the immature B220™" to
the mature B220™8" B-cell stage in MOP3™”~ mice was
partially but significantly blocked as indicated by the
accumulated B220'" cells and decreased percentages of
more mature, recirculating B220Meh Booqhish Ithigh or
B220" I-A* B cells in the bone marrow of MOP3 ™~ mice
(Fig. 7). No significant differences for B-cell subpopula-
tions between MOP3™~ and MOP"'* mice were observed
(P > 0-05).
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Figure 7. The levels of developing B cells in MOP3**, MOP3"~
and MOP3™~ mice. (a) One representative of B cell staining detected
by two-colour FCM was shown. (b) The mean percentages of
B-cell subpopulations in spleens of MOP3"*, MOP3"~ and MOP3™~
mice. Data were presented as mean + SD. *P < 0-05, **P < 0-01,
P < 0-001 compared with either age-matched MOP3** or
MOP3*~ mice. A summary of three independent experiments were
shown. More than nine mice were used in each group.

MOP3~~ BMC differentiated into B cells normally
in MOP3™* recipients

Bone marrow provides an essential microenvironment for
B-cell maturation. Disruption of B-cell haematopoiesis
may be caused by abnormalities in either stem cells or the
developing microenvironment. To determine whether or
not stem cells themselves were directly impaired in MOP3-
deficient mice, we adaptively transferred MOP3™~ BMCs
to 8 Gy-irradiated BALB/c Rag2™~ mice. No detectable dif-
ferences for CD4" T cells, CD8" T cells, NK, NKT, mono-
cytes and granulocytes in the peripheral blood were
observed in BALB/c Rag2™~ recipients received either
MOP3™~ or MOP3"* BMC at different time points after
bone marrow transplantation, as evaluated by FCM (data
not shown). The percentages and the total cell numbers of
CD4" T cells, CD8" T cells, NK, NKT, monocytes and gra-
nulocytes in the spleens, as well as the numbers of different
thymocyte subsets in the thymi, of BALB/c Rag2™™ mice
that received MOP3™~ BMC were similar to those mice
that received MOP3""* BMC by 4 months after bone mar-
row transplantation (data not shown). Surprisingly, the
levels of different B-cell subpopulations or B cells in differ-
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Figure 8. Normal differentiation to B and T cells of MOP3™~ BMC
in MOP3*"* BALB/c Rag2™" recipients. Four months after Rag2™”~
mice received lethal X-rays irradiation and an injection of T-cell
depleted MOP3*"* or MOP3™~ BMC, the levels of T, B and other
immune cells in peripheral blood, spleens and bone marrow were
determined by two-colour FCM. (a) The levels of T and B subsets in
spleens of Rag2™~ mice received either MOP3"" or MOP3™~ BMC.
(b) The percentages of B-cell subpopulations in bone marrow of
Rag2™~ mice received MOP3""* or MOP3™~ BMC. Data were pre-
sented as mean = SD. Two independent experiments showing similar
results were performed. No significant differences were found among
the identical groups (P > 0-05).

ent developing stages in spleens or BMC of BALB/c Rag2™"~
mice received MOP3™~ BMC did not show detectable dif-
ferences compared with mice received MOP3™* BMC
(Fig. 8). Thus, MOP3 expressed on bone marrow cells did
not directly impair B-cell development in mice.

Differentiation to B cells of allogeneic MOP3™* BMC
was blocked in irradiated MOP3™~ recipients

To determine the role of MOP3”~ mouse bone marrow
microenvironment on B-cell maturation, we adoptively
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Figure 9. Decreased B-cell differentiation of allogeneic BMCs in
MOP3 ™~ recipients. Eight weeks after transplantation of T-cell deple-
ted allogeneic BALB/c MOP3"* BMC to lethally irradiated MOP3™~
BMC, the levels of donor T and B cells in spleens and bone marrow
were determined by three-colour FCM. (a) The levels of B-cell sub-
sets in spleens of either MOP3"* or MOP3 ™~ recipients received
BALB/c BMC. (b) The percentages of B cell subpopulations in the
bone marrow of MOP3** or MOP3™~ recipients received BALB/c
BMC. Data were presented as mean + SD. *P < 0-05 compared
between the indicated groups. Six mice were used in each group.

transferred allogeneic BALB/c T-cell depleted BMCs to
lethally irradiated MOP3™~ and control MOP3""* recipi-
ents. The levels of donor cells in the peripheral blood or
bone marrow were always more than 90% in this model
(data not shown). Eight weeks after bone marrow trans-
plantation, the levels of B cells in spleens and bone mar-
row were detected with the gating on recipient major
histocompatibility complex (MHC) I" cells by FCM.
As is shown in Fig. 9, significantly lower percentages of
donor-original IgD" IgM"*, B220" IgM", CD23" B220",
CD23* IgM* or B220" I-A%* cells in splenocytes of
MOP3 ™" recipients was observed than in MOP3™" recipi-
ents (P < 0-05, Fig. 9a). Consistently, decreased percent-
ages of B220™€", B220*1-A%*, or B220"" IgM"&" cells as
well as enhanced percentages of B220" I-A%" cells in the
bone marrow of MOP3™" recipients was detected than
those in MOP3"'* recipients (P < 0-05, Fig. 9b). In addi-
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tion, no significantly changed levels of T cells and NK
cells as well as the total cell numbers of splenocytes and
BMC were observed in these MOP3™~ recipients (data
not shown). These data indicate that the bone marrow
microenvironment may be altered in MOP3™~ mice so
that B-cell development is affected.

Discussion

One of the earliest differentiated precursors is the multi-
potential progenitor (MPP), which can differentiate into
the common myeloid progenitors or into the recently
identified early lymphoid progenitors (ELP).”> ELP can
further differentiate into thymic precursors of the T-cell
lineage or into bone-marrow common lymphoid prog-
enitors (CLP), which are lymphoid restricted and can
generate B cells, T cells, dendritic cells and NK cells.
Expression of the B-cell marker B220 by a subset of CLP
coincides with their entry into the B-cell-differentiation
pathway.”* MOP3-deficient mice showed the altered
B-cell development alone, but not T cells, NK cells and
monocytes, suggesting that MOP3 might not regulate the
process of early haematopoietic stem cells, but possibly
influence the early B-cell precursors. The present studies
also suggest that B-cell commitment might be more sensi-
tive to MOP3 than the T-cell lineage commitment.

Using the Hardy classification®® pro-B cells (also known
as fraction B/C) are defined as B220" CD43", and pre-B
cells (also known as fraction C'/D) are defined as
B220" CD43™ surface IgM~. The unchanged B220" CD43*
fraction mainly representing pro-B cells in MOP3™~ mice
indicate that the earlier stem cell development is unaffec-
ted by the MOP3 gene. MOP3 seems to mainly regulate
the development of B cells after or in the late period of
the pre-B-cell stage, as the major decreased subpopula-
tions in BMC of MOP3-deficient mice were B220™¢" and
B220"T-A" cells.

Differentiation and proliferation of haematopoietic pro-
genitor cells occurs in intimate contact with the bone
marrow microenvironment, which is composed of stro-
mal cells and extracellular matrix proteins. The stromal
cells in the bone marrow, including vascular endothelial
cells, adipocytes, and bone-lining cells, modulate haema-
topoietic development through complex mechanisms
involving growth factor production as well as through
cell-cell interactions mediated by cell surface molecules.
Disruption of haematopoiesis may be caused by abnor-
malities in either stem cells or stromal cells or both.
Although MOP3 mRNA expressed in both haemato-
poietic stem cells and bone marrow stromal cells as deter-
mined by real-time PCR*’ Our adoptive transfer
experiments suggest that MOP3 expressed in stromal
cells, but not in stem cells, play a role in B-cell develop-
ment. The chemokine stromal cell-derived factor-1 is an
essential factor for pro-B-cell development, while interleu-
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kin-7 is particularly important at the transition from pro-
B to pre-B cells. Whether MOP3 deficiency caused those
factors needs to be addressed.

Lymphocyte differentiation or activation is a series of
finely regulated processes whereby the co-ordinate regula-
tion of cell proliferation, differentiation, and cell death
directs the development of functional cells.***® Cell—cell
contact and soluble growth factors play an important role
in the regulation of developmental processes or activation
procedures.”® Self-reactive B cells specific for autoantigens
are eliminated by two mechanisms of tolerance: receptor
editing and clonal deletion.”™' Our data showed that
mature B cells in MOP3 ™~ mice responded to lipopoly-
saccharide in a normal way (data not shown). Although
slightly decreased anti-donor IgGl antibody production
was observed in MOP3™~ mice after immunization with
xenoantigens, normal levels of anti-donor IgG2a, IgG2b,
IgG3 and IgM antibodies in the sera of MOP3™~ mice
after immunization with xenogeneic antigens indicated
that B cells in MOP3 ™~ mice are functional. Thus, MOP3
gene may not be crucially involved in mature B-cell acti-
vation as well as B-cell selection and tolerance in mice,
although it regulates B-cell development in bone marrow.
The reasons for the decreased IgG1 products in MOP3™~
mice are not clear.

Altogether, the results presented with MOP3-deficient
mice reveal the involvement of MOP3 in the development
of B cells, but not T cells, NK cells, macrophages and
RBC in mice. The effect of MOP3 on the differentiation
of pre-B cells to mature B cells is mediated by the bone
marrow microenvironment. This study also showed the
interaction between a component of the molecular clock
with B-cell development in a mouse model.
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