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ABSTRACT

The DIkl (delta-like-1) gene is a member of the epidermal growth factor (EGF)-like homeotic gene
family. It influences cell-cell interactions between stromal cells and pro-B cells in vitro. To define
the in vivo role of the dlk protein in B cell development, we established a DIkl ~/~ mouse model. In
spleens of DIkI~'~ mice, transitional B cell numbers were increased and the ratio between transi-
tional B cell subsets was altered. Numbers of follicular B cells decreased, while the number of mar-
ginal zone B cells and the size of the marginal zone were increased. Loss of dlk resulted in increased
immunoglobulin G1 (IgG¢) and IgG; in preimmune sera. Furthermore, there was an exaggerated
primary T-dependent antigen-specific humoral immune response. In bone marrow, the lack of dlk
led to increased numbers of the earliest B lineage cells in young mice without affecting numbers of
later B lineage cells. In vitro experiments showed that lack of dlk on either stromal cells or pro-B
cells caused changes in differentiation and proliferation of pro-B cells, suggesting that lack of dlk
leads to changes in cell-cell interactions in the bone marrow microenvironment. These results show
that dlk expression is essential for normal B cell development.

INTRODUCTION

to the B lineage and undergo sequential steps of differ-
entiation characterized by acquisition of specific cell-sur-

ANTIGEN-INDEPENDENT B CELL LYMPHOPOIESIS occurs
in the bone marrow of adult mammals, and involves
both secreted factors, such as interleukin-7 (IL-7), and
cell—cell interactions. The earliest B lineage progenitors
arise after commitment of common lymphoid precursors

face markers, immunoglobulin (Ig) gene rearrangements,
and gene expression profiles [1]. Stromal cells play an
important role in providing secreted growth factors and
cell—cell interactions in the bone marrow microenviron-
ment, and are functionally heterogeneous in their capac-
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ity to support B lymphopoiesis [2]. B cell differentiation
in the bone marrow is regulated by multiple signals from
the stroma [3]. Early progenitor cells require cell contact-
mediated signals, whereas later stages require only the
secreted factor IL-7 [4]. Several cellular or extracellular
matrix and adhesion proteins are involved in these inter-
actions, including Pgp-1/CD44 [5], very late antigen-4
(VLA-4)/CD49d, VLA-5/CD49e, and vascular cell ad-
hesion molecule-1 (VCAM-1)/CD106 [6]. However, ad-
hesion molecules are not the only molecules mediating
B cell-stromal interactions; other molecules take part [7].

Cell—cell interactions in spleen also influence differ-
entiation of B cells [8]. Transitional (Tr) B cells interact
with stroma during determination of marginal zone (MZ)
or follicular (FO) B cell fate, but the process is not com-
pletely understood. Targeted deletion of the Nkx2-3 gene
leads to defective splenic stroma and results in splenic
disorganization and absence of MZ B cells [9]. B cells
interact with endothelial and/or stromal cells in spleen
via lymphotoxin and thereby induce chemokines that in-
fluence lodging and retention of different cellular subsets
in the MZ [10]. Kuroda et al. [11] suggest that transi-
tional B cells may interact with dendritic cells via Notch-
dependent signals that determine cell fate choice between
follicular or marginal zone B cell development. Similarly,
the Notch2 ligand DIII is expressed in the spleen, and
gene inactivation studies have shown that Notch2 sig-
naling is important for MZ B cell development [12].

The DIkl gene encodes the dlk protein, also known as
Pref-1, Fetal Antigen-1, and other designations [13]. It
belongs to the epidermal growth factor (EGF)-like repeat-
containing family of proteins that are involved in cell fate
decisions [14] that includes the four mammalian Notch
proteins and their ligands, Delta, Serrate, D11, and Jagged.
The dlk protein can exist both as soluble and transmem-
brane forms, depending on splicing or proteolytic cleav-
age [15]. In contrast to DII, Delta, Serrate, and Jagged,
dlk lacks the DSL (Delta-Serrate-Lag2) domain that di-
rectly interacts with Notch to initiate signaling [14].

dlk is involved in several differentiation processes, in-
cluding adipogenesis [16,17], neuroendocrine differenti-
ation [18], differentiation of hepatocytes [19], and he-
matopoiesis [20]. DIkl was determined to be responsible
for the hematopoietic stem cell-supporting property of fe-
tal liver stromal cell line ATF024 [20,21]. A Hairy/En-
hancer of Split (HES-1)-dependent role for DIkI in T cell
growth has also been reported [22]. dlk was found to
modulate cell colony formation triggered by several cy-
tokines in bone marrow cells [23].

Previously, we reported that dlk expressed on stromal
cells plays an important role in cell—cell interactions. En-
forced down-regulation of DIkl by antisense RNA ex-
pression increased the supportive abilities of BALBc/3T3
and S10 stromal cells for the maintenance of undifferen-
tiated pre-B cells in vitro [24]. These observations sup-

port a role for dlk in modulating signal transduction
events triggered by different factors, as has been dem-
onstrated in the case of insulin growth factor-1 (IGF1)/in-
sulin [25], and suggest that DIk! is a pivotal factor for B
lymphopoiesis in vivo.

A DIkl gene-targeted mouse model exhibited growth
retardation, increased adiposity, and skeletal abnormali-
ties [26]. A recent study reported that these mice display
reductions in bone marrow colony forming pre-B cells in
vitro and reduced IgM/B2207" B cells in the spleen of 16-
week-old mice [27].

In this study, we extended analysis of changes in bone
marrow and splenic B lymphopoiesis in DIkl ™/~ mice.
Absence of dlk expression led to increased numbers of
the earliest B lineage cells (fraction A, Fr A) but de-
creased numbers of recirculated B lineage cells (fraction
F, Fr F) in the bone marrow. We also observed changes
in B cells in peripheral lymphoid organs, suggesting that
dlk is also important in these stages of B cell develop-
ment. Finally, we find that DIk/ '~ mice have abnormal
levels of preimmune serum Ig and an exaggerated anti-
gen-specific humoral immune response, showing that dlk
influences development of normal humoral immune re-
sponses.

MATERIALS AND METHODS

Derivation of Dlkl-null mice, breeding,
and characterization

A targeting construct was assembled and electroporated into
SvJ129 embryonic stem (ES) cells. A neomycin-resistance cas-
sette replaced 3.8 kbp of the endogenous allele, including the
promoter and first three exons of Dlk/. Chimeric animals were
bred to establish DIk~ mice. Genotype analysis was done
by Southern blot or PCR amplification using the following
primers: 5’ dlk, CCAAATTGTCTATAGTCTCCCTC; 5’ Neo,
CATCTGCACGAGACTAGTG:; and 3’ SCR (screen), CTG-
TATGAAGAGGACCAAGG (from DIkl intron 3). Analysis of
phenotype was done after three backcrosses to C57Bl/6, and
then intercrosses of heterozygotes were used to generate ho-
mozygotes, heterozygotes, and wild-type mice. For all experi-
ments, age-matched wild-type littermates from heterozygous in-
tercrosses were bred and used as controls.

Southern blot analysis

Southern blots of BamH]1-digested genomic DNA were hy-
bridized to a PCR-generated, 3?P-labeled probe from DIk/ exon
5. The wild-type DIkI allele generated a 14.5-kbp band whereas
the targeted allele generated a band of 6.1 kbp.

Northern blot analysis

Northern blots of total RNA (15 pg) were hybridized to a
32P-labeled full-length DIkl ¢cDNA probe. Blots were ana-
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lyzed using a Phosphorlmager (Molecular Dynamics, Sun-
nyvale, CA).

RT-PCR analysis

Total RNA from cells or tissue suspensions was reverse tran-
scribed with oligo(dT) primers and Superscript (II) (Invitrogen)
according to the manufacturer’s protocol. B cells were isolated
from spleen and bone marrow cell suspensions using CD19 mi-
crobeads (Miltenyi) following the manufacturer’s instructions.
Bone marrow adherent cells were obtained by flushing femurs
and then periodically rinsing away nonadherent cells during 4
days in tissue culture. DIkl RT-PCR generated a 223-bp prod-
uct using the following primers: 5’ mdlk 335020, TCACCC-
CACCCCACCCCAGG; and 3’ mdlk 558121, ATGAAATT-
CTTATTATTA. Primers for GAPDH were as follows: 5'-ATT
CAA CGG CAC AAT CAA GG and 3'-TGG ATG CAG GGA
TGA TGT TC. Analysis for B-actin was done as described [24].

Flow cytometry

For analysis, single-cell suspensions from bone marrow,
spleen, lymph node, or thymus from 4-, 6-, 8-, or 16-week-old
mice were counted then stained with biotinylated, allophyco-
cyanin (APC)-, fluorescein isothiocyanate (FITC)-, phycoery-
thrin (PE)-, or PerCP-conjugated monoclonal antibodies to
B220 (RA3-6B2), BP-1 (6C3), CD43 (S7), HSA (M1/69), IgM
(R6-60.2), CD21 (7G6), CD23 (B3P4), AA4.1 (493), and CD1d
(1B1) (BD Bioscience, San Diego CA); and IgD (11/26)(South-
ern Biotechnology Inc, Birmingham, AL) for B lineage, or CD4-
, CD8§-, CD3-, CD44-, CD25-, or CD5-specific antibodies for T
lineage analysis (BD/Pharmingen). Data for B lineage cells
were generated using a B220 gate on the lymphocyte FSC, SSC
gate. 2.4G2 monoclonal antibody (mAb; Pharmingen) was used
to inhibit nonspecific Fc-mediated binding. Data were collected
on a FACS Calibur and analyzed using FlowJo software (Tree
Star Inc, Ashland, OR).

Bone marrow pro-B cells were isolated from femurs (4
weeks, 7 mice of each genotype) then sorted using a FACS Aria
and DiVa software (BD Bioscience, San Diego CA) with a lym-
phocyte forward- and side-scatter gate, positive selection of
B200"(APC)/CD43 " (PE) cells, and collection of Fr A [BP-1
(FITC) and CD-24~ (perCP)] or Fr B [BP-1 and CD-24"] cells.

In vitro growth of bone marrow B cells

Unsorted bone marrow cells from 4-week-old mice were cul-
tured in Iscove’s medium (Gibco-BRL) containing 2% fetal calf
serum (FCS), 5 X 107°M 2-mercaptoethanol, and penicillin-
streptomycin, with or without conditioned medium containing
200 U/ml of mouse IL-7 for 4 days. IL-7 conditioned medium
was obtained as described [24]. Each experiment used 2 X 10°
cells plated under the above conditions, and 3 mice of each
genotype were analyzed separately. Sorted control or dlk-defi-
cient Fr A or Fr B cells were cultured as above, with or with-
out IL-7 on either normal stroma S10 (a gift from Kenneth Dor-
shkind) [28] or dlk-deficient stroma line S13. S13 was derived
by culture and multiple passage of adherent cells from bone
marrow of adult mDIkl ™'~ mice. Fr A cells were cultured for
7 days and Fr B cells for 5 days before analysis.

Immunohistochemistry

Spleens fixed in paraformaldehyde were embedded in paraf-
fin. Sections (10-12 wm) were stained with Hematoxylin &
Eosin and analyzed under a light microscope. Sections (10-12
pm) of frozen spleen embedded in OCT compound were pre-
pared and fixed on glass slides with acetone for 5 min. Sections
were then incubated with primary antibody, MAd-CAM-1 (2.5
pg/ml) (Pharmingen) for 45 min and subsequently with Alexa
488-labeled anti-rat antibodies (Molecular Probes, Eugene,
OR). Finally, they were incubated with Texas Red-conjugated
goat anti-mouse IgM and washed. Digital images were captured
with a Princeton Instruments Micromax 1300YHS camera, un-
der a Nikon Eclipse ES800 microscope with a 20X/0.75 objec-
tive and CFI10X/22 eyepiece (Nikon, Tokyo, Japan) and ana-
lyzed using BioVision software. Spleen follicles from 3 wild
type and 3 DIkI~/~ mice were analyzed on NIH Image analy-
sis software. FO and MZ areas from 15 follicles were deter-
mined for comparison and statistical analysis.

Immunization

Wild-type and DIkI™'~ mice were immunized intraperi-
toneally with 100 wg/ml dinitrophenyl-keyhole limpet hemo-
cyanin (DNP-KLH) or 50 ug/ml DNP-lipopolysaccharide
(LPS) (Bio Search Tec. Inc, Novato, CA) in phosphate-buffered
saline (PBS). Mice were boosted at day 21. Control mice were
injected with PBS only. Mice were bled on day 7 or 28 to ob-
tain serum for Ig analysis.

Serum Ig analysis

Ig was detected by inhibition enzyme-linked immunosorbant
assay (ELISA). Buffer only or three-fold dilutions of test sera
from control or dlk-deficient mice were incubated with 0.5
mg/ml of appropriate goat anti-mouse Ig subtype-specific anti-
bodies labeled with alkaline phosphatase. This mixture was then
added to plates precoated with the relevant Ig isotype. p-Nitro-
phenyl phosphate disodium salt (Sigma, St. Louis, MO) sub-
strate was used to detect the alkaline phosphatase activity. Ab-
sorbance was measured at 405 nm in a Titertek Multi Scan
ELISA plate reader and presented as the titer at which a 50%
signal inhibition was observed compared to buffer only. The
technique does not compare levels of antibody among isotypes,
but does reveal differences of isotype levels relative to each
particular isotype tested.

To determine the DNP-specific response, serum was incu-
bated on 96-well plates (Nunc, Rosklide, Denmark) coated with
10 wg/ml DNP-bovine serum albumin (BSA). Isotype specific
alkaline phosphatase-labeled antibody (Southern Biotech) was
added, and enzyme activity was detected using p-nitrophenyl
phosphate substrate. Optical density (OD) values were plotted
versus serum dilution to determine assay linearity. The titer at
1/120 dilution (linear range of assay for all samples) was used
for analysis.

Statistical analysis

Significance of differences in values between samples was
determined by two-tailed Student z-test.
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RESULTS

Characterization of DIkl gene-targeted
mouse strain

The construct used to generate DIkI '~ mice by dele-
tion of the promoter and exons 1-3 is shown in Fig. 1A.
Southern blot and PCR analysis showed the expected
DNA configuration or genotypes of the mice (Fig.
1B,C). DikI~'~ mice were viable and litter sizes were
comparable to heterozygous or wild-type animals.
DIkl~'~ mice displayed growth retardation (data not
shown) similar to that observed by Moon et al. who gen-
erated a different DIk /" strain with targeted removal
of exons 2 and 3 [26].

Because DIkl is an imprinted gene whose embryonic
expression depends on an intact paternal allele [29], we
examined RNA expression in livers of neonatal wild type,

DIkI~'~, and heterozygotes that received a single knock-
out allele from the male (paternal transmission) or the fe-
male (maternal transmission). As shown in Fig. 1D, 1.5-
kb DIkI mRNA is expressed in liver of I-day-old
neonates of wild-type or maternally transmitted DIk /=
heterozygous mice. As expected, no DIkl mRNA was
present in neonatal liver of the homozygous DIkl ~/~an-
imals or in paternally transmitted DIkI~/* heterozygous
animals.

B cell development changes in DIkl ™"~
bone marrow

Because we had previously shown that dlk could af-
fect early B lineage cells in vitro, we first examined the
earliest stages of B lineage development in bone marrow
of DIkI~'~ mice, pro-B cells. Three fractions of CD43,
B220% pro-B cells can be distinguished as Fr A, Fr B,
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FIG. 1.

Derivation of DIkI~/~ mouse strain. (A) Dotted lines show the origin of the wild-type (Wt) germ-line fragments used

to assemble the knockout (KO) construct. The scale is indicated with a bold black line 1 kbp in length. (B) Genomic analysis of
DIkI™'~ mice. The knockout construct introduces a new Bam HI site, resulting in reduction of the 14.5-kbp germ-line band (Wt)
to 6.5 kbp in the knockout allele (KO) and both bands in heterozygotes (Ht). (C) PCR genotyping yielded bands of 414 bp (lane
Wt), 495 bp (lane KO), or both (lane Ht). (D) DIkl mRNA expression in neonatal liver (day 1 postpartum) was analyzed by
northern blot. Liver RNA samples were isolated from wild-type (lane Wt), DIkl /'~ (lane KO), maternal heterozygote (lane M),

and paternal heterozygote (lane P) mice. An exon 5-specific

probe was used to identify the D/k/ mRNA.
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and Fr C [30]. We found that the number of Fr A cells
was significantly increased in DIkl '~ mice compared to
controls at 4 weeks of age (Fig. 2A). The number of Fr
B cells was comparable at the three ages tested. The av-
erage number of Fr C cells was decreased in 6- and 8-
week-old DIkl ~/~animals.

Bone marrow stroma is important for B lineage de-
velopment. We observed that DIk] RNA is expressed in
bone marrow adherent cells from wild-type mice at 4, 6,
and 8 weeks of age, but not from DIkl ~/~ mice (Fig. 2B).
We also purified B lineage cells from bone marrow and
spleen and saw that DIk/ is expressed in these cells.

The abnormalities observed in bone marrow B lineage
cells suggested several possibilities regarding formation
and differentiation of pro-B cells in DIkI~/~ mice. For-
mation or proliferation of Fr A cells could be enhanced or
transition to Fr B and Fr C could be suppressed. Pro-B
cells are capable of differentiation from Fr A to Fr B then
to Fr C in vitro using stromal cell cultures [4,30]. We used
stromal cell cultures to investigate the influence of dlk on
pro-B cell proliferation and differentiation. Total bone
marrow cells from 4-week-old DIkl ™'~ or wild-type con-
trol mice were cultured in complete medium with or with-
out IL-7 (200 U/ml) for 4 days (Fig. 2C). We observed a

L.
>

FIG. 2. Alterations in progenitor B cell fractions of DIkl '~
mice. (A) Bone marrow cells from femurs of 4-, 6-, or 8-week-
old DIk~ or wild-type control mice were analyzed by flow
cytometry. The B220*, CD43™ progenitor B cell populations
were resolved into three subsets (Fr A, B, and C) using BP-1-
and CD24-specific antibodies. Numbers of cells in each frac-
tion (X107%) are shown for the indicated age. (Dark bars) Wt;
(white bars) DIkl '~ mice; (error bars) standard deviation; (#)
p < 0.05. (B) RT-PCR analysis of DIkl expression was done
using total RNA from heart (lane H, negative control), adrenal
gland (lane A, positive control) from control (WT) or DIkl '~
(KO), CD19™" cells from bone marrow (BM) and spleen (SP)
of 8-week-old mice, or bone marrow adherent cells (BM) from
4-, 6-, and 8-week-old wild-type mice or 8-week-old DIkl —/=
mice. GAPDH served as control for RNA input and gel load-
ing. (C) Bone marrow cells from 4-week-old mice (n = 3) were
cultured for 4 days in medium with or without 200 units of
IL-7; cells were then analyzed by flow cytometry. Representa-
tive contour plots from nonstimulated or IL-7-stimulated cul-
tures from DIkl ~'~ (KO) or wild-type controls (Wt) are shown.
Fr A, B, and C subsets are marked in IL-7-stimulated contour
plots. (D) Fr A or Fr B cells from control (WT) or dlk-deficient
(KO) mice were seeded (source is indicated for each panel) on
S10 (DIk17*) or S13 (DIkI~'~ stroma in the absence (4%) or
presence of IL-7. Fold expansion was determined by counting
of total cells recovered from cultures at day 7 (Fr A) or day 5
(Fr B) and dividing by the number of cells seeded (1 X
10%/flask). The lower panels show the percentages of cells de-
termined by flow cytometry in Fr A (white bars), Fr B (gray
bars), and Fr C (black bars). Culture conditions are shown at
the bottom of each graph. Flow cytometry was done as in C.

confluent layer of endogenous stromal cells in all culture
flasks. In agreement with our in vivo observation, there
were more Fr A cells in nonstimulated cultures from
DlkI~'~mice compared to controls. In the absence of IL-
7, slightly over 2% of Fr C cells remained by day 4 in both
knockout and control cultures. In the presence of IL-7, the
percentage of Fr C cells increased to 75% in DIkl ™/~ cul-
tures and to 50% in controls (Fig. 2B).

We next used more defined conditions by use of cul-
tures initiated with sorted control or DIkI~/~ Fr A or
Fr B cells seeded on DIkl (S10) or DIkI~'~ (S13)
stromal cell lines, in the presence or absence of IL-7
(Fig. 2D). Although equal numbers of B lineage cells
were seeded for all conditions, Fr A cells proliferated
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substantially less than Fr B in the presence of IL-7. In
the absence of IL-7, Fr A cell numbers increased only
when dlk was absent on the stroma but DIk"’* B lin-
eage cells were used. When dlk was absent on both
stroma and B lineage cells, there was a slight decrease
in cell number. However, when dlk was present on the
stroma, no B lineage cells were recovered in the ab-
sence of IL-7.

In addition to proliferation, we examined differentia-
tion in these cultures (Fig. 2D). When Fr A cells were
seeded in the presence of IL-7, they differentiated to both
Fr B and Fr C, but Fr C cells formed most efficiently
when DIkl " stroma or Fr A cells were present. In the
absence of dlk on both stroma and Fr A cells, there was
inefficient differentiation and poor proliferation of Fr A
cells.

When Fr A cells were seeded in the absence of IL-7,
no B lineage cells survived when dlk was present on the
stroma, regardless of the DIk/ status of the pro-B cells.
If DIk1~'~ stroma was used, there was differentiation.
The best proliferation and most efficient differentiation
to Fr C occurred when DIk™* Fr A cells were used and
dlk was absent on the stroma.

Fr B cells proliferated robustly in the presence of
IL-7 and better when dlk was absent on stroma or B lin-
eage cells or both. In the absence of IL-7, there was sub-
stantially less proliferation. Fr B cells predominantly ex-
hibited differentiation to Fr C over proliferation in the
presence of IL-7 and the use of DIkl *'* or DikI~'~Fr B
or stroma seemed relatively unimportant. In the absence
of IL-7, there was little proliferation and relatively less
differentiation, regardless of the presence or absence of
dlk.

We next analyzed bone marrow B cells based on B220,
IgM, and CD43 expression because these identify the B
cell differentiation stages that follow Fr C. CD43~ B cells
in bone marrow can be identified as progenitor/precursor
B cells (Fr D, IgM"¢g, B220°), newly formed B cells (Fr
E, IgMP°s, B220'"), and recirculating mature B cells (Fr
F, IgMPos, B220M) [4].

The numbers of Fr D and E cells were not significantly
different in DIkl /'~ mice compared to their wild type
controls in 4- and 8-week-old mice (Fig. 3). However,
the number of Fr F cells was significantly reduced in 8-
week-old DIkI1~/~ mice (Fig. 3B).

B cell development changes in DIkl ™'~ spleen

Mature antibody secreting B cells from the spleen en-
ter the circulation and home to lymph nodes and bone
marrow [31]. Reduced numbers of mature B cells in the
bone marrow of DIkl ~/~mice could reflect reduced gen-
eration of mature B cells in the spleen, changes in the
bone marrow environment that do not effectively support
recirculating mature B cells, or homing defects. To de-

termine if there are changes in the spleen that could ex-
plain the lack of mature B cells in bone marrow, we next
examined splenic B cell populations.

No obvious differences were observed in spleen
based on the number and size of follicles in wild-type
and DIkI~'~ mice at 8 weeks of age (Fig. 4A). To de-
tect cellular differences, antibodies to IgM and MAd-
CAM were used to localize B cells relative to the mar-
ginal and follicular areas. Antibodies to MAdCAM
identify the endothelial cells present in the marginal si-
nus that form a border between the MZ and the FO
[32], and IgM antibodies stain the FO and MZ B cells.
MZ B cells fall outside of the MAACAM-17 cells. FO
and MZ areas were measured on photomicrographs
from 15 splenic follicles for comparison and statistical
analysis. MZ areas were larger in DIkI~/~ mice, with
an average 1.8-fold increase in pixel area compared to
controls (* p < 0.005). In addition, the FO area had a
slight but consistent decrease in the DIkI~/~ mice com-
pared to wild-type mice.

The MZ contains several cell populations, including
transitional and MZ B cells [33]. To test if the expanded
MZ was due to increased transitional or MZ B cell num-
bers, fluorescence-activated cell sorting (FACS) analysis
of these populations was carried out on splenic B220" B
cell populations using CD23 and CD21 to discriminate
between transitional (CD23"¢¢, CD21"®), marginal zone
(CD23regslow - CcD21high), and follicular (CD23high,
CDZlintermediate) B cells.

The total number of B220" B cells did not differ sig-
nificantly between spleens of wild-type or DIkI~/~ mice
at 8 weeks of age (Table 1). However, the number of MZ
B cells in DIkl '~ mice was consistently four-fold higher
than controls (Fig. 4B, Table 1). This difference was ob-
served in five different experiments and persisted in mice
past 16 weeks of age (not shown).

We observed equivalent increases in Tr B-cells of
DIkI~'~ mice at 8 weeks (Fig. 4D, Table 1). Further sub-
typing of Tr B cells based on CD23 expression showed
that the increases in Tr cells is exclusively due to in-
creases in Trl cells in DIkl =/~ mice (Fig. 4C, D, Table
1). The numbers of Tr2 cells were not appreciably dif-
ferent.

In dlk-deficient mice, there were consistent de-
creases in the number of FO B cells (Table 1). Inter-
estingly, the fluorescence intensity of CD23 expression
on FO B cells appeared to be reduced in DIkl '~ mice
(Fig. 4B). We performed additional analysis of surface
markers, including IgM and IgD and CDI1d [34]. In
agreement with the results described above, DIkI~/~
mice showed consistent increases in I[gM"gP and IgD'*V
cells (Fig. 4B), a population that includes both MZ and
Trl B cells. Also, DIkI~'~ mice had increased num-
bers of MZ B cells as indicated by high-level expres-
sion of CD1d (not shown).
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FIG. 3. Mature B cell numbers decrease in the bone marrow of DIkI ™/~ mice. B220" bone marrow B cells from 4- and 8-
week-old DIkI~/~ (KO) and wild-type control (Wt) mice were subtyped into fractions D, E, and F based on B220 and IgM ex-
pression. (A) Representative dot plots from 4- and 8-week-old wild-type (Wt) and DIkl '~ (KO) mice. Percentages of cells from
each region are given in the plot. (B) Bar diagrams show cell numbers (X 107¢) from the indicated fractions (n = 4). (Dark bars)
wild type; (white bars) 4 DIkI~/~ white bars mice; (¥) p < 0.001).

T cell subsets are unchanged in DIkl ™'~ mice

Since earlier reports suggested that exogenous dlk
could influence T cell growth in vitro [22], we compared
T cell populations in thymus, lymph node, and spleen of
control and DIkI~/~ mice. No perturbations were ob-
served in numbers or proportions of mature T cell sub-
sets in spleen and lymph node, or in immature or mature
T cell subsets in the thymus (not shown). These results
were consistent with the lack of visual changes in the T
cell zones of follicles (Fig. 4A).

Effects on Ig homeostasis and immune response

The observation that B cell development was altered
in DlkI-deficient mice suggested that targeted disruption

of DIkl might also perturb B cell function. We first ex-
amined homoeostasis of serum Ig levels, a parameter that
indicates normal B cell function [35]. Among the iso-
types tested, IgGop, IgA, and IgM remained relatively un-
affected. In contrast, IgG; and IgG; were both increased
over three-fold in DIkl '~ mice, as compared to controls
(Fig. 5A).

Humoral immune responses to a T-dependent antigen
(DNP-KLH) and to a T-independent antigen (DNP-LPS)
were also examined in 8-week-old mice. We observed no
significant differences in the DNP-specific IgM and IgG
responses to the T-independent antigen DNP-LPS (Fig.
5B). In contrast, the T-dependent DNP-specific response
following primary immunization with DNP-KLH showed
a two-fold increase for IgM, 1gG, 1gGza/ae, 1gGap, and
IgG; as compared to control serum (Fig. 5C). This has
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TaBLE 1. SpLENIC B-LINEAGE PoPULATIONS

B220+ Wt 51.68 = 8.5
KO 5731 = 134

FO Wt 46 = 7.3
KO 30 £ 8.1

MZ Wt 1.3 = 0.39
KO 5.5 £ 1.07

Tr Wt 1.39 = 0.39
KO 5.6 £ 1.6

Trl Wt 0.7 = 0.1
KO 42 + 0.7

Tr2 Wt 0.7 = 0.1
KO 0.8 = 0.6

Numbers (X 107%) of the indicated B220 gated B-lineage
cells from spleen were determined as described in Materials and
Methods using mice that were § weeks of age.

been confirmed in two independent immunizations (data
not shown).

Altogether, our results demonstrate that absence of dlk
leads to altered patterns of B cell development in bone
marrow and spleen and also leads to alterations in the hu-
moral immune response.

DISCUSSION

Our investigations show that DIkI~/~ mice display
several abnormalities in B cell development and func-
tion. The most dramatic observations were changes in
splenic B cell subsets of DIkI~/~ mice, including the in-
creased numbers of Tr and MZ B cell populations. An
especially intriguing observation was that the numbers of
Tr2 B cells was the same in DIkl '~ and control mice.
This population also contains most of the recently iden-
tified MZ precursors (sIgMPM, CD21/35M) as well as Tr3
cells (sIgMi™, CD21/35™) [36]. If either Tr3 or MZ pre-
cursor populations had expanded to the same degree as
the MZ B cell population (four-fold or more), we most
likely would have detected this in our analysis of the Tr2
population. Because the Tr2 populations were the same
in knockout and control mice, the expansion of the MZ
B cell population in DIkl ™/~ mice is not matched by a
similar expansion of the MZ precursor population. The
expansion of MZ B cells could be due to increased
longevity or proliferation of MZ B cells. Alternatively,
DIkl~'~ MZ precursors may be subject to more rapid ki-
netics of formation and differentiation than in wild-type
mice. Accumulation of transitional B cells in the spleen
of DIk1~'~ mice could be due to decreased negative se-
lection, because this is the population of cells targeted
for negative selection in spleen [37]. Future experiments
will better characterize the Tr/MZ precursor populations

to understand more fully the importance of dlk in splenic
B cell development. Also, DIkl ™/~ mice had a consis-
tent > four-fold increase in a small B2207CD23~
CD21" population of cells that needs further analysis be-
cause it has not been previously characterized and ap-
pears to be expanded due to lack of dlk.

dlk may influence the cell fate choice for MZ B cell
development. The Notch2 signaling pathway regulates
development of marginal zone B cells [11,38,39]. dlk is
expressed on B cells in the spleen (Fig. 2B) and has been
shown to act as a negative regulator of Notch signaling
[40]. If dik inhibits Notch2, lack of dlk could explain the
expansion of MZ B cells in DIkl '~ mice. Further work
is in progress to determine whether dlk influences Notch2
signaling in B cells.

We also observed that young DIkl ™'~ mice have in-
creased numbers of Fr A cells (Fig. 2). Our observation
that DIkI is expressed in both B lineage cells and stromal
cells in the bone marrow suggests that dlk may play an
important role in the cell—cell interactions that are crucial
for early B cell development in bone marrow [30].

Several possibilities could explain the observation that
lack of dlk results in increased numbers of Fr A cells in
bone marrow. One possibility is increased proliferation of
Fr A cells. Our observations (Fig. 2) and prior evidence
indicate that Fr A cells are not highly proliferative [4,41].
Our results show that Fr A proliferates minimally in the
presence of IL-7 and certainly not better when dlk is lack-
ing, so our experiment does not support the possibility that
Fr A cells are more proliferative in DIkl =/~ mice. How-
ever, our observation that normal DIk! /% pro-B cells can
proliferate slowly without IL-7 on stroma lacking dlk (Fig.
2D) agrees with our previous findings [24].

A second possibility is that the transition from Fr A to
Fr B is suppressed in the absence of dlk. Indeed, we ob-
served that the absence of dlk on both stroma and B lin-
eage cells leads to poorer differentiation from Fr A in
vitro both in the presence and absence of IL-7. It is pos-
sible that this effect allows for the accumulation of Fr A
observed in vivo.

A third possibility is that lack of dlk results in more
frequent production of common lymphoid progenitors or
more frequent commitment to formation of Fr A cells.
Our experiment did not directly address these scenarios,
but we did not observe increases in T cell numbers in
DIkI™'~ mice that might be expected due to more pro-
genitors, or decreases if the existing progenitors more fre-
quently are directed to the B cell lineage. It remains pos-
sible that dlk inhibits differentiation of hematopoietic
stem cells (HSCs) and that its absence resulted in in-
creased differentiation of HSCs into Fr A pro-B cells. dlk
may play a similar role in human hematopoiesis because
it has been established that dlk is expressed in certain fe-
tal stromal cell lines and is necessary for proliferation
of undifferentiated hematopoietic stem cells (HSCs)
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FIG. 4. Changes in marginal zone and transitional (Tr) B cells in DIkl ™'~ spleen. (A) H & E-stained spleen sections from wild-
type (Wt) and DIkI~'~ (KO) mice at 50X magnification (top panel) and spleen sections of nonimmunized wild-type (Wt) and DIkl =/~
(KO) mice stained with IgM (Texas Red) and MAdACAM-1 (Alexa Green 488) mAb at 200X magnification. (T) T cell zones; (FO)
follicular areas; (MZ) marginal zone; (white bar) width of the MZ. (B) Dot plots show representative analysis of CD23 and CD21
expression on B2207 spleen cells from wild-type (Wt) or DIkl '~ (KO) mice. Histograms for CD23 and CD21 expression on wild-
type and DIkl ™'~ B cells are shown below the dot plots. (US) Unstained control. Dot plots also show representative analysis of IgM
and IgD expression. (C) Representative dot plots of B220™ AA4.1" Tr B cells from wild-type (Wt) or DIkl ™/~ (KO) spleen sam-
ples are shown. Cells within the indicated Tr region were analyzed for CD23 expression, as indicated by arrows. (D) Bar diagrams
show cell numbers in the indicated B cell populations. (MZ) Marginal zone; (Tr) transitional; (Trl) transitional type 1; (Tr2) transi-
tional type 2. n = 3 for all groups, and symbols indicate significant differences. (#) p < 0.04; (*) p < 0.003).

[20,42]. CD34* hematopoietic stem cells from low-risk
myelodysplastic syndrome (MDS) patients have in-
creased expression of dlk in bone marrow [27], and the
primary MDS condition results in defective differentia-
tion and ineffective hematopoiesis [27,43].

The increased number of Fr A cells in 4-week-old
DIkI~'~ mice decreased to normal levels by 6 weeks of
age. DIkl RNA was found to be expressed in neonatal
liver (Fig. 1D) and bone marrow stroma and B cells (Fig.
2B). These observations suggest that the influence of dlk
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KLH and serum was analyzed for the indicated DNP-specific antibodies. Results from primary (top panel) and secondary (bottom

panel) immune responses are shown. (Asterisks) Statistically si

on differentiation of stem cells into early B lineage pro-
genitors is more important for embryonic and neonatal B
cell differentiation.

Our preliminary in vitro differentiation studies sug-
gested that the generation of Fr C cells is at least equiv-
alent, if not better, in bone marrow cultures from 4-week-
old DIk1~/~ mice compared to controls. When we used
a less heterogeneous culture system, we observed that Fr
B cells are quite proliferative and capable of generating
Fr C cells in the presence of IL-7. In the absence of
IL-7, Fr B cells did not proliferate well and differentia-
tion to Fr C was inhibited. This might explain the trend
toward less Fr C cells as the DIkI™'~ mice aged. It is
possible that the young DIkl /= bone marrow microen-
vironment may not produce sufficient IL-7 to support dif-
ferentiation of Fr C efficiently. The dramatic response of
DIkI~'~ bone marrow cells to IL-7 stimulation in vitro
shows that there is no B cell-intrinsic defect in IL-7 re-

gnificant differences; (¥*) p < 0.01 and (**) p < 0.015.

sponse in DIkl ™'~ mice, supporting the idea that changes
occur in the bone marrow microenvironment.

Interestingly, there was a decrease of the Fr F mature
recirculating B cell population in bone marrow of 8-
week-old DIkl ™'~ mice, at an age where increases in Tr
and MZ B-cells were observed. The reduced number of
FO B cells and reduced memory response suggest the
possibility that Fr F production is inhibited in DIkl =/~
mice. Another possibility is that homing or stromal sup-
port are decreased when dlk is lacking. It has been shown
that survival of mature B/plasma cells in the bone mar-
row is dependent on stromal cells [44] and homing of
plasma cells to the bone marrow is dependent upon
cell—cell interactions between plasma cells and stromal
cells [45]. Further studies are necessary to distinguish
among these possibilities.

Our results show that lack of dlk not only affects bone
marrow B cell differentiation but also perturbs peripheral

504



B CELL DEVELOPMENT AND FUNCTION IN DLK-/MICE~

B cell compartments, resulting in increased numbers of
Tr and MZ B cells and decreases in FO B cell numbers.
Studies in IL-7, E2A, and A5 knockout mice have also
shown that defective early B cell development often re-
sults in an expanded MZ as a compensatory mechanism
to attain a complete natural antibody repertoire [46]. An
interesting question is whether the peripheral B cell
changes in DIkI~/~ mice are due to the alterations in
early B cell development or peripheral influences on B
cell development.

Changes in B cell development are reflected in the al-
tered immunoglobulin levels in preimmune and immu-
nized animals. Whereas FO B cells are important for the
germinal center reaction and formation of long-term
memory cells [47], MZ B cells act as a first line of de-
fense [48] and mediate T-independent immune responses
[49]. In preimmune animals at 8 weeks of age, there were
elevated levels of IgG and IgGs, isotypes associated with
MZ B cells (Fig. 5). At 8 weeks of age, MZ B cell num-
bers are increased compared to those of the wild-type
control mice (Fig. 5) and could have led to the observed
increases in these Ig isotypes in DIkl '~ mice.

Our observation that the primary T-dependent antibody
response (Fig. 5C) is increased in DIkl ~/~ mice may in-
dicate that both FO and MZ B cells could have contrib-
uted to it. It has been recently shown that MZ B cells are
capable of mounting a T-dependent response [50]. The
decrease in IgG; and IgG;,n. secondary responses are
explained by several observations including the de-
creased number of FO B cells, the primary source of
memory B cells. Also, the MZ B cells, most likely the
source of the increased primary antibody, do not gener-
ally form memory cells [33] and might not participate in
the secondary response and could favor the generation of
antibody-forming cells (AFCs) over memory cells.

Recently, published observations show that dlk plays
a role in B cell development in vivo. Sakajiri et al. [27]
reported impaired in vitro pre-B cell growth as evidenced
by a pre-B colony assay. In contrast, our observations
suggest there are no defects in pre-B cell formation (Fr
C and Fr D) and no defect in the in vitro response to IL-
7 stimulation. However, the differences in those results
could be due to differences in the targeting construct and
technical details of assays. Our study used more molec-
ular markers to characterize in vitro and in vivo B cell
populations in DIkl ™/~ mice.

Different stages of B cell development require cell—cell
interactions for growth and differentiation. We have
shown that mice lacking dlk have altered patterns in stro-
mal-dependent stages of bone marrow B cell develop-
ment. We also saw that splenic B cell populations are al-
tered in DIkI~/~ mice and that the humoral immune
response in dlk-deficient mice is altered. Altogether,
these results show that dlk is an important molecule that
regulates B cell development.
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