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APS (adaptor molecule containing PH and SH2 domains) is an intracellular adaptor protein that forms an
adaptor family along with Lnk and SH2-B. While experiments using cultured cell lines have demonstrated that
APS is phosphorylated in response to various stimuli, its in vivo functions remain unclear. We attempted to
determine the physiological roles of APS by generating APS-deficient (4PS~/~) mice. APS~/~ mice were viable
and fertile and showed no abnormalities or growth retardation. Inmunologically, 4PS ™'~ mice showed normal
development and distribution of lymphocytes and myeloid cells, except for increased numbers of B-1 cells in
the peritoneal cavity. APS™'~ mice exhibited an enhanced humoral immune response against trinitrophenol-
Ficoll, a thymus-independent type 2 antigen, while APS™'~ B-2 cells exhibited normal proliferative responses and
tyrosine phosphorylation of intracellular proteins upon B-cell receptor (BCR) cross-linking. APS colocalized
with filamentous actin (F-actin) accumulated during the capping of BCRs in APS-transgenic B cells. After BCR
stimulation, F-actin contents were lower in APS™'~ B-1 cells than in wild-type B-1 cells. Our results indicate
that APS might have a novel regulatory role in actin reorganization and control of B-1 cell compartment size.

B cells differentiate from progenitor cells to form a diverse
repertoire reactive to almost all potential pathogens. During
this differentiation, a series of developmental programs and
checkpoints regulate the production of functionally mature B
cells. The pre-B-cell receptor (pre-BCR) shares many signaling
components with the BCR and transmits critical signals that
allow the selection of precursors that express productive im-
munoglobulin heavy chains (29). Self-antigens presented on
stromal cells trigger BCRs, which then provide signals that
help determine the fate of the lymphoid precursors (13). Var-
ious growth factors and cytokines, such as stem cell factor,
FlIt3-L, and interleukin 7 (IL-7), assist in the regulation of
lymphoid precursor expansion by binding to c-Kit, FIk2, and
IL-7 receptors, respectively (3).

Developing B-cell precursor populations, as well as periph-
eral B-cell subpopulations, can be characterized according to
their expression of BCRs and various other surface markers
(9). Immature B cells generated in the bone marrow (BM)
emigrate to the periphery and give rise to a heterogeneous
peripheral B-cell population, consisting of recirculating cells
located in spleen and lymph node follicles and nonrecirculating
cells mainly localized to the splenic marginal zone (MZ). The
majority of splenic B cells in the adult mouse are follicular
(FO) B cells, with MZ B cells representing only 5 to 10% (26,
34). B-1 cells are another self-renewing B-cell subset, but they
do not develop in the BM. B-1 cells predominate in the peri-
toneal and pleural cavities (21). While MZ B cells and B-1 cells
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produce natural antibodies and provide a first line of defense
against antigens, FO B cells are involved in thymus-dependent
(TD) antibody responses, from which memory and plasma cells
are generated (26).

The binding of extracellular ligands to cell surface polypep-
tide receptors, such as antigen receptors and growth factor
receptors, initiates a cascade of events through the activation
of intracellular protein kinases (2, 40). The phosphorylation
events catalyzed by these kinases both modulate the catalytic
activity of effector enzymes and mediate the protein-protein
interactions that juxtapose critical signal transduction ele-
ments. While the details of how signaling molecules are
activated or recruited to receptors have yet to be completely
elucidated, recent studies have defined an array of adaptor
proteins that integrate and regulate multiple signaling events
(22, 25, 37). Adaptor proteins lack kinase, phosphatase, and
transcriptional domains and instead contain multiple binding
sites, such as SH2, SH3, or PH domains, that mediate protein-
protein or protein-lipid interactions. The importance of adap-
tor proteins has been demonstrated in various signaling path-
ways. For example, mice lacking the adaptor protein SLP-76
(SH2 domain-containing leukocyte protein of 76 kDa) or LAT
(linker for activation of T cells) show severe defects in T-cell
development due to impaired pre-T-cell receptor signaling
during T lymphopoiesis (4, 38, 52). Similarly, mice lacking
BLNK/SLP-65/BASH manifest severe defects in the matura-
tion of pro-B cells to pre-B cells (11, 20, 36).

Together with Lnk and SH2-B, APS forms an adaptor pro-
tein family that shares a homologous N-terminal region with
proline-rich stretches, PH and SH2 domains, and a conserved
C-terminal tyrosine phosphorylation site (19, 35, 43, 50). It has
previously been demonstrated that Lnk plays a critical role in
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the regulation of B-cell precursor and hematopoietic progen-
itor cell production. Mutant mice lacking Lnk show enhanced
B-cell production due to the hypersensitivity of B-cell precur-
sors to stem cell factor, a ligand for c-Kit (43). In addition,
Ink~'~ mice exhibit increased numbers of hematopoietic pro-
genitors in the BM, and the ability of hematopoietic progeni-
tors to repopulate irradiated host animals was greatly en-
hanced by the absence of Lnk (42). It has also been reported
that SH2-B is an important signaling molecule in the insulin-
like growth factor I-mediated reproductive pathway. SH2-B~/~
mice displayed slight growth retardation and impaired fertility
due to insufficient gonadal tissue maturation (33). A third mem-
ber of the Lnk protein family was also isolated by using a homol-
ogous region conserved between Lnk and SH2-B as a probe (19).
This protein was the murine homologue of APS that had al-
ready been cloned as a possible candidate substrate for the
c-Kit tyrosine kinase receptor. Other studies have since shown
that APS is phosphorylated upon stimulation with various
growth factors, including insulin, nerve growth factor (NGF),
and BCR cross-linking (19, 31, 39, 50). Nonetheless, the phys-
iological role of APS has not been properly evaluated in vivo.

To investigate the in vivo function of APS in the immune
system, we generated mutant mice that lacked APS (APS™/~
mice). APS ™/~ mice were viable, fertile, and showed no abnor-
malities or growth retardation. Although lymphoid- and my-
eloid-cell developments were not severely affected, B-1 cell
numbers in the peritoneal cavity were increased and humoral
immune responses to thymus-independent type 2 (TI-2) anti-
gen were significantly enhanced in the absence of APS. APS
colocalized with filamentous actin (F-actin) during the capping
of receptors of stimulated B cells overexpressing APS, which
showed increased F-actin contents upon BCR cross-linking. In
contrast, F-actin content was lower in stimulated APS™/~ B-1
cells than in wild-type B-1 cells. These results indicated that
APS might regulate the function and maintenance of B-1 cells
and modulate the response against TI-2 antigen via controlling
actin reorganization.

MATERIALS AND METHODS

Mice. Genomic fragments containing coding exons of the APS gene were
isolated as described previously (19). The G418 resistance cartridge from
pMClneo (Stratagene, La Jolla, Calif.) was inserted between the 3.6-kb EcoRI
fragment 5 of the first coding exon and the 2.4-kb PCR-amplified fragment
containing the seventh coding exon, and the herpes simplex virus tk gene was
ligated to the 3’ end for selection against nonhomologous recombination. Trans-
fection into AK7 embryonic stem (ES) cells (8) and the screening of ES clones
carrying the targeted allele were performed as described previously (43). The
generation of chimeric mice from APS™/~ ES cells and germ line transmission of
the mutant allele were confirmed by Southern blot analysis of tail DNA obtained
from progeny mice. Experiments were performed with 129/Sv-C57BL/6 mixed-
background mice. All mice were housed under specific-pathogen-free conditions
and were analyzed between 6 and 12 weeks of age.

The generation of lymphocyte-specific APS-transgenic (4PS-Tg) mice will be
described elsewhere (M. Iseki and S. Takaki, unpublished data). Briefly, mouse
APS cDNA (19) was inserted into the p1026x vector that contained the murine
Ick proximal promoter, immunoglobulin intronic heavy-chain enhancer Ep, and
the human growth hormone (GH) gene cassette (18, 44), and fragments con-
taining the transgene were injected into mouse zygote pronuclei.

Flow cytometry. Single-cell suspensions of lymphocytes from BM, spleen, or
the peritoneal cavity were prepared, stained, and analyzed as previously described
(43). The following monoclonal antibodies were used: fluorescein isothiocyanate
(FITC)-conjugated anti-Mac-1 (M1/70), phycoerythrin (PE)-conjugated and biotin-
conjugated anti-CD3e (145-2C11), PE- and biotin-anti-CD43 (S7), PE-anti-Gr-1
(RB6-8C5), FITC-anti-CD21/CD35 (7G6), PE- and biotin-anti-CD23 (B3B4), PE-
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and biotin—anti-CD5 (53-7.3) (all purchased from BD PharMingen, San Diego,
Calif.), FITC- and PE-anti-B220 (RA3-6B2) (Caltag Laboratories, Burlingame,
Calif.), biotin-anti-IL-5 receptor alpha (IL-5Ra) (T21) (15), and biotin—anti-
immunoglobulin D (IgD) (CS/15; a gift from K. Miyake, University of Tokyo).
FITC- and PE-conjugated F(ab’), polyclonal anti-IgM fragments were purchased
from Caltag Laboratories, and PE- and TRI-COLOR-conjugated streptavidins
(Caltag Laboratories) were used to reveal biotin-coupled antibody staining.

Proliferation assays. Splenic B cells were purified by using a magnetic cell
sorting system (Miltenyi Biotec, Bergisch Gladbach, Germany) following incu-
bation with biotin-conjugated anti-CD43 (BD PharMingen) and streptavidin-
coupled microbeads (Miltenyi Biotec). B cells (2 X 10°) were cultivated in 0.2 ml
of RPMI 1640 medium supplemented with 8% fetal calf serum, 50 pM 2-mer-
captoethanol, 100 U of penicillin/ml, and 100 pg of streptomycin/ml in a 96-well
plate. The cells were stimulated with F(ab’), of goat anti-mouse IgM (Jackson
ImmunoResearch Laboratories, West Grove, Pa.), IL-4 (PeproTech EC, Lon-
don, United Kingdom), anti-CD40 (HM40-3; BD PharMingen), or lipopolysac-
charide (LPS) (Difco Laboratories, Detroit, Mich.). The cells were pulse-labeled
with [*H]thymidine (0.2 wCi per well) during the last 16 h of a 66-h culture
period, and the incorporated [*H]thymidine was measured with a MATRIX 96
direct beta counter (Packard, Meriden, Conn.).

Immunization and ELISA. Concentrations of each immunoglobulin isotype in
serum were determined for 6-week-old mice by isotype-specific enzyme-linked
immunosorbent assay (ELISA) (46). To measure the production of the antibod-
ies against a TI antigen, the mice were intraperitoneally injected with 10 pg of
trinitrophenol (TNP)-LPS (TI-1 antigen) or 10 pg of TNP-Ficoll (TI-2 antigen)
in normal saline and bled on days 7 and 14 after injection. Serial dilutions of
serum were analyzed for TNP-specific immunoglobulin isotypes by ELISA with
2,4-dinitrophenol-coupled bovine serum albumin (which cross-reacts with anti-
TNP antibodies) as a capture reagent. To examine the response against a TD
antigen, mice were immunized intraperitoneally with 10 ug of TNP-keyhole
limpet hemocyanin (KLH) in a 1:1 homogenate of incomplete Freund’s adjuvant
(Nacalai Tesque, Kyoto, Japan) and normal saline. A booster dose of 10 pg of
TNP-KLH in normal saline was given on day 21. The mice were bled on days 7,
14, 28, and 35, and the presence of anti-TNP antibodies of each immunoglobulin
subclass was determined by using a TNP-specific ELISA.

Immunoprecipitation and immunoblotting. Purified splenic B cells were stim-
ulated with 30 pg of F(ab'), goat anti-mouse IgM/ml and lysed with lysis buffer
(19). Cell lysates were subjected to immunoprecipitation and immunoblot anal-
ysis as previously described (19). Briefly, lysates were incubated with anti-APS-N
antibodies and protein G Sepharose 4 Fast Flow (Amersham Pharmacia Bio-
tech) at 4°C for 1 h. Then, the Sepharose beads were washed five times with 1%
NP-40-phosphate-buffered saline (PBS). The precipitated proteins were re-
solved by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis under
reducing conditions and transferred to a polyvinylidene difluoride membrane
(Immobilon; Millipore, Bedford, Mass.). After blocking with 5% bovine serum
albumin or low-fat dry milk-Tris-buffered saline (pH 7.6), blots were probed with
anti-APS (19) and anti-phosphotyrosine monoclonal antibody (4G10; Upstate
Biotechnology, Lake Placid, N.Y.).

F-actin measurement. Purified B cells or antibody-stained splenocytes or peri-
toneal cells were stimulated with 30 g of F(ab’), goat anti-mouse IgM/ml, washed
with PBS, and then fixed in 3.7% formaldehyde for 30 min on ice. Following
permeabilization with 0.2% Triton X-100 in PBS for 30 min, the cells were
stained with rhodamine-phalloidin (Molecular Probes, Eugene, Oreg.) for 1 h
and washed three times. Fluorescence intensity was measured by flow cytometry.

Confocal microscopy. Purified B cells stimulated with F(ab'), goat anti-IgM
antibody were deposited on microscope slides by using a Cytospin 3 centrifuge
(Shandon Scientific, Cheshire, England) and fixed in 3.7% formaldehyde. The
cells were permeabilized with 0.2% Triton X-100 in PBS and stained with
anti-APS and FITC-conjugated anti-rabbit IgG (for APS detection) and rho-
damine-phalloidin (for actin detection). After washing with PBS, coverslips were
mounted and the slides were observed with a laser scanning confocal microscope
(Olympus, Tokyo, Japan).

RESULTS

Generation of APS™'~ mice. To generate APS-null mice, we
deleted six exons of the APS gene, from the first methionine
residue to the middle of the SH2 domain, and replaced this
region with the neomycin phosphotransferase cassette (Fig.
1A). The successful disruption of the APS gene and the ab-
sence of intact or partial APS proteins were confirmed by
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FIG. 1. Generation of APS-deficient mice. (A) Schematic representations of wild-type and mutant APS gene loci and the targeting vector.
Exons are represented by black boxes. The neomycin resistance gene (neo) and the gene encoding herpes simplex virus thymidine kinase (HSV-tk)

are indicated. The 5’ and 3’ probes used for Southern blotting are indicated.
sentative Southern blot analysis. Tail genomic DNA obtained from +/+, +/—,

Restriction site abbreviations: B, BamHI; S, Scal; E, EcoRI. (B) Repre-
and —/— mice was probed with 5" or 3’ probes. (C) Lack of APS protein

expression in APS ™/~ mice. Splenocytes obtained from +/+ or —/— mice were lysed, and APS expression was determined by immunoprecipitation

followed by immunoblot analysis with anti-APS C-terminal antibodies. AP

Southern blot and immunoblot analyses (Fig. 1B and C).
APS~'~ mice were produced in a Mendelian ratio from het-
erozygous crossbreeding (+/+, 22.3%; +/—, 48.8%; and —/—,
28.9% [n = 121]) and were indistinguishable from littermates
with respect to appearance, general behavior, body and organ
size, and fertility.

Bone marrow
+/+ -/ -

S proteins were detected as doublet bands (arrowheads).

B-1 cell numbers were increased in APS™'~ mice. APS is
highly expressed in the spleen, lymph nodes, and BM, as well
as in the brain and kidney (19). It has also been shown that
APS is expressed by B cells but not by T cells in the spleen and
is tyrosine phosphorylated upon BCR cross-linking in B-cell
lines (19). Based on these observations, we examined lympho-

Peritoneal cavity

+/+ -/-

3.9 4.9

CDs

IL-5Ra

Gr-1

CD21/35

Mac-1 cD23

FIG. 2. Lymphocyte development in APS™/~ mice. Representative two-color fluorescence plots show BM cell expression of B220 and IgM,
B220 and CD43, and Gr-1 and Mac-1 (left panels); the splenocyte expression of B220 and CD3, IgD and IgM, and CD21/35 and CD23 (middle
panels); and the peritoneal cavity lymphocyte expression of IgM and CD5 and of B220 and IL-5Ra (right panels). Numbers represent the
percentages of cells that fall into the indicated boxes of total gated live cells. CD5* and IL-5Ra™ B-1 cell numbers were increased in the peritoneal
cavities of APS™/~ mice.
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TABLE 1. Increase in B-1 cell numbers in the peritoneal
cavities of APS™/~ mice”

Mean no. of B-1 cells (10°) = SEM in mice

Cells with genotype (1)’
+/+ (13) —/- (17)
Total 5.1 =0.31 6.1 = 0.52
IgM" CD5* 0.48 = 0.069 0.90 = 0.13¢
IgM* CD5~ 0.41 + 0.040 0.62 + 0.089

“ Cells obtained from the peritoneal cavity were labeled with the indicated
antibodies and analyzed by flow cytometry.

b Statistical analysis was carried out by using Student’s ¢ test. n, number of
mice.

¢ Significantly different from the value for +/4 mice at a P value of <0.02.

cyte and myeloid-cell development in APS™/~ mice. As ex-
pected from the undetectable APS expression in wild-type T-
lineage cells, thymocytes developed normally in APS ™/~ mice,
and subpopulations of peripheral CD4" and CD8™ T cells and
CD122 (IL-2RB)* NK T cells were not altered in the absence
of APS (data not shown).

The lymphocyte and myeloid-cell numbers in APS ™'~ mouse
BM, spleen, and lymph nodes were also normal. B-cell precur-
sor fractions, such as pro-B cells (B220" CD43 ™), pro-B and
pre-B cells (B220" IgM ™), immature B cells (B220" IgM ™),
recirculating mature B cells (B220"&" IgM™), and myeloid
cells (Mac-1" Gr-1") from APS~'~ BM were also comparable
to those from wild-type BM (Fig. 2). In the spleen, the ratio of
B (B220") to T cells (CD3") and the percentages of B-cell
subpopulations, such as immature (IgM"&" IgD'™), transi-
tional (IgM™e" IgD"&"), mature (IgM'*~ IgDMe"), FO (CD21/
35" CD23"), and MZ (CD21/35"&" CD23") cells, were not
altered by APS deficiency (Fig. 2). In addition, we observed no
abnormalities in terms of splenic architecture in 4APS ™'~ mice,
and B-cell follicles, MZs, and T-cell arcas were all well main-
tained (data not shown).

As B-1 cells have characteristics that are distinct from those
of BM-derived B-2 cells in terms of development, anatomic
localization, and function, we next examined peritoneal cavity
B-1 cells. The total number of peritoneal lavage cells was
slightly increased in APS~/~ mice (Table 1). As shown in Fig.
2, IgM™* CD5" B-la cells, as well as total B220* IL-5Ra™ B-1
cells, were overrepresented in APS™'~ mice, and the number
of [gM* CD5 " B-1a cells was nearly twofold higher in APS ™/~
mice than in wild-type mice, while IgM™ CD5~ B-2 cell num-
bers were unchanged (Table 1). Thus, our results indicated
that, while APS appeared not to be essential for the develop-
ment of most lymphoid and myeloid cells, APS deficiency did
result in a significant increase in B-1 cell numbers.

B-cell responses in the absence of APS. We then studied
B-cell responses against various mitogenic stimuli to determine
whether B-cell activation was affected by the absence of APS.
Upon anti-IgM stimulation, APS™'~ splenic B cells exhibited
proliferation that was comparable to that of control B cells
(Fig. 3A). APS '~ B cells also proliferated to the same extent
as APS™'* cells in response to LPS, anti-CD40, and 1L-4 (Fig.
3A). The patterns of total cellular protein tyrosine phosphor-
ylation and BCR-induced calcium influx were not significantly
different in APS~'~ splenic B cells and splenic B cells from
APS™'* littermates (Fig. 3B and data not shown). Thus, the
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biological and biochemical responses of splenic B cells in vitro
were not significantly altered in the absence of APS.

The finding of increased B-1 cell numbers in the peritoneal
cavity prompted us to examine the humoral immune responses

A

100 , A 1 10

€
o
(&]
=
E 1 10
.g anti-lgM F(ab')2 (ug/ml) LPS (ug/ml)
=
@
=
5 =
E 2 = 2
>
L
k
E"JI 1 1
o 10 100 ! 1 10
1 ug/ml anti-IgM F(ab')2 anti-CD40 (ug/ml)
+ IL-4 (ng/ml)
B
+/+ -/=
anti-IigM .
F(ab')2 -1 515 - 1 5 15min.
(kDa)
a::ueo
'i-TI —78
H

Total cell lysate

Blot : 4G10

FIG. 3. Proliferative responses and protein tyrosine phosphoryla-
tion of cellular proteins in APS ™/~ B cells. (A) Proliferation of splenic
B cells induced by anti-IgM F(ab'),, LPS, anti-IgM F(ab"), plus IL-4,
and anti-CD40. Splenic B cells from +/+ (O0) or —/— (®) mice were
treated with the indicated stimuli, and proliferation was measured on
day 3 by [*H]thymidine incorporation. The values are the mean counts
per minute * standard deviations of triplicate determinations. Repre-
sentative results of three independent experiments are shown.
(B) Phosphorylation of intracellular proteins induced by anti-IgM
F(ab"), stimulation of splenic B cells from +/+ or —/— mice. Purified
splenic B cells were stimulated with 30 pg of anti-IgM F(ab’), anti-
body/ml for the indicated times. The total cell lysates were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to a polyvinylidene difluoride membrane. The membrane
was probed with an anti-phosphotyrosine antibody, 4G10, and visual-
ized by enhanced chemiluminescence.
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TABLE 2. Antibody production in APS™/~ mice

Mean serum Ig level (pg/ml) = SEM for’:

Genotype
(OX IgM IgGl  IgG2a  IgG2b 1¢G3 IgA
H/4(9) 120+10 180 =67 90+30 260+42 49+43 85+95

—/—(12) 140+13 150*46 7717 200x36 79 *=6.9° 84=x7.1

“n, number of mice.

? Concentrations of immunoglobulin subclasses in serum as determined by
isotype-specific ELISA. Statistical analysis was carried out by using Student’s ¢
test.

¢ Significantly different from the value for +/+ mice at a P value of <0.005.

of APS™'~ mice. The immunoglobulin isotype levels in serum
were all within their normal ranges, except for IgG3, which was
slightly increased in APS~/~ mice (Tables 2 and 3). APS ™/~
mice mounted normal humoral immune responses against the
TD antigen TNP-KLH, and time courses of antibody produc-
tion by APS™'~ and APS™'" mice after primary and secondary
immunization were indistinguishable (Table 3 and data not
shown). APS™/~ mice also showed normal responses against
the TI-1 antigen, TNP-LPS. However, APS~'~ mice displayed
significantly increased IgM and IgG3 isotype antibody produc-
tion after immunization with the TI-2 antigen, TNP-Ficoll (Ta-
ble 3).

APS amounts affected actin assembly in activated B cells.
Recently, it was proposed that Lnk family proteins contribute
to the regulation of the actin cytoskeleton and that SH2-B is
involved in GH-induced actin reorganization (14). The actin-
binding protein ABP-280 associates with Lnk (12), and Lnk
overexpression in fibroblasts results in extensive actin reorga-
nization (S.-M. Kwon and S. Takaki, unpublished data). There-
fore, we examined the roles of APS in actin reorganization in
primary B cells. Because of difficulty in the detection of APS by
immunostaining in wild-type primary B cells, we employed B
cells from lymphocyte-specific APS-Tg mice. Staining with rho-
damine-phalloidin and anti-APS antibodies revealed that APS
colocalized with F-actins accumulated during the capping of
the BCR complex in B cells stimulated by BCR cross-linking
(Fig. 4A). F-actin contents increased after BCR stimulation in
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primary B cells, and the increase in F-actin contents was more
prominent in APS-Tg B cells than in control B cells (Fig. 4B).
With the results observed for APS-Tg B cells in mind, we
examined actin assembly induced by BCR cross-linking in
APS™'~ B cells. F-actin contents in peritoneal B-1 cells and
splenic B-2 cells were analyzed by flow cytometry after rho-
damine-phalloidin staining. Unstimulated APS '~ B cells tend-
ed to show slightly decreased F-actin contents compared to
those of wild-type B cells (Table 4). After BCR cross-linking,
APS~'~ B-1 cells showed significantly reduced F-actin contents
compared to those of wild-type B-1 cells (Fig. 5 and Table 4).
The reduction in F-actin contents after BCR cross-linking was
less significant in APS™/~ B-2 cells. Thus, APS amounts af-
fected actin assembly in activated B cells, and F-actin contents
decreased in the absence of APS, especially in B-1 cells.

DISCUSSION

APS deficiency results in increase of B-1 cells. In this study,
we investigated the in vivo functions of APS, with a particular
focus on the immune system, by generating APS~/~ mice. Our
results showed that, while the development and distribution of
B-2 cells was normal, the numbers of B-1 cells in the peritoneal
cavity and the humoral immune responses against a TI-2 an-
tigen were significantly enhanced in APS~'~ mice. Although
various cellular responses induced by BCR stimulation were
normal, assembled F-actins in activated B-1 cells were signifi-
cantly reduced in the absence of APS. These results indicate
that APS appears to play a role in B-1 cell development,
maintenance, or activation and that APS may regulate actin
reorganization and modulate the number of B-1 cells.

B-1 cells undergo positive selection and, compared to B-2
cells, require stronger BCR-mediated signaling or higher BCR
expression levels for development and/or maintenance (10). A
deficiency of signaling molecules that attenuate BCR signals
often results in the selective reduction of B-1 cells in mice. For
example, mice lacking the p85a subunits of phosphatidylinosi-
tol 3-kinase, Btk, or phospholipase C-y2 all show severely
reduced B-1 cell numbers, while B-2 cell numbers remain rel-

TABLE 3. Antibody responses against the TI-1, TI-2, and TD antigens

Mean antibody production (relative titer [10?]) = SEM®

Antigen and
genotype (n) IeM 1G 1¢G1 16G2a 16G2b 16G3 IeA
TL-1¢
++ (8) 11+ 16 0.66 + 0.15
—/=(7) 16 = 2.6 0.89 + 0.21
TI-2¢
+/+ (9) 11+ 1.1 42+ 1.1
—/— (10) 16+ 1.7 9.5 + 2.0¢
D'
+/+ (3) 4.7 +0.32 93 + 6.8 16 5.5 74 + 22 94 +23 8.9 +22
—/= (5) 3.9+ 0.80 120 + 33 11+3.1 46 + 14 79+ 1.7 10+ 2.8

“n, number of mice.
b Statistical analysis was carried out by using Student’s ¢ test.

¢ Mice were injected with the TI-1 antigen TNP-LPS, and the levels of hapten-specific IgM and IgG antibodies were measured at day 14 by ELISA.
4 Mice were injected with the TI-2 antigen TNP-Ficoll, and the levels of hapten-specific IgM and IgG3 antibodies were measured at day 14 by ELISA.

¢ Significantly different from the value for +/+ mice at a P value of <0.05.

/Mice were immunized with the TD antigen TNP-KLH, and the TNP-specific immunoglobulin subclasses were measured 7 days after the second immunization.
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FIG. 4. APS colocalizes with actin and regulates its reorganization.
(A) APS colocalizes with polymerized actin fibers. APS-Tg B cells
stimulated with goat anti-IgM F(ab’), fragments for 20 min were fixed,
permeabilized, and stained with rabbit anti-APS and FITC-conjugated
anti-rabbit IgG (left column) or rhodamine-phalloidin (center col-
umn). Merged images of anti-APS staining, actin staining, and a phase-
contrast image are also shown (right column). (B) Analysis of F-actin
content by flow cytometry. Purified splenic B cells were stimulated with
anti-IgM, fixed, permeabilized, stained with rhodamine-phalloidin, and
analyzed by flow cytometry. The average F-actin content is represented
as the mean fluorescence intensity (MFI) *+ standard deviation of
results from three independent experiments at each time point, as
shown on the lower axis. Statistical analysis was carried out by using
Student’s ¢ test. *, statistically significant at a P value of <0.05 com-
pared with control.

atively normal (7, 23, 24, 41, 48). APS transcripts were com-
parably expressed in both B-1 and B-2 cells (data not shown).
Our cellular and biochemical analyses of APS™/~ splenic B
cells failed to detect any obvious enhancement of BCR-medi-
ated responses. However, it may be hypothesized that B-1 cells,
which are more sensitive to BCR-mediated signal strength
than B-2 cells, are likely to be selectively expanded in APS ™/~
mice due to the high level of BCR expression combined with
slightly enhanced BCR-mediated signaling in the absence of
APS. The reduction of actin assembly in stimulated B-1 cells
might provide a certain advantage in signaling through BCRs.
Alternatively, APS deficiency or the resulting reduced F-actin
contents after BCR cross-linking may provide better signaling
through growth factor or cytokine receptors that mediate the
growth or survival responses of B-1 cells.

MoL. CELL. BIOL.

TABLE 4. Decreased F-actin contents in APS~/~ B-1 cells

Mean F-actin content (%) *

Cell type Anti-IgM SEM*
+/+ —/=
B-1 - 100 92 =45
+ 100 88 + 2.8"
B-2 - 100 97+ 1.9
+ 100 96 + 2.9

“ Antibody stained splenocytes or peritoneal cells were stimulated with anti-
IgM (+) or left unstimulated (—), fixed, permeabilized, stained with rhodamine-
phalloidin, and analyzed by flow cytometry. The average F-actin contents for
—/— mice measured by fluorescence intensity for rhodamine-phalloidin are rep-
resented as the values relative to those for +/+ mice from four independent
experiments. Statistical analysis was carried out by using Student’s ¢ test.

b Significantly different from the value for +/+ cells at a P of <0.01.

APS in signals mediated through growth factor receptors. It
has been demonstrated that APS can be phosphorylated by
various tyrosine kinase receptors, including c-Kit, the NGF
receptor, the platelet-derived growth factor receptor, cytokine
receptors such as IL-3R, and the GH receptor (19, 39, 50, 51).
Indeed, APS was originally isolated as a potent c-Kit substrate
and has been shown to interact with c-Kit in a tyrosine phos-
phorylation-dependent manner (50). It has been shown that
Lnk, another member of the adaptor protein family, negatively
regulates c-Kit signaling (32, 42, 43). However, APS™/~ mice
showed neither developmental abnormalities nor growth retar-
dation. In addition, APS™/~ mice manifested no anemia, and
mast cells established from APS~/~ BM cells displayed normal
c-Kit-mediated proliferation and adhesion (C. Kubo, M. Iseki,
and S. Takaki, unpublished data). Despite APS phosphoryla-
tion induced via receptors for growth factors and cytokines, we
found no evidence that APS functions in c-Kit, NGF receptor,
platelet-derived growth factor receptor, IL-3R, or GH receptor
signaling. Thus, APS may be dispensable for signals mediated
through tyrosine receptor kinases or cytokine receptors.

Independent from its identification as a possible c-Kit sub-
strate, APS has also been isolated by virtue of its ability to
associate with a cytoplasmic domain of the insulin receptor

B-1

B-2

— F-actin

FIG. 5. Reduced F-actin contents in APS ™/~ B-1 cells stimulated by
BCR cross-linking. Antibody-stained splenocytes or peritoneal cells
were stimulated with 30 wg of F(ab’), goat anti-mouse IgM/ml,
washed, fixed, permeabilized, stained with rhodamine-phalloidin, and
analyzed by flow cytometry. The F-actin contents of anti-IgM-stimu-
lated B-1 or B-2 cells from +/+ (dashed line) or —/— (solid line) mice
are shown. Representative results of four independent experiments are
shown.
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(31). APS binds to phosphotyrosines within the activation loop
of the insulin receptor via the SH2 domain and undergoes
phosphorylation of a tyrosine residue upon stimulation with
insulin. Interestingly, APS~/~ mice exhibited increased sensi-
tivity to insulin and enhanced glucose tolerance (30). Although
the mechanisms that lead to insulin hypersensitivity are not
clear at present, it does appear that APS plays a negative
regulatory role in insulin function and glucose metabolism. As
discussed above, it cannot be ruled out at this point that an
increase of peritoneal B-1 cells is a secondary effect of insulin
hypersensitivity.

Possible molecular mechanisms for APS to function in B-
lineage cells. Despite the observed interaction between APS
and c-Cbl in transfected cell lines (1, 47, 51), APS probably
exerts its function in a c-Cbl-independent manner. We found
no association between APS and c-Cbl in wild-type B cells
(data not shown). The time courses of phosphorylation for
various cellular proteins were not affected in APS™'~ B cells.
Interestingly, it has been shown that Lnk does not down-reg-
ulate or affect c-Kit expression levels but negatively regulates
c-Kit-mediated growth signals by attenuating Gab2 phosphor-
ylation following activation of the mitogen-activated protein
kinase pathway in a mast cell line (42). The C-terminal tyrosine
residue of Lnk that corresponds to the c-Cbl binding site of
APS is not required for the inhibitory function of Lnk either in
the mast cell line or in B progenitors in BM (42, 44). Thus,
both APS and Lnk function as negative regulators of signaling
in B-lineage cells and work in a c-Cbl-independent manner,
although they seem to act at different stages of lymphocyte
development and in different signaling pathways. In contrast,
SH2-B seems to act as a positive regulator of signal transduc-
tion. SH2-B~'~ mice show mild growth retardation and infer-
tility due to impaired gonad organ maturation (33). Despite
the significant structural similarities between APS, Lnk, and
SH2-B, these proteins appear to have diverse functions. How-
ever, possible overlapping functions of these adaptor proteins
in vivo should be examined by generating mutant mice that
lack various combinations of APS, Lnk, and SH2-B.

Vav3 has been shown to interact with APS (49) and to play
a role in BCR signaling (17). Vavl and Vav2 are expressed in
B cells and regulate BCR signals (5, 45). Although we found no
clear evidence for a relationship between APS and Vav family
proteins, it is still possible that Vav proteins are involved in
the signal transduction through APS. Vavl1, the hematopoietic-
specific guanine nucleotide exchange factor for Rho/Rac/
Cdc42, controls the actin cytoskeleton in primary T cells (6,
16). F-actin contents were reduced in activated APS~/~ B-1
cells. The involvement of microfilament assemblies in BCR
signaling events that lead to mitogenesis or apoptosis has
been demonstrated previously (27, 28). Although the molecu-
lar mechanisms that connect APS with actin polymerization
remain to be elucidated, it is possible that APS may regulate
the strength of signals by controlling the functions of Vav
family proteins and actin assemblies.

In conclusion, our studies describe a novel regulatory role
for APS in controlling B-1 cell compartment size in vivo. B-1
cells were increased and antibody production against a TI-2
antigen was enhanced in APS™/~ mice. APS colocalized with
F-actin, and actin reorganization was augmented in B cells
overexpressing APS. In contrast, F-actin contents were de-
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creased in APS~'~ B cells, especially in B-1 cells. We propose
that APS may modulate the strength of the signals, which
control B-1 cell development or maintenance by controlling
actin polymerization.
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