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FIGURE 4. Immunochistochemical
analysis for the detection of cytoplas-
mic TLR2 and TLR4 in the human
corneal epithelial cell line HCE-T.
HCE-T was cultured on a slide cham-
ber, washed with PBS™, and air-dried.
Slides were fixed with methanol for 30
min, then stained with PE-conjugated
mouse anti-human TLR2 (TL2.1) or
TLR4 (HTA125) mAb or isotype con-
ol mouse IgG2a for 24 h at room
temperature. Confocal images of
HCE-T showed specific staining with
anti-TLR2 and -TLR4 mAb in the pe-
rinucleic region or cytoplasm. DAPI
were used for counterstaining. Each bar
represents a length of 50 um.
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Alexa 488-LPS into HCE-T did not lead to the enhancement of
NF-xB-mediated signals (Fig. 6C). These findings suggest that cyto-
plasmically expressed TLR4 is not capable of responding to LPS even
when the endotoxin is intracellularly introduced.

Discussion
Interestingly, our results indicate that ocular surface epithelial
cells, which are an important component of the mucosal immune
system, express TLR-specific mRNA for two well-characterized
pattern recognition receptors, TLR2 and TLR4. However, incuba-
- tion with PGN and LPS failed to induce the secretion by HCE-T
and primary human comeal epithelial cells of inflammation-asso-
ciated cytokines such as IL-6 and IL-§. Further, NF-«B activation
was not up-regulated by the stimulation of HCE-T with LPS or
PGN. These results show that human corneal epithelial cells are
incapable of responding to LPS from P. aeruginosa and to PGN
from §. aureus. To support the finding, we subsequently used
FACS and immunohistochemical analyses to show that human
comeal epithelial cells express TLR2 and TLR4 intracellularly, but
not at the cell surface. Even when LPS was artificially delivered to
intracellularty expressed TLR4 in the cytoplasm, it did not lead to the
subsequent activation of NF-xB-mediated signaling for the induction
of IL-6 and IL-8. These findings suggest the interesting possibility that
the ocular surface epithelial cell-associated mucosal immune system
may create an immunosilent condition for TLR-mediated innate im-
‘munity to prevent unnecessary inflammatory responses to normal bac-
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terial flora. However, it has been shown that Langethans cells and
macrophages are located at the basal layer of the comeal epithelium
and comeal stroma (33). Thus, these APCs may immediately respond
to microbial products via TLRs.

Epithelial cells have long been thought to protect the integrity of
mucosal surfaces mainly by acting as a physical barrier to invading
pathogens. In fact, the mucosal epithelium serves as a critical im-

munological barrier against invasion by bacteria and viruses. As

well as constituting a physical barrier, mucosal epithelial cells are
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FIGURE 5. Immunchistochemical analysis for the detection of cyto-
plasmic TLR2 and TLR4 in human comeal epithelium. Slides of tissne
sections were fixed with methancl for 30 min and then stained with PE-
conjugated mouse anti-human TLR2 (TL2.1) or TLR4 (HTA125) mAbs or
isotype control mouse IgG2a for 24 h at room temperature. Tissue sections
of human cornea showed specific staining with anti-TLR2 and -TLR4 mAb
in the cytoplasm. Each bar represents a length of 50 um.
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active participants in innate and acquired mucosal immune re-
sponses. When invaded by respiratory or intestinal pathogens, mu-
cosal epithelial cells elicit proinflammatory gene expression, se-
cretion of cytokines and chemokines, and recruitment of
inflammatory cells to the site of infection (34). These findings
suggest that epithelial cells play a major role in innate immune
responses, which probably evolved to limit the infection by patho-
genic bacteria at the invasion site. Alternatively, epithelial cells
may initiate a sequence of innate and acquired immunity phases
for the induction of Ag-specific immunity in both mucosal and
systemic compartments. It is thus logical to assume that epithelial
cells residing at the mucosal surface continuously express an array
of TLR family members as sensors to detect and recognize invad-
ing pathogens. To this end, it has been shown that several TLRs,
including TLR2 and TLR4, are expressed in the mucosal epithe-
lium of the human trachebronchia (18). After exposure to LPS,
human trachebronchial epithelial cells were activated for the ex-
pression of increased hBD2 mRNA. Bladder epithelial cells have
also been reported to express TLR4 as well as increased levels of
proinflammatory cytokines after incubation with LPS (20). In total
contrast to these previous results, cur findings suggest that the corneal
epithelia do not express TLR2 and TLR4 at their cell surface.

To understand these seemingly conflicting findings, one must re-
visit the immunological and microbiological conditions prevailing in
the mucosal epithelium. Even in the absence of pathogens, the mu-
¢osa] epithelium is continuously exposed to great numbers of com-
mensal bacteria, both Gram-positive and -negative (35, 36). Despite
the high density of these commensal bacteria and their biologically
active products observed under these physiological circumstances, the
mucosal epithelium generally does not activate proinflammatory sig-
naling cascades against them. These commensal bacteria are generally
regarded as beneficial microfiora for the host because they can sup-
press pathogens by displacing them from a microbial niche or by
secreting antimicrobial substances (36), Normal bacterial fiora resid-
ing in the conjunctival sac or along the eyelid edge making contact
with the corneal surface include coagulase negative staphylococci, P.
acnes, and others (4, 5). Commensal flora are also key to creating a
symbictic host-parasite interaction for the intestinal mucosa, espe-
cially in the large intestine. It is our contention that comeat epithelial
cells purposely do not express TLRs (e.g., TLR2 or TLR4) 50 as to
prevent inappropriate immune responses against such commensal
bacteria, which, it must be admitted, are seen in lesser quantities at the
ocular surface than in the large intestine.

In support of our view are recent studies providing new evi-
dence that intestinal epithelial cells, perhaps in a bid to create a
quiescent condition, express extremely low levels of TLR4 and no
MD-2, a critical coreceptor of TLR4, and therefore do not respond
to LPS (13, 14). These findings contradict earlier reports, which
demonstrated that intestinal epithelial cells expressed TLR4 and
thus were activated by LPS (16, 17). It has also been shown that
nondifferentiated T84 cells obtained from colon cancers did not
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respond to LPS, because TLR4 was expressed in the cytoplasmic
compartment and not at the apical surface (15), In contrast, dif-
ferentiated T84 cells expressing TLR4 at the apical surface were
found to be capable of responding to LPS (15). Together with our
results, these findings suggest that mucosal epithelial ¢cells, which
continuously interact with commensal bacteria, are capable of
down-regulating the expression of TLR2 and TLR4. It is only nat-
ural that peripheral dendritic cells and macrophages, situated as
they are in immunologically sanitary conditions, respond immedi-
ately to pathogen-associated molecules such as LPS via TLR4 to
initiate immune responses. In contrast, epithelial cells, directly ex-
posed as they are to external environmental Ags along with resi-
dent commensals, must behave in a totally different manner with
regard to TLR-mediated immune responses. Moreover, on the oc-
ular surface of humans, differentiated corneal and conjunctival ep-
ithelial cells are exposed to commensal bacteria and therefore
would be expected to possess a down-regulatory mechanism for

. the TLR-mediated stimulation cascades. However, a previous re-

port found just the opposite; human comeal epithelial cells were
capable of responding to LPS via TLR4 expressed on their cell
surface (37)..One possible explanation could be that the previous
study based its conclusion on the basis of a single line of corneal
epithelial cells (10.014 pRSV-T) (37). In addition, another previ-
ous study demonstrated that human corneal epithelium were ca-
pable of responding to LPS, which resulted in the production of
inflammatory cytokines (e.g., IL-1a) (38). Because this study used
human comeal limbal epithelium cultured from explants prepared
from limbal rings of donor cornea, one cannot neglect the possi-
bility that other alien cells in the explant responded to LPS. To this
end, cormneal endothelial cells, keratocytes, and fibroblasts associ-
ated with oculus from human and animals have been shown to
respond to LPS (39-42). Further a previous report showed that
explants of corneal rims yielded in the outgrowth of epithelial cells
together with some single or clustered spindle-shaped cells resem-
bling fibroblasts (42). It has been also shown that endotoxin-in-
duced keratitis occurred in mice after administration of LPS to
cornea (43-45). However, it should be noted that LPS-induced
keratitis only occurred when cormeal epithelium was abraded. Al-
though we cannot pinpoint the reason for this discrepancy with the
previous studies, we believe that our results convincingly demon-
strate that although the comeal epithelial cell line and primary
corneal epithelial cells express TLR2 and TLR4 in the cytoplasm,
they remain unresponsive to PGN and LPS, respectively, as evi-
denced by the lack of inflammatory cytokine production, mRNA
expression, and NF-«B activity,

Our study also presents the novel finding that human corneat
epithelial cells express TLR2 and TLR4 intracellularly, but not at
the cell surface. Qur experiments further show that even when
stimulated with IL-1a or TNF-«, HCE express neither TLR2 nor
TLR4 ¢n their cell surface. However, such cytokine treatment did
activate comneal epithelial cells by means of the activation of

FIGURE 6. HCE-T and primary human corneal epithelial cells fail to respond to LPS even when LPS is translocated into the cytoplastn, When
cocultured with Alexa 488-LPS, human comeal epithelial cells did not internalize it (¢ and A of A), but monocytes did (b of A). To examine whether
intracellular TLR4 of human corneal epithelial cells can respond to LPS, Alexa 488-LPS was translocated into HCE-T and primary human corneal epithelial
cells using DOTAP liposomal transfection reagent. Although human corneal epithelial cells did not spontaneously take up Alexa 488-LPS from the culture
medium, the cells coincubated with 1 ug/ml Alexa-LPS and 5 pl/ml DOTAP showed punctated fluorescein (f and j of A). Confocal scanning laser
microscopy showed extensive Alexa 483-LPS loading in the cytoplasm of human corneal epithelial cells. SYTOX Orange nucleic acid stain was used for
counterstaining. In some experiments HCE-T and primary human corneal epithelial cetls were cultured in 24-well plates and, upon reaching subconfluence,
were left untreated or were exposed to DOTAP (5 u/ml) alone, DOTAP with Alexa-LPS (1000 ng/ml), or human IL-1« (10 ng/ml) for 24 h. The culture
supernatants were then harvested for measurement of IL-6 and IL-8 (B). To examine NF-xB activation, HCE-T were plated in six-well plates and, upon
reaching subconfluence, were left untreated or were exposed to DOTAP (5 ul/ml) alone, DOTAP with Alexa-LPS (1000 ng/ml), or human IL-1e (10 ng/mt)
for 7 h. After the stimulation, the NF-«B assay was performed using TransAM (C). ELISA and NF-«B assay data represent the mean * SEM from an
experiment with triplicate wells. *, p < 0.03; **, p < 0.005; #%+, p < 0,0005. Each bar represents a length of 50 um.
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NF-«B and the production of inflammatory cytokines, including
IL~6 and IL-8. Thus, even when activated, human corneal epithe-
lial cells did not recruit cytoplasmically expressed TLR4 to the cell
surface. Further, our experiments showed that human corneal ep-
ithelial cells failed to respond to LPS even when LPS was artifi-
cially translocated into them. At the moment, we do not have any
specific explanation for this unique finding. However, it was re-
cently shown that a deficiency of MD-2, an associated molecule of
the extracellular domain of TLR4, resulted in the lack of cell sur-
face TLR4 expression {46). When embryonic fibroblasts from
LPS-nonresponsive MD-2""" mice were examined, it was discov-
ered that TLR4 could not reach the plasma membrane, but instead
accumulated predominantly in the Golgi apparatus. In contrast,
TLR4 was distributed at the leading edge surface of cells in wild-
type embryonic fibroblasts (46). Moreover, TLRs were shown to
be retained intracelluiarly in the absence of endoplasmic reticulum
chaperone gp96, and thus the mutant cells of gp96 deficiency did
not respond to microbial stimuli (47). Based on these results, it
would seem plausible that cell surface TLR expression could be
regulated at the level of TLR4-associated molecules (e.g., MD-2)
and chaperon, These interesting possibilities will, of course, be the
subject of our future investigations.

In summary, the data presented in this study demonstrate that
human corneal epithelial cells fail to respond to PGN and LPS due
to their inability to express TLR2 and TLR4, respectively, on their
cell surfaces. Although both TLR2 and TLR4 were observed in the
cytoplasm of human corneal epithelial cells, translocation of LPS
to the cytoplasm did not elicit a response by those cells. These
findings suggest that human corneal epithelial cells possess a
unique regulatory mechanism for the inhibition of TLR2- and
TLR4-mediated innate immunity.
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Roles of a conserved family of adaptor proteins, Lnk, SH2-B,
and APS, for mast cell development, growth, and functions:
APS-deficiency causes augmented degranulation and reduced

actin assembly

Chiyomi Kubo-Akashi, Masanori Iseki, Sang-Mo Kwon, Hitoshi Takizawa,
Kiyoshi Takatsu,” and Satoshi Takaki*

Division of Immunology, Department of Microbiology and Immunology, The Institute of Medical Science, The University of Tokyo,
Shirokanedai 4-6-1, Minato-ku, Tokyo 108-8639, Japan

Received 18 December 2003

Abstract

Lnk, SH2-B, and APS form a conserved adaptor protein family. All of those proteins are expressed in mast cells and their
possible functions in signaling through c-Kit or FceRI have been speculated. To investigate roles of Lnk, SH2-B or APS in mast
cells, we established IL-3-dependent mast cells from Ink~/~, SH2-B~/~, and APS~/~ mice. IL-3-dependent growth of those cells was
comparable. Proliferation or adhesion mediated by ¢-Kit as well as degranulation induced by cross-linking FceRI were normal in
the absence of Lnk or SH2-B. In contrast, APS-deficient mast cells showed augmented degranulation after eross-linking FceRI
compared to wild-type cells, while c-Kit-mediated proliferation and adhesion were kept unaffected. 4PS-deficient mast cells showed
reduced actin assembly at steady state, although their various intracellular responses induced by eross-linking FceRI were indis-
tinguishable compared to wild-type cells. Qur results suggest potential roles of APS in controlling actin cytoskeleton and magnitude

of degranulation in mast cells.
© 2004 Elsevier Inc. All rights reserved.
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Mast cells play critical roles in allergic and inflam-
matory responses. Mast cells express the high affinity
IgE receptor FceRI and cross-linking of IgE bound to
FceRI by antigens initiates a series of molecular events
in mast cells, which lead to degranulation and release of
a wide variety of chemical mediators such as histamine,
arachidonic acid metabolites, and soluble proteins in-
cluding neutral proteases and cytokines [1-3]. Even in
the absence of antigen, binding of monomeric IgE to
FceRI induces cytokine production and cell survival [4].
Mast cells differentiate from hematopoietic progenitor
cells. Stem cell factor (SCF), which is also known as
mast cell growth factor, and IL-3 provide signals for
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their differentiation, proliferation, and survival medi-
ated through c-Kit receptor tyrosine kinase and IL-3
receptor, respectively. SCF also regulates chemotaxis
and adhesion of mature mast cells [1,5].

Lnk, SH2-B, and APS form a conserved family of
adaptor proteins, whose members share a homologous
N-terminal region with proline rich stretches, PH and
SH2 domains, and a conserved C-terminal tyrosine
phosphorylation site [6-9]. Lnk plays a critical role in
regulating production of B cell precursors and hemato-
poietic progenitor cells, and functions as a negative
regulator of c-Kit-mediated signaling. We have shown
that /nk~/~ mice show enhanced B cell production be-
cause of the hypersensitivity of B cell precursors to SCF
[8). In addition, /nk~/~ mice exhibit increased numbers
of hematopoietic progenitors in the bone marrow, and
the ability of hematopoietic progenitors to repopulate
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irradiated host animals was greatly enhanced by the
absence of Lnk [10]. Independently, Velazquez et al. [11]
have reported /nk-deficiency results in abnormal mod-
ulation of SCF and IL-3-mediated signaling pathways
and augmented growth of bone marrow cells or
splenocytes. SH2-B is originally identified as a protein
associated with immunoreceptor tyrosine-based activa-
tion motifs (ITAMs) of FceRI y-chain by a modified
two-hybrid (tribrid system) screening [6]. We have
shown that SH2-B is a critical molecule for the matu-
ration of reproduction organs that is at least in part
mediated by insulin-like growth factor I (IGF-1) recep-
tor signaling [12]. APS is identified as a potential sub-
strate of c-Kit by two-hybrid system [7]. We also
independently isolated the murine counterpart of APS
as a protein homologous to Lnk and SH2-B [9]. APS is
phosphorylated upon stimulation with various growth
factors, including EPO-R, PDGF-R, insulin, nerve
growth factor (NGF), and cross-linking B cell receptor
(BCR) [9,13-16]. Recently, we generated 4PS~/~ mice
and found that B-1 cells in peritoneal cavity were in-
creased, and humoral immune responses to type-2 an-
tigen significantly enhanced in 4PS~/~ mice [17].
Lnk-family adaptor proteins, Lnk, SH2-B, and APS,
are all expressed in bone marrow-derived mast cells
(BMMCs) [12]. In addition, various experiments using
cell lines overexpressing those Lnk-family adaptor pro-
teins suggested their possible functions in signaling med-
tated through ¢-Kit or FceRI. We investigated and
compared for the first time consequences of the deficiency
either of Lok, SH2-B or APS in mast cell functions using
primary cultured cells. We established BMMCs from
bone marrow progenitors of Ink~/~, SH2-B~/~, APS~/-
mice, and their respective control wild-type mice. IL-3-
dependent BMMCs were equally established even in the
absence of Lnk, SH2-B or APS. SCF-dependent prolif-
eration or adhesion was also not compromised and was
comparable among Ink~/-, SH2-B~/~, and APS~/-
BMMCs. Although FceRI-mediated degranulation was
not affected by the absence of Lnk or SH2-B, APS~/-
BMMCs showed enhanced degranulation after cross-
linking FceRI. APS~/~ BMMCs showed reduced fila-
mentous actin (F-actin) assembly at steady state and was
resistant to inhibitors disrupting F-actin microfilaments
in FceRI-mediated degranulation responses. These re-
sults suggest that APS plays a role in negative regulation
of mast cell degranulation by controlling actin dynamics.

Materials and methods

Cells and culture, Bone marrow cefls were obtained from 8- to 10-
week-old Ink~/~ [8], SH2-B~/~ [12], APS~/~ mice [17), and their re-
spective wild-type littermates, and cultured in RPMI1640 supple-
mented with 5ng/ml murine 1L-3 (PeproTech), 8% fetal calf serum
(FCS), nonessential amino acids (Gibco-BRL), 1001U/ml penicillin,
100 pg/ml streptomycin, and 10pM of 2-mercaptoethanol. Cells were

split and supplied with fresh medium every 4 or 5 days. After 4 weeks
of cultivation, greater than 95% of cells were ¢-Kit and FeeRI positive
as assessed by flow cytometry.

Flow cytometry and cytochemistry. For the detection of FceRlI,
BMMCs were incubated in a supernatant of IGEL a2 (15.3) hybrid-
oma containing mouse anti-DNP IgE monoclonal antibody (mAb)
and then stained with fluorescein isothiocyanate (FITC)-conjugated
anti-mouse IgE mAb (LO-ME-2, Oxford Biomarketing, UK). For the
detection of c-Kit, cells were stained with phycoerythrin (PE)-conju-
gated anti-CD117 mAb (2B8, Pharmingen). For measurements of F-
actin content, cells were fixed in 3.7% formaldehyde for 6h at 4°C
permeabilized with 0.2% Triton X-100 in PBS for 30min and then
stained with rhodamine-conjugated phaltoidin (Molecular Probes,
Eugene, OR) for 1h. Stained cells were then analyzed by flow cy-
tometry using 8 FACSCalibur (Becton-Dickinson).

Unstimulated or stimulated BMMCs were resuspended in PBS and
deposited onto microscope slides using a Cytospin 3 (Shandon Scien-
tific, Cheshire, England). After staining with May-Gruenwald’s and
Giemsa’s solutions (MERCK), cellular morphology was assessed by a
light microscope.

Proliferation and survival assays. BMMCs (5 x 10%) were cultured in
0.2ml of flesh medium containing various concentrations of SCF
(PeproTech) in a 96-well multi-well plate for 72h. Cells were pulsed
with [*H]thymidine (0.2 pCi/well) in the last 12h of culture and har-
vested and incorporated [PH}thymidine was measured in triplicate
determination using a MATRIX 96 Direct Beta Counter (Packard,
Meriden, CT). Cells were cultured in media alone ot in the presence of
various concentrations of anti-DNP IgE mAb (SPE-7, Sigma). Per-
centage of viable cells was determined by trypan blue exclusion.

Adhesion assay. Adhesion assays to fibronectin were performed as
previousty described [18]. In brief, 5 x 10* BMMCs labeled with 2,7~
bis-(2-carboxyethyl)-5-(and-6)-carboxy fluorescein (BCECF: Molecu-
lar Probes, Eugene, OR) were incubated in triplicate in a 96-well
polystyrene plate (Lynbro-Titertek, Aurora, OH) coated with fibro-
nectin (Sigma) in the presence of various concentrations of SCF or
10 ng/ml PMA at 37°C for 30 min. Unbound cells were removed by
washing the plates with binding medium RPMI 1640 containing
10mM Hepes (pH 7.4), and 0.03% BSA four times. Adhered cells were
quantified by measuring fluorescence of input and bound cells using a
Fluorescence Concentration Analyzer (IDEXX Laboratories, West-
brook, ME).

Degranulation assay. BMMCs were sensitized with anti-DNP IgE at
37°C for 18h, washed, and resuspended in Tyrode’s buffer (10 mM
Hepes, pH 7.4, 130mM NaCl, 5mM KC}, 1.4 mM CaCl;, 1 mM MgCl,,
5.6mM glucose, and 0.1% BSA). Cells (5% 10° in 0.2 mt!) were then
stimulated with various concentrations of DNP-BSA or 10ng/ml PMA
plus 400ng/m! ionomycin at 37°C for 1h. Enzymatic activities of
B-hexosaminidase in supernatants and cells solubilized in 0.5% Triton
X-100 Tyrode’s buffer were measured using p-nitrophenyl N-acetyl-B-n-
glucosaminidase (Sigma) as substrates. Degranulation was calculated as
the percentage of B-hexosaminidase released from cells in the total
amount of the enzyme in the supernatants and cell pellets as described
before [18]. For the experiment using latrunculin, sensitized BMMCs
were pretreated with various concentrations of latrunculin for 15 min at
37°C before assays. Histamine released into culture supernatants after
degranulation was measured using ELISA kit (Immunotech, Marseille,
France) according to manufacturer’s recommendation.

Calcium measurements. Sensitized BMMCs were incubated with
6pM Fura PE3/AM (TEFLABS, Austin, TX) in PBS containing
20mM Hepes (pH 7.4), 5mM glucose, 0.025% BSA, and 1 mM CaCl,
{HBS) at 37 °C for 60 min. Cells were washed and resuspended in HBS
(1 % 10° cells/0.} ml) in a stirring cuvette, Fluorescence was monitored
continuously with a fluorescence spectrophotometer (CAF-110: JAS-
CO, Osaka, Japan) at an emission wavelength of 500nm and two
different excitation wavelengths (340 and 380nm).

Immunoblotting. Cell lysates from stimulated BMMCs were sub-
jected to immunoprecipitation and Western blot analysis as previously
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described [9]. The proteins were resolved by SDS-8% PAGE and
transferred to PVDF membranes (Immobilon, Millipore). After
blocking with 3% BSA, membranes were probed with anti-phospho-
tyrosine mAb (4G10, Upstate Biotechnology) and incubated with
HRP-conjugated secondary antibodies. Blots were washed in 0.05%
Tween 20/Tris-buffered saline, pH 7.6, and proteins were detected by
chemiluminescence (Perkin~Elmer Life Sciences).

Results

Establishment of BMMCs lacking either Lnk, SH2-B or
APS

Lnk, SH2-B, and APS were all expressed in normal
BMMCs [12]. To investigate possible functions of those
adaptor proteins in mast cells, we established IL-3-de-
pendent BMMCs from bone marrow progenitors of
Ink=/=, SH2-B~/~, and APS~/~ mice and their responses
were compared with those of BMMCs established from
respective control wild-type littermates. IL-3-dependent
growth of Ink~/-, SH2-B~/~ or APS~/~ bone marrow
progenitor cells was almost comparable to that of re-
spective control progenitor cells (Fig. 1A). Established
Ink=/-, SH2-B~/= or APS~/~ BMMCs were not distin-
guishable from the wild-type BMMCs in terms of surface
expression of FceRI and ¢-Kit (Fig. 1B). Mast cell dif-
ferentiation and proliferation induced by IL-3 was not
affected at all even in the absence of Lnk, SH2-B or APS.

Functions of Ink~/~, SH2-B~/~ or APS~/~ BMMCs

First, we examined proliferative responses of estab-
lished BMMCs to SCF and found no difference among
Ink=/=, SH2-B~/-, APS~/~, and respective control BMM
Cs (Fig. 2A). Adhesion to fibronectin induced by SCF or
PMA was also not affected in the absence of Lnk, SH2-B
or APS (Fig. 2B). We then examined degranulation of
those BMMCs induced by cross-linking FceRI by mea-
suring B-hexosaminidase and histamine released after
stimulation. Degranulation from Ink~/~ or SH2-B~/-
BMMCs was almost comparable to that from control
wild-type BMMCs (Fig. 2C). In contrast, 4PS~/-
BMMCs showed enhanced degranulation responses
upon cross-linking FeeRI (Fig. 2C). Degranulation from
APS~/~ BMMCs, determined by p-hexosaminidase re-
leasability, was 130-140% of that from control cells at
each stimulation condition, and the enhancement was
statistically significant at the concentrations of DNP-BSA
over (.5 pg/ml (Table 1). Histamine released after cross-
linking FceRI was also augmented in 4PS~/— BMMCs
{data not shown).

FeeRI-mediated cellular responses in APS~/~ BMMCs

To clarify the possible molecular mechanisms leading
to the enhanced degranulation in the absence of APS,
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514
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Fig. 1. {A) Curmulative cell numbers of Ink~/~, SH2-B~/~, APS-/-
(closed circles), and respective wild-type control (open circles)
BMMCs. Differentiation of BMMCs from progenitors and their cell
growth induced by IL-3 was comparable in the absence of either Lnk,
SH2-B or APS. Representative results obtained from multiple inde-
pendent pairs of BMMCs are shown. (B) Surface expressions of FeeR1
(upper panels) or ¢-Kit (lower panels) on Ink~/~, SH2-B~/~, APS-/-
(bold lines), and respective wild-type control (dotted lines) BMMCs.
After IgE sensitization, BMMCs were stained with anti-c-Kit or anti-
IgE antibodies and analyzed by flow cytometry. Representative results
of multiple independent experiments are shown.

we tried to evaluate various cellular events induced by
cross-linking FceRI. We first cytochemically evaluated
the proportion of degranulated BMMCs after stimula-
tion. Percentage of degranulated cells increased in a
dose-dependent manner as the concentration of antigens
increased. Importantly, the ratio of degranulated
BMMC:s in each stimulation condition was comparable
between APS~/~ and wild-type BMMCs (Fig. 3A). The
enhanced degranulation from APS~/- BMMCs was thus
due to augmented degranulation from each mast cell but
not to increased proportion of cells that underwent de-
granulation. We then analyzed calcium influx induced
by cross-linking FceRI, however, we did not observe
significant difference in initial peak and following sus-
tained increase of intracellular free calcium between
APS-/- and control BMMCs (Fig. 3B). Cell survival
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Fig. 2. Responses of Ink~/~, SH2-B~/~ or APS~/~ BMMCs (filled bars)
and of respective control BMMCs (open bars) induced by activation of
¢-Kit or FceRI. (A) Proliferation upon stimulation with various con-
centrations of SCF. Values shown are the mean cpm + SD of triplicate
determinations. (B) Adhesion to fibronectin induced by varicus con-
centrations of SCF or 10ng/ml PMA. Shown are average=SD of
triplicate measurements. (C) Degranulation after cross-linking FceR1.
Cells sensitized with anti-DNP IgE mAb were stimulated with the
various concentrations of DNP-BSA. Shown is the percentage of p-
hexosaminidase activity released into culture supernatants out of the
total B-hexosaminidase initially stored in cells. APS~/~ BMMCs
showed augmented degranulation responses (see also Table 1). Rep-
resentative results of three independent experiments are shown from
(A} through (C).

mediated by binding of monomeric IgE to FeeRI was
also comparable (Fig. 3C). Tyrosine phosphorylation of
various cellular proteins was rapidly induced after cross-
linking FceRI in mast cells and was comparable between

Table |
Enhancement of FeeRI-induced degranulation in 4PS~/~ BMMC

APS™/~ and wild-type BMMCs, Phosphorylation of
neither Akt nor PKC8 molecules was affected in the
absence of APS (data not shown).

Decreased actin assembly in APS~/~ BMMCs

It has been shown that Lnk associates with an actin
binding protein ABP-280 [19} and that SH2-B plays a
role in actin reorganization and cell motility mediated
by growth hormone receptor [20,21]. We recently
found that Lnk facilitates actin reorganization in
transfected fibroblast cells (S.M.K. and S.T., unpub-
lished data). In addition, a negative correlation be-
tween actin polymerization and FceRI-mediated
degranulation from RBL-2H3 mast cell line has been
presented [22,23].

We speculated APS may regulate actin cytoskeleton,
which potentially has regulatory process for degranula-
tion in mast cells. Therefore, we investigated conse-
quences of inhibition of actin polymerization induced by
cross-linking FceRI in BMMCs and its effect on de-
granulation by treatment with latrunculin. Treatment
of sensitized BMMCs with latrunculin resulted in the
reduction of F-actin contents as demonstrated by rho-
damine-phalloidine binding (Fig. 4A, left panel). Cross-
linking FceRI induced reduction of F-actin contents in
stimulated BMMCs. Consistent with observations using
RBL-2H3 cells, inhibition of actin assembly by treat-
ment with latrunculin enhanced degranulation from
normal BMMC:s in a dose-dependent manner (Fig. 4A,
right). Interestingly, sensitized 4PS~/~ BMMCs showed
reduced F-actin content (about 70% of control) com-
pared te wild-type cells (Fig. 4B, left). The reduction in
F-actin contents became less evident in cells treated
with latrunculin. Finally, the effect of latrunculin on
degranulation was compared between APS~/~ and con-
trol BMMCs. As shown in Fig. 4B, augmented de-
granulation by 4PS~/~ BMMCs became less evident by
treatment with latrunculin, which was well correlated
with difference in F-actin contents between latrunculin
treated 4PS~/~ and control cells. These results suggested
that 4 PS-deficiency in mast cells made actin assembly at
relatively low levels and that resulted in facilitated de-
granulation process after cross-linking FeeRI.

DNP-BSA(ug/mil)

Degranulation (% maximal response induced by PMA plus ionomycin)

0 0.1 0.5 25
Ht (n=11) 56+09 194424 789425 29421
“-(n=11) 50207 258439 39.5+3.9" 40.6 £ 3.4
{% +/+ response) (89%) (133%) (136%) (138%)

Sensitized BMMCs were stimulated with the vartous concentrations of DNP-BSA or 10ng/ml PMA plus 400 ng/ml ionomycin. Values represent
the mean 2= SE of % B-hexosaminidase activity normalized by the value induced with PMA plus ionomycin as 100%. *p < 0.05, **p < 0.01 compared

to +/+ BMMCs by Student’s ¢ test.
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Fig. 3. Cellular responses of APS~/~ BMMCs mediated through cross-linking FceRIL (A) Proportion of degranulated cells after cross-linking FcsRI
with various concentrations of antigens was determined by cytochemistry. Percentages of degranulated cells were comparable between APS~/~ (closed
bars) and wild-type control mice (open bars). The average & SD of three independent experiments are shown. (B) Calcium influx induced upon cross-
linking FeeRI in APS~~ {lower line) and wild-type (upper line) BMMCs. After IgE sensitization, BMMCs were loaded with Fura PE3 and stimulated
with 5 pg/ml DNP-BSA and 10 pg/ml ionomycin at the indicated time points (arrows), and fluorescence intensity ratio at 340-380 nm was measured.
Representative results of two independent experiments are shown, (C) Survival of 4PS~/~ (closed circles) and wild-type (open circles) BMMCs by
binding of moncemeric IgE to FceRI. Cells were cultivated in the absence or in the presence of various concentrations of monomeric IgE and
percentages of live cells were measured. The average £ SD of three independent experiments are shown. (D) Tyrosine phosphorylation of total
cellular proteins after cross-linking FeeRI. Sensitized BMMCs were stimulated with 2.5 ug/ml DNP-BSA for the indicated times. Total cell lysates

were separated through SDS-PAGE and subjected to immunoblot using anti-phosphotyrosine mAb (4G10). Representative resuits of three
experiments are shown.

Discussion published data). It is likely that /nk-deficiency alone
hardly affects mast cell function because of low ex-
We investigated functions of Lnk, SH2-B or APS in pression of Lnk in mast cells.

mast cells, since possible regulatory roles of Lnk-family APS had been cloned as a possible candidate sub-
adaptor proteins in signaling through ¢-Kit or FceRI had strate for the c-Kit [7]. However, APS~/~ BMMCs did
been suggested. We established BMMCs lacking either not show any altered responses upon stimulation with

Lnk, SH2-B or APS and examined their cellular re- SCF. Instead, they showed enhanced FceRI-mediated
sponses. None of those mutant BMMCs showed altered degranulation. 4PS~/- BMMCs showed reduced actin

responses against IL-3 or SCF, the c¢-Kit ligand. APS- assembly at steady state compared to normal BMMCs,
deficiency resulted in enhanced FceRI-mediated degran- Inhibition of actin assembly in normal BMMCs by la-
ulation, while both /rk~/~ and SH2-B~/~ BMMCs did not trunculin resulted in enhanced degranulation similar to
show any abnormal responses induced by cross-linking APS~/- BMMCs. In APS~/~ mice, B-1 cells in peritoneal
FceRIL cavity increased and showed reduced F-actin contents.

We have shown that Lnk negatively regulates c-Kit Conversely, in transgenic mice overexpressing APS in
signaling in B cell precursors and hematopoietic pro- Iymphocytes, B cells were reduced and showed enhanced
genitor cells [8,10]. We did not observe significant actin assembly [17]. These results suggest that APS may
enhancement in SCF-dependent growth of Ink=/- negatively regulate degranulation process by controlling
BMMC:s in contrast to a previous report by Velazquez actin dynamics in mast cells. In RBL-2H3 mast cells, F-
et al. [11]. SCF-dependent adherence was also com- actin assembly induced by cross-linking FceRI nega-
parable to normal cells. Expression levels of Ink tively controls degranulation as well as calcium signaling
transcripts are rather low in BMMCs compared to [22,23]. Oka et al. [24] recently reported that monomeric

B-lineage cells or hematopoietic progenitor cells (un- IgE binding induced actin assembly and that inhibition
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Fig. 4. Enhanced degranulation correlated with reduced F-actin con-
tents in BMMCs treated with inhibitor of actin assembly, latrunculin
or by APS-deficiency. (A) Treatment with latrunculin inhibited actin
assembly and resulted in reduced F-actin content in BMMCs. Sensi-
tized wild-type BMMCs were incubated with the various concentra-
tions of latrunculin, kept unstimulated {squares} or stimulated with
2.5 pg/mil DNP-BSA (circles). F-actin contents of cells were then an-
alyzed by rhodamine—phalloidin staining and flow cytometry, and the
results are shown as relative F-actin contents compared with that of
unstimulated cells in the absence of latrunculin (left). Degranulation
was determined by measuring B-hexosaminidase activity released into
culture supernatants, and results were shown as percent maximal re-
sponses induced by PMA and ionomycin treatment (right). (B) F-actin
content of APS~/~ BMMGCs in the absence or the presence of various
concentrations of latrunculin was measured and relative F-actin con-
tents compared with those of control cells treated with the same con-
centrations of latrunculin were shown (left). Degranulation from
APS-/~ BMMCs treated with latrunculin was measured, and shown as
percent reaction compared with those from wild-type control cells in
the same conditions (right). Resulis shown are means £+ SE of values
obtained from three independent experiments,

of IgE-induced actin assembly by cytochalasin D initi-
ates calcium influx and degranulation. Although en-
hancement of calc¢ium influx in APS~/~ BMMCs was not
observed, reduction of actin assembly in APS~/-
BMMCs may lead to augmented degranulation in
analogy with those observed in RBL-2H3 mast cells.
The molecular mechanisms for APS-mediated actin as-
sembly as well as APS function downstream of cross-
linking FceRI remain to be elucidated.

APS function in insulin-R signaling has been also
indicated in various experiments using cell lines
[15,16,25-27]. APS~/~ mice exhibited increased sensitiv-
ity to insulin and enhanced glucose tolerance [28]. It is
intriguing to examine whether effect of 4APS-deficiency

on insulin sensitivity is also mediated by actin dynamics.
Regulation of actin cytoskeleton seems one of the
common functions of Lnk-family adaptor proteins. Lnk
associates with an actin binding protein ABP-280 [19]
and facilitates actin assembly in overexpressed fibro-
blasts by activating Vav and Rac (8.M.K. and S.T,,
unpublished data). SH2-B is required for actin reorga-
nization and regulates cell motility induced by GH-R
activation [20,21].

SH2-B has been identified as a possible adaptor
binding to ITAMs of FceRI y chain [6]. However, all
examined responses induced by FceRI ligation were
normal with SH2-B~/~ BMM(Cs. It seems SH2-B-defi-
clency do not affect mast cell function. However, it
should be notified that interaction of SH2 domains of
Lnk-family proteins with c-Kit or ITAM of FceRI v
chain had been demonstrated in overexpression systems
with different combinations, for example, SH2-B with
FceRI v chain, APS with c-Kit. SH2-B~/~ mice showed
mild growth retardation and infertility due to impaired
maturation of gonad organs [12]. Thus, SH2-B seemed
to have a true target except FceRI, worked as a positive
regulator of signal transduction in contrast to Lnk and
APS that function as negative regulators as shown in
previous studies and in this study. Despite the significant
structural similarities between APS, Lnk, and SH2-B,
their functions appear to be quite different from each
other. However, possible common functions of those
adaptor proteins in vivo should be examined by gener-
ating mutant mice lacking APS, Lnk or SH2-B in vari-
ous combinations.

In conclusion, our studies describe roles of Lnk
family adaptor proteins on BMMCs, Both Lnk and
SH2-B were dispensable for various mast cell responses
mediated through c-Kit, FceRI as well as IL-3-R. APS
plays a role in controlling FceRI-induced degranulation
response but not in c-Kit-mediated proliferation or ad-
hesion. APS may regulate degranulation by controlling
actin dynamics in mast cells.
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The Role of IL-5 for Mature B-1 Cells in Homeostatic
Proliferation, Cell Survival, and Ig Production’

Byoung-gon Moon,* Satoshi Takaki,* Kensuke Miyake," and Kiyoshi Takatsu®*

B-1 cells, distinguishable from conventional B-2 cells by their cell surface marker, anatomical location, and self-replenishing
activity, play an important role in innate immune responses. B-1 cells constitutively express the IL-5R a-chain (IL-5Ra) and give
rise to Ab-producing cells in response to various stimuli, including IL-5 and LPS. Here we report that the IL-5/IL-5R system plays
an important role in maintaining the number and the cell size as well as the functions of mature B-1 cells. The administration of
anti-IL-5 mAb into wild-type mice, T cell-depleted mice, or mast cell-depleted mice resulted in reduction in the total number and
cell size of B-1 cells to an extent similar to that of IL-5Ra-deficient (IL-5Ra ™) mice. Cell transfer experiments have demon-
strated that B-1 cell survival in wild-type mice and homeostatic proliferation in recombination-activating gene 2-deficient mice are
impaired in the absence of IL-5Re. IL-5 stimulation of wild-type B-1 cells, but not YL-5Ra '~ B-1 cells, enhances CD40 expression
and augments IgM and IgG production after stimulation with anti-CD40 mAb. Enhanced IgA production in feces induced by the

oral administration of LPS was not observed in IL-5Ra™'"
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phenotype, anatomical localization, self-replenishing ac-
tivity, and Vy; usage of IgM (1, 2). B-1 cells constitu-
tively express three different markers, namely Mac-1 (CD11b/
CD18), FceR (CD23), and the IL-5R a-chain (IL-5Ra).> Mac-1 is
present in peritoneal and pleural cavity B-1 cells but is not ex-
pressed on B-2 cells, whereas FceR is preferentially expressed on
B-2 cells in the peritoneal cavity and in the spleen (3, 4). IL-5R¢
is constitutively expressed on all B-1 cells, but is expressed on a
small proportion (2—-4%) of resting B-2 cells in the spleen (5).
The progenitors of B-1 cells are abundant in the fetal omentum
and liver but are missing in the bone morrow of adult animals (6,
7). In contrast with B-2 cells, which are supplied from progenitors
in the bone marrow throughout life, B-1 cells maintain their num-
ber in adult animals by their self-replenishing capacity (3, 7). In
the adult, these self-replenishing B-1 cells are clearly enriched
in the peritoneal and pleural cavities, and a low frequency is seen
in the spleen, but B-1 cells are virtually absent from the lymph
nodes, Peyer's patches (PP), and peripheral blood, where most
conventional B-2 cells are localized (3). B-1 cells are categorized

B -1 cells differ from conventional B-2 cells in their surface
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mice. Our results illuminate the role of IL-3 in the homeostatic
proliferation and survival of mature B-1 cells and in IgA production in the mucosal tissues.

The Journal of Immunclogy, 2004,

into B-1a cells that express CD3 and B-1b cells that express cell
surface markers similar to those of B-1a cells, except for the low
expression, if any, of CDS5 (2, 3).

B-1 cells are believed to be the primary source of natural IgM
Ab, although they can become Ig-producing cells for all isotypes.
Consistent with 2 majer role of B-1 cells in natural IgM production,
a number of specificities of natural IsM Ab have been identified in the
B-1 repertoire. These include specificities for LPS, phosphorylche-
line, undefined determinants on Escherichia coli and Salmonelia spp.,
phosphatidylcholine, and complement-binding Abs (3). Furthermore,
B-1 cells in the peritoneal cavity serve as an important source of
IgA-producing plasma cells at mucosal sites. These findings are
largely supported by transfer experiments of peritoneal B-1 cells in
irradiated mice or otherwise B cell-depleted mice and by analysis of
genetically altered immune-deficient mice (8). The role of B-1 cells in
IgA production in the gut is further supported by evidence that mice
with a selective B-1 cell reduction in number showed decreased
frequencies of IgA-producing cells in the Jamina propria (LP) (9). The
helper T cell dependency of B-1 cells on gut-associated IgA produc-
tion is still controversial (9, 10).

Studies of gene-targeted and transgenic mice have revealed that B
cell receptor (BCR) signaling is critical for B-1 cell development or
maintenance. Mutant mice that lack Bruton’s tyrosine kinase protein
kinase C 8, CD19, the p85« subunit of phosphatidylinesitol-3 kinase,
p95'*, CD21/CD35, and CD81, which are strongly associated with
BCR signaling, have substantial depletion of B-1 cells but largely
spare B-2 cells (11-18). Conversely, mutation or overexpression of
Src homology protein-1, CD22, or CD72 that induces enhanced BCR
signaling results in an expanded B-1 cell compartment (19-21).

IL-5, mainly produced by activated Th2 cells and mast cells,
acts on B-1 and B-2 cells to induce proliferation and differentiation
into Ig-producing cells (22-25). IL-5 also controls the preduction
and functions of eosinophils and basophils. The IL-5R consists of
two distinct membrane proteins, IL-5Ra and B¢, each of which is
a member of the cytokine receptor superfamily {5). The binding of
IL-5 occurs through the IL-5Ra, and the B¢ forms a high-affinity
IL-5R in combination with the IL-5Re, transducing signals into
nuclei. Although the molecular mechanisms for IL-5 signal

(0022-1767/04/$02.00
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transduction are not fully characterized, the activation of Bru-
ton’s tyrosine kinase and Janus kinase 2 kinases, rapid tyrosine
phosphorylation of B¢ and Src homology 2/Src homology
3-containing cellular proteins, and the induction of the tran-
scription of several nuclear protc-oncogenes are essential for
signal transduction (26-32).

Transgenic mice expressing the IL-5 gene exhibit elevated lev-
els of serum IgM, IgA, and IgE, and an increase in the number of
B-1 cells and autoantibody production and show persistent eosin-
ophilia (33, 34). IL-5Ra™'~ mice and 1L-57'" mice show a
decrease in B-1 cells in the peritoneal cavity and in B-1 ceil-derived
surface (s)gA™* cells in the LP (35-39). Although these results
suggest that IL-5 is an important cytokine for B-1 cell development,
maintenance, or triggering, the role of IL-5 in matre B-1 cell
maintenance and activation in vivo remains to be properly evaluated.

This study examines whether the IL-5/IL-5R system plays an im-
portant rele in the homeostatic proliferation and survival of mature
B-1 cells. We show that IL-5 regulates the cell number and cell size
of B-1 cells in the absence of T cells or mast cells. We also demon-
strate the role of IL-5 in gut-associated B-1 cell response to CD40
and LPS.

Materials and Methods
Mice

C57BL/6! (IL-SRa™'*) and W/WY mice were purchased from Japan SLC
(Hamamatsu, Japan)., Recombination-activating gene (RAG)2-deficient
(RAG-27'") mice and TCRS & double null mutant (TCRB™~ 87/7) mice
were purchased from The Jackson Laboratory (Bar Harbor, ME). The IL-
SRa null mutant (IL-5Ra~") mice (35) used in this study were back-
crossed with C57BL/6] mice for >10 generations. IL-5 null mutant (IL-
577} mice on a CSTBL/6 background (38) were donated by M. Kopf
(University of Freiburg, Germany). All of the mice were bred and main-
tained in animal facilities under specific pathogen-free conditions using
ventilated microisolater cages in the experimental animal facility at the
Institute of Medical Science, University of Tokyo. All experiments were
conducted according to our institution’s guidelines for the care and treat-
ment of experimental animals.

Administration of anti-IL-5 mAb and LPS

A single ip. administration of anti-IL-5 mAb {clone NC17) or isotype-
matched control IgG into 6- to 8-wk-o0ld mice (1 mg in a voleme of 250 ul per
mouse) was performed (40, 41). Six days after treatment, peritoneal washouts
were obtained and analyzed. LPS (E. coli serotype 055: BS; Sigma-Aldrich,
St. Louis, MO) dissolved in PBS was orally administered (0.1 mg in a volume
of 200 w1 per mouse per week) for 3 wk into the gut of 8-wk-old mice through
a l-mm diameter polyethylene tube. Seven days afier the last administration,
the mice were anesthetized with ether, sacrificed, and analyzed.

Cell preparation

Single cell suspensions were prepared from the lymphoid organs of 6- to
B-wk-old mice. A standard procedure was used to prepare single cell sus-
pensions from the peritoneal exudate cells (PECs), mesenteric lymph nodes
(MLNs), PP, SP, lung, and the LP of the small intestine. Briefly, PECs
were obtained by washing the peritoneal cavity with HBSS (Life Technol-
ogies, Grand Island, NY) containing 3% FCS. Mononuclear cells from
MLNs or PP were isolated by a mechanical method using a stainless steel
screen. Mononuclear cells from the lung and LP were isolated by a pro-
cedure of shaking in an RPMI 1640 medium (Life Technologies) contain-
ing 5 mM EDTA and by enzymatic dissociation procedures with collage-
nase type VIII (Sigma-Aldrich) (37).

Purification of B-1 cells

PECs were collected from > 10 mice and were mixed together. After washing
twice with PBS containing 1% BSA, the cells were incubated with anti-FeyR
(2.4G2; American Type Culture Collection, Rockville, MD) to prevent the
nonspecific binding of the labeled Abs. After another washing, macrophages,
B-2 cells, and T cells were depleted from the cells using a MACS system
(Miltenyi Biotec, Cologne, Germany) after incubation with a mixture of bio-
tinylated Abs (anti-F4/80, anti-CD?23, and ant-CD3) and streptavidine-cou-
pled microbeads (Miltenyi Biotec). In B-1 cell transfer experiments, we took
another purification step of B-1 cells using a FACSVantage (BD Biosciences,
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San Jose, CA} to obtain B-1 cells with a higher degree of purity. In addition
to using the MACS system, the resulting F4/807/CD237/CD3™ cells were
stained with FITC-labeled anti-CD23 and PE-labeled F(ab'), of anti-IgM, and
the CD237sIgM™* cells were sorted using 2 FACSVantage.

Flow cytometry

The cells (I-10 X 10%) were stained with predetermined optimal concen-
trations of the respective Abs together with 2.4G2 (10 pg/ml). After wash-
ing, the cells were analyzed on FACScan or a FACSCaliber instrument
(BD Biosciences). The following mAbs were used: biotinylated anti-IL-
5Re (T21) (42); FITC-labeled, PE-labeled, or biotinylated anti-CD23
(B3B4), PE-labeled or biotinylated anti-CD5 (53-7.3) and bictinylated anti-
CD3 (145-2C11} (all purchased from BD PharMingen, San Diego, CA);
FITC-labeled, PE-labeled, or biotinylated anti-B220 (RA3-6B2), PE-labeled
F(ab') , of anti-mouse IgM, and FITC-labeled or biotinylated anti-Mac-1 (M 1/
70) (all obtained from Caltag Laboratories, Burlingame, CA); PE-labeled anti-
Toll-like receptor 4 (TLR4YMD?2 (MTS 510} (43) and PE-labeled anti-RP105
(RF/14) (44); biotinylated anti-CD40 (1C10; R&D Systems, Minneapolis,
MN), bictinylated anti-F4/80 (A3-1; Serotec, Oxford, U.K.); and biotinylated
anti-IgA (Southemn Biotechnology, Bimmingham, AL). PE-labeled streptavidin
{Ancell, Bayport, MN) or allophycocyanin-conjugated steptavidine (BD
PharMingen)} were also used. In some stainings, 2 pg/ml 7-amino-actinomycin
D (Sigma-Aldrich) was used to gate cut dead cells.

Cell transfer and homeostatic proliferation assay

PECs obtained from IL-5Ra™*"™* or IL-5Ra~"" mice were washed with PBS
and suspended in PBS at 1 X 107 cells/fml. CFSE (Molecular Probes, Eugene,
OR) was then added to the cell suspensions at a final concentration of 1 M.
The cell suspensions were incubated at 37°C for 10 min and washed three
times with cold sterile PBS. The resulting CFSE-labeled cells (1 X 10°) were
injected i.p. into [L-5Ra™"* or RAG-2~"" mice. In some experiments, sorted
B-1 cells {1 X 10°) were injected ip. intoc RAG-2""" mice. The PECs of
recipient mice were recovered on days 2, 30, and 60 after the cell transfer, and
their cellularities in the B-1 cell compartment were analyzed.

RNA isolation and semiquantitative RT-PCR

Total RNA was isolated from various mouse tissues using the SV Total RNA
Isolation System (Promega, Madison, WI), according to the manufacturer’s
instructions, and first strand ¢cDNA templates synthesized by Superscript I
reverse transcriptase (Life Technologies) using random primers (TaKaRa,
Kyoto, Japan). Serial dilutions of cDNA templates were subjected o PCR
amplification by using primer sets encompassing several introns for IL-5
(forward primer, 5"-ATGGAGATTCCCATGAGCAC,; reverse primer, 5'-
GCACAGTTITGTGGGGTTTT) or hypoxanthine phosphoribosyltransferase
(HPRT; forward primer, 5'-TGCTCGAGATGTCATGAAGG; reverse
primer, 5'-TTGCGCTCATCTTAGGCTTT). The cycling parameters were 1
min at 94°C, 1 min at 60°C, and 1 min at 72°C for 35 cycles to detect IL-5
mRNA or 27 cycles for HPRT. The PCR products were separated through
1.0% agarose gel and were stained with ethidium bromide.

Assay for B-1 cell proliferation and differentiation

MACS-sorted PECs were cultured in an RPMI 1640 medium supple-
mented with 8% heat-inactivated FCS, 2 mM glutamine, 5 pM 2-ME,
penicillin (100 U/ml), and streptomycin (100 pg/ml) in 96-well flat-bottom
microtiter plates (1 X 10%well in 200 pl of medium) with or without
stimulants. Anti-CD40 mAb (1C10; R&D Systems; 1 ug/mil), LPS (40
pgiml), IL-4 (1000 U/ml}), or a selected combination of these agents was
added at the onset of cell culture. For the proliferation assay, cells were
pulse-labeled with [*H]thymidine (0.2 uCi per well) during the last 8 h of
the 72-h culture period, and the incorporated {*H]thymidine was measured
using a MATRIX 96 Direct Beta Counter (Packard, Meriden, CT). The
results were expressed as the mean cpm and the SD of the duplicate cul-
tures. For determining IgM, IgG1, and 1gG3 secretion, cells (1 X 10%°ina
200-p! culture) were cultored for 7 days. The cultured supernatants were
used for ELISA 1o determine the amounts of IgM, IgG1, and I1gG3, Each
experiment was repeated at least three times.

Enumeration of Ig-producing cells using ELISPOT

An ELISPOT assay was conducted according to the procedures previously
described (37). The 96-wetl filtration plates with a nitroceliulose base (Mil-
lipore, Bedford, MA) were coated with 5 pg/ml anti-Ig (Southern Biotech-
nology) overnight and were blocked with a culture medium. The mono-
nuclear cells suspended in the culture medium were added at various
concentrations and were incubated for 6 h. After washing, 1 ppg/ml HRP-
conjugated anti-IgM, anti-IgG, or anti-IgA Ab (all obtained from Southern
Biotechnology) was added, and the plates were incubated for 10 h at 4°C.
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After the incubation, the spots were developed with 2-amino-9-ethylcar-
bazole containing hydrogen peroxide (Polysciences, Warrtngton, PA).
Reddish-brown-colored spots were counted as Ab-forming cells using the
KS ELISPOT compact system (Carl Zeiss, Jena, Germany).

ELISA

Freshly collected fecal samples were weighed, dissolved in PBS (0.1 p/ml),
and centrifuged at 15,000 rpm for 5 min. The supernatants were used as
fecal extract. The amount of each Ig isotype in sera and in fecal extract was
measured by sandwich ELISA with Abs specific for each murine (m)lg
isotype according to the procedures previously described (36). In brief,
96-well trays (Greiner, Frickenhausen, Germany) were coated with 10
ug/m! isotype-specific goat anti-mlg polycional Abs for total Igs. Samples
were added to the wells and the trays were incubated for 2 h. Afier washing
with PBS containing 0.05% Tween 20 (washing buffer), biotinylated iso-
type-specific goat anti-mlg polyclonal Abs were added to each well. After
washing, HRP-streptavidine was added to each well, and the incubation
continued for 1 h. Finally, the trays were washed with the buffer, and
100-p1 aliquots of substrate, o-phenylene-diamine (final 0.4 mg/ml), and
hydrogen peroxide (final 0.015%), dissolved in 0.1 M citrate buffer (pH
5.0), were added to each well. Enzyme reaction was terminated by adding
2 M sulfuric acid, and OD at 495 nm was measured with a V-max kinetic
Micro Plate Reader (Molecular Devices, Sunnyvale, CA). Using myeloma
proteins (BD PharMingen), standard curves were generated for each iso-
type and the concentration of mlg was determined.

Results
Decrease in cell number and cell size of mature B-1 cells by
administration of anti-IL-5 mAb in vive

As we reported previously, IL-5Ra™'" mice have a significant
reduction in cell number and cell size of [gM™* CD5* B-lacellsin
the PECs (36). When we analyzed the entire IgM™* CD23™ B-1
cell populations, a significant reduction in percentage and smaller
cell size of B-1 cells was also observed {Fig. 14). These results
were confirmed by the analysis of IsM* CD5* B-1 cell populations.
We also found that the total number and size of B-1 cells in the PECs
decreased in IL-5~'" mice {data not shown). In contrast with B-1

HOMEOSTASIS OF THE B-1 COMPARTMENT AND THE IL-5/IL-5R SYSTEM

cells, the total percentage and size of IgM™CD23* (or IsM'**CD5™)
B-2 cells in IL-5Ra ™'~ mice were similar to those of wild-type mice
(Fig. 14). The total numbers of B-} cells in IL-5SRa™* and IL-
SRa™"" mice were 4.2 X 10° and 3.1 X 10° on average, respectively,
(statistically significant, p < 0.05), whereas those of B-2 cells were
4.0 X 10° and 4.3 X 10°, respectively (Table I).

Our first question is whether the abnormalities observed in B-1
cells from IL-5Re™~ and IL-57"" mice originated in the develop-
mental process or in fully developed mature B-1 cells. We adminis-
tered anti-IL-5 mAb ip. into a group of 8-wk-old wild-type mice,
which developed mature B-1 cells. As a control, isotype-matched rat
IeG was injected in another group of mice. A smaller B-1 cell size
was observed in anti-IL-5-treated mice 3 days after treatment (data not
shown). Six days after anti-IL.-5 treatment, not only cell size but also
the total percentage of B-1 cells significantly decreased (Fig. 1B). The
total numbers of B-1 cells on average in the control and anti-IL-5-
treated mice were 4 X 10° and 3.2 X 10°, respectively (statistically
significant, p < 0.05), whereas those of B-2 cells were 3.8 X 10° and
3.7 X 10°, respectively (Table I). The levels of reduction in B-1 cell
number and size in anti-Il-5-treated mice were similar to those of B-1
cells in IL-5Re™"~ mice. Anti-IL-5 treatment did not cause signifi-
cant changes in total number or cell size in the IgM™*CD23* (or
IgM'*¥CD5™) B-2 cell compartment (Fig. 1B). We infer from these
results that the abnormality of B-1 cells observed in IL-5Ra ™/~ mice
is reproduced in mature B-1 cefls in wild-type mice by blocking IL-5
signals.

Impaired survival and homeostatic proliferation of B-1 cells in
IL-5Ra™" mice

To examine the role of IL-5 in maintaining the mature B-1 cell
compartment in more detail, PECs from IL-5Ra™'* or IL-5Ra ™/~
mice were labeled with CFSE and transferred into the peritoneal
cavity of unirradiated IL-5Ra™’* mice, where the normal number
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Table I. Reduced absolute cell number of B-1 celis by blocking IL-5 and IL-5R interaction®

IL-5Ra*"™* IL-5Ra™"™ Control IgG Anti-IL-5
B-1 (IgM*CD237) 42 =036 3.1 =0.34* 44032 32%017*
B-1a (IgM*CD5™) 38028 2.8 = 039+ 40 +041 3.0+ 023+
B-2 (IgM*CD23*) 40 £ 042 43> 052 38=x021 3.7+ 033

“ The results indicate the mean cell numbers * SEM (X 10%) of indicated groups of five mice.
*, p < 0.05 compared with IL-5Re™'* or control TeG-administered mice.

of B-1 cells resides. The CFSE* B-1 and CFSE™ B-2 cells in the
PECs of the recipient mice were examined by FACS analysis on
day 2 or on day 30. As shown in Fig. 24 (left panel), the proportion
of CFSE*IL-5Ra*’* B-1 cells on day 30 (94%) was close to that
on day 2, suggesting the long-term survival of CFSE-labeled B-1
cells in the recipient. In contrast, the proportion of CFSE™ IL-
5Ra~"" B-1 cells was reduced to 39% on day 30 compared with
that on day 2. The intensity of CFSE labeling showed a broad
distribution in both IL-5Ra™** B-1 and IL-5Ra™~ B-1 cells on
day 30 (Fig. 2B), indicating that cells have divided slightly. How-
ever, we could not estimate how many times the B-1 cells divided,
because of faint intensities of CFSE labeling, CFSE* IL-5Ra™’*
B-2 cells in the recipient on day 30 were reduced to 55%, which
was comparable with CFSE*TL-5Ra "/~ B-2 cells (52%) (Fig. 24,
right panel). We examined the distribution of CFSE-positive B
cells from IL-5Ra™* or IL-5Ra™" mice in the LP, PP, and
MLN:s of recipient mice 30 days after cell transfer. CFSE-positive
B cells were rarely detected in the LP (data not shown). We ob-
served some CFSE-positive B cells (0.02-0.03% of the total cells)
in MLNs and PP (data not shown). However, there was no signif-
icant difference between recipient mice transferred IL-5Ra™*'* B-1
and IL-5Ra™""B-1 cells, Thus, the survival of mature B-1 cells,
but not B-2 cells, in the peritoneal cavity was severely impaired in
the absence of IL-5Ra.

Next, the role of IL-5 in the self-teplenishing activity of B-1
cells was examined. Peritoneal exudate cells from IL-5Ra*'* or
IL-5Re™"" mice were CFSE-labeled and transferred into RAG-
27’ mice. On day 30, the proportion of CESE* IL-5Ra™"* B-1
cells in the recipient RAG-2~/~ mice increased ~3-fold (276%)
compared with that on day 2, whereas the propoertion of CFSE™*
IL-5Ra™"~ B-1 cells did not increase (70%) (Fig. 3A, upper
panel). The CFSE intensity of IL-5Ra™/~ B-1 cells somewhat
decreased, but maintained higher intensities than did IL-5Ra™"*
B-1 cells (Fig. 38, lower left panel). The difference in B-2 cell
number on day 30 in the RAG-2~/* recipient mice between IL-
5Ra™* B-2 cells and IL-SRa™"~ B-2 cells (62% and 48%, re-
spectively) was not obvious compared with that of B-1 cells (Fig.
3A, lower panel). The CFSE intensity of IL-5Ra ™'~ B-2 cells was
comparable with that of IL-5Re™’* B-2 cells (Fig. 3B, lower right
panel). In the LP 30 days after cell transfer, the proportion of
CFSE*B2207sIgA* cells in RAG-2~/~ mice transferred with IL-
SRa*"™* cells was significantly higher than that transferred with
IL-SRa™"" cells (Fig. 3C, left panels). We examined the levels of
CFSE in sIgA™ cells in the LP in recipients transferred IL-5Ra™/™*
PECs ot IL-5Ra™*~ PECs and found that the levels of CFSE of
sIgA™ cells were very low and were similar between the two ex-
perimental groups (Fig. 3C, right panels). Intriguingly, ~3-fold
higher levels of IgM, IgG1, kgG3, and IgA in serum were observed
in RAG-2"'~ mice transferred IL-5Ra™"* cells compared with
those transferred with IL-5Rea™'" cells, whereas the serum levels
of IgG2a and IgG2b were comparable between the two groups
(Fig. 3D, left panel). The amount of IgA in fecal extracts was also
~3-fold higher in the recipients of IL-5Ree™** cells compared with
that in IL-5Ra ™" cells (Fig. 3D, right panel). These results imply

that JL-5 plays a critical role in the homeostatic proliferation of
mature B-1 cells and leads to the maintenance of optimal levels of
Ig production, although these processes may occur inefficiently
even in the absence of IL-5.

Homeostatic proliferation and Ig production of B-1 cells in the
absence of T cells

We examined the effect of T cell dependency in the IL-5-mediated
homeostatic proliferation of mature B-1 cells. [gM*CD23™ B-1
cells were purified (>98% purity) from the PECs of IL-5Ra™'* or
IL-5Ra ™'~ mice by cell sorting and were transferred into RAG-
2/~ mice. As shown in Fig. 4A, the proportion of IL-5Ra™*'* B-1
cells in PECs increased ~2-fold (198%) on day 30 and ~3-fold
(276%) on day 60 in the RAG-2~"" recipient mice. An increase in
both the IgM*CD237CD5*B-l1a and IgM*CD23~CD57B-1b
cell populations was also observed (Fig. 4A, center and right
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FIGURE 2. Impaired survival of mature IL-5Re™"" B-1 cells. CFSE-
labeled PECs from IL-5SRa™'™ or IL-5Re™" mice were transferred {1 X
10° cells per head) into the peritoneal cavity of IL-5Ra*'* mice. On days
2 and 30 after cell transfer, the recipient mice were killed and the numbers
of CFSE* B-1 (IgM*CD237) and B-2 (IgM*CD23*) cells in PECs were
analyzed by flow cytometry. Two and three recipient mice in each group
were analyzed and the mean * SEM is shown {A). The mean cell number
of CFSE™ peritoneal cells from two mice on day 2 was set as 100%
{A). Representative histograms show the intensity of CFSE in B-1 cells
{CFSE*'$™*(D23~) and B-2 cells (CFSE*IgM*CD23") in the peri-
toneal cavity of the recipients (B). The data shown are representative
results from three independent experiments.
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FIGURE 3. Impaired homeostatic B-1 cell proliferation and Ig production from IL-SRa™" mice. A, IL-5Ra~"" B-1 cells have a defect in homeostatic
proliferation, CFSE-labeled peritoneal cells were injected i.p. into RAG-2~'" mice. The recipient mice of each group were analyzed as described in Fig.
2. B, IL-5Ra™'~ B-1 cells maintain high CFSE intensity. Representative histograms depict CFSE intensity in B-1 cells and B-2 cells in PECs of RAG-27/~
recipient mice, C, IL-5Ra™" B-1 cells migrate to the LP, but the number of sIgA* cells is decreased. Cells in the LP were purified as in the method
described and were stained with anti-B220 and anti-IgA. Representative two-color fluorescence plots show B220* and sIgA™ cells in the LP of the recipient
mice on day 30. Representative histograms depict CFSE intensity in sIgA™ cells in LP of RAG-2~/~ recipient mice. The percentages represent the fractions
of the lymphocyte gated live cells that fall into the indicated box. Representative results of three independent experiments are shown (4-C). D, [L-5Ra—"~
peritoneal cells transferred into RAG-27/" mice produce low levels of Igs, The concentration of Ig subclasses in serum or in fecal extracts in the RAG-27~
recipient mice on day 30 was determined by isotype-specific ELISA. The mean values of Igs in the indicated groups of recipient mice are represented as

a bar, *, p << 0.05 by Student’s ¢ test.

panels), whereas CD5"#" T cells or CD23* B-2 cells were not
detected even 60 days after cell transfer (data not shown). In con-
trast, [L-5Ra~’" B-1 celis did not show a significant increase on
day 30 (114%) or on day 60 (103%) compared with that 2 days
after cell transfer (Fig. 44, left panel). IL-5Ra™'~ B-1a cells de-
creased to ~71% on day 30 and on day 60, whereas IL-5Ra™'"
B-1b cells showed a small but significant increase up to 129% on
day 30 (Fig. 44, center and right panels), These results indicate
that mature B-1 cells undergo homeostatic proliferation in T cell-
deficient conditions. The serum levels of IgM, IgG3, and IgA were
elevated to ~3- to 5-fold in the recipient transferred IL-5Ra™*’*
B-1 cells compared with those of IL-5SRa~’~ B-1 cells (Fig. 4B).
The Ig levels of IgGt and IgG2 were virtually undetectable in both
groups of recipient mice on day 30 (Fig. 4B and data not shown),

Production of IL-5 in T cell- and mast cell-deficient mice

IL-5 is produced by T cells, mast cells, and eosinophils once they
are activated (22). In particular, not only efT cells in the perito-
neal cavity and intestinal intraepithelial lymphocytes (8, 45), but
also freshly isolated ST cells in the intraepithelial lymphocytes
are capable of producing IL-5 (45). We injected anti-IL-5 mAb
into TCRB™/~8™' mice and examined B-1 cell survival in T
cell-deficient conditions. Anti-IL-S-treated TCRB™'~8~'~ mice
showed a decrease in B-1 cell number and cell size 6 days after

treatment, compared with the control group of mice (Fig. 54, left
panel). Anti-IL-5 injection into W/W" mice also caused a decrease
in B-1 cell size (Fig. 54, right panel), although the total B-1 ceil
number did not change significantly. The total number and size of
B-2 cells did not change in either the TCRB™' "8’ mice or the
W/WY mice as a result of anti-IL-5 treatment (data not shown).
To evaluate /L-5 mRNA expression in tissues, total RNA was
isolated from the various tissues of RAG-27/~, TCRE™~86'",
and W/W" mice and was used for /£.-5 mRNA expression analysis.
As controls, wild-type mice and IL-57'" mice were also used.
RT-PCR analysis revealed significant JL-5 mRNA expression in
the lungs, spleen, small intestine, and stomach of wild-type mice,
RAG-27'" mice, TCRB™/78™'", and W/W" mice (Fig. 5B). A
lesser extent of JL-5 mRINA expression was observed in PECs. We
did not detect any JL-5 mRNA expression in the tissues of the
IL-57/" mice. JL-5 mRNA expression was not observed in the
liver. To examine J/L-5 mRNA expression in cells other than T
cells, mast cells, and eosinophils, we purified c-kit IL-5Ra™ cells
by sorting (>99% purity) from the tissues of RAG-2~"" mice. The
RNA from these cells was isolated and used for RT-PCR analysis.
As shown in Fig. 5C, high levels of IL-5 mRNA expression were
observed in ¢-kit " IL-5Ra cells in the lungs and small intestine of
RAG-2"'" mice. The c-kit"IL-5Ra~ PECs also expressed IL-5
mRNA, although the expression levels were low. These results
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FIGURE 4. T cell-independent homeostatic proliferation of B-1 cells.
A, B-1 cells from IL-5Re™* mice but not from IL-5Ra™" mice show
homeostatic proliferation even in T cell-deficient conditions. Purified B-1
cells were transferred (1 X 10° per head) i.p. into RAG-2™/~ mice. The
proportion of B-1 (IgM*CD237), B-1a (]gM*TCD237CD5"), or B-1b
(IgM™*CD23~CD57) cells in the PECs of RAG-27'" mice was analyzed
by flow cytometry. The recipient mice of each group were analyzed as
described in Fig. 2 on days 2, 30, and 60. The data shown are representative
results from two independent experiments, B, RAG-2"'~ mice that have
received [L-5Ra™’" B-1 cell transfer show low levels of Igs. On days 30
and 60, the concentrations of igs in the serum of the recipient mice were
determined by isotype-specific ELISA. The mean values of the indicated
groups of mice are represented as a bar. *x, p < 0.01; #, p < 0.05; by
Student’s ¢ test.

suggest that IL-5 is also produced by non-T/mon-mast/non-eosin-
ophil cells and may support the maintenance and Ab production of
mature B-1 cells in vivo.

Defective responses of IL-5Ra™"™ B-1 cells to anti-CD40 mAb
and LPS

B-1 cells that were smaller in size in IL-5R«™"" mice and anti-
IL-5-treated mice led us to address the possibility that these small
cells might show an impaired response to various activation sig-
nals, We purified B-1 cells in PECs from IL-5Ra™™" and IL-

F

5Ra™’” mice and stimulated them with anti-CD40, LPS, IL-4, or .

combinations of these. Interestingly, IL-5Ra "~ B-1 cells showed
lower proliferation than did IL-5Ra™*'* B-1 cells in response to
anti-CD40 (58% of IL-5Ra™’™ cells) and LPS (49% of IL-5Ra™"*
cells) (Fig. 6A). Similar results were obtained when the cells were
stimulated with anti-CD40 plus IL-4 and LPS plus IL4. IL-
5Ra™"" B-1 cells secreted significantly lower levels of IeM when
they were cultured with anti-CD40, LPS, anti-CD40 plus IL-4, or
LPS plus IL-4 than they did IgM secreted from IL-5Ra™’™ B-1
cells (Fig. 6B, upper panel). Although IL-5Ra™"" B-1 cells were
capable of producing IgGl upon stimulation with anti-CD40 plus
IL-4 or LPS plus IL-4, the amount of IgG1 produced by these cells
was significantly lower (~55% and ~70%, respectively) than the
amount of IgG1 produced by IL-5SRa™* B-1 cells (Fig. 6B, mid-
dle panel). 1gG3 production induced by LPS was also impaired in
IL-5Ra™'" B-1 cells (Fig. 6B, lower panel). In contrast with B-1
cells, IL-5Re™*'* and IL-5Re™"~ B-2 cells in the spleen responded
comparably upon anti-CD40 or LPS stimulation {data not shown).
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Regulation of CD40 expression in B-1 cells by IL-5

One possible reason for the impaired response of IL-5Ra™'~ B-1
cells to anti-CD40 may be the impaired expression of CD40, We
compared the expression levels of CD40 on IL-5Ra ™'~ B-1 cells
with those on IL-5Ra™*’* B-1 cells and found that IL-5Ra ™'~ B-1
cells showed a significantly lower expression of CD40 than did
IL-5Ra™* B-1 cells (Fig. 7A). In contrast with B-1 cells, IL-
5Ra™’~ B-2 cells showed CD4(} expression comparable with that
of IL-5SRa™* B-2 cells. CD40 expression on IL-57"~ B-1 cells
was also lower than on wild-type B-1 cells (data not shown). B-1
cells from the anti-IL-5-treated mice showed reduced CD40 ex-
pression 6 days after treatment, whereas CD40 expression on B-2
cells was not affected (Fig. 7B). Conversely, IL-5 stimulation of
IL-57'~ B-1 cells enhanced CD40 expression, whereas CD40 ex-
pression on B-2 cells was unaltered (Fig. 7C). These results
strongly suggest that the IL-5 signal is important for CD40 ex-
pression and CD40-related activation in B-1 cells.

Defective IgA production in LPS-administered IL-5Ra™" mice

As described previously, IL-SRa™"" B-1 cells respond poorly to
LPS stimulation (Fig. 6). Because TLR4/MD2 and RP105 ex-
pressed on B cells play an essential role in EPS-mediated B cell
activation (43, 44), we examined TLR4/MD2 and RP105 expres-
sion on B-1 cells. IL-5Ra™/™ B-1 cells showed very low levels of
TLR4/MD?2 expression and significant levels of RP105 expression.
The expression levels of TLR4/MD2 and RP105 on B-1 cells were
comparable between IL-5Ra™’* B-1 and IL-5Ra~‘" B-1 cells
(Fig. 8A). IL-5 might not be involved in the regulation of TLR4/
MD?2 or RP105 expression, but rather might participate in modu-
lating LPS-induced intracellular signaling.

LPS is capable of inducing differentiation of B-1 cells in gut-
associated lymphoid tissue (46). We orally administered LPS to
IL-5Ra™*’* and IL-5Ra™’" mice and examined Ig levels in serum
and fecal extracts by ELISA. IgA levels in serum and fecal extracts
in LPS-administered IL-5Ra™"* mice were elevated ~40% and
~400%, respectively, compared with those in the PBS-treated
control group of mice. The levels of other Ig isotypes were com-
parable with those in the PBS-treated control mice (Fig. 88). In
contrast with the IL-5Ra™" mice, the IgA levels in serum and
fecal extracts in the IL-5Ra™/™ mice did not increase as a result of
oral LPS administration (Fig. 8B). To determine whether impaired
IgA production due to LPS administration in IL-5Ra™~ mice was
because of a decrease in IgA-producing cells, mononuclear cells
were isolated from different tissues in LPS-administered mice and
isotype-specific ELISPOT assays were performed. As shown in
Fig. 8C, we detected a significant number of Ig-preducing cells in
the LP and PP in both IL-5Ra™* and IL-5SRa™'" mice. Impor-
tantly, the number of IgA-producing cells in the LP and PP was
significantly lower in LPS-administered IL-5Ra™~ mice than in
LPS-administered IL-SRa*’* mice. The number of IgM-produc-
ing cells in PECs in IL-SRe™"" mice was also lower than in IL-
S5Ra*’'* mice, whereas their splenocytes showed a number of
IgM-producing cells comparable with that in IL-5Ra™'" mice.
These results indicate that IL-5 signals are required for cells in the
LP and PP to induce the optimal LPS response for terminal dif-
ferentiation into Ab-producing cells in vivo.

Discussion
IL-5 and B-1 cell maintenance

A significant reduction in B-1 cells has been shown in IL-5Ra™~

and IL-5~7" mice (35, 38) and in 129 mice whose B cells show
impaired response to IL-5 (47). These results imply that IL-5is a
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crucial cytokine for B-1 cell development or maintenance, Sup-
porting this notion, we showed B-1 cells that were fully restored in
number and function in IL-5Ra ™~ mice due to the enforced ex-
pression of IL-5Ra by crossing with IL-5R« transgenic mice (36).
It should be noted that the decrease in B-1 cell proportion and
number is more obvious in young IL.-5Re™’~ mice than in older
ones. This suggests that the IL-5 signal is at least required to fa-
cilitate B-1 cell development. However, it is not clear whether IL-5
is required for the maintenance of mature B-1 cells. Thus, the key
question is to what extent IL-5 is involved in mature B-1 celi
survival and homeostatic proliferation,

This study demonstrates the marked impairment of the mainte-
nance of mature B-1 cell survival and its homeostatic proliferation
by blocking IL-5 signals. Intriguingly, the administration of anti-
IL-5 mAb into IL-5Re™/* mice could induce a rapid reduction in
the total number and size of B-1 cells within 6 days to a degree
comparable with that observed in IL-5Ra™’~ B-1 cells (Fig. 1B).
Cell transfer experiments of CFSE-labeled B-1 cells to wild-type
mice revealed that CFSE* B-1 cells from wild-type mice survived
longer in the peritoneal cavity than did those from IL-5Ra™'~ B-1
cells (Fig. 2). This may not be due to the impairment of the mi-
gratory activity of IL-SRa™'" B-1 cells, because the distribution
pattern of CFSE-positive TL-SRa™'~ B cells in the LP, PP, and
MLNs in the recipient mice 30 days after cell transfer was similar
1o that of CFSE-positive IL-3Ra ™ B cells {data not shown), We
were surprised to see CFSE-positive B-2 cells (>50% more than
starting cells) in the recipients 30 days after cell transfer, because
B-2 cells are thought to be recirculating cells that do not reside in
the peritoneal cavity. A proportion of B-2 cells in the peritoneal
cavity tend to reside in or to migrate to the peritoneal cavity.

CFSE-labeled B-1 cells of wild-type mice expanded in the peri-
toneal cavity on day 30 of cell transfer in the RAG-27'" mice,
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whereas IL-5Ra™"~ B-1 cells did not (Figs. 3, A and B, and 44).
This again may not be due to the enhanced migration of IL-
5Ra~’" B-1 cells in RAG-2~' mice to the B cell compartment
other thar in the peritoneal cavity, because IL-5SRa™""sIgA* B
cells resided in the LP to lesser extent than did IL-5SRa™/*sIgA™
B cells (Fig. 3C). The CFSE-labeled B-2 cells in RAG-2™"" mice
expressed a wide range of CFSE labeling intensities (Fig. 3B). It is
likely that cotransferred T cells may expand in the peritoneal cav-
ity of RAG-2"'" recipient mice because of their ability to homeo-
statically proliferate, during which they may produce cytokines
that induce the proliferation of B-2 cells. Alternatively, the B-2
cells that we detected may have been contaminated B-1 cell pro-
genitors with long-lived and self-replenishing activity.

We were surprised to observe that both IL-SRa*/*sIgA* B
cells and IL-5Ra™""sIgA™ B cells showed relatively low CFSE
labeling (Fig. 3C), suggesting extensive cell divisions before dif-
ferentiation to sIgA™ B cells. Although CFSE intensities of B cells
were similar, a reduced proportion of sIgA™* B cells in the LP of
RAG-2~'" mice transferred with IL-5Ra '~ B cells was observed
compared with mice transferred with IL-5Ra™*’* B cells. This may
be due to the impairment of cell survival and expansion of IL-
5Ra™’" B-1 celis, although a small proportion of IL-5Ra ™'~ B-1
cells may be sufficient for proliferation and differentiation to
sIgA™ B cells. Our results imply that the IL-5/IL-5R system plays
an important role in maintaining mature B-1 cell survival and ho-
meostatic proliferation in our short-term cell transfer assay.

IL-5-dependent B-1 cell maintenance in T cell- and mast cell-
deficient mice

Although it is well known that T cells are a major IL-5 producer,
we observed IL-5-mediated homeostatic proliferation of purified
B-I cells in recipient RAG-27'" mice (Fig. 4). It was possible that
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FIGURE 6. Defective activation of IL-5Ra™'" B-1 cells to anti-CD40
mAb or LPS. 4, IL-5Ra~"~ B-1 cells have defective proliferative re-
sponses to anti-CD40 mAb or LPS, B-1 cells purified by the MACS system
were cultured {1 X 10° cells in a 200-ul culture) for 3 days with anti-CD40
mAb (1 pg/ml), LPS (40 pwg/ml), IL-4 (1000 U/ml), or a selected combi-
nation of these agents. The cells were pulse-labeled with [*H]thymidine
(0.2 pCifwell) for the last 8 h of the culture. The results represent the mean
cpm * SD of the duplicate determinations. B, IL-5SRo™"" B-1 cells pro-
duce a small amount of Igs in response to anti-CD40 mADb or LPS. Purified
B-1 cells were cultured (1 X 10° cells in a 200-gl cultnre) for 7 days with
each stimulant as described in A. The IgM, IgG1, and [2G3 concentrations
in the cultured supematants were determined by ELISA. The values rep-
resent the mean and SD of the duplicate wells. The data shown are repre-
sentative results from three independent experiments (A and B).

extremely low numbers of T cells in RAG-2~'" mice may provide
T cell help, as described by Kushnir et al. (48), but we found no
significant T cell population when we examined the PECs from
RAG-2"'" mice 30 days after purified B-1 cell transfer (data not
shown). Moreover, the results in which anti-IL-5-treated T cell-
deficient mice show a reduction in number and cell size of B-1
cells in the peritoneal cavity also support our conclusion that
non-T cells produce the IL-5 that supports maintenance and Ab
production by B-1 cells (Fig. 54). In fact, cells in various tissues
including the lungs, stomach, and spleen of RAG-27/~ mice or
TCRB™ "8 mice showed IL-5 mRNA expression (Fig. 5B).
Moreover, small intestine and peritoneal washouts also expressed
IL-5 mRNA. Fort et al. (49) demonstrated using RAG-27/~
splenocytes that non-T/non-B cells produce IL-5 in response to
IL-25 and that cells responding to IL-25 are accessory cells, which
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FIGURE 7. IL-5-dependent CD40 expression on B-1 cells. A, IL-
5Ra™~ B-1 cells express low levels of CD40, B, Decreased CD40 ex-
pression on B-1 cells from anti-IL-5-treated mice is reduced. C, CD40
expression on IL-57'" B-1 cells is recovered by IL-5 stimulation. Perito-
neal cells from IL.-5~'" mice were cultured (1 X 108 cells in a 2-ml cul-
ture) for 2 days with or without IL-5 (500 U/ml). The cultured cells were
stained and analyzed by flow cytometry. Representative histograms show
the CD40 expression of B-1 or B-2 cells from ¥L-5~~ mice, which were
cultred for 2 days. Representative results from theee different experimen-
tal sets are shown.

belong to the MHC class II"2", CD11c™", F4/80"*, CD8a ™, and
CD4~ populations. In vitro stimulation of mouse mast cells by
FceRI cross-linking induces increased levels of mRNA expression
or secretion of various inflammatory cytokines including IL-5 (50).
W/WY mice showed IL-5 mRNA expression and IL-5-dependent
B-1 cell maintenance (Fig. 5, A and B). In addition to T cells and
mast cells, eosinophils and NK cells have also been shown to
possess IL-5-producing ability (51, 52). This study shows that
c-kit " IL-5Ra™ cells purified from the lungs and small intestine of
RAG-27'" mice expressed JL-5 mRNA (Fig. 5C). Our results sup-
port the notion that IL-5 can be produced even in T cell-, mast
cell-, and eosinophil-deficient conditions, possibly by nonhemo-
poietic cells, leading to the support of B-1 cell maintenance.

IL-5 and CD40-related response of B-1 cells

T cell-dependent activation of B cells requires CD40-CD40 ligand
(CD40L) interaction and a defined set of cytokines. Although B-1
cells are classified as B cells responding to T cell-independent Ags,
T cells can influence other aspects of B-1 cell activation and dif-
ferentiation. In fact, B-1 cells exhibit a strong proliferation and
IgG1 production when cocultured with activated T cells plus IL-4
or with recormbinant CD40L plus IL-4 (53). T cells enhance Ig
production by B-1 cells and induce switching from IgM to IgG1 in
B-1 celi-transferred SCID mice (10). Moreover, Erickson et al.
(53) have demonstrated that B-1 cells require IL-5 in conjunction
with CD40-CD40L interaction for maximal T cell-dependent re-
sponses. We showed that IL-5 regulates CD40 expression solely



