harmful response in either of two
ways. First, in response to orally
administered antigen, soluble factors
and/or signaling through CD40L and
CD40 could favor the generation of
antigen-specific  CTLs.  Indeed,
CD40L/CD40-mediared activation of
mucosal DC by anrigen-specific CD4
T cells has been shown to recruit CD8
T cells into the DC-T cell clusters and
to be essential for the subsequent
priming of these CD8 T cells (21).
Alternatively, since CD8 T cells can
express CD40L, mucosal DCs may
interact directly with them to pro-
mote their activation against specific
antigens (22). In this second model,
the effect on the CTL response of
blocking CD40L, as demonstrated by
Hinninen et al. (8), could be explained
by a direct effect on CD8 T cells,
which might subsequently interact
with different DC populations,
including those residing in the
mucosal compartment,

Recently, several interesting studies
have demonstrated a critical and
unique role of mucosal DCs in modu-
lating quiescent or aggtessive mucos-
al immune responses that can lead to
either mucosally induced tolerance or
mucosal immunity (23-25). Manipu-
lation of mucosal DCs could therefore
offer novel strategies to induce
mucosally induced tolerance without
generating active and harmful
immune responses, including the gen-
eration of autoantigen-specific CTLs.
The current work showing that tran-
sient blockade of CD40L can dissoci-
ate mucosally induced tolerance from
the generation of harmful CTLs (Fig-
ure 1b) suggests another possible
therapeutic strategy thar could be
applied to autoimmune diseases.

However, because the effects of this
procedure clearly differ from the
effects of complete CD40L deficiency,
fundamental questions about the
roles of these molecules remain to be
addressed before CD40L-inhibitory
drugs or antibodies can be considered
for clinical applications.
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Enhanced Hematopoiesis by Hematopoietic Progenitor Cells
Lacking Intracellular Adaptor Protein, Lnk
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Abstract

Hematopoietic stem cells {(HSCs) give rise to variety of hematopoietic cells via pluripotental
progenitors and lineage-committed progenitors and are responsible for blood production
throughout adult life. Amplification of HSCs or progenitors tepresents a potentially powerful
approach to the treatment of various blood disorders and to applying gene therapy by bone
marrow transplantation. Lnk is an adaptor protein regulating the production of B cells. Here
we show that Lnk is also expressed in hematopoietic progenitors in bone marrow, and that in

. the absence of Lnk, the number and the hematopoietic ability of progenitors are significantly
increased. Augmented growth signals through c-Kit partly contributed to the enhanced he-
matopoiesis by Ink~/~ cells. Lnk was phosphorylated by and associated with c-Kit, and selec-
tively inhibited ¢-Kit-mediated proliferation by attenuating phosphorylation of Gab2 and acti-
vation of mitogen-activated protein kinase cascade. These observations indicate that Lnk plays
eritical roles in the expansion and function of early hematopoietic progenitors, and provide
useful clues for the amplification of hematopoietic progenitor cells,

Keywords:  bone marrow transplantation * hematopoietic progenitors * c-Kit « stem cell

factor » Gab2

Introduction

All blood cell lineages differentiate from hematopoietic
stern cells (HSCs)* which self-renew to produce blood cells
throughout the entire lifetime of the organism (1). Recent
studies have demonstrated the potential of HSCs or pro-
genitor cells in bone marrow to give rise not only to blood
cells, but also to other cell types including hepatocytes, car-
diac myocytes, and epithelial cells of the liver, lung, gas-
trointestinal tract, and skin (2-4). Amplification of HSCs or
progenitors represents a potentially powerful approach to
the treatment of various blood disorders, to the regenera-
tion of damaged liver, heart, and lung tissues, and may also
allow the use of gene therapy by bone marrow transplanta-
tion. A modest net gain in HSC numbers has been reported
using serum-free cultures containing stem cell factor {(SCF),
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* Abbreviations used iz this paper: CFU-S, CFU in spleen; HSC, hemato-
poictic stem cell; Lin, lineage marker; MAPK, mitogen-activated protein
kinase; PDGF, platelet-denived growth factor; SCF, stem cell factor; SH,
Src homology; RAG, recombination activating gene.

IL-11, and Flt-3 ligand (5). Thrombopoietin has also been
shown to promote HSC survival and induce the prolifera-
ton of HSCs in the presence of SCF {6, 7). However, cul-
ture conditions that allow the amplification of HSCs
while retaining their self-renewing abilities have not been
established, and the mechanism for the self-renewal of
HSCs remains poorly understood.

Lnk is an adaptor protein mainly expressed in lympho-
cytes (8-11). Lnk forms part of an adaptor protein family,
together with APS and Src homology (SH)2-B, whose
members share the presence of an NH,-terminal homolo-
gous domain, followed by pleckstrin homology and SH2
domains, and a COOH-terminal conserved tyrosine phos-
phorylation site (11-13). Lnk regulates B cell production
by negatively controlling the expansion of pro-B cells. We
have previously reported that mutant mice lacking the Ink
gene showed enhanced B cell production due to the hy-
persensitivity of B cell precursors to SCF, a ligand for ¢-Kit
{11). The absence of Lnk confers upon immature bone
marrow cells an enhanced ability to support B lymphopoie-
sis in adoptively transferred host animals, even in a com-
petitive environment such as nonirradiated recombination
activating gene {RAG)-27/" host (11).

The receptor tyrosine kinase ¢-Kit is a member of a sub-
family that includes the platelet-derived growth factor
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{PDGF), CSF-1, and Flt3/Flk-2 receptors (14, 15). As with
other receptor tyrosine kinases, stimulation of ¢-Kit by
SCF binding leads to dimerization, transphosphorylation,
and the recruitment and tyrosine phosphorylation of vari-
ous cellular proteins, including phosphatidylinesitol 3-kinase
and Akt that rescue cells from apoptosis, and Gab2 that
leads 1o the activation of mitogen-activated protein kinase
{MAPK) pathways (16, 17). Through SCF binding, c-Kit
is a key controlling receptor in a number of cell types in-
cluding HSCs and hematopoietic progenitors, mast cells,
melanocytes, and germ cells. The growth and survival of
the stem cells for these cell types are severely affected by
mutations in the gene loci for ¢-Kit (Kit") or SCF (s) (15).

In this study, we show that Lnk is also expressed in he-
matopoietic progenitors, and that in the absence of Lnk,
the number and the hematopoietic ability of progenitors
in bone marrow are significantly enhanced. Augmented
growth signals through c-Kit partly contnibute to the en-
hanced hematopoiesis by k™'~ cells. Lok is phosphory-
lated by and associates with c-Kit. Lnk selectively inhibits
c-Kit—mediated proliferaton by inhibiting tyrosine phos-
phorylation of Gab2 and activation of the MAPK cascade.
These observations indicate that Lnk plays critical roles in
the expansion and function of early hematopoietic progen-
itors, and provide useful clues in the understanding of the
generation and proliferation of hematopoietic progenitor
cells,

Materials and Methods

Mice. Ink~’~ mice used in this study were backcrossed with
C57BL/6 (B6-Ly5.2) >10 ames. Kit"’'* or Kit"™/* mice were
purchased from The Jackson Laboratory. Mice congenic for the
Ly5 locus (B6-Ly5.1) were bred and maintained at the animal fa-
cility of the Institute of Medical Science, Univenity of Tokyo,
Tokyo, Japan. All mice were housed and bled in specific patho-
gen-free conditions.

Flow Cytometry and RT-PCR. Single cell suspensions were
prepared, and cells stained using predetermined optimal con-
centrations of the respective antibodies. The stained cells were
then analyzed on 2 FACScan™ or FACScalibur™ instrument
{Becton Dickinson). The following mAbs were used: FITC-
conjugated anti-Sca-1 (E13-161.7); PE-conjugated anti-c-Kit
(2B8); biotin-conjugated anti—TER.-119; biotin-anti-Gr-1 (RB6—
8C5); PE- or biotin-anti-CD3e (145-2C11); FITC-anti-CD8
(53-6.7); PE-anti-CD4 (RM4-5); PE—anti-CD43 (§7) (all pur-
chased from BD PharMingen); FITC- or biotin-anti-Mac-1
(M1/70); FITC-, PE-, or biotin-anti-B220 (RA3-6B2} (from
Caltag); and biotin-anti-Ly5.2 (a gift of K. Ikuta, Kyoto Uni-
versity, Japan). PE-conjugated streptoavidin {Ancell}, or Tr-
Color-conjugated streptoavidin (Caltag) were used for biotin-
coupled antibody staining. Bone marrow cells were depleted of
lineage-committed cells using a MACS® system (Miltenyi Bio-
tec) after incubation with a cocktail of biotin-conjugated anti-
bodies against vatious lineage markers (Lins) (B220, CD3, Gr-1,
Mac-1, and TER-119) and streptavidin-coupled microbeads.
Resulting Lin~ cells were stained with PE-anti-¢-Kit, and
c-Kit* or c-Kit™ cells sorted using a FACSVantage™ (Becton
Dickinson). Poly(A)* RNA was isolated from purified cells us-
ing a Micro-Fast Track kit (Invitrogen), and first strand cDNA

templates synthesized by Superseript II reverse transcriptase
(GIBCO BRL) using random primers (TaKaRa, Kyoto, Japan).
Serial dilutions of cDNA templates were subjected to PCR am-
plification by using primer-sets encompassing several introns for
Lok (FWD prmer: 5'-ATGCCTGACAACCTCTACAC,
REV primet: 5'-ATTCACACGTCTGCCTCTCT) or B-actin
(FWD prmer: 5-ACACTGTGCCCATCTACGAG, REV
primer: 5'-CTAGAAGCACTTGCGGTGCA). Cycling pa-
rameters were 1 min at 94°C, 2 min at 64°C and 3 min at 72°C
for 34 cycles to detect Ink mRNA, or 27 cycles for B-actin.
PCR products were separated through 1.0% agarose gels and
stained with ethidium bromide.

Colony-forming Unit in Spleen Assap. Nueleated bone mar-
row cells (10%) prepared from Ink*'* or Ink~/~ mice were in-
Jected into lethally irmradiated (9.5 Gy) fernale wild-type mice.
The recipient mice were killed 12 d after the injection, and cheir
spleens were removed and fixed in Bouin’s solution for macro-
scopic examination to count colonies.

Competitive Repopulation Assay. Bone marrow cells obtained
from Ink™'~ or Ink*/* mice (Ly5.2) were depleted of Lncage-
committed cells using 2 MACS® system as described above. Re-
suleing Lin™ cells (7.0 X 10%) were intravenously injecred into le-
thally irradiated (9.5 Gy) recipient mice together with 3.5 X 10°
competitor Lin~ cells obtained from B6-Ly5.1 mice. For assays
using Ink~/~Kit*'* or Ink™/~Kit"'* mice, 1.5 X 105 0r 7.5 X 10*
bone marrow cells were injected into lethally irradiated recipient
mice together with 1.5 X 10f competitor bone marrow cells ob-
tained from B6-Ly5.1 mice. Bone marrow cells, splenocytes, and
thymocytes of chimeric animals were isolated and analyzed 10-12
wk after transfer,

Plasmid Construction and Transfection. Full-length Ink ¢DNA
(11} was subcloned into the BamHI site of pcDNA3 (Strat-
agene), an eukaryotic expression vector driven by the cytomega-
lovirus enhancer and promoter, resulting in pcDINA3-Lnk. Sub-
stitutional mutations were introduced into the Mk cDNA
sequence encoding the COOH-terminal tyrosine residue (Y536}
by PCR.-based site-directed mutagenesis. The introduced muta-
tion was confirmed by DNA sequencing. The resulting mutated
¢DNA was subcloned into pcDNA3 (pcDINA3-Y536F). A
mouse mast cell line, MC% was grown in RPMI 1640 medium
supplemented with 5% FCS, 50 uM 2-ME, 100 U/ml penicillin,
and 100 pg/mi streptomyein and 10 U/ml mIL-3, MC9 cells
were transfected by electroporation with pcDNA3-Lnk or
pcDNA3-Y536F linearized with Sspl. 2 d after transfection, cells
were seeded into 96-well plates (104 cells per well) and selected
in medium containing 0.8 mg/mt G418. Transfectants resistant
to G418 were expanded and screened for expression of Lok pro-
tein by immuncblotting,

Proliferation Assay and Immunoblotting. Transfectants (10%) were
cultivated in 200 pl of medium in 96-well plates. Cells were
stimulated with various concentrations of SCF or IL-3. Cells
were pulse-labeled with [PH}thymidine (0.2 nCi per well) during
the last 16-h of the 72-h culture period, and incorporated
[*Hjthymidine measured using a3 MATRIX 96 Direct Beta
Counter (Packard Instrument Co.). Transfectants were washed in
Hanks’ Balanced Salt solution three times and starved in RPMI
1640 medium containing 2% FCS, 50 pM 2-ME for 4 h. Cells
were then collected and stimulated with 1 pg/ml SCF (Pepro-
Tech) for the indicated times. After stimulation, cells were col-
lected and lysed on ice in lysis buffer (150 mM NaCl, 50 mM
Tns HCl, pH 7.5, 1% NP-40, 10 mM NaF, 1 mM Na,vVQ,, 2
mM phenylmethylsulfonyl fluoride, 10 wg/ml leupeptin, 10 pg/
ml aprotinin} and the lysates clarified by centrfugation. Whole
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eell lysates or proteins immunoprecipitated using anti-Lnk (11) or
anti-Gab2 (Upstate Biotechnology) were resolved by SDS/
8%PAGE under reducing conditions, and transferred onto nitro-
cellulose membranes (Schlcicher and Schull). After blocking with
5% skim milk/PBS, blots were probed with antiphosphotyrosine
mAb (4G10; Upstate Biotechnology), anti—phospho-Akt, or
anti-phospho-Erk1/2 (New England BioLabs), anti~c-Kit (Santa
Cruz Biotechnology, Inc.) or anti-Lnk antibodies, and incubated
with horseradish peroxidase-conjugated sccondary antibodies.
Filters were washed in 0.05% Tween 20, Tris-buffered saline, pH
7.3, and developed by enhanced chemiluminescence (NEN Life
Science Products).

Results

Increased Number and Enhanced Ability of Hematopoietic Pro-
genitors in Ink™'~ Mice. The hyperresponsivity of Ink™/~
precursor B cells to SCF and the enhanced ability to sup-
port B lymphopotesis in nonirradiated RAG-2"/" host
animals (11) prompted us to investigate the function of
Lnk in more immature hematopoietic progenitor cells.
We first examined whether immature progenitors not yet
committed to the B cell lineage expressed Ink mRINA.
Bone marrow cells that already expressed Lins were de-
pleted and resulting Lin-negative (Lin~} immature cells

A

Ink+*

Un~  Ln™ itk
oKir  c-Kit* P

Sca-1

Figure 1. Increased hematopoietic progenitors in k™'~ mice. (A) Ex-
pression of [uk transcriprs in hematopoietic progenitor cells of normal mice.
Lin~ bone marrow cells were purified and separated according to c-Kirt ex-
pression. Serial dilutions (threefold) of cDNA remplates were prepared and
subjected to RT-PCR analysis using primer sets designed to amplify ink
{top} or B-actin (bottom) ¢DNA fragments. (B) The cell fraction contain-
ing HSCs {Lin~Sca-1*¢-Kit*) was increased in the bone marrow of ink~/~
mice. Sca-1 and c-Kit expression on Lin~ bone marrow cells prepared
from Ink*/* or Ink™'~ mice was analyzed by flow cytometry. Representa-
tive dual parameter plots are shown. (C) Increased hematopoietic progeni-
tors {CFU-5 d12) caused by the ink-deficiency. Bone marrow cells (10%)
were transplanted into lethally irradiated recipient mice, The spleens were
removed after 12 d and fixed in Bouin’s solution to visualize the colonies,

153 Takaki et al.

were further purified by the expression of ¢-Kit. RT-
PCR results demonstrated that Itk mRINA was expressed
in Lin~ bone marrow cells. Among these Lin™ cells, more
Ink transcripts were observed in immature c-Kit* cells
than in ¢-Kit™ cells (Fig. 1 A). Then we compared the dis-
tribution of cells expressing c-Kit and Sca-1 within the
Lin~ cell population obtained from Imk=/~ or Ink*/* mice.
The Lin~c-Kit*Sca-1* fraction, within which HSCs are
found (18), was significantly expanded in lnk~'~ mice
compared with Ink*/* mice (Fig. 1 B, Table III). Pluripo-
tential hematopoietic progenitors give rise to CFU in
spleen (CFU-5) after 12 d when transplanted into lethally
irradiated host. CFU-S d12 in Ink~/~ bone marrow was
significantly increased compared with wild-type (Table I,
Fig. 1 C). In addition, CFU-S di2 colonies derived from
Ink™'~ cells were larger in size than those derived from
Ink*’* cells, suggesting the enhanced proliferating ability
of lnk™/~ hematopoietic progenitors.

The ability of Ink™'~ progenitors to produce various he-
matopoietic cell types was examined by competitive repop-
ulation assay. To avoid the contribution of increased B cell
precursor populations in Ink™~ bone marrow to recipient
B cell compartments, Ly5.2*Lin~ cells were purified from
Ink=’~ or Ink*'* mice and transferred into irradiated hoses
together with a fivefold excess of Ly5.1% normal Lin~ eells
(Fig. 2 A). Reflecting the ratio of testee to competitor cells,
only small part of B220CD43™ B-lineage cells in bone
marrow and B220* splenocytes were Ly5.2* in recipient
mice repopulated using Ink*/* Ly5.2% progenitors (Fig, 2
B}. In contrast, when ltk~/~ Ly5.2* progenitors were used,
almost all of the B lineage cells were Ly5.2* despite the
original transfer of five times fewer Ink ™/~ progenitors than
normal Ly5.1* competitor cells (Fig, 2 B). This also dem-
onstrates the enhanced ability of Ink~/~ progenitors to pro-
duce B lineage cells compared with normal progenitors,
Unexpectedly, results of the competitive repopulation assay
showed that the Ink™/~ progenitors produced not only B
lineage cells but also myeloid cells and T cells more effi-
ciently than normal progenitors (Fig. 2 B, Table II). Most
of the B220~CD43"* myeloid cells in bone marrow and
Mac-1* splenocytes in mice that received Ink~/~ progeni-
tors were Ly5.2%. In addition, most CD4*CD8* thy-
mocytes and CD3* splenocytes were generated from Ink=/~

Table X.  Increased CFU-S d12 in the Bone Marrow of the

Ink="" Mice

Genotype CFU-5 d12 (per 10° cells)
Ink** 115+ 2.4
Ink=~ 20.8 > 3.3

Bone marrow cells {10%) were administered intravenously to lethally
irradiated recipient mice. The spleens were removed and fixed 12 d after
injection, and the number of colones was counted. The values are
mean % SD for quadruplicates.

P <001,
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Figure 2. Enhanced repopulating ability of ink™/~ progenitors demon-
strated by a competitive repopulation assay. {A) Lin~ bone marrow cells
prepared for repopulating assay. Bone marrow cells obtained from ink=~,
Ink*’* mice, or B6-LyS5.1 (competitor) mice were depleted of lineage-
commited cells using a2 MACS?® system as described in Materials and
Methods. Expression of Lin markers (B220, CD3, Gr-1, Mac-1, and
TER-119) on cells before depletion {dotted lines) or after depletion (solid
lines) was shown. (B) Lin~ cells obtained from Ink*/* or Ink™/~ mice
(Ly5.2) were transferred into lethally iradiated (9.5 Gy) recipient
mice together with a fivefold excess of Lin~ cells prepared from nor-
mal B6-Ly5.1 mice. Ly5.2 expression on B220°CD43~ B lineage cells
in bone marow, B220"CD43* myeloid cells in bone marrow,
CD4*CDB* thymocyees, B220* splenic B cells, Mac-1* splenocytes, and
CD3* splenic T cells were analyzed 10-12 wk after transfer. Upper pro-
files show results obtained from animals transferred with hik*/* cells, and
lower profiles show results obuined from animals transferred with Ink™'~
cells. Reepresentative results of three independent experiments are shown.

progenitors even in the presence of five times more normal
progenitors. Most of the IL-2RB*CD3* NKT cells in the
spleen and thymus were also derived from Ink™'~ progeni-
tors (data not shown)}. These results indicate that the abil-
ity of hematopoietic progenitors to generate various lin-
eages of hematopoietic cells is greatly enhanced by the
absence of Lnk.

¢-Kit Signaling Is a Major Target Affected by Ink Deficiency.
We have previously demonstrated that B cell overpro-
duction observed in Ink™/" mice was due, at Jeast in part to

SCF hypersensidvity of the precursors, reflecting enhanced
c-Kit signaling in the absence of Lnk (11). To confirm our
observations in vivo, we bred Ink™'~ mice to Kit"’* mutant
mice. The Kit* mutation consists of a deletion in the ¢-Kit
protooncogene that results in reduced cell surface expression
of c-Kit protein in Kit"’* heterozygote mice (19). Kit#/"
mice are commonly used as viable mutant mice carrying
nonfunctional ¢-Kit. However, the fraction of B lincage
cells in the bone marrow of these mice varied from animal
to animal, presumably due to malnutriion accompanied
with severe anemia. Therefore, we compared Kit*/* with
Kif"’* mutant mice in a Ink™/" background. Kit"'* mice
(lnk*"*KitW/*) showed no abnormalities in B cell develop-
ment compared with normal (Ink*/*Kit*/*) mice (Table
IlN). Total bone marrow preparations from [nk~/"Kit*/*
mice contained higher cell numbers than from normal mice,
with both B220°IgM™ and B220°IgM* fractions signifi-
camtly increased. Reduction of ¢-Kit expression by the in-
troduction of the Kit" mutation on a Ink™/~ background
partially but significantly normalized B cell overproduction
in Ink™/"Ki"’* mice (Table III). This confirms that the
main reason for B cell overproduction in Ink™/~ mice is en-
hanced signaling through the ¢-Kit tyrosine kinase receptor.

The fraction of Lin~Sca-1*¢-Kit™ progenitors in {nk~/-
Kit"'* bone marrow was then examined. Expression levels
of ¢-Kit were reduced in Ink™/"Kit"'* mice compared
with Ink™"Kit*/* mice (Fig. 3 A). Importantly, the in-
creased Lin~Sca-1*e-Kit* fracdon in Ink~/~Kit*/* mice
was partly but significantly reduced in Ink=/~Kit"/* mice
(Fig. 3 A, Table III). This suggests that the increase in
numbers of hematopoietic progenitors in ink™'~ mice also
results from enhanced ¢-Kit signaling. Despite the partial
normalization of B cell overproduction and increased
Lin~Sca-1*c-Kit* progenitors, the competitive repopula-

 tion assay demonstrated an enhanced ability of hematopoi-

etic progenitors from Ink™/"Kit*’* mice comparable to
that from Ink~/~Kit*/* mice. Both Ink~/~Kit"'* and Ink=/~
Kit*/* progemtors {Ly5.2%) generated most of the B and
myeloid lineage cells and thymocytes in the presence of 10-
fold more competitor cells (Ly5.1%) (Fig. 3 B, Table 1V).
Even in the presence of 20-fold more competitor cells,
Ink™/=KitW'* as well as lnk~/~Kit*/* progenitors continued
to generate the majority of B, myeloid and T lineage cells
(Fig. 3 B, Table IV). These results strongly suggest that the
enhanced hematopoietic ability of Ink™'~ progenitors in-
volves as yet unidentified mechanism(s), in addition to the
enhanced c¢-Kit signaling that lead to the increase of
Lin~ca-1*c-Kit* progenitors.

Mechanisms for the Selective Inhibition of c-Kit Signaling by
Lsk. The mechanism by which Lnk regulates signaling
through c-Kit was studied using the SCF-dependent mast
cell line MC9, which endogenously expresses low levels of
Lnk (Fig. 4 A). MC% transfectants that expressed Lnk at
moderate (Lnk#1) or high (Lnk#2) levels were established
and responsiveness to SCF examined. APS, a member of
the Lok adaptor family, is phosphorylated at a tyrosine resi-
due at the COOH-terminal end and forms a binding site
for c-Cbl (13}, which is involved in the degradation of var-
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Table .  Repepulating Ability of Hematopoietic Progenitors in Irradiated Hosts Is Enhanced by the Absence of Lnk

Percent chimerism (Ly5.2% cells, %)

Bone marrow Bone marrow Thymus
Experiment Tested donor B220%CD43" B220-CD43* CD4*CD8*
Exp. 1 Ly5.1 alone 2.3 7.4 0.1
Ink*r* 10.9 28.9 0.1
lnk="~ 87.1 489 99.8
Ink="~ 85.1 78.1 87.5
Exp. 2 Ink*+* 16.6 23.9 17.2
Ink** 18.0 16.9 16.1
Ink="= 97.5 939 99.2
Ink=~"~ 97.6 95.8 994
Exp. 3 Ly5.1 alone 5.4 8.9 2.2
Ink** 333 423 30.4
nk=~ 94.8 96.3 99.7
Ink=~ 95.3 95.2 98.2

Lin~ bone marow cells obtained from Ink*™* or Ink™= mice (Ly 5.2) were transferred into lethally irradiared (9.5 Gy) recipient mice together with
a fivefold excess of Lin™ cells prepared from normal B6-Ly5.1 mice. Bone marrow cells and thymocytes were isolated 10-12 wk afier transfer, and

percentage of Ly5.2* cells in the indicated cell fractions were determined.

ious proteins (20). The phosphorylation of the ¢-Chbl bind-
ing site is required for the negadve regulatory functions of
APS in cytokine receptor signaling, such as through
PDGF-R. and erythropoietin-R. (21, 22). Therefore, we
also generated transfectants that expressed a mutant Lnk
(Y536F) that carried a substitution at the COOH-terminal
tyrosine residue expected to be phosphorylated by analogy
with APS. Lnk#2 and Y536F expressed c-Kit at amounts
comparable with control transfectants (Neo), and c-Kit was
similarly downregulated in all three transfectants upon
stimulation with SCF (Fig. 4 B). Even when the transfec-
tants were stimulated with low amounts of SCF, no dif-
ferences between rransfectants were detected (data not
shown). This indicates that early signals are efficienty
transmitred, and that the ¢-Xit degradation or internaliza-

tion is not affected in the presence of excess amounts of
Lnk. Interestingly, SCF-induced proliferative responses
were impaired in a dose-response manner by Lnk expres-
sion {Fig. 4 C). However, IL-3-induced proliferation re-
mained intact. Y536F also showed impaired proliferation
upon stimulation by SCF but not by IL-3. Apoptosis of
MC?9 cells induced by the depletion of SCF and IL-3 was
not affected by overexpression of Lnk (data not shown).
Therefore, Lnk selectively inhibits growth signaling medi-
ated through c-Kit and the putative ¢-Cbl binding site of
Lnk is not required for the negative regulatory effect on
c-Kit.

We next amalyzed the tyrosine phosphorylation of cellular
proteins. SCF stimulation rapidly induced tyrosine phos-
phorylaton of various cellular proteins, including c-Kit.

Table XIL. B Cell Overproduction and Increased in Lin™Sca-1*e-Kit* Hematopoietic Progenitors in Ink™'~ Mice Is Partly Nommalized by

Reducing Expression of c-Kit

Genotype Cell number B220%[gM- B220eIgM* Lin~Sca-1*+c-Kit*
(107 cells fermus) (%) (%) (%) (% in Lin~ cells)
Ink*"*Kit*/* 1.65 * 0.16 195 * 51 89 +36 {n=12) 0.45 * 0.07 162222 h=25)
Ink** KW+ 1.71 = 0.19 182+ 456 8.0 31 {(n=10) 0.38 * 0.06 149+ 17 (n=4)
Ink~/~ Kir*/+ 2.03 = 0.37° 36+ 4.8 14121 (n=11)  0.70 % 0.06° 26.1 = 2.18 (n=5)
Ink =/~ Kith/+ 1.91 £ 0.28 28.9 *+ 3.4b 118+ 17 (n=28) 0.56 = 0.13 213 + 1.4b {(n=15)

Bone marrow cells obtained from 8-10-wk-old mice were analyzed, and mean cell number (£SD), mean percentage (£SD) of the indicated cell

fractions and the number of mice analyzed are shown.
1P < 0.05 compared to Ink**Ki*'*.
tp < 0.05 compared to Ink™/~Kit*'*,
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Figore 3. Increased number but not enhanced abilicy of Ink~'~ he-
maropoietic progenitors is partly normalized by reducing expression of
c-Kir. (A) Expression of Sca-1 and ¢-Kit on Lin™ bone marrow cells of
Ink~/"Kir*’* or lak~/~Kit"'* mice, Shown are representative dual pa-
rameter plots analyzed by flow cytometry, (B) Comparable repopulating
ability of progenitors obtained from lik=/"Kit*/* or luk~'~Kir"/* mice.
Bone marrow cells obuined from Ink~'"Kir*/* or Ink~'"Kit*'* mice
(Ly5.2) were rransferred into lethally irradiated (9.5 Gy} recipient
mice together with 10 times (top) or 20 times (bottom) more competitor
cells prepared from normal B6-Ly5.1 mice. Ly5.2 expression on B220%
CD43™ B lineage cells in bone marrow, B220-CD43* myeloid cells in
bone marrow, and CD4*CD8* thymocytes of chimeric animals were an-
alyzed 10-12 wk after transfer, Upper profiles show results obrained from
animals transferred with Ink™/"Kit*/* cells, and lower profiles show re-
sults obtained from animals transferred with Ink~/~Kit"* cells. Thin lines
in top pancls show profiles of mice wansferred with Ly5.1 competitor
cells alone. Representative results of two independent experiments are
shown,

Table IV. Contparable Repopulating Ability of HSCs Obtained from Ink=/=Kit*/* or Ink=!~KitW/* Mice

Percent chimerism (Ly5.21 cells, %)

Testee: Bone marrow Bone marrow Thymus
Experiment Tested donor Competitor B220'°CD43~ B220CD43* CD4*CD8*
Exp. 1 Ly5.1 alone 47 51 03
Ink=/=Kir+'* 1:10 98.1 76.6 94.8
Ink~/~KitW'* 1:10 93.4 731 775
Ink=/~Kir*"* 1:20 98.5 71.1 96.1
Ink~ /= KW'+ 1:20 94.4 64.4 24.6
Exp. 2 Ly5.1 alone 4.4 31 0.1
Ink=/=Kit*"* 1:10 31.2 658 81.2
Ink~/~Kit"'* 1:10 87.6 77.1 76.9
Ink='=Kir*'* 1:20 36.1 67.3 97.0
Ink~'~ K%+ 1:20 87.2 74.5 86.8

Bone marrow cells obtained from btk ™/~ Kir*/* or Ink™""Kit"’* mice (Ly5.2) were tmansferred into lechally irradiated (9.5 Gy) recipient mice together
with 10-fold or 20-fold excess of competitor bone marrow cells prepared from normal B6-Ly5.1 mice. Bone mamrow cells and thymocytes were
isolared 10-12 wk after transfer, and percentage of Ly5.2* cells in the indicated cell fractions was determined.
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Figure 4. Lnk specifically inhibits ¢-Kit—mediated growth signaling in
MCY cells responsive to SCF or IL-3, (A) MC9 cells were transfected
with expression plasmid without insert (Neo), plasmid encoding Lnk
(Lnk#1, Lok#2), or mutant Lnk (Y536F) that lacks the COOH-terminal
ryrosine phosphorylation site. Lnk protein expression levels were analyzed
by immunoblot. (B} Downregulation of ¢-Kir induced by SCF, Expres-
sion levels of ¢-Kit on unsumulated MC9 mansfectants (broken lines) or
cells stimulated with 100 ng/ml SCF for 30 min (solid lines) were ana-
Iyzed by flow cytometry. Representative results of muldiple experiments
are shown. (C} Proliferative responses of parental MC? (C), Neo (O,
Lnk#1 (@), Lok#2 (A), and Y536F (@) upon stimulation with various
concentrations of SCF (top} or IL-3 (botrom). Values shown are mean *
SD of wiplicate determinations. Representative results of three indepen-
dent experiments are shown. (D) Phosphorylation of cellular proteins in-
duced by SCF stimuladon of MCY transfectants. Transfectants were
starved for 4 h and stimulated with 1 pg/mi of SCF for the indicated
times. Whole cell lysates (rop), anti-Lnk immunoprecipitants (middle),
and anti-Gab2 immunoprecipitants (bottom) were separated through
SDS/PAGE gels and wansferred onto nitrocellulose membranes. Result-
ant membranes were probed with the indicated antibodies and visualized
by ECL. Representative resulis of multiple experiments 2re shown.
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The pattemn of protein tyrosine phosphorylation was com-
parable between the three transfectants except for the atten-
uaton of phosphorylation of a2 90-100-kD protein in
Lnk#2 and Y536F cells (Fig. 4 D). c-kit itself was efficientdy
phosphorylated, and we observed neither attenuated nor
aupgmented c-Kit phosphorylation. Akt was also similarly
phosphorylated among the three transfectants (Fig, 4 D). In-
terestingly, MAPK activation as detected by its phosphory-
lation was perturbed in Lnk#2 and Y536F, correlating with
the attenuated phosphorylation of the 90-100-kD protein.
Immunoprecipitation experiments demonstrated that Lnk
was phosphorylated by and associated with c-Kit. This asso-
ciation was dependent on phosphorylation of ¢-Kit, but not
of Lnk, as the mutant Lnk Y536F was no longer phosphor-
ylated upon SCF stimulation but ssll efficiently bound ¢-Kit.
Finally, the 90-100 kD phosphoprotein was identified as
Gab2, which is thought to be a substrate of ¢-Kit (17). Anti-
Gab2 reacted with and immunoprecipitated the 90-100 kD
phosphoprotein (Fig. 4 D). These results demonstrate that
Lnk is a substrate of c-Kit, specifically interacting with
phosphorylated ¢-Kit, and that Lnk negatively regulates
c-Kit-mediated signaling for cell growth, at least in part, by
attenuating Gab2 phosphorylation and the subsequent acti-
vation of the MAPK pathway.

Discussion

We demonstrated that hematopoietic progenitors were
increased in the bone marrow of lnk™/~ mice as a conse-
quence of enhanced c-Kit signaling, and that Ink™/" he-
matopoietic progenitors exhibited a greatly increased capac-
ity to repopulate and produce various blood cell lineages
after transplantation into lethally irradiated host animals.
While it is likely that the increased progemitor fraction
partly accounts for the enhanced hematopoiesis by ink=/~
progenitors, the enhanced hematopoiesis by Ink~/~KitW/+
progenitors was comparable to that by Ink™/~Kit*/* pro-
genitors in competitive repopulation assays. This suggests
the existence of Lnk-dependent but ¢-Kit-independent sig-
naling pathways that lead to the augmented ability of he-
matopoietic progenitors to repopulate host bone marrow
and undergo hematopoiesis. Flt3/Flk-2 may be involved in
such a pathway as it has been shown to support proliferation
and differentiation of hematopoietic progenitor cells, while
disruption of the Flt3/Flk-2 perturbed the production of
various blood cell lineages (23). However, injection of anti-
Flt3/Flk-2 antbodies into Ink™'~ mice failed to normalize
the B cell overproduction in Ink™~ mice (unpublished
data), indicating that Flt3/Flk-2 signaling is not likely to be
a target affected by the Ink-deficiency. Alternatively, the fact
that the increased reconstituting activity of Ink™/~ progeni-
tors was not affected by the reduction of c-Kit expression
wounld indicate difference in the threshold of c-Kit—depen-
dent signals in early hematopoietic progenitors or HSCs,
late-stage progenitors and B cell precursors. Since ¢-Kit is
not absent but only reduced in Kit"/* mice, c-Kit signaling
with a relatively low threshold in early progenitors or HSCs



miight fully function in the condition where ¢-Kit—depen-
dent growth signaling in the majority of Lin~c-Kit*Sca-17
progenitors and B cell precursors were affected.

We found that Lnk is also expressed in hematopoietic
progenitors and that the ability to generate various lineages
of blood cells was significantly enhanced in irradiated host
animals in the absence of Lnk. In Ink™/~ mice, however,
the B lineage is affected to a greater degree while other
lineages of cells are kept intact. The high expression of
Lok in B lineage cells (9) presumably accounts for the se-
lective accumulation of B cells in Ink™/~ mice despite the
importance of c-Kit in directing the development of a
wide-range of blood cells. As Lnk expression is maintained
at a high level in the B cell lineage in normal mice, B cell
lineage is severely affected in the absence of Lnk. Al-
though other lineage of Ink™/~ cells may also have some
growth advantage compared with corresponding wild-
type cells, the advantage is likely to be masked by 2 mas-
sively enhanced growth ability of B lineage cells in Ink~/~
bone marrow.

Biochemical analysis using c-Kit* MCS cells demon-
strated that Lnk was tyrosine-phosphorylated by ¢-Kit and
interacted with phosphorylated c-Kit. Lnk specifically in-
hibited e-Kit—mediated signaling for cell growth, at least in
part, by attenuating Gab2 phosphorylation and the subse-
quent activation of MAPK pathway. Although the residue
of Y536 of Lnk was the main target of ¢-Kit, tyrosine phos-
phoryladon of Y536 was not required for the negative reg-
ulatory effect of Lnk on ¢-Kit. Moreover, SCF-induced
downregulation of ¢-Kit was not affected by Lnk overex-
pression. These are in contrast to APS that inhibits Janus ki-
nase (JAK)2 or PDGF-R-mediated signaling in combina-
tion with ¢-Cbl. Phosphorylation of the COOH-terminal
tyrosine is essential for ¢-Cbl binding and subsequent irhib-
itory effects of APS (21, 22). The inhibitory function of Lnk
on ¢-Kit is also in contrast to the positive regulatory roles of
SH2-B and APS in signaling viz receptors for various cyto-
kines and growth factors (24-26), while both SH2-B and
APS share significant similarities in structure with Lnk,

Phosphorylation of cellular proteins induced by c-Kit
stimulation was hardly detectable in primary progenitor
cells prepared freshly from normal or Ink™~ bone marrow
cells. Even if we used primary pro-B cells obtained by a
long-term bone marrow culture, c-Kit—dependent phos-
phorylation was hardly detectable. Given the ubiquitous
expression of MAPK pathway components and Gab2 (17,
27), however, the observation obtained using mast cell
lines overexpressing Lnk should reflect the function of Lnk
in hematopoietic progenitors exposed to low concentration
of SCF in the bone marrow microenvironment. The trans-
genic mice overexpressing Lok in B cell precursors resulted
in the reduction of B lineage cells (unpublished data), pre-
senting a good contrast to the phenotype of Ink™~ mice
and a reasonable synonym with the inefficient SCF-depen-
dent growth of MC9 cells overexpressing Lnk. Recently, it
has been reported that Gab2~/~ mice are viable and show
normal steady-state hematopotesis except reduced mast
cells in skins and peritoneal cavity (28). Gab2 is expressed

widely like its related protein Gabi (17, 27), and both
Gab1 and Gab2 are involved in MAPK activation in re-
sponse to several growth factors and cytokines (17). Bone
marrow—derived mast cells, however, express only Gab2
but not Gab1l (28). Although Lnk overexpression resulted
in attenuated phosphorylation of Gab2 in mast cell line
MC9, Lnk might also act on and regulate Gabl in other
lineages of cells. Whether Lok regulates Gabl as well as
Gab2 and whether Gab1 and Gab2 function redundantly in
hematopoietic progenitors remain to be elucidated.

The expression of c-Kit has been one of best markers
for HSCs commonly used in various purification protocols
to enrich HSCs (18, 29-32). The definitive hematopoiesis
is severely perturbed by mutations in the gene loci for
c-Kit (Kit") or SCF (sl) (15). In addition, administration of
anti—¢c-Kit antbodies abrogates development of hemato-
poietic cells (29, 30). These indicate the importance of
c-Kit expressed on HSCs. Recent report, however, has
demonstrated the existence of c-Kit™ HSC fraction {33).
Although ¢-Kit™ HSCs that are dormant/quiescent popu-
lation do not radioprotect or form CFU-S, they show de-
layed or slow reconstitution kinetics when cotransplanted
with radioprotective bone marrow cells. ¢-Kit™ HSCs can
give rise to c-Kit* HSCs not in primary recipients but in

. secondary recipients when transplanted repeatedly into ir-

radiated hosts (33). One of possible dysregulations caused
by the Ink-deficiency resulting in the enhanced hemato-
poiesis might be a rapid and augmented transition from
c-Kit™ HSCs into c-Kit* HSCs in irradiated hosts that is
independent on c-Kit signaling.

Defined characterization of Ink™'~ HSCs by the evalua-
tion of the hematopoietic ability of single HSC and the re-
population to various tissues other than blood cells will be
of great interest. HSCs transferred into host animals need to
migrate into bone marrow, find 2 marrow niche best suited
for their self-renewal, then proliferate and differentiate.
Studying the effect of the Ink-deficiency on HSCs and clar-
ifying the processes affected by the Ink-deficiency would
provide useful information to reveal HSCs function in
vivo. In addition, identification of Lnk-dependent signaling
pathways and target genes that exhibit altered expression
levels in the absence of Lnk would provide useful clues in
the understanding of the self-renewal abilities of HSCs or
the expansion of progenitor cells. Inhibiting Lnk function
by a mutant form of Lnk, inhibition of Lnk-dependent sig-
naling pathways, or forced expression of Lnk-target genes
may eventually allow us to control the expansion and gen-
eration of hematopoietic progenitor cells from HSCs.
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Pathogenesis of Murine Experimental Allergic Rhinitis: A
Study of Local and Systemic Consequences of IL-5 Deficiency”

Hiroko Saito,* Koichiro Matsumote,* Avram E. Denburg,* Lynn Crawford,* Russ Ellis,*
Mark D. Inman,* Roma Sehmi,* Kiyoshi Takatsu,’ Klaus I. Matthaei,* and
Judah A. Denburg®*

Recent studies have demonstrated an important role for IL-5-dependent hone marrow eosinaphil progenitors in allergic inflam-
matien. However, studies using anti-IL-5 mAbs in hursan asthmatics have failed to suppress lower airway hyperresponsiveness
despite suppression of eosinophilia; cherefore, it is critical to examine the role of TL-5 and bone marrow respenses in the patho-
genesis of allergic airway discase. To do this, we studied the effects of [L-5 deficiency (IL-5'") on bone marrow fenction as well
as clinical and local events, using au established experimental murine modei of allergic rhinitis. Age-matched I1-5** and IL-5~'~
BALB/c mice were sensitized to OVA followed by 2 wk of daily OVA intranasal challenge, TL-3"'" OV A-sensitized mice had
significantly higher nasal mucosal CD4" cells and hasophilic cell counts as well as nasal symptoms and histamine hyperrespon-
siveness than the nonsensitized group; however, there was no eosinophilia in either nasal mucosa or bone marrow: significantly
fower numbers of eosinophil/basophil CFU and maturing CFU eostnophils in the presence of recombinant mouse IL-5 in vitro; and
significantly lower expression of IL-5Ra on bone marrow CD34*CD45* progenitor cells in IL-5"'" mice. These findings suggest
that IL-5 is required for normal bone marrow eosinophilepotesis, in response to specific Ag sensitization, during the develepment
of experimental allergic rhinitis. However, the results also suggest that suppression of the IL-5-eosinophil pathway in this model
of allergic rhinitis may not completely suppress clinical symptoms or nasal histamine hyperresponsiveness, because of the existence
of other cytokine-progenitor pathways that may induce and maintain the presence of other inflammatory cell populations. The

Journal of Immunology, 2002, 168: 3037-3023.

Ithough the role of IL-5 in the difterentiation, prolifera-
tion, and migration of eosinophils in allergic inflamma-
tion has been well documented (1-9}, it remains unclear
how critical IL-3 is to the development of clinical disease. Indeed,
recent studies using anti-IL-5 mAbs in vivo in heman asthmatic
subjects have failed to confirm that IL-5 is both necessary and
sufficient to cause lower airway hyperresponsiveness, even though
it appears responsible for the development of blood and tissue
cosinophilia (10—12). In animal models involving TL-5 deficiency
and/or overexpression, there are only a few studies in which both
pathological and clinical vatiables have been evaluated {13-19).
Recent reports (3, 4. 20-37) have demonstrated an important
role for the bone marrow as a source of eosinophils and other
allergic inflammatory cells such as basophils, mast cells, or lym-
phocytes in upper or lower airway allergic inflammation, Bone
marrow CD347CD45™ progenitor cells are increased and pheno-
typically altered to preferentially differentiate—in response to al-
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lergen and IL-5—into cosinophils and basophils during the devel-
opment of airway allergic disorders (14, 38-42). These
progenitors migrate to airway tissues, providing a source for local
expansion of eosinophils and basophils (5. 39, 40). Because it is
possible that the failure of anti-IL-5 Abs to suppress asthmatic
responses occurs because treatment is insufficient to control sys-
temic progenitor responses, it becomes critical to carefully exam-
ing JL-5-dependent bone marrow responses in allergic airway dis-
case. including whether or not IL-5 deficiency per sc has any effect
on this pathegenetic mechanism and the concomitant development
of clinical disease. To do this, we have used a recently developed
murine experimental allergic rhinitis model (14) to critically ex-
amine the pathological and clinical roles of IL-5.

Materials and Methods

Animals and OVA sensitization

Age-matched (8- to 10-wk-old, N, .BALB/c, female and male, crossed wo
the BALB/c from the C37BL/6 strain for 14 generations) TL-5%* and
IL-57"" mice were placed into one of two groups: 1) OVA/OVA group,
which was piven OVA sensitization followed by 2 wk of OVA intranasal
daily challenge (IL-5*"* and IL-57"" mice, # = 10 cach), and 2) sham/
sham group, which was piven normal saline instead of OVA in the same
schedule (IL-5** and IL-537'" mice, n = 10 each). Under pathogen-frec
conditions, mice in the OVA/QVA group were sensitized using OVA Ag
as follows. A total of 40 pg/kg OVA (Sigma-Aldrich, St. Louis, MO)
diluted by sterile normal satine with aluminum hydroxide gel (alum adju-
vant. 40 mg'kg) were administered to unanesthetized animals four times by
i.p. injection on days 1, 5. 14, and 21. This was followed by daily challenge
with OVA diluted by sterite normal saline intranasally (20 pl of 25 mgim
OVA per mouse) from day 22 to 35 (Fig. 1).

Clinical symmoms and specimens

Nasal symptoms were evaluated for cach mouse in each group at the time
points of days 28 and 33 by counting the number of sncezes and nasal
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FIGURE 1. Protocot for OVA sensitization and subsequent GV A intra-

nasal ¢hallenge. Sham/sham mice were weated with diluent both during
sensitization and chalienge jnstead of OVA. In contrast, QVA/OVA mice
were given daily OVA challenge intranasally from day 22 to 35 after OVA
i.p. sensitization from day 1 to 21,

itching motions (nasal rubbing) for 10 min after OVA intranasal provoca-
tion, Nasal histamine responsiveness (NHR)? was also measured by deter-
mining the concentration of histamine which caused sneezing and itching
and was expressed as the limiting concentration of histamine (log,, pico-
grams per milliliter) as previously described (14). The mice in each group
were euthanized by decp anesthesia using a solution that contained Ket-
amine hydrochloride (Ketalean: Bimeda-MTC, Cambridge, Ontario, Can-
ada) and Xylazine (Rompun; Bayer, Toronto, Ontario, Canada) diluted in
normal saline, at 24-h postintranasal provocation. Nasal mucosa and bone
mareow tissues were taken and immediately processed.

All procedures were perfoned in accordance with the ethical guidelines
in the Guide to the Care and Use of Experimental Animals of the Canadian
Council on Animal Care and approved by the Animal Ethics Committee of
McMaster University (Hamilion, Ontario, Canada).

Tissue preparation

Nasal mucosal tissues weve treated by the following methods (previousty
described in Ref. 43). Briefly, specimens were cut into 3- to 4«mm? pieces
and fixed ovemnight in cold acetone containing protease inhibitors at
—20°C before processing in glycolmethacrylate resin, The embedded tis-
sucs were cut into 4-pun thin sections using a microtome for ultra-thin
sections (Ultra Cut; Leica Microsystems, Wetzlar, Germany) and recruited
to the immunostaining procedure. Bone marrow cells were obtained from
sternal or femoral bone marrow, suspended in McCoy’s 3+ culure me-
divm, which was made from modified McCoy's 5A medium and 5% FCS
{Life Technologies, Grand Tsland, NY) witlr 1% penicillin-streptomycin
and 0,35% 2-ME, as previously described (28). Total bone marrow cells, as
well as mononuclear cells that were separated by density gradient centrif-
ugation over LymphPrep (Nycomed. Oslo, Norwayj for 25 min at 2000
rpm in room temperature, were dituted to a concentration of 5 X 10%/ml
with PBS, and cytocenuifuge slides were prepared (Cytospin 3; Therme
Shandon, Sewickly. PA) on Silane-coated glass slides, Another set of
mononuclear cells, which were isolated as deseribed from femorat bone
marrow, were incubated in plastic flasks for 2 h at 37°C and 5% CQ, to
remove adherent cells and then prepared for methylcellulose culture or
immunofluorescence staining followed by flow eytometry analysis,

Inmununosiaining

For cell differential counts of bone marrow cells on cytocentrifuge slides,
Diff-Quick stain (Dade Behring, Dudingen, Switzerland} was performed.
To identify eosinophils and basophilic cells in the nasal mucosa, slides
were fixed in acctone-methanol at room temperature for 10 min then
stained in Dif-Quick; slides were then embedded in Permount (Fisher Sci-
entific, Fair Lawm, NI), To identify CD4* Iymphocytes in nasal mucosa
and CD34" cells in bane mamow cytocentrifuge preparations, a streptavi-
din-biotin complex immunostaining system method was used, using vari-
ous anti-muring mAbs: anti-murine CD4 mAb (L3T4, rat 1¢G2a, k; BD
PharMingen, Mississauga, Ontario, Canada) and anti-murine D34 mAb
(rat Tg(G2a, x; BD PharMingen) as previously described, with some mod-
ification (43). Briefly, glycolmethacrylate resin-embedded tissue slides and
acetone-fixed cytocenhifuge slides were pretreated to inhibit endogenous

* Abbreviations nsed in this paper: NHR, nasal histamine responsiveness; NAMNC, non-
adherent mononuciear cell; mn. recombinant mouse; Eo/Baso, cosinaphilrbasophil.
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peroxidase with a solution of 0.195 sodium azide and 0.3% hydrogen per-
oxide for 30 min. washed with TBS, then treated with TBS comtaining 1%
Camaticn skim milk (Nestle, Don Mills, Ontario, Canada) and 10% FBS
{Life Technologies) for 30 min followed by incubation with saturated BSA
(Sigma-Aldrich) in sterile water for 20 min and 10% nomal goat serum in
TBS to black nonspecific reactivity, followed by the application for 2 h of
each mAb. Bound Abs were then labeled with biotinyiated second-stage
Abs appropriate to the isotype of each primary Ab (DAKO, Missisauga,
Ontario, Canada) for 2 b, and detected using a streptavidin-biotin peroxi-
dase detection system (StreptABComplex/HRP; DAKO). Aminoethylear-
bazole (Sigma-Aldrich} was then applied as a chromogen and the sections
were counterstained with Mayer's hematoxylin (Sigma-Aldrich) to contrast
with the red positive staining by aminoethylcarbazole. Negative control
sections were similarly treated with the same isotype Iz Ab (DAKO) in-
stead of tlie primary Ab.

Evaluation and quantitation of staining

In the lamina propria of the nasal mucosa, total sumbers of cells EXpressing
positive immunoreactivity for cellular surface markers or any of the intra-
cellular cytokines were enumerated. The avea of the nasal tissue was mea-
sured, excluding glands, using an eye piece with a grid: 19 high-power
fields were randomly evaluated after the stained slides were coded by a
person unconnected with the smdy and blinded from the investigator until
all evaluations were complete. The cell count results were expressed as the
numbet of cells per square millimeter of lamina propria. For bone marrow
pathological evaluation, differential cell counts were performed of cytospin
preparations of bone marrow cells afier Diff-Quick stain, eosinophilic cells
and basophutic ¢ells on each slide were enumerated by light microscopy,
1000 bone marrow cells were counted, and the result was expressed as a
percentage in total stemal bone marrow cells. CD34* cells on bone mar-
row were also counted by light microscopy: 1000 menonuclear bone mar-
row cells were counted and the result was expressed as the percentage of
positive cells in total mononuciear cells.

Bone marrow methylcellulose culiures

Nonadherent mononuclear cells (NAMNC) wete cultured in 35 X 10-mm
tissue culture dishes (Falcon Plastics; BD Bioscicnces Labware, Franklin
Lakes, NJ) in culture medium, which was made up of 0.9% methyleellulose
{Dow Chemical, Midland, Michigan), 20% FCS and Iscove's Dutbeceo’s
medium (with 1% penicillin-streplomycin, 0.35% 2-ME, and 0.1% BSA) -
and the following recombinant mouse (rm) cytokines (R&D Systems, Min-
neapolis, MNY: rmlIL-5 (0.5, 1, 5, 10 ng/mi) with 1 X 10° NAMNC, rmIL-3
(5 ng/mil) with 5 X 10* NAMNC, or nnGM-CSF (5 ng/ml) with 2.5 X 10*
NAMNC. With cach batch of growth factor, dose response experiments
were performed. After 6 days, colonies of >40 cells were counted using
inverse microscopy and eosinophil/basophil (Eo/Baso}-CFU were classi-
ficd using morphological and histological criteria (tight, compact, round
refractile cell aggregates). To identify the differentiated eells from colonies
as Eo/Baso-CFU, sample cells in each 10-day culture werz evaluated, 3 mi
of PBS was added to the sample in each culture dish, and then the sample
was centrifuged at 1200 pm for 10 min at 4°C, After the sample was
resuspended in | ml of PBS, cytocentrifuge slides were created on Silane-
coated glass slides and stained with Diff-Quick.

Immunaofluorescence staining and flow cytomerry analvsis

Samples of [ %X 10* NAMNC derived from femoral bone marrow tissues
at the time point of 24-h postintranasal provocation on day 35 were sus-
pended in 100 pl of washing buffer, which contained PBS with 0.02%
sedium azide, 0.02% EDTA, and 1% BSA, then incubated with anti-mouse
CD32/CD16 Ab (Fc Block; BD PharMingen) for 15 min at 4°C to reduce
FeylLTHR-mediated Ab binding, which could contribuie to background.
This was followed by staining with saturating amounts of biotin-conju-
gated anti-murine IL-5Ra Ab (T21, rat TgG2a, w; provided by Dr. XK.
Takatsu, Tokyo University, Tokyo, Japan) (44) or biotin-conjugated iso-
type-matched negative control for 10 min, then FITC anti-murine CD34 Ab
(rat [gG2a, x: BDY PharMingen} or isotype-matched negative control, and
CyChrome anti-murine CD45 Ab (rat igG2b, x; BD PharMingen) or iso-
type-maiched negative control at each saturating concentration: samples
were tiien incubated for 35 min at 4°C in the dark. The cells were washed
with 3 ml of washing buffer, then incubated with streptavidin-conjugated
PE (BD PharMingen) to label biotinized IL-SRa-positive cells for 30 min
at 4°C in the dark after incubation with anti-mouse CD32/CD16 Ab for 13
min at 4°C in the dark to reduce binding by streptavidin-PE, which could
coneribute to background. The cells were washed with 3 mt washing buffer
twice, then fixed in 300 gl of PBS plus [% paraformaldehyde and kept at
4°C in the dark until analysis 24 h later. For analysis, FACScan {BD Bio-
sciences, San Jose. CA) was wsed as a flow cytometer with flow cytometry
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analysis soflware (CellQuest from BD Bioseiences and FlowJo from Tree
Star, 8an Carlos, CA). To measure CD34*CD45™ progenitor cells a gating
strategy was used as previously described (41, 42, 45), and TL-5Ra-posi-
tive CD347CD45™ progenitor cells were enumerated as a percentase of
total CD34%CD45™ progenitor cclis in the marrow.

Statistics

For all cclf counts of stained slides. slides were read randomly and in
blinded fashion. The Mann-Whitney U test and ANOVA followed by Stu-
dent’s Neuman-Keuls test were used for comparison of data between
groups.

Results

Chinical symproms

OV A-sensitized IL-3%"" mice developed significant nasal symp-
toms of sneezing and nasal itching (rubs) during 2 wk of daily
intranasal OVA challenge, as was previously reported (14). 1L-
57’7 mice in the OVA/OVA group had significant pasal symptoms
only at day 35, the number of sneezes and rubs being significantly
higher compared with the sham/sham group, IL-5""* mice devel-
oped sncezing significantly more quickly than IL-5~'": means *
SE days after the first day of sensitization were 25,3 = (.3 for
IL-5%"* mice and 31.2 *+ 0.7 for [L-57" mice (p < 0.0001) (Fig.
2). In the comparison between OVA-sensitized IL-5%" and IT-
57’7 mice, there were significant differences in each symptom at
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day 28 (sneezing, p << 0.0001; itching, p < 0¢.0001) and in the
OVA/OVA group (sneezing, p < 0.02; itching, p < 0.05).

Nasal histamine responsiveness

NHR correlated strongly with clinical symptoms (with sncezing,
r = 0,691 and p < 0.0001; with itching, r = 0811 and p <
0.0001) (Fig. 3). NHR in OVA/OVA IL-5"" or IL-57"" mice
was significantly higher than in sham/sham mice; however, in this
case, too, IL-57"" mice developed NHR, manifested by nasal
symptoms, later than IL-57'* mice.

Pathological changes in airway tissue

In [L-5%/* mice, the numbers of allergic inflammatory cells in the
nasal mucosa were increased in OVA/OV A mice (at 24-h postin-
tranasal provocation on day 35) compared with sham/sham mice,
including eosinophils {p < 0.01) and CD4" cells (p < 0.05) but
not basophilic cells (NS). In OVA/OVA IL-537'" mice, at 24-h
postintranasal provocation on day 35, significantly higher numbers
of CD4™ lymphocytes (p < 0.02) and increased basophilic cell
counts were observed compared with sham/sham TL-5'" mice,
without eosinophilia in the nasal imucoss, as shown in Table L

Bone marrvow anglvsis

- In comparisons between the two groups, a significant increase in

sternal bone marrow ecosinophil counts was abserved in OVA/
OVA IL-5%" mice compared with sham/sham IL-5""* mice; no

Table 1. Pathological changes in OVA-sensitized mice”

Sham/Sham Group OVAOV A Group

Eosinophils

-3 0.6 200 469.9 = 14595

-5 0.0 £ 0.0 0.0 £00
CD4* cells

IE-3%"* 0.8 + 03" 346+ 1207

{9 e 89 *+52 86.3 = 3947
Basophitic cells

L-3++ 10.6%35.0 23164

IL-57 10.9 % 5.8 260%359

2 The aumbser of cosinophils, CIM* ccls, and basophific cells in nonsensitized
and QVA-sensitized murine nasal tissue. Shown are mean % SE of cell numbers per
square millimeter.

" Value of p < 0.01 compared 1o 1E-577,

“Value of p << 000 comnpared w sham/sham growp.

TWulue of p < 0.05 compared to sham/sham geoup,
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differences were seen between the IL-3""" mice in the two groups
{(Fig. 4). Also, a significantly higher percentage of eosinophils in
the bone marrow was detected in IL-3%"" mice than in IL-57~
mice in the OVA/OVA group (p < 0.01); however, there was no
significant difference between 1L-5"7 mice and IL-5~'" mice in
the sham/sham group. Basophilic cells and CD34% cells also in-
creased in the bone marrow in the OVA/OVA mice of both TL-
5** and IL-5"' strains when compared with sham/sham mice.
There was no significant difference in the number of basophilic
cells or CD34™ cells between mice of either strain in the QVA/

OVA group.

Eo/Baso-CFU analvyis

In 6-day methylcellulose assays, the number of Eo/Baso-CFU that
grew from NAMNC derived from murine bone marrow increased
significantly in the presence of rmiL-5, mlL-3, or rmnGM-CSF in
OVA/OVA, compared with sham/sham, TL-5%* mice (Fig. 5). In
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FIGURE 5. Eo/Baso-CFU in §-day methylceltulose cultures of murine
bone marrow. Eo/Baso-CFU in the presence of 5 ng/mi each rmIL-5 (4),
rmlL-3 {B), and rmGM-CSF (). Hatched bar, result from the OVA/QOVA
group; open bar, result from the sham/sham group.

IL-3""" mice, the number of Eo/Baso-CFU as higher in the
OVA/OVA group than in the sham/sham group in the presence of
ralL-3 or rmGM-CSF in vitro: however, in the presence of rmIL-5
in vitro, the number of Eo/Baso-CFU did not increase significantly
in the OVA/OQVA group. Furthermore, in the comparison between
IL-5*"" and TL-57" mice, there were significantly higher num-
bers of Eo/Baso-CFU grown in the presence of miL-3 in OVA/
OVAIL-5%"" mice {p < 0.02), whereas in the presence of rmli.-3
or mGM-CSF there were no significant differences between IL-
5% and IL-37/" imice.

IL-5Ra expression on CD34% CD43™ progewitor cells in murine
bone marrow

As shown in Table Ii, there were significant differences in IL-5Ra
expression on CD34*CD45™ progenitor cells between IL-5/*
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Table 1. JL-3Ra expression on swine bone marow CD34Y CD45™
progenitor cells”

Shain/Sham Greup” OVAOVA Group'

11,97 £ 2.7%
248 £ 0.30

-5+ 4.14 + 0.64
157 200 £ Q.55

“? Each value is shown as a percentage of [L-5Ra "CD34'CD45 ¢ cells in bone
marrow CD34TCD45* progenitar cells.

2 Values of p < 0.05. '

“Values of p < 0.001.

“Values of p < 0.02 compared to shamisham group,

and IL-57"" mice, in both sham/sham and OVA/QVA groups,
with IL-5*"* mice showing higher IL-5Ra expression. Looking at
IL-5%"* mice across groups, the OVA/OVA group had signifi-
cantly higher 1L-5Re expression on CD34*CD45™ cells,

Eosinophil differentiation in 10-day methylcelfulose bone
marrow culfure

As shown in Table III, sham/sham TL-57'" mice had a signifi-

cantly higher ratio of immature eosinophilic cells in 10-day cul-
tures compared with sham/sham IL-53""" mice; along these lines,
OVA/OVA TL-37'" mice had significantly lower ratios of mature
eosinophils compared with OVA/OVA TL-57* mice,

Discussion

Eosinophilia has been studied as an imponant phenomenon in al-
fergic disorders. There have been many studies of ¥L-5 as an im-
portant factor in eosinophilic inflammation, because this cytokine
controls the differentiation, proliferation, and migration of eosin-
ophils. However, other cytokines, sucli as GM-CSF, IL-4. and IL-
13, or chemokines, such as eotaxin, also influence the inflamma-
tory process (2,9, 31, 46-53). Whether cosinophils take part in the
pathogenesis of allergic disease or behave as bystanders has been
the subject of much discussion recently (1012, 54), Views that
cast doubt on the pathogenetic role of eosinophils have come from
mainly clinical studies in which data have been gathered after a
relatively short period of sensitization and Ag challenge, and in
which protocols varied widely, making comparisons of the resuits
difficult. In this study, for the first time, the roles of IL-5 and
eosinophils in upper airway allergic inflammation were studied
over a relatively protracted period.

In our model. significant nasal symptoms were surprisiugly ob-
served in IL-5-deficient animals, although these were delayed
compared with wild-type mice. For a better understanding of the
pathological basis for this clinical result. we measured NHR and
inflammatory changes in the nasal mucosa. NHR was, like nasal
symptoms. significantly higher in OVA/OVA compared with
sham/sham IL-57"" mice, but again this was significantly delaved
compared with wild-type mice. The pathological changes observed
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in OVA/OVA TL-5"* mice were the same as previously reported
(14): the numbers of eosinophils, basophilic cells, and CD4™ lym-
phocytes were increased, while IL-5-deficient mice showed no eo-
sinophilia in either sham/sham or OVA/OVA groups and the num-
bers of other cellular populations, basophilic cells. and CD4*
lymphocytes were elevated and showed no significant differences
when comparing OVA/QVA TL-53"'* to IL-57"" mice. These re-
sults demonstrate that eosinophils are not the only cells responsible
for the development of NIIR in allergic rhinitis; rather, nasal mu-
cosal mast cells and basophils might be just as important in the
expression of both NHR and clinical symptoms. Also, the possi-
bility of differences between human and mwrine biology, including
Eo/Baso function, should be considered. Although some papers
have discussed comparisons of murine and human cell functions
(55-58), this is an area in which further work is needed to explore
the contribution of thest and other types of cells, such as macro-
phages, lymphocytes, neutrophils, and various epithelial cells, to
allergic responses.

Previous reports from our group and others (3, 4, 20-37, 39
have shown that a systemic up-regulation of the bone marrow may
play a pivotal role in the development and maintenance of not only
lower. but also upper, airway allergic inflammation, as exemplified
by asthma and allergic rhinitis, respectively, In the present study,
we performed detailed examination of bone marrow cellular and
molecular events, as well as function, in response to allergen sen-
sitization and challenge in our model of experimental thinitis,
While marrow cosinophils, basophilic cells, and CD34™" cells were
increased after Ag sensitization and nasal Ag challenges in wild-
type mice, there was no increase of eosinophils in the marrow of
IL-5-deficient mice after challenge. Nonetheless, all other inflam-
matory cell types were increased to the same extent as in wild-type
mice, accompanied by the same nasal mucosal pathologic changes.
Thus, though TL-57'" deficiency resulted in suppression of Ag-
dependent eosinophil progenitor differentiation (i.e., reduced bone
mamrow Eo/Baso-CFU), the actual number of progenitor cells was
not lower at baseline than in wild-type mice. This defective func-
tional response of eosinophil progenitors was attended by reduced
IL-5Ra expression on CD347CD45™ bone marrow cells in IL-5
mice both before and after Ag sensitization and challenge, with
defective up-regulation following Ag sensitization.

The functional consequences of reduced TL-5Re expression on
CD347CD45" bone marrow cells in [L-57'" mice were seen in
6-day methylcellulose assays. While the number of marrow Eo/
Baso-CFU increased significantly in vitro in the presence of
nniL-5. rmiL-3, or tnGM-CSF in OVA/OVA IL-5%"* animals, it
was oanly in the presence of rmfL-3 or miGM-CSF, but not JL-5 in
vitro, that Eo/Baso-CFU increased in the OVA/OVA IL-57
mice. Related to this, in sham/sham IL-3"'" mice there was a
significantly higher ratio of immatire eosinophilic cells in colonies
enumerated at day 10 compared with significantly higher ratios of

Table 1. Eosinophil diferentiation from nurine bone marvow-derived NAMNC in ] O-day methyleellulose
semisolid culture assay in the presence of rmiL-3 (5 nginl)®

Sham:/Sham Group

OVA/OVA Greup

IL.§*"* -5 IL-5%+ IL-57""
Mature ¢osinaphils 226 %33 157+14 531 x39" 11L5+24
Immature cosinophibic cells 26.0 + 3.0° 466 £ 4.6 15623 215 %57
Other cell types 514 £ 397 217+ 44 313427 67.0 £ 8.0

“ The number of mature eosinophils, immature cosinophilic cells, and other cell types, Shown are mean * SE of the

percentage of total cells,
* Value of p -< 0.002 compared to IL.5™
€ Value of p < 0.01 compared to IL-57',
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FIGURE 6, Enumcration of bone marrow-derived CD34*CD45* pro-

genitor cells that express 1L-3Ra. Samples of bone marrow-derived
NAMNC from OVA/OVA group mice were stained with CD3JFITCY
CD45CyChrome and either PE-linked {L-5Ra or isotype contral Ab.
CD347CD45™ progenitor cell populations that were analyzed by using a
gating strategy were back-scattered onto a dot plot of IL-5Ra vs side scat-
ter {SSC). Quadrant statistics {i.e., data in lower right corneriare presented
as the percentage of total CD34* CD45™ progenitor cells that demonstrated
positive staining with anti-IL-5Rea or rat IgG2a,k isotype-matched contrel
Ab. A, Result from a mouse that is in the [L-57'" OVA/QVA group. B,
Result from a mouse that is in the IL-5"'" QVA/OVA group.

mature to immature eosinophils in OVA/OVA IL-5%" mice. This
poor response to IL-5 in vitro of both eosinophil colony numbers
and eosinophil maturation within colonies is presumably a direct
consequence of defective expression of eosinophil progenitor L~
5Ra in response to Ag sensitization and nasal challenge in IL-5-
deficient mice. One can speculate that IL-5 is required in viveo for
the proper induction—as we have observed in human asthratics
{25}—of marrow progenitor, as well as mature eosinophil, expres-
sion of IL-5Ra; this is in agreement with Tavemier's recent dem-
onstration that IL-5 can induce the expression of IL-5R on matur-
ing eosinophils in vitro (60).

Because the numbers of Eo/Baso-CFU responsive to TL-3 or
GM-CSF were not suppressed in IL-5-deficient mice, it appears

IL-5 IN MURINE EXPERTMENTAL ALLERGIC RHINTTIS

that these [atter cytokines can replace JL-3 functionaily, giving rise
to small numbers of eosinophils and. more importantly, to normal
numbers of basophilic cells, which can probably account for the
persistence of clinical symptomatology and nasal hyperresponsive-
ness, albeit delayed. Lantz et al. (61) have shown IL-3 dependency
of basophilic responses in mice; whether upper airvay inflamma-
tion and bone marrow responses are defective in IL-3-deficient
mice yemains to be investigated. To clarify the role of basophilic
cells in the systemic and local pathogenesis of allergic rhinitis,
investigations of TL-3 deficiency and/or IL-3 expression in this
model would be an important future direction,

n conclusion, TL-5 is required for the development of tissue and
marrow eosivophilia, the formation of Eo/Baso-CFU, and the zarly
development of symptoms, but not for other components of the
inflammatery response in murine experimental allergic rhinitis,
Our findings confirm that IL.-3 is required for norma!l bone marrow
eosinophilopoiesis, in response to specific Ag sensitization during
the development of experimental allergic rhinitis. However, the
results also point out that the suppression of the IL-5-cosinophil
pathway in the pathogenesis of allergic rhinitis (and also. by in-
ference, asthma) may not fully suppress clinical symptoms or air-
way hyperresponsiveness due to the possible existence of other
cytokine-progenitor pathways that may induce and maintain the
presence of other inflammatory cell populations.
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Impaired Lymphopoiesis and Altered B Cell Subpopulations in
Mice Overexpressing Lnk Adaptor Protein

Satoshi Takaki,”* Yoshinari Tezuka,* Karsten Sauer,> Chiyomi Kuboe,* Sang-Mo Kwon,*
Erin Armstead,! Kazuki Nakao,* Motoya Katsuki,® Roger M. Permutter,’ and
Kiyoshi Takatsu*

Lnk is an adaptor protein expressed primarily in lymphocytes and hemopoietic precursor cclls. Marked expansion of B lineage
cells occurs in Ink™'~ mice, indicating that Lnk regulates B cell production by negatively controlling pro-B cell expansion, In
addition, Ink ™'~ hemopeictic precursors have an advantage in repopulating the hemopoictic system of irradiated host animals. In
this study, we show that Lnk overexpression results in impaired expansion of lymphoid precursor cells and altered mature B cell
subpopulations. The representation of both B lineage and T lineage cells was reduced in transgenic mice overexpressing Lok under
the control of a lymphocyte-specific expression vector. Whereas the overall number of B and T cells was correlated with Lnk
protein expression levels, uiarginal zone B cells in spleen and Bl cells in the perifoncal cavity were relatively resistant to Lnk
overexpression. The C-terminal tyrosine residue, conserved among Lnk family adaptor proteins, was dispensable for the negative
regulatory roles of Lok in lymphocyte development. Our results iluminate the novel negative regolatory mechanism mediated by

the Lnk adaptor protein in controlling lymphocyte preduction and function,

cells are continuously generated from hemopoietic pro-

genitors in the fetal liver and in adult bone marrow

(BM).# Multiple sequentially developing B cell precursor
populations can be characterized based on the expression of var-
ious surface markers (1). bnmature B cells generated in the BM
emigrate into the peripheral jmmune system and give 1ise to a
heterogeneous peripheral B cell population, consisting of recircu-
Jating cells located in follicles in the spleen and lymph nodes, and
nonrecirculating cells mainly enriched in the splenic marginal zone
(MZ). The majority of cells are the follicular (FO) B cells, with
marginal zone (M2Z) B cells representing 5-10% of the splenic B
cells in an adult mouse (2, 3). There exists another self-renewing
B cell subset, B cells, which predominates in the peritoneal and
pleural cavities (4). MZ B cells and Bl cells produce nataral Abs
and provide a first line of defense against Ags. FO B cells are
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involved in thymus-dependent (TD) Ab responses, in which mem-
ory and plasma cells are gencrated (5, 6).

Lymphocyte differentiation is a series of finely regulated pro-
cesses whereby the coordinate regulation of cell proliferation, dif-
ferentiation, and death directs the development of functional cells.
Through these processes, lymphocytes reactive against self-Ags
arc eliminated from the developing repertoire, and sufficient pum-
bers of functional lymphocytes are produced to guarantee the
prompt and effective elaboration of immune responses. Celi-to-cell
contact and soluble growth factors play important roles in the reg-
ulation of developmental processes. Self-Ags presented on stromal
cells trigger Ag receptors, signals from which help to determine
the fate of lymphoid precursors (7). Various growth factors, such
as stem cell factor (SCF} and TL-7, assist in regulating lymphoid
precursor expansion by binding to ¢-Kit and the IL-7R, respec-
tively. (8)

Binding of extracethular ligands to these polypeptide receplors ini-
fiates a cascade of events through the activation of intracellular protein
kinases (9, 10). The phosphorylation events catalyzed by these ki-
nases both modulate the catalytic activity of effector enzymes and
mediate protein-protein interactions that juxtapoese critical signal
transduction clements. Although the details of how signaling mole-
cules are activated or recruited to receptors remain incompletely elu-
cidated, studies in recent years have defined an array of adaptor pro-
teins that integrate and regulatc multiple signaling events (11-13),
Adaptor proteins lack kinase, phosphatase, or transcriptional domains,
and instead consist of multiple binding sites mediating protein-protein
or protein-lipid interactions, such as Src homology {SH) 2, SH3, or
pleckstrin homology (PH} domains.

Lnk is an adaptor protein expressed mainly in lymphocytes (14,
15). Together with adaptor molecule containing PH and SH2 do-
mains (APS) and SH2-B, Lok is part of an adaptor protein family,
whose members share the presence of a homologous N-terminal
domain with putative proline-rich pretein interaction motifs, fol-
lowed by PH and SH2 domains, and a conserved C-terminal ty-
rosine phosphorylation site (16—18). SH2 domains of the Lnk fam-
ily proteins, whose binding spccificity remains unknown, are

0022-1767/03/802.00
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approximately the same size and share over 90% similarity. Lnk
regulates B cell production by unegatively controlling pro-B cell
expansion. Mutant mice lacking the Ink gene show enhanced B cel
production (16, 19). This B cell overproduction is due to the hy-
persensitivity of B cell precursors to SCF, a ¢-Kit ligand (16). The
absence of Lnk confers upon immature BM cells an enhanced
ability to support B lymphopoiesis in adoptively transferred host
animals, even in a competitive enviromment, such as the nonirra-
diated R4G2™"~ host (16). In addition, the numbers of hemopei-
etic progenitors in the bone marrow increase in Mnk-deficient mice
{20). Competitive repopulation assays in irradiated host animals
demonstrate that the ability of hemopoictic progenitors to generate
various lineages of hemopoictic cells is greatly cohanced by the
absence of Lnk.

In this study, we used a transgenic approach to define critical
aspects of Lok function in mere detail. Lymphocyte production
was impaired in a dose-dependent manner upon overexpression of
Lnk in lymphoid cclls. In addition to its jmportance in lympho-
poiesis at the early developmental stages, Lnk also plays a role in
peripheral maturing B cells. In transgenic mouse spleens, skewed
B cell subpopulations and abnormalities in B cell morphology and
cell cycle status were observed. Our results illuminate the novel
negative regulatory mechanism mediated by the Lnk adaptor pro-
tein in controlling lymphocyte production and function.

Materials and Methods

 Mice

All mice were bred and maintained at the animal facility of the Institute of
Medical Science (University of Tokyo. Tokyo, Japan) under specific patho-
gen-free conditions. The Neol-EcoRI cDNA fragment encompassing the
entire coding region of the mouse Lnk ¢DNA was subcloned into the
BamHI site of pcDNAJ (Stratagene, La Jolla, CA), a eukaryotic expression
vector driven by the CMV enhancer and promoter, resulting in peDNA3-
Lnk as previously described (20). The BamHI fragment eontaining the Lok
¢DNA was subcloned into the BamHI cloning site of the p1026x vector that
consists of the murine fck proximal promoter, Ig intronic H chain enhancer
Ep, and a human growth hormone (AGH) gene cassette (21). A substitu-
tional nwtation at the C-terminal tyrosine residue to phenylalanine
{Y536F) was introduced into the Lnk ¢DNA by PCR-based site-dirccted
mutagenesis, and confirmed by DNA sequencing (20). The resulting mu-
tated cDNA was also inserted into the pl026x vector. The Ink transgenes,
purified as Nod fragments, were injected into C57BL/6J mouse zypote
pronuclei as previously described (22). Transgenic founders were detected
by hybridization of genomic tail DNA with a AGH probe or PCR, and
stable mouse lines were gencrated by backcrossing founders with
C57BL/6) mice.

Wesrern bloting

Single cell suspensions were prepared from Iymphoid organs of §- to 8-wk-
old mice. Cells were lysed with lysis buffer (150 mM NaCl, 50 mM Tris-
HCI, pH 7.5, 1% Nonidet P40, 16 mM NaF, 1 mM Na,VO,, 2 mM PMSF,
10 ug/m! leupeptin, 10 pg/ml apretining, and the lysates were clarified by
centrifugation. Total lysates derived from 4 X 10%, 2 ¥ 10* or | X [0°
thymocytes were separated on 8% SDS-PAGE and transferred onto nitro-
cellelose membranes. Membranes were probed with anti-Lnk-C-terminal
Abs (15). Bound Abs were detected using HRP-conjugated secondary Abs
via chemiluminescence,

Flow evtomerry

Single cell suspensions were prepared from lymphoid organs of 6- 10 8-wk-
old mice, and cells were stained using predetermined optimal concentra-
tions of the respective Abs. The stained cells were then analyzed on a
FACScan or FACSCalibur instrument (BD Biosciences. San Jose. CA).
The following mAbs were used: PE-conjugated anti-CD43 (87), biotin-
conjugated anti-BP-1/Ly-51, FITC-coupled anti-heat stable Ag (anti-HSA,
J11d), FITC-anti-CDS (33-6.71, FITC- or PE-anti-CD4 (RM4-3), biotin-
anti-CD25 (PC61), PE-amti-CD44 (IM?), biotin-anti-CD23 (B3B4), FITC-
anti-CD2E/CD33 (7G6), PE- or biotin-anti-CD3e (145-2C11), biotin-anti-
TER-119, biotin-anti-Gr-1 (RB6-8C5). {all purchased from BD
PharMingen, San Diego, CA); FITC-, PE-, or bintin-anti-B220 (RA3-6B2),
PE-anti-TgM F{ab’),, FITC-anti-Mac-1 (M1/70), (obtaincd from Caltag

Laboratories, Burlingame, CA), and biotin-anti-TgD (CS13, a gift from Dr.
K. Miyake, University of Tokyo). PE-streptavidin (Ancell, Bayport, MN),
Tri-calor-congugated streptavidin (Caftag Laboratories) or allophycocya-
nin-conjugated streplavidin (BD PharMingen) were used for biotin-cou-
pled Ab staining. In some staining, 2 pg/ml 7-amino-actinomycin D (Sig-
ma-Aldrich} were used to gate out dead cells. For DNA staining,
splenocytes were stained with FITC-anti-CD23/CD35 and PE-anti-lgM
Fiab’). and CD217IgM™ T1 or CD2 MM T2 und MZ B cells were
purified using FACSVantage (BD Biosciences). Cells were then fixed in
ethanol and stained in 20 ug/ml propidium iodide, 0.5 mg/ml RNase H, and
0.2% Tween 20 at room temperature for 60 min. Stained cells were then
analyzed on a FACSCalibur instoment.

Serology

Serum concentrations of cach Ig isotype were detenmined by isotype-spe-
cific ELISA as described previously (23). To examine the Ab production
against TI-2 Ags, mice were ip. injected with 100 pg of winitrophenyl
(TNP)-Ficoll in saline and were bled 10 days afier the injection. To ex-
amine the response against TD Ags, mice were immunized i.p. with 100 peg
of keyhole limpet hemocyanin (KLH) in 2 I:1 homogenate with CFA
(Difco, Detroit, MI). and were bled on day 12. Serum serial dilutions were
analyzed for TNP- or KLH-specific 1g isotypes by ELISA using dinitro-
phenyl-coupled BSA (cross-reacts with anti-TNP Abs) or KLH as the cap-
ture reagent.

Proliferation assay

Splenic B cells were purified using a MACS system (Miltenyt Biotec,
Bergisch Gladbach, Gennany) after incubation with biotin-conjugated anti-
CD43 and sireptavidin-coupled microbeads. Resulting purified B cells (1 X
10%) were cultivated in 200 pl of medium in 96-well plates. Cells were
stimulated with various concenmations of anti-IgM F(ab'), {The Jackson
Laboratory. Bar Harbor, ME), anti-CD40 mAb (BD PharMingen), IL-4
{PepraTech, London, UK.), or LPS. Cells were pulse-labeled with
[PH}thymidine (0.2 1Ci per well) during the last 16 h of the 72-h culture
period. and incorporated [*H]thymidine was measured using a Matrix 96
direct beta counter (Packard Instrument, Meriden, CT).

Results

Generation of transgenic mice overexpressing Lk af varvious levels

In mice lacking the Ink gene. an accumulation of B lineage cells
caused by overproduction of pro-B cells was observed (16). To
characterize further the importance of Lnk, and to reveal its roles
in lymphopoiesis and lymphocyte function, we generated trans-
genic mice that overexpress Lok under the control of the /ek prox-
imal promoter in combinatien with the Ey enhancer (Fig. 14). The
promoter drives expression of the inserted ¢cDNA in T and B lin-
cage cells from their carly developmental stages (21). Seven lines
of transgenic mice were obtained from independent founders, and
five lines that overexpress Lnk at various levels were further an-
alyzed. Lnk protein expression levels in thymocytes from each
transgenic line were measured by immunoblotting a 2-fold serial
dilution of the lysates using anti-Lnk Ab in combination with den-
sitometric quantification (Fig. 1B). Transgene expression in pe-
ripheral T or B cells was weli correlated with that in thymocytes in
low or medium expressers (data not shown). Severe reduction of
peripheral B cells and altered distribution of mature B cell frac-
tions in a high expressing line ({see below) made it difficult to
directly measure the Lok protein expression in B cells. In contrast,
T cell development assessed on the basis of CD4 and CDS$ expres-
sion was unaffected in the transgenic lines (sec below). Thus, ex-
presston levels in the thymus were used to compare the Lk levels
in each transgenic line, The Lok no. 4 line expressed Lok at the
highest level, 23-fold over endogenous Lok protein levels in nor-
mal C57BL/6 thymocytes. The Lok no. 99 line expressed Lnk at
the lowest level, 2.5-fold greater than the endogenous level.

Perturhed B lymphopoiesis in BM by Lnk overexpression

B cell development in cach transgenic mouse line was anatyzed.
The highest expresser, Lok no. 4, showed severe reduction of B
lineage cells as shown in Fig. 2. The BM contained very few



