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Transcription Factor GATA-3 Is Essential for
Lens Development

Atsuko Maeda,! Takashi Moriguchi,?* Michito Hamada,»®* Manabu Kusakabe,' Yuki Fujioka,’
Takako Nakano,' Keigyou Yoh,? Kim-Chew Lim,* James Douglas Engel," and Satoru Takahashi'®

During vertebrate lens development, the anterior, ectoderm-derived lens vesicle cells differentiate into a
monolayer of epithelial cells that retain proliferative potential. Subsequently, they exit the cell cycle and
give rise to posterior lens fiber cells that form the lens body. In the present study, we demonstrate that the
transcription factor GATA-3 is expressed in the posterior lens fiber cells during embryogenesis, and that
GATA-3 deficiency impairs lens development, Interestingly, expression of E-cadherin, a premature lens
vesicle marker, is abnormally prolonged in the posterior region of Gata3 homozygous mutant lenses.
Furthermore, expression of y-crystallin, a differentiation marker for fiber cells, is reduced. This suppressed
differentiation is accompanied by an abnormal cellular proliferation, as well as with diminished levels of
the cell-cycle inhibitors Cdknl1b/p27 and Cdknlec/p57 and increased Cend2/cyclin D2 abundance. Thus, these
observations suggest that GATA-3 is essential for lens cells differentiation and proper cell cycle control.
Developmental Dynamics 238:2280-2291, 2009. o 2009 Wiley-Liss, Inc.
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INTRODUCTION

During vertebrate lens development,
a group of head ectoderm cells thick-
ens and forms the lens placode in re-
sponse to inductive signals from the
underlying optic vesicle at embryonic
day (e) 9.5 of mouse embryogenesis
(Muthukkaruppan, 1965; McAvoy,
1980; Lovicu and McAvoy, 2005; Me-
dina-Martinez and Jamerich, 2007).
By ell.5, the lens placode, through
invagination, develops into a lens ves-
icle in which the primary lens fiber
cells in the posterior region eventually
exit the cell cycle to elongate toward

the anterior wall. Three days later,
this elongation is complete, and the
fully differentiated fiber cells come
into contact with the monolayer of
cuboidal lens epithelial cells at the an-
terior of the eye. Throughout most of
life, cell proliferation occurs preferen-
tially in a subset of the epithelial cells
located near the equatorial zone. After
undergoing cell division, they with-
draw from the cell cycle and move pos-
teriorly to differentiate into secondary
lens fiber cells (McAvoy, 1980; Piati-
gorsky, 1981; Lovicu and McAvoy,
2005; Medina-Martinez and Jamer-

ich, 2007). As fiber cells differentiate,
they rapidly increase in length and
volume and accumulate high levels of
crystallins, the proteins that account
for the transparency and high refrac-
tive index of the lens (Piatigorsky,
1981; Lovicu and McAvoy, 2005; And-
ley,. 2007). After completing elonga-
tion, fiber cells partially fuse with
their neighbors and degrade all mem-
brane bound organelles, including the
nuclei.

The. cessation of cell proliferation
requires the expression of cyclin-de-
pendent kinase (CDK) inhibitors
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(CKIs). Two families of CKls have
been identified. The Cip/Kip family
contains Cdknla/p21, Cdknlb/p27,
and Cdknlce/p57, which inhibit all ki-
nases involved in the G1/S transition.
The INK4a family, composed of
Cdkn2b/p15, Cdkn2a/p1l6, Cdkn2c¢/
pl18, and Cdkn2d/p19, specifically in-
hibit Cdk4 and Cdk6, blocking entry
into the cell cycle (Harper and
Elledge, 1996; Sherr and Roberts,
1995; Nakayama and Nakayama,
1998). Cdknlb/p27 and Cdknlc/p57
are coexpressed during murine lens
development, especially in the equato-
rial zone of the fetal lens (Zhang et al.,
1998; Nagahama et al., 2001). The
withdrawal of lens fiber cells from the
cell'cycle largely depends on the ex-
pression of Cdknlb/p27 and Cdknle/
p57 because in mice that lack these
genes, fiber cells continue to prolifer-
ate and cause incomplete lens fiber
elongation. Eventually, these fiber
cells. undergo apoptosis in Cdknl1b/
p277 '~ and Cdknlc/p577/~™ (m; de-
noting maternal active Cdknlc/p57
allele) compound mutant mice (Zhang
et al.; 1998). The other cell cycle reg-
ulators involved in lens differentiation
are: the D-type cyclins. All three D-
type cyclins are expressed during lens
differentiation, with Ccnd2/Cyclin D2
being the most highly expressed cyclin
in the posterior region (Zhang et al.,
1998).. Down-regulation of Cend2/Cy-
clin. D2 in the postmitotic lens fiber
cell is required for the maintenance of
the postmitotic state (Gomez et al;;
1999).

Several genes have been identified
that play important roles in the devel-
opment of the lens. Gata3 encodes a
transcription factor containing two
steroid hormone receptor-like zinc fin-
gers that serve as a DNA binding do-
main, a motif that is highly conserved
amongst all six members (GATA-1 to
-6) (Patient and McGhee, 2002). These
zinc fingers bind most avidly to the
consensus motif AGATCTTA (Ko and
Engel, 1993). The physiological roles
of GATA-3 has been revealed through
the analysis of GATA-3—deficient ES
cells or various germ line mutant
mice: GATA-3 plays a critical role in
the differentiation of T lymphocytes,
hair follicles, mammary gland, renal,
and central nervous systems (Pandolfi
et al.,, 1995; Ting et al., 1996; van
Doorninck et al.,, 1999; Kaufman et

al., 2003; Grote et al., 2006; Kouros-
Mehr et al., 2006; Kurek et al., 2007;
Hasegawa et al., 2007; Asselin-Labat
et al.,, 2007). Moreover, GATA-3 is
prominently expressed in the primary
sympathetic chain and persists during
the development of all sympathoadre-
nal (SA) lineages, including sympa-
thetic neurons, adrenal chromaffin
cells, and para-aortic chromaffin cells
(the Zuckerkandl organ; George et al.,
1994; Lakshmanan et al.; 1999; Lim et
al., 2000; Moriguchi et al., 20086).
Gata3 null mutants die around ell
as a consequence of primary nor-
adrenalin biosynthetic defect and sec-
ondary cardiac failure (Gata3™’'~;
Pandolfi et al., 1995; Lim et al., 2000).
But they can be rescued by feeding
Gata3 heterozygous - intercrossed
dams with synthetic' catecholamine
intermediates, or by = restoring
GATA-3 function specifically in SA
lineages using the human dopamine
B-hydroxylase (hDBH) promoter to di-
rect’ GATA-3 transgenic expression
(TghPPH-CG3: Tim et al., 2000; Morigu-
chi et al., 2006). We and. others have
previously reported that GATA-3 is
expressed in lens fiber cells of murine
embryos (Oosterwegel et al., 1992;
Lakshmanan et al., 1999); although
the physiological significance of this
observation is unknown. In‘-the
present study, we examined the con-
sequences of a GATA-3 loss-of-func-
tion mutation in lens development of
TghPBH-G3 pegeued Gatad null mu-
tants. We demonstrate that Gata3 in-
activation lead to abnormal develop-
ment of the posterior lens fiber cells,
which exhibit reduced levels of the dif-
ferentiation marker vy-crystallin, sus-
tained expression of lens vesicle
marker E-cadherin and the increased
signal of proliferation markers, i.e.,
BrdU incorporation and Ki67 immu-
noreactivity. The abnormal prolifera-
tion of the lens fiber cells in TghPBH-G3.
rescued Gata3 null mutant lenses
correlates with reduced levels of
Cdkn1b/p27 and Cdknle/p57 CKls as
well - as- increased Ccend2/Cyclin D2
abundance. Subsequently, these cells
succumbed to apoptotic cell death. The
molecular pathway that regulates lens
differentiation is intimately inter-
twined with normal cell cycle control,
and GATA-3 plays an important role in
cellular differentiation of lens fiber cells
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by inducing cell cycle exit as a part of its
regulatory functions.

RESULTS

TghPBH-G3 Rescued Gatal
Null Mutants Displayed
Defective Lens Fiber Cell
Differentiation

We previously reported that GATA-3
is expressed in lens fiber cells at e12.5,
although its ontogeny in the mamma-
lian lens has not been well described
(Lakshmanan et al., 1999). To deter-
mine the precise temporal and spatial
expression profiles of GATA-3 in the
lens, we performed GATA-3 immuno-
fluorescence analysis and whole-
mount X-gal staining by examining
Gata3lacZ knock-in heterozygous em-
bryos (van Doorninck et al., 1999). In
the “developing embryonic lens, lacZ
expression was first weakly observed
at: el0.5, then became stronger and
was clearly detected in the optic vesi-
cle at e11.5 (Fig. 1A-C). Consistently,
GATA-3 immunoreactivity was first
specifically observed in the nucleus of
ell.5 posterior primary fiber cells
(Fig. 1D).: By el2.5, when posterior
lens fiber cells have normally begun to
elongate toward the anterior wall,
GATA-3 immunoreactivity was ob-
served in the nucleus of elongating
primary lens fiber cells, most promi-
nently in the equatorial zone where
fiber cell differentiation first initiates
(Fig. 1E,F). GATA-3 immunoreactiv-
ity was consistently observed in the
fiber cell: nuclei along the equatorial
zone of e14.5 embryos (Fig. 1G,H), al-
though GATA-3 expression got de-
creased from e16.5 onward and was
hardly observed after birth (data not
shown). Importantly, GATA-3 immu-
noreactivity was observed in differen-
tiated lens fiber cells, but not in pro-
liferating lens epithelial cells of the
anterior wall. Hence, GATA-3 expres-
sion is strictly confined to the differ-
entiating lens fiber cells of the embry-
onic eye.

Next, we examined the biological
consequences, if any, of Gata3d loss-of-
function mutation on lens develop-
ment, using TghPPH %3 rescued Gatald
null mutant mice (Moriguchi et al.,
2006). Intriguingly, lenses dissected
from e16.5 Tg"PPH-G3.rescued Gatald
null mutant mice were smaller and
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Fig. 1. Optic expression: of GATA-3: during embryogenesis. A-F:
Gata3dlacZ knock-in heterozygotes at embryonic day (¢} 10.5; e11.5, e12.5,
and e14.5 were stained with X-gal and photographed in whole-mounts
(A,C,E,G} and section (B). Black arrowheads in each panel indicate /lacZ-
positive lens. D,F,H: GATA-3 immunoreactivity was specifically observed in
the posterior part of the lens vesicle in e11.5 embryos and in lens fiber cells
from e12.5 onward (white arrowheads). le, lens epithelium; If, lens fiber; Iv,
lens vesicle; re, retina. Scale bars = 100 pm.

appeared densely opague when com-
pared with the lenses of wild-type lit-
termates (Fig. 2A). Although the ini-
tial formation of the lens vesicle was
not affected at e11.5 (Fig. 2B,C), his-
tological analyses of e12.5-e18.5
TghPBH-G3 yescued Gatad null mu-
tants showed that lens development
was disrupted later in development.
In the mutants, the lens fiber cells
appeared as shortened spindle-shaped
cells that failed to extend to the ante-
rior of the lens (Fig. 2E,G). By e18.5; a

|| Gata3 -+:Tghper-cs |

| e14a5 || e125 || ell5 |

el8.5

Fig. 2. Defective lens developmient in rescued Gata3 ™~ Tg"""H 3 em-
bryos: A: Lenses dissected from- embryonic day (¢) 16.5 Gata3™/'":
TghPeH-S3 embryos are smaller than wild-type. B-I: Sagittal sections of
e11.5 (B,C), e12.5 (D,E), e14.5 (F,G), and e18.5 (H,) Gata3™* and
Gata3™"~:Tg"°B""%3 embryos were stained with hematoxylin and eosin. In
e11.5 Gata3 mutant embryos, the lens vesicle appeared to be normal when
compared with wild-type (B,C). From e12.5 onward, GATA-3-deficient
lenses were smaller and contained a visible lumen as the lens fiber cells
failed to elongate to fill the cavity during late embryogenesis. H,I: Note that
the lens fiber cells of e18.5 Gata3™~:Tg"P®"®* embryos remained highly
nucleated (I} in contrast to the wild-type (H) lens fiber cells. lv, lens vesicle,
le, lens epithelium; If, lens fiber; re, retina. Scale bars = 100 pm.

lumen remained visible in the embry-

onic eye (Fig. 2E,G, I). And moreover,

the degradation of fiber cell nuclei, a
marker for terminal differentiation of
secondary fiber cells, does not take

place in the mutants at E18.5 (Fig.
2H,I). This contrasted starkly with
the normal lens development in the
control embryo, in which the lumen at
el2.5 gradually disappeared by e14.5.
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By ¢18.5 the secondary lens fiber cells
elongated to fill the cavity and prop-
erly degraded their nuclei (Fig.
2D,F,H). In keeping with the spatial
expression pattern of GATA-3, the an-
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terior epithelial cell layer was essen-
tially unaffected in the TghPPH 5% res-
cued Gata3d null mutant lens. Hence,
these data indicate that GATA-3 is
essential for the differentiation of the
lens fiber cells from e12.5 onward.

Crystallin Expression in
TghPBH-G3 Rescued Gatal
Null Mutant Lens

The opacity of the GATA-3—deficient lens
led us to examine crystallin expression
using pan anti-a-, pan anti-B-, or pan
anti—y-crystallin monoclonal antibodies
(Sawada et al., 1993). Unexpectedly, the
anti-crystallin staining in the Gata3-defi-
cient lens hardly differed from that of
wild-type lens (Fig. 3A-F). However,
DAPI nuclear staining showed that there
was increased nuclear density and disor-
ganized alignment of the mutant lens fi-
ber cells (Fig. 3A-F).

We then examined the mRNA level of
each crystallin subtype in €16.5 embry-
onic lenses using quantitative real-time
reverse transcriptase polymerase chain
reaction assay (qRT-PCR). a-Crystal-
lins are normally expressed in both lens
epithelial and fiber cells, whereas mem-
bers of the 8- and y-crystallin families
are expressed more abundantly in the
fiber cells (McAvoy, 1978; Murer-Or-
lando et al., 1987; Goring et al., 1992;
Andley, 2007). As anticipated, crystal-
lin mRNA accumulation was moder-
ately to severely reduced in the Gata3
mutant lenses (Fig. 3G). Of interest,
y-crystallin (vy-A, C, and D) expression,
which is most abundantly expressed in
fiber cells (Murer-Orlando et al., 1987,
Goring et al.,, 1992; Andley, 2007), was
more significantly affected than the
other types of crystallins (Fig. 3G).
Hence, the presence of GATA-3 activity
is essential for normal y-crystallin ex-
pression.

Aberrant Proliferation and
Apoptosis in TghPBH-G3,
rescued Gata3 Null Mutant
Lens

In normal lens development, a precise
transition from actively proliferating
epithelial cells to terminally differen-
tiating, nonproliferating fiber cells oc-
curs in the equatorial zone of the lens.
Our analyses indicated that GATA-3—
deficient fiber cells lacked characteris-

tics of fully differentiated lens fiber
cells, hence we examined several
markers that are indicative of cell pro-
liferation.

E-cadherin is a marker first ex-
pressed in lens vesicle cells in early
eye development, which then becomes
associated with proliferating epithe-
lial cells from e12.5 onward (Wigle et
al., 1999; Pontoriero et al., 2009). Al-
though E-cadherin was expressed
throughout the entire vesicle of e11.5
wild-type and Gata3 mutant lens, the
expression pattern was different after
initiation of fiber cell elongation (Fig
4A,B). At el12.5, E-cadherin expres-
sion in wild-type lens was restricted to
the lens epithelium, whereas in Gata3
mutant lens, we observed that the E-
cadherin immunoreactivity was still
present throughout the lens with
stronger staining in the anterior lens
epithelium (Fig. 4C,D). The prolonged
E-cadherin expression in the posterior
lens of el2.5 Gata3 mutants was
quenched 2 days later, as anti-E-cad-
herin staining was similar in el4.5
wild-type and GATA-3—deficient lenses,
although the size of the mutant lens
never caught up to wild-type control
(Fig. 4E,F). These observations suggest
that the GATA-3-deficient posterior
lens vesicle cells failed to fully differen-
tiate into fiber cells, so that the poste-
rior half of the lens vesicle retained ep-
ithelial cell properties longer than their
e12.5 wild-type counterparts.

During later lens development,
Ki67- or bromodeoxyuridine (BrdU)
-positive proliferating cells were ex-
clusively observed in the epithelial
layer of e12.5 and e16.5 wild-type em-
bryos (arrowheads in Fig. 5A,C.E,Q).
However, e12.5 and e16.5 Gata3™™:
TghPBH-G3 Jenses had a substantially
greater number of Ki67- or BrdU-im-
munopositive nuclei in the posterior
fiber cell zone (arrowheads in Fig.
5B,D,F,H,I)." Concomitantly, we also
detected increased number of pro-
grammed cell death in the posterior re-
gion- of lenses from e12.5 and el6.5
Gata3 ™/~ TghPBH-C3 embryos, whereas
TUNEL ~ (terminal deoxynucleotidyl
transferase-mediated dUTP nick end
labeling) -positive nuclei were only
rarely detected in the lenses of wild-
type control embryos (Fig. 6A-E). This
conclusion was further substantiated
by the flow cytometric analysis using
Annexin-V as an apoptotic cell marker
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(van Engeland et al., 1998). Lenses
from e18.5 Gata3 ™'~ :TghPEH-%8 or wild-
type embryos were dispersed by trypsin
treatment, and then single cell suspen-
sions were stained with Annexin-V and
7-Amino Actinomycin D (7-AAD; nu-
cleic acid dye) before being analyzed by
flow cytometry. Early apoptotic cells re-
sided in the Annexin-V-single positive
fraction, viable cells were negative for
both Annexin-V and 7-AAD, and late
apoptotic and necrotic cells stained pos-
itively for both (Lecoeur et al., 1997; van
Engeland et al, 1998, Rasola and
Geuna, 2001). As shown in Figure 6F,G,
the Annexin-V-single positive fraction
(early apoptotic cells) was dramatically
increased in the Guatad '~ TghPBHGS
lens (10.85 * 0.23%; n = 5) in compar-
ison to wild-type lens (3.12 + 1.23%;
n = 5). Late apoptotic and necrotic cells
(positive for both 7-AAD and An-
nexin-V) also significantly increased in
the Gata3 ™ :TghPPHE Jens (3.09 =
0.06%; n = 5) compared with the wild-
type lens (1.06 = 0.23%; n = 5; Fig.
6F,G). Hence, the GATA-3-deficient
lens fiber cells display epithelial cell
property as well as abnormally high
proliferative and apoptotic indices.

Elevated Cend2/Cyclin D2,
Diminished Cdknlb/p27 and
Cdknlc/p57 Levels in Gata3™™:
TghPBH-G3 1 ens Fiber Cells

Given the abnormal accumulation of
proliferative or apoptotic lens fiber
cells, we next examined the expres-
sion. of the cell cycle regulators
Cdkn1b/p27, Cdknlc/p57, and Cend2/
cyclin D2 in wild-type and Gata3™/:
TghPBH-G3 Jonges. At el12.5, posterior
lens vesicle cells begin to express
Cdknlb/p27 and Cdknlc/p57 in the
wild-type lenses (Fig. 7A,E). In €16.5
wild-type embryos, Cdknlb/p27 and
Cdknle/p57 were expressed predomi-
nantly in. the equatorial zone where
the epithelial cells exit cell cycle to
differentiate into lens fiber cells (Fig.
7C,Q).. However, both Cdknlb/p27
and Cdknle/p57 expression was con-
spicuously reduced in e12.5 and €16.5
Gatad3™ ' TghPBH-G3  Jenses  (Fig.
7B,D,F H). Meanwhile, anti-Ccnd2/
Cyclin D2 labeled nuclei were ob-
served in the equatorial zone of the
e16.5 wild-type lens (Fig. 7I), but the
fiber cells in the equatorial zone of the
el6.5 Gata3™’ :Tg"PBH-G3 lens dis-
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played significantly more abundant
Cend2/Cyclin - D2 immunoreactivity
(Fig. 7). Indeed, mRNA quantifica-
tion of isolated e16.5 embryonic lenses
demonstrated that both Cdknlb/p27
and Cdknlc/p57 mRNA expression
was suppressed and that Cend2/Cy-
clin D2 mRNA expression was acti-
vated, consistent with the immunohis-
tochemcal observations (Fig. TK).
Thus, these data indicate that, in
the absence of GATA-3, the lens fiber
cells exhibited impaired terminal dif-
ferentiation as evidenced by the ab-
normal lens morphology, misexpres-
sion of epithelial cell characteristics
and reduced v-crystallin levels. In-
stead, they remained Cdknlb/p27-
negative, Cdknle/p57-negative, and
Cend2/Cyclin D2-positive and failed to
properly exit the cell cycle, probably
undergoing apoptotic cell death.

Elevated GATA-3 Expression
in c-Maf Knock-out Mice

To address possible genetic programs
in which GATA-3 might participate
during lens development, we exam-
ined the expression of several tran-
scription factors that were previously
implicated in the regulation of lens
development. Proxl is a. homeobox
protein that is essential for fiber cell
differentiation. Prox1 deficiency in
mice leads to aberrant fiber cell prolif-
eration accompanied by suppression
of Cdknlb/p27, Cdknle/p57, and
vy-crystallins, an alteration in expres-
sion that is similar to what is observed
in the GATAS-deficient lens (Wigle et
al., 1999). Indeed, immunchistochem-
ical analysis of Prox1 demonstrated a
quite similar expression pattern in the
e14.5 lens to that of GATA-3, except
for the epithelial expression (compare
Fig. 1F and Fig. 8A). Quantitative RT-
PCR performed on GATA-3=deficient
el6.5 lenses showed that Proxl
mRNA level was only modestly sup-
pressed in comparison to wild-type
controls (Fig. 8C), and Prox1 immuno-
reactivity was virtually identical in
the e14.5 GATA-3-deficient and wild-
type lens (Fig. 8A,B). Additionally, we
examined the mRNA - expression of
Sox1, Pax6, and Foxe3, all of which
are required for normal lens develop-
ment and crystalline gene expression.
However, the abundance of those
transcription factor mRNAs was es-

sentially unchanged in the Gata3 mu-
tant deficient lens (Hogan et al., 1986;
Hill et al., 1991; Matsuo et al., 1993;
Nishiguchi et al., 1998; Medina-Mar-
tinez et al., 2005; Supp. Fig. S1, which
is available online).

¢-Maf is a basic leucine zipper tran-
scription factor that is expressed spe-
cifically in lens fiber cells of the equa-
torial zone, and is essential for early
lens morphogenesis as well as for crys-
talline gene activation (Kim et al,
1999; Kawauchi et al., 1999; Ring et
al., 2000). c-Maf mRNA levels, as was
the case with the previously examined
factors, were unchanged in the GATA-
3—deficient lens (Fig. S1). However,
given the coincident expression pat-
tern of c-Maf and GATA-3 in lens fiber
cells, we also examined GATA-3 ex-
pression in the c-Maf-deficient em-
bryonic lens, assuming a possible reg-
ulatory interaction between those
genes in the lens fiber heirarchy. Of
interest, we observed an almost eight-
fold increase of GATA-3 mRNA in c-
Maf-deficient €16.5 lens (Fig. 9C). In
concert with the elevation in GATA-3
mRNA levels in the c-Maf mutants,
increased GATA-3 immunoreactivity
was recorded in all vesicle cells of the
c-Maf-deficient dysplastic remnant
lens at el4.5, demonstrating that
GATA-3 expression is either directly
or indirectly negatively regulated by
c-Maf during normal lens fiber cell de-
velopment (Fig. 9A,B).

DISCUSSION

In the present study, we demonstrated
that GATA-3 expression begins in the
developing lens vesicle at mid-embryo-
genesis (around e11.5) and continues to

be expressed in fiber cells throughout
embryonic lens development. Its ex-
pression is specifically restricted to fiber
cells during lens morphogenesis. Con-
sistent with its spatiotemporal expres-
sion in the developing lens, the absence
of GATA-3 led to interrupted differenti-
ation of posterior lens fiber cells from
el2.5 onward, as evidenced by the di-
minished vy-crystallin levels and pro-
longed E-cadherin expression in pri-
mary lens fiber cells. There was also an
increase of mitotic (BrdU- or Ki67-im-
munopositive) and apoptotic fiber cells
in the GATA-3-depleted lens.

Cell Cycle Regulation by
GATA Factors Has Been
Reported in a Variety of
Different Tissues

Recently, it was reported that Gata2-
deficient mouse embryonic neuroepi-
thelial cells exhibited aberrant prolifer-
ation and that GATA-2 overexpression
induced neural differentiation by inhib-
iting the proliferation of neuronal pro-
genitors by means of activation of
Cdkn1b/p27 expression (El Wakil et al,,
2006). In erythroid cell differentiation,
GATA-1 was reported to induce erythro-
megakaryotic differentiation by sup-
pressing the active cell cycle of hemato-
poietic progenitor cells by means of
induction of Cdkn2a/pl6 expression
(Pan et al., 2005). Although it is still
unclear if GATA-2 or GATA-1 directly
regulates Cdknlb/p27 or Cdkn2a/pl6
expression, respectively, these reports
as well as the present observations sug-
gest that the potential cell cycle regula-
tory function for GATA factors in the
normal differentiation process acts by
activating expression of CKls: GATA-3

Fig. 3. y-Crystallin gene expression is reduced in the €16.5 Gata3™’'":Tg""®"%3 lens. A-F: Pan
anti-a-, 8-, and y-crystallin immunofluorescent staining of sagittal sections from embryonic day (e}
16.5 wild-type and Gata3 mutant lenses did not reveal any qualitative differences. DAPI (4',6-
diamidine-2-phenylidole-dihydrochloride) huclear staining showed an increase in nuclear density
as well as a disorganized alignment of the mutant lens fiber cells. le, lens epithelium; If, lens fiber;
re; retina. G: mRNA levels of each crystallin gene (normalized to Hprt mRNA) in both sides of the
fens of individual e16.5 Gata3~'~:Tg"®®""%% (n = 7) and wild-type embryos (n = 6) was assessed
by quantitative real-time reverse transcriptase polymerase chain reaction assay (QRT-PCR}: Data
are presented as mean + SEM. The statistical significance of differences between Gata3*'* and
Gata3™'~:Tg"°P"-®? are indicated (*P < 0.05; Student’s t-test). Scale bars = 100 pm.

Fig. 4. Prolonged E-cadherin. expression in the GATA-3-deficient iens. A,B: E-cadherin was
expressed throughout the entire vesicle of e11.5 wild-type and Gata3 mutant lens. C,E: E-cadherin
expression was restricted to the anterior proliferative’ epithelium in embryonic day (e) 12.5 and
e14.5 wild-type lenses. D: In é12.5 Gata3 mutant lens, an anterioposteriorly graded expression of
E-cadherin was observed. F: In"e14.5 Gata3 mutant lens; E-cadherin expression pattern was
normal. lv, lens vesicle; le, lens epithelium; If, lens fiber; re, retina. Scale bars = 100 pm.
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{terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling) assays detected an increase
in the number of apoptotic cells in the posterior chamber of embryonic day (e} 12.5 and e16.5
Gata3~/~Tg"™B43 [enses (arrowheads). le, lens epithelium; If, lens fiber; re, retina. E: Quantification of
TUNEL-positive cells in €12.5 and e16.5 embryonic lenses of wild-type (n = 6) and Gata3~/~:Tg"?®" &8
(n = 6) embryos. Six lenses from six different embryos of each genotype were analyzed. Data are
presented as means + SEM. The statistical significance of the differences between Gata3™/~:Tg""®"%*
and Gata3*’* are indicated by (*P < 0.05; Student’s f-test). F: Representative flow cytometric profiles
of single-cell suspensions that were dissociated from lenses of e18.5 wild-type or Gatad™/~:Tg">2H 93
embryos, stained with PE-conjugated Annexin-V antibody: (horizontal axis) and 7-AAD (vertical axis).
The percentage of ¢élls in each quadrant is indicated. G: In the lens fiber cells from ¢18.5 Gata3 /=
Tg"oB"G3 embryos, the Annexin-V-single positive (SP) population, representing early apoptotic cells,
increased by more than three-fold (10.85 + 0.23% in Gata3 mutant [n = 5}, 3.12.+ 1.23% in wild-type
control [n = 5]). The 7-AAD- and Annexin-V-double positive (DP) cell population (representing late
apoptotic and necrotic cells) also increased by more than two-fold (1.06 + 0.23% in Gata3 mutant [n =

5}, 3.09 + 0.06% in wild-type control [n = 5]). Scale bars = 100 um.

has been reported to suppress abnormal
proliferation of mesonephric cells as
well as mammary epithelial cells, al-
though the molecular basis for these
phenomena remains elusive (Grote et
al.,, 2006; Kouros-Mehr et al., 2006).
More recently, transcriptome analysis
of GATA-3 conditional deletion in hair
follicles indicated that multiple cell cy-
cle regulatory genes were altered in ex-
pression (Kurek et al., 2007). Further
studies will be necessary to determine
how GATA-3 functionally coordinates

cell cycle regulation with normal differ-
entiation in a variety of GATA-3-
expressing tissues, including lens fiber
cells.

Although the mechanistic details of
how the loss of GATA-3 results in lens
fiber differentiation failure remains to
be elucidated, cell cycle regulators may
be the potential key molecules underly-
ing the abnormal increase of proliferat-
ing cells. In the wild-type lens, the epi-
thelial cells near the equatorial zone
exit the cell cycle to give rise to fiber
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cells, and in the process; they initiate
the expression- of Cdknlb/p27 and
Cdknle/p57. Cdknlb/p27 and Cdknle/
p57 cooperatively control the cell cycle
exit and the subsequent differentiation
of lens fiber cells. Cdknlb/p27 is nor-
mally dispensable for lens development
due to its redundancy with Cdknlc/p57,
whereas Cdknlb/p27~'~ and Cdknlc/
p57%/ 7 like the Gata3-deficient mice,
exhibit significant deficiencies in cell cy-
cle withdrawal and in the subsequent
differentiation of lens fiber cells (Zhang
et al,, 1998; Nagahama et al;; 2001). In
the Gata3-deficient lens, we demon-
strated that Cdknlb/p27 and Cdknle/
p57 immunoreactivities were dramati-
cally suppressed in the equatorial zone,
and that their mRNA abundance was
reduced - in lens, suggesting that
GATA-3 deficiency results in the sup-
pression of these two CKls at the tran-
scription level. However, we have been
unable to identify conserved GATA con-
sensus binding sites around the
Cdknlb/p27 and Cdknle/p57 promot-
ers or to observe GATA-3-dependent
trans-activation of a reporter gene cis-
linked to'a 1.6-kbp Cdkni1b/p27 or a 2.0
kbp Cdknlc/p57 promoter in several
cell lines in co-transfection experiments
(data “not shown), suggesting that
Cdknlb/p27 and Cdknlc/p57 are either
not direct target genes of GATA-3 or
that -GATA-3 regulates those genes
through enhancers that lie outside of
the promoter boundaries.

We examined Soxl1, Foxe3, Proxl,
¢-Maf, and Pax6 mRNA expression in
e16.5 GATA-3~deficient lenses to ex-
amine potential genetic interactions
between GATA-3 and each of those
other known lens developmental reg-
ulators. Sox1 expression initiates in
the lens vesicle at around e10 and con-
tinues to be expressed in lens fiber
cells at e15:5 (Nishiguchi et al., 1998).
Foxe3, Prox1, and ¢-Maf expression is
first: detected at around e9.0-¢€9.5
over the lens placode (Wigle et al.,
1999; Kawauchi et al.; 1999; Medina-
Marinez et ali; 2005). Foxe3-expres-
sion later becomes restrieted to the
anterior lens epithelium; while Prox1
and ¢-Maf expression are maintained
in the lens fiber cells (Wigle et al,
1999; Kawauchi et al., 1999; Medina-
Martinez et al.; 2005). Pax6 expres-
sion is observed much earlier (in head
neural ectoderm) including in the op-
tic: pit at e8.0, although from el3.5
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onward, Pax6 expression is down-reg-
ulated in lens fiber cells (Grindley et
al., 1995; Donner et al., 2007). Given
those spaciotemporal expression pat-
terns and the similarities in lens defi-
ciencies encountered in various mu-
tant mice, we' initially expected to
establish a. genetic regulatory rela-
tionship between GATA-3 and Sox1 or
Prox1 expression in the developing
lens fiber cells. However, all of those
transcriptional regulators are in gen-
eral only modestly, if at all, changed
in the GATA-3 deficient lens. Given
the later appearance of GATA-3 ex-
pression in the e10.5 lens vesicle as
well as the relatively mild lens defi-
ciency in Gata3 mutant mice, we as-
sumed that GATA-3 might be located
at a lower position in the hierarchy,
but upstream of y-crystallin and both
CKls (Cdkn1b/p27 and Cdknlc/p57)
in the genetic program of lens devel-
opment. Of interest, GATA-3 expres-
sion is strongly activated in the rem-
nants of the c-Maf-deficient lens. This
observation clearly demonstrates that
GATA-3 expression is directly or indi-
rectly negatively controlled by c-Maf
in normal developing lens fiber cells,
so that a c-Maf deficiency derepresses
GATA-3 expression, possibly to com-
pensate for the suppressed crystallin
gene activation. Precise mapping of
lens-specific: Gata3: gene regulatory
sequences, which are presumably lo-
cated within a 2-kbp region lying 5’ to
the gene (George et al.; 1994; Lieuw et
al.;-1997); will provide additional in-
sight:into the identities of upstream
regulators of GATA-3 expression in
lens fiber cells.

During differentiation, mature lens
fiber cells produce abundant B- and
vy-crystallins (McAvoy, 1978). Of the
crystalline subtypes, a-crystallins are
normally expressed in both lens epi-
thelial and fiber cells, and are first
expressed at the lens vesicle stage
(McAvoy, 1978; Murer-Orland et al.,
1987; Goring et al., 1992; Horwitz,
2003). B-Crystallin expression, which
begins at ell in the mouse embryo,
serves as an early marker of fiber cell
differentiation, whereas v-crystallin
gene activation initiates around e12.5
(Goring et al., 1992; Nishiguchi et al.,
1998;: Ring et al., 2000). We showed
here that yA, vC and yD-crystallin ex-
pression, which are normally re-
stricted in expression to terminally
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suppression during lens development.
In conclusion,  we demonstrated
here that GATA-3 is essential for ter-
minal ~differentiation of lens fiber
cells. It will be intriguing to clarify the
underlying mechanisms by which the

Fig. 8. Expression of Prox1 in Gata3 mutant
lenses. A,B: Prox1 immunoreactivity was ap-
proximately equal in embryonic day (e) 16.5
Gata3~/~:Tg"P®HS3 and Gata3*/~ littermate
embryonic lenses. C: e16.5 Gata3 ~/~:TghPBHG3
(n:=.7) embryonic lenses also had statistically
equallevels of Prox1 mRNA in comparison with
wild-type control. embryos (n = 6). Data are
presented as mean * SEM (normalized to Hprt
mRBNA).

Fig. 9. GATA-3 expression is de-repressed in
c-Maf mutant lenses. A,B: The embryonic day
(e} 14.5 c-Maf mutant lenses had significantly
greater GATA-3 immunoreactivity than wild-
type littermates. C: Real-time RT-PCR quantifi-
cation of GATA-3 mRNA in e16.5 wild-type and
c-Maf -mutant - lenses (normalized to Hprt
mRNA). Data are presented as mean = SEM.
The statistical significance of the differences
between c-Maf /" (n = 5) and c-Maf™’~ (n = 6)
are indicated (**P < 0.01; Student’s t-test).
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TABLE 1. Sequence of Primers Used in Quantitative RT-PCR Analyses and Genotyping

Crystallin A
Crystallin g1
Crystallin yA
Crystallin vC
Crystallin vD
Cdknlce/p57
Cdknlb/p27
Cend1/Cyclin D1
Ccend2/Cyclin D2
Cend3/Cyclin D3
Prox1

Pax6

Foxe3

Sox1

c-Maf

ACA ACG AGA GGC AGG ATG AC

AAC TTC CAG GGC AAG AGG AT

CTC GTG GTA GCG CCT GTA GT

TGC TGC CTC ATC CCC CAA CA

CTG CTG GAT GCT CTA TGA GC

GAG GAC CAG AAC CGC TGG GAC TT
CGC CAT TAG CGC AAC TGA

TCT ATC CGG CCC GAG
ACTGATGTGGATTGTCTCAAAGCCT
GGC TAT GAA CTA CCT GGA TCG CTA
GCT CCA ACA TGC TGA AGA CC

GGA GAG AAC ACC AAC TCC AT

AGT GGC AGA ACA GCA TCC GC
AAG ATG CAC AAC TCG GAG ATC AG
CTG CCG CTT CAA GAG GGT GCA GC

Gene Sense primer Antisense primer
hDBH-GATA-3 AGT GAC CAG CTA CAG TCG GA GGA GAG GGG TCG TTT AAT GG
GATA-3 GGT GGA CGT ACT TTT TAA CAT CGA CCC TGA CGG AGT TTC CGT AG

AGG GGA CAACCAAGGTGA G
AGA TGG GTC GGAAGG ACAT

GTC GTG GTA GCG CCT GTA GT
TCG CCT AAA AGA GCC AAC TT
TTC CGT GAA CTC TAT CAC TTG GC
ACT CGC TGT CCA CCT CCATCC A
CGG CTG CGA AGA TTA GGG

GAG CTT GTT CAC CAG AAG CAG
CCA CCA GGC ACA ATA GCA ACTACG
GTA CCT AGA AGC TGC AAT TG
TCA TTG ATG GCT TGA CGC GC
TCT GGA TAA TGG GTC CTC TC
TCG AGC GTC CAG TAG TTG CC
TGT AAT CCG GGT GTT CCT TCA T
TCG CGT GTC ACA CTC ACA TG

HPRT

CAA ACT TTG CTT TCC CTG GT

CAA GGG CAT ATC CAACAACA

expression of CKIs and CDKs are con-
trolled by GATA factors, and to iden-
tify other cell cycle/apoptosis-related
factors which might be responsible for
the increased cell death observed in
the Gata3-deficient lens fiber cells. We
conclude, from the data presented
here, that the Gata3 mutant mouse
lens may serve as another useful
model for elucidating the general prin-
ciples of cell cycle regulation by GATA
transcription factors.

EXPERIMENTAL
PROCEDURES

Mice

Generation of ¢-Maf knock-out mice,
Gata3lacZ knock-in mice, Gata3 knock-
out mice (Gata3 '), SA lineage-specific
GATA-3-expressing transgenic mice
(TghDBH~G3) and Gatagi»/f: Tg_hDBH‘GS
compound heterozygotes were reported
previously (Pandolfi et al., 1995;
Kawauchi et al., 1999; van Doorninck et
al., 1999; Moriguchi et al., 2006). Ani-
mals were genotyped by PCR and/or
Southern blotting as previously re-
ported (Moriguchi et al., 2006). Primers
used to detect the hDBH-GATA-3
transgene are shown in Table 1. All ex-
periments were performed according to
the Guide for the Care and Use of Lab-
oratory Animals at the University of
Michigan and the University of
Tsukuba.

gqRT-PCR

Total RNA was extracted from iso-
lated lens tissues of €16.5 wild-type or
mutant embryos using TRIZOL (Invi-
togen Corp, Carlshad, CA). First-
strand ¢cDNA was synthesized start-
ing with 0.5 pg of total RNA using
Superscript IIT (Invitrogen). qRT-PCR
was performed using an ABI PRISM
7700 sequence detector (PE-Applied
Biosystems, Foster City, CA) with a
2X SYBR Green PCR master mix (In-
vitrogen), reverse transcribed ¢cDNA
and gene-specific primers as previ-
ously  described (Moriguchi et al,
2006). The sequences of the primers
are listed in Table 1. The data were
recorded as means = standard error of
the mean. The statistical significance
of differences among means of several
groups was determined by Student’s
¢-test.

Histological Analysis,
Immunofluorescence, and
TUNEL Assays

Embryos (el2.5-e18.5) were fixed
overnight in 4% paraformaldehyde at
4°C and then processed for paraffin or
frozen sections. Paraffin sections (3
pm) were cut with a microtome and
processed for either hematoxylin—eo-
sin (HE) staining or immunohisto-
chemistry. The following primary an-
tibodies were used: rabbit anti-
GATA-3 (Lim K.-C., unpublished

— 143 —

observations), pan anti-a-, B-, and
v-Crystallin monoclonal antibodies
(the gifts of K. Kataoka), rabbit anti-
Prox1 (Chemicon, CA), rabbit anti-E-
cadherin (Takara Biotech, Tokyo, Ja-
pan), rabbit anti-Cdknlb/p27, goat
anti-Cdknle/pb7, and rabbit anti-
Cend2/Cyclin D2 (all from Santa Cruz
Biotechnology, Santa Cruz, CA). For
immunofluorescence staining, Alexa
Fluor 488-conjugated donkey anti-
goat and goat anti-rabbit IgG (Molec-
ular Probes, Eugene, OR) or fluores-
cein isothiocyanate-conjugated rabbit
anti-mouse IgG (Zymed, San Fran-
cisco, CA) secondary antibodies were
used. Whole-mount - X-gal staining
was performed as previously de-
scribed (Lakshmanan et al., 1999).

To analyze 5-bromo-2'-deoxyuridine
(BrdU) uptake, pregnant females
were  administered BrdU (100 pg/
gram of body weight) by intraperito-
neal injection. After 2 hr, embryos
were collected and fixed overnight in
4% PFA. Sections were then stained
with mouse anti-BrdU (Becton Dick-
inson, San Jose, CA). Ki67 is a nuclear
protein expressed in all proliferating
cells during late G1, S, M, and G2
phases of the cell cycle (Gerdes et al.,
1984, 1991). Rabbit anti-Ki67 (Novo-
castra Laboratories Ltd, UK) was
used for detection.

TUNEL assays were performed us-
ing the In Situ Apoptosis Detection
Kit (Takara BIOTECH) according to



2290 MAEDA ET AL.

the manufacturer’s instructions. For
quantification, three transverse sec-
tions extending from the center of the
lens of each e12.5 or el6.5 embryo
were examined by TUNEL or anti-
Ki67 antibody (Novocastra Laborato-
ries Ltd, UK). The numbers of
TUNEL-positive fiber cells and Ki67-
immunoreactive epithelial or fiber
cells on the sections was individually
determined for each embryo.

Flow Cytometric Analysis of
Apoptosis in Lens

Single cell suspension was prepared
from e18.5 lens of each mouse geno-
type by treatment with 0.05% trypsin
and 0.53 mM ethylenediaminetet-
raacetic acid (GIBCO BRL, Gaithers-
burg, MD) at 37°C for 30 min, and
cells were dissociated using fine-
tipped pipettes. After the cells were
filtered through a 35-wm nylon mesh
screen, they were resuspended in
phosphate buffered saline containing
4% fluorescence cell sorting. Apoptotic
cell analysis was performed using An-
nexin-V:PE Apoptosis Detection Kit I
(BD-Biosciences, San Jose, CA) ac-
cording to the manufacturer’s instruc-
tions. Apoptotic cells were stained
with Annexin-V, while necrotic cells
were distinguished by staining with
both Annexin-V and 7-AAD (Herault
et al., 1999). FACS analysis was per-
formed with the FACS LSR and
CellQuest software (BD-Biosciences).
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IgM is an antibody class common to all vertebrates that plays a
primary role in host defenses against infection. Binding of IgM with
an antigen initiates the complement cascade, accelerating cellular
and humoral immune responses. However, the functional role of
the Fc receptor for Igt in such immune responses remains obscure.
Here we show that mice deficient in Fca/pR, an Fc receptor for igM
expressed on B cells and follicular dendritic cells (FDCs), have
enhanced germinal center formation and affinity maturation and
memory induction of 1gG3* B cells after immunization with T-
independent (T1) antigens. Moreover, Fca/puR-deficient mice show
prolonged antigen retention by marginal zone B (MZB) cells and
FDCs. In vitro studies demonstrate that interaction of the igM
immune complex with Fca/uR partly suppress Tl antigen retention
by MZB cells. We further show that downregulation of comple-
ment receptor (CR)1 and CR2 or complement deprivation by in vivo
injection with anti-CR1/2 antibody or cobra venom factor attenu-
ates antigen retention by MZB cells and germinal center formation
after immunization with Tl antigens in Fca/puR~/~ mice. Taken
together, these results suggest that Fca/uR negatively regulates Tl
antigen retention by MZB cells and FDCs, leading to suppression of
humoral immune responses against T-independent antigens.

Fcreceptor | IgM | follicular dendritic cells (FOCs) | memory B cells |
affinity maturation

IgM is an antibody class common to all vertebrates that
constitutes most of the natural antibodies in the pleural and
peritoneal cavities of naive hosts (1, 2). In addition, IgM is the
first antibody to be produced by naive B cells upon antigen
recognition. Therefore, IgM is believed to play an important role
in innate immunity against variable bacterial and viral infections
(3, 4). Binding of IgM with an antigen initiates the complement
cascade, resulting in the acceleration of cellular and humoral
immune responses (1). Mice lacking complement 3 or comple-
ment 4, or their receptors, complement receptor 1 (CR1) and
complement receptor 2 (CR2) (CD35/21), show impaired IgG
production in response to T-dependent (TD) antigens (5, 6).
Mice lacking the secreted form of IgM (sIgM) also show
markedly impaired antibody production and germinal center
(GC) formation against TD antigens (7, 8). Thus IgM plays
pivotal roles both in innate immunity and in the linkage between
innate and adaptive immunity. However, the role of IgM in
humoral immune responses against T-independent (TT) antigens
is incompletely understood.

During humoral immune responses against TD antigens, an
increase in GC size and number is induced in the lymphoid
organs; the GC is a principal site for antibody class switching,
affinity maturation, and memory B-cell generation (9-11). Fol-
licular dendritic cells (FDCs) play a pivotal role in GC formation
by retaining and presenting antigens to follicular B cells (12, 13).
In contrast to TD antigens, TI antigens such as polysaccharides
and glycolipids of encapsulated bacteria quickly stimulate mar-
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ginal zone B (MZB) cells in the marginal zone of the follicle to
produce IgM and IgG3 class antibodies (14, 15). Although
antibody production against T antigens occurs outside the
follicular region, without GC formation (16), several reports
have demonstrated that under certain conditions GCs are in-
duced against T1 antigens (17, 18). However, the regulation and
the immunological consequences of GC formation against TI
antigens remain unclear.

We previously identified an Fc receptor for IgM and IgA that
we designated Fea/uR (19, 20). The Fea/uR gene has been
mapped to chromosome 1 (1F in mice and 1q32.3 in humans) (19,
21) near several other Fc receptor genes, including FeyR-1, 11, 111,
and 1V, FceRI, and the polymeric IgR (22-24), and Fc receptor
homologues (25). Fca/uR is expressed on the majority of
follicular B cells and macrophages but not on granulocytes or T
and natural killer cells. Although, unlike other immunoglobulin
isotypes, IgM is present in all the vertebrate classes, Fca/uR is
the only receptor for IgM that thus far has been identified on
hematopoietic cells of humans and rodents.

We show here that Fca/uR is expressed preferentially on
FDCs and MZB cells, as well as on follicular B cells, in the
spleen. Interaction of IgM with Fca/uR negatively regulates
humoral immune responses against T1 antigens.

Results

Increased GC Formation in Response to T-Independent Antigen in
FealpR~/~ Mice. To investigate the role of Fco/pR in humoral
immune responses in vivo, we established Fco/pR-deficient
(Fea/uR ™) mice (see SI Materials and Methods and Fig. S1).
Because Fca/uR is expressed on B cells and FDCs (Fig. S2), we
examined whether lack of Fca/pR expression affected B-cell
differentiation. Naive Fca/uR ™'~ mice had lymphocyte popula-
tions of normal composition in the spleen and showed no
differences from their control littermates (Fca/uR*/*) in each
population of B-cell subsets in the spleen, bone marrow (BM),
or peritoneal cavity (data not shown), suggesting that Fco/uR is
not involved in the development of B cells or other lymphocyte
lineages. We also observed no differences in the titers of each
subclass of IgG and IgM in the sera of naive Fce/uR™/~ mice
(Fig. S34).

Fea/uR™™ mice demonstrated normal antibody responses
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Fig. 1.  GC reaction against T-independent (T1) antigens in Fca/uR ™/~ mice.
FcaluR*!* or FcalpR ™/~ mice were immunized i.p. with the TD antigen (NP-CG)
emulsified with alum or with the Ti antigen NP-Ficoll. A week (for NP-Ficoll} or
2 weeks {for NP-CG) after the immunization, spleen sections were stained with
biotinylated PNA, followed by Alexa594-conjugated streptavidin and FITC-
conjugated anti-B220 (A) or with anti-mouse 1gG3 or 1gG1 (B). Data are
representative of 3 independent experiments.

after immunization with the TD- antigen 4-hydroxy-3-
nitrophenylacetyl-chicken gamma globulin (NP-CG), the TI type
1 antigen NP-LPS, or the TI type 2 antigen NP-Ficoll (Fig. S3B).
Unexpectedly, however, immunization with either of the TI
antigens significantly increased the number and size of GCs in
the spleen in Fca/uwR ~/~mice but not Fea/uR** mice (Fig. 14
and data not shown). Although these GCs were Bel-6*, B220¢vH,
and IgD'"¥, similar to those induced after immunization with TD
antigens (data not shown), they preferentially produced IgG3
(Fig. 1B), rather than the IgG1 detected in the GC B cells
induced by the TD antigen NP-CG. Analyses by flow cytometry

Honda et al.

showed that the numbers of GC B cells, defined as B220*, GL7*
cells (26), increased significantly in Fco/uR ™/~ mice after im-
munization with the TTI antigens NP-Ficoll and NP-LPS but not
after immunization with the TD antigen NP-CG (Fig. 24 and
Table S1). Similar results were obtained by flow cytometry when
GC B cells were defined more specifically as PNAMeh, GL7 cells
(Fig. 2B). Depletion of CD4™ T cells by in vivo injection of an
anti-CD4 monoclonal antibody diminished the number of GC B
cells after immunization with NP-CG but not after immunization
with NP-Ficoll in both Fea/uR ™" and Fea/uR*/* mice (Fig.
2A), demonstrating that the increased GC reaction to NP-Ficoll
in Fca/uR™"~ mice was a T-cell-independent event.

To determine the cell types expressing Fca/uR responsible for
the increased GC formation in response to TI antigens in
Fea/uR™'~ mice, we established BM chimeric Fca/uR*'* or
Feaf/uR ™/~ mice reconstituted with either Fca/uR™* or Fcaf
pR ™~ BM cells. Because FDCs are radio resistant and therefore
are not replaced by donor cells following BM transfer (27), these
BM chimeric mice would have donor-derived B cells and recip-
ient-derived FDCs. Immunization with NP-Ficoll increased the
number of GC B cells in both Fca/uR*/* and Fca/uR™/~ mice
reconstituted with Fca/uR™/~ and Fca/uR*/* BM cells, respec-
tively, to a significantly greater degree than in Fca/uR*/* mice
reconstituted with Fca/uR*/'* BM cells (Fig. 2C). These results
suggest that lack of Fca/uR expression on both FDCs and B cells
is responsible for the enhanced GC formation in response to TI
antigens.

Generation of Memory B Cells in Response to Tl Antigens in Fca/pR=/~
Mice. We then examined whether enhanced GC formation led to
memory B-cell generation after immunization with TT antigens
in Fca/uR™~ mice. Fca/uR™/~ and Fca/uR*'* mice were
immunized with NP-Ficoll and were re-challenged with the same
antigen 12 weeks after the first immunization. Although the
antibody titers again increased in both Fca/uR™/~ and Feof
R ** mice 1 week after the second immunization, they did not
exceed those at 1 week after the first immunization in either
group of mice (Fig. S4). These results suggest that memory B
cells specific to NP-Ficoll had not been generated. However, it
also was possible that the large amount of anti-NP IgG3 that was
still detectable in the sera of both groups of mice before the
second immunization and that might have been produced by
long-lived plasma cells was veiling a small recall response by
memory B cells in response to NP-Ficoll.

To dissect further the antibody responses by memory B cells
to the second immunization, spleen cells or BM cells from
Fca/uR ="~ and Fca/uR*/* mice before or 7 weeks after immu-
nization with NP-Ficoll were transferred into SCID mice, which
then were challenged with the same antigen on the following day
(Fig. 34). A week after the immunization, NP-specific IgG3
production in the SCID mice that had been given the Fca/uR ™/~
BM cells was significantly greater than that in the SCID mice
given the Fea/uR™* BM cells (Fig. 3B). We barely detected
NP-specific IgG1 in either group of SCID mice (Fig. 3B). In
contrast, we did not observe any difference in NP-specific 1gG3
production between SCID mice transferred with spleen cells
from Fea/pR™~ and Fca/pR*'™ mice (data not shown). Be-
cause NP-specific IgG3 was not detected in SCID mice that
received BM cells from primed mice without the second immu-
nization (Fig. 3B), long-lived plasma cells may absent or very
rare in BM cells: Collectively, these results suggest that enhanced
GC formation in response to TI antigens in Fea/uR ™/~ mice led
to the generation of memory B cells producing IgG3.

Affinity Maturation of 1gG3* B Cells Specific to TI Antigens in
FecalpR~'— Mice. We next examined whether increased GC for-
mation also was associated with affinity maturation of B cells in
Fca/uR~'~ mice. Fco/uR™'~ mice and Fco/uR** mice were
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Fig.2. GCB cells after immunization with T-dependent (TD) or T-independent (T!) antigens in FcadpR™1~ mice. {A, B) Fcal uR*/* or FcalpR ™/~ mice (n = 5-9) were
immunized i.p. with TD antigen (NP-CG) emulsified with alum or with T1 antigens NP-Ficoll or NP-LPS. A week (for NP-Ficoll and NP-LPS) or 2 weeks (for NP-CG)
after the immunization, spleen cells were stained with FITC-conjugated anti-GL-7 and PE-conjugated. anti-B220 (A) or biotinylated PNA, followed by
APC-conjugated streptavidin (B). To deplete CD4* T cells, mice were injected with anti-CD4 (GK1.5) mAb before immunization. Data are representative of 3
independent experiments. (C) We injected 5 x 108 BM cells from Fca/uR*/* or Fca/uR ™/~ mice via the tail vein into lethally irradiated FealuR*"* or FcalpR™ mice
(n = 6-8/group). BM chimeric mice were immunized with NP-Ficoll 6 to 8 weeks later, and GL7* cells among B220" celis in the spleen were analyzed 1 week after

immunization, as described previously. Data are representative of 2 independent experiments,

immunized with NP-Ficoll or NP-LPS and then were re-
challenged with the same antigens 12 weeks later. Sera were
collected 1 week and 12 weeks after the first antigen challenges
and 1 week after the second antigen challenges and were
measured for affinity of NP-specific antibody (Fig. 44). The
affinity for NP-specific IgG3 was comparable between Fco/
pR~/~ and Fea/uR™*'* mice 1 week and 12 weeks after the first
antigen challenges (data not shown). Although in Fca/uR*/*
mice the affinity for NP-specific IgG3 after the second immu-
nization was comparable to that after the first immunization,
Fea/uR™/~ mice showed significantly higher affinity for NP-
specific 1gG3 after the second immunization than after the first
immunization (Fig. 4B and Fig. SS5). In contrast, affinities for
NP-specific IgG1 were low after the first immunization and were
not altered after the second antigen challenge in both Fea/pR ™/~
and Fea/uR*/* mice (Fig. 4B and Fig. S5). These results indicate
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Fig.3. Recall response against Tl antigen in Fca/uR™/~ mice. (A) Fca/pR*/* or
Fca/uR™' mice were immunized with NP-Ficoll or were not immunized (naive
mice). BM cells from naive mice or from the Fca/uR*'* or Fca/pR™™ mice
primed with NP-Ficoll were transferred to SCID mice 7 weeks after immuni-
zation. The SCID mice then were re-challenged with the same antigen or were
not re-challenged: (B) Anti-NP 1gG3 or 1gG1 titers in SCID mice were deter-
mined 1 week after the second challenge. n.d., not detected.
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that Fca/uR ™/~ mice showed affinity maturation of NP-specific
1gG3 after the second challenge with the T1 antigens NP-Ficoll
or NP-LPS:

To elucidate the molecular basis of the affinity maturation in
Fca/uR ™7 ‘mice; we examined whether. NP-Ficoll induced so-
matic hypermutation (SHM) in :NP-specific V186.2 1gG3" B
cells in Fea/uR™/" mice. Fea/uR /= and Fea/pR*™* mice were
immunized with NP-Ficoll; then PCR was performed to amplify
V13186.2 IgG3 clones from the spleen: We analyzed more than
10 amplified clones and barely detected the Vx186.2 clone from
the spleen of naive Fca/uR ™/~ and Feo/uR*/* mice. However,
more than half the clones amplified from Fco/uR™/~ and
Fea/uR** mice '1 week after: immunization were Vy186.2
clones, suggesting that the V;186.2 clone was expanded in
response to'the immunization. We observed only a few muta-
tions in the ‘V186.2 clones from Fco/pR /7 and Fea/uR*'*
mice 1 week after immunization (Fig: S6).-However, in recall
responses, Fea/uR™/~ mice had higher frequencies of SHM in
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Fig.4. Affinity maturation after immunization with Tl antigen in Fca/uR ™~
mice. (A) Fca/uR*'* or FcaluR™~ mice were immunized with NP-Ficoll and
were re-challenged with the same antigen 12 weeks later. (B) The affinities of
anti-NP 1gG3 and IgG1 in the sera were determined 1 week after the first
immunization and after the second immunization, as described in the exper-
imental procedures.
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Fig. 5.

Thantigen retention on MZB cells and FDCs in Fca/uR ™/~ mice. (A, B) Fca/uR*'™ or FcaluR

1 500um

mice were injected i.v. with 50 g of TNP-Ficoll. Spleen cells

I

were stained with biotin-conjugated anti-TNP, followed by APC-conjugated streptavidin, FITC-conjugated anti-CD21/35, and PE-conjugated anti-CD23 3, 12, or
24 hours after injection. (A) Representative flow cytometry profiles of TNP signal on MZ8 cells (CD21/35M9?, (D237) and FOB cells (CD21/35+, CD23*) are shown.
(B) The mean fluorescence intensity (MFI) of the TNPsignal on MZB cells is shown. {C) Spleen cells from Fca/uR*/* or Fca/uR™/~ mice were incubated with TNP-Ficoll
alone or with anti-TNP IgM (igM IC) in the presence of RAG-deficient mouse serum. Cells were stained with biotin-conjugated anti-TNP, followed by
APC-conjugated streptavidin, FITC-conjugated anti-CD21/35, and PE-conjugated anti-CD23 for flow cytometry analysis. The MFI of TNP signals on MZB- and
FOB-gated cells is shown. (D) After antigen .injection, the spleen sections were stained with biotin-conjugated anti-TNP, followed by Alexa 594-conjugated
streptavidin and FITC-conjugated anti-CD21/35 or anti-B220. (£) Fca/uR*'* or Fca/luR™~ mice were injected i.v. with anti-CR1/2, control antibody, or CoF before
immunization with TNP-Ficoll. Spleen cells were stained with biotin-conjugated anti-TNP 12 hours after the immunization, followed by APC-conjugated

streptavidin, FITC-conjugated anti-CD1d, and PE-conjugated anti-CD23. The MF! of TNP signal on MZB-gated cells (CD1dM9", CD23-) is shown.

the Vyy genes of anti-NP IgG3 than did Fee/uR™* mice (Fig.
56). These increased SHM might cause affinity maturation of
NP-specific IgG3 in Fca/uR ™/~ mice.

Prolongation of Tl Antigen Retention on MZB. Cells and FDCs in
FcalpR~'— Mice. Our next goal was to. determine how Fca/uR
expressed on FDCs and B cells is involved in GC formation.
Because MZB cells and FDCs capture antigens efficiently, we
speculated that Fca/uR was involved in TT antigen retention on
MZB cells and/or FDCs. To test this hypothesis, we injected
2,4,6-trinitrophenyl (TNP)-Ficoll iv. into Fca/uR™" or Fca/
pR** mice and analyzed antigen retention by using anti-TNP
antibody. In both Fee/uR™/~ mice and Fco/uR** mice, flow
cytometry: analyses detected the TNP: signal on MZB cells
(CD21/35Mgh CD23 celis) but not on follicular B (FOB) cells
(CD21/35F, CD23* cells) 3 hours after TNP-Ficoll injection
(Fig. 54 and data not shown). The extent of antigen retention on
MZB cells; as determined by the intensity of the TNP signals, was
comparable in Feca/uR ™/~ mice and Fea/uR*/* mice 3 hours
after antigen injection. Although the TNP signal on-MZB cells
gradually declined with time, its diminution was much slower in
Fea/uR™" mice than in Fea/uR™/* mice (Fig. 5B).

To examine whether IgM is involved in TT antigen retention
by MZB cells, we incubated MZB cells derived from Fea/uR ™/~
mice and Fea/uR™* mice with either TNP-Ficoll alone or an
immune complex (IC) of TNP-Ficoll and anti-TNP IgM in a
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culture. medium containing sera from RAG ™'~ mice (the me-
dium contained complement but not IgM antibody) and ana-
lyzed antigen binding by flow cytometry using anti-TNP anti-
body. TNP-Ficoll retention (as determined from the mean
fluorescence intensity of anti-TNP antibody) by Fea/uR ™~ cells
and Feo/pR** MZB cells in the absence of anti-TNP IgM was
comparable, but the Fca/uR™/~ MZB cells captured the IgM IC
to a greater degree than did the Fca/uR ™+ MZB cells (Fig. 5C).
In contrast; antigen retention was not observed, even in the
presence of anti-TNP IgM, on either Fca/uR™~ or Fca/uR*"*
FOB cells (data not shown). These results indicated that the
interaction of Fea/uR with IgM IC inhibited TI antigen reten-
tion by MZB cells.

Immunochistochemical analyses showed that the antigen was
preferentially localized in the marginal zone area 3 hours after
antigen injection in both Fca/uR 7~ and Fca/uR*/* mice (Fig.
5D). Notably, the TNP signal also was detected on FDCs in the
follicles in both' Fea/uR™/™ and Feo/pR*™* mice (Fig. 5D),
suggesting that TNP-Ficoll is captured by the FDCs as early as
3 hours after antigen injection. Although 12 hours after antigen
injection the TNP signal was scarcely detected in the marginal
zone area in both Fca/uR™/~ and Fco/uR*/ mice and on the
FDCs of Fco/uR** mice, it still was readily detectable on the
FDCs of Fca/uR ™/~ mice (Fig. 5D). These results indicate that
the retention of TI antigen on MZB cells and FDCs is prolonged
in Fea/u R~ mice.
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Involvement of the Complement Pathway in Humoral immune Re-
sponses against TI Antigens in Fca/uR~/~ Mice. Previous reports
have demonstrated that humoral immune responses against T
antigens are defective in the absence of complement (28, 29). To
determine whether the complement pathway is involved in the
increased humoral immune response against TI antigens in
Fea/uR ™/~ mice, we injected Fca/uR ™/~ and Fea/uR*'™* mice
with the anti-CR1/2 monoclonal antibody 7G6, which is able to
downmodulate the expression of CR1 and CR2 (CD35/21) (30).
These mice were injected with the TT antigen TNP-Ficoll 2 days
later. Flow cytometric analyses showed that, 12 hours after the
antigen injection, antigen retention on the MZB cells of Fca/
R~ mice had returned to the level in Fea/uR*/* mice (Fig.
5E). Because antigen retention by MZB cells is associated with
GC formation, we next examined whether the presence of 7G6
antibody also affected GC formation in Fea/uR ™/~ mice. Fco/
pR™7 and Fca/uR*'* mice were immunized with NP-Ficoll 2
days after injection with 7G6 antibody. A week after the
immunization, flow cytometric analyses demonstrated that the
number of GC B cells: in the spleen” of Fea/pR ™/~ mice had
returned to the level in Fca/uR™* mice (Fig. S74). Supporting
these resuits; complement deprivation by injection with cobra
venom factor (CoF) attenuated antigen retention and GC for-
mation in response to.TI antigens in Fca/uR /" mice (Fig. SE
and Fig. S74). Moreover, the reduction of GC formation by CoF
in Fea/uR™/~ mice resulted in the diminution of affinity matu-
ration of IgG3 antibody (Fig. S7B). Taken together, these results
suggest that the increased antigen retention on MZB cells and
enhanced GC formation in Fca/pR ™~ mice depends on CR1/2.

Discussion

Our results represent the characterization of mice deficient in
Fco/uR. We demonstrated that TI antigens induce enhanced GC
formation (Figs. 1 and 2), IgG3 memory response (Fig. 3), and
affinity maturation (Fig. 4) in Fca/uR ™/~ mice. In contrast, we
observed no differences between Fca/uR™* mice and Fcof
wR ™/~ mice in humoral immune response against TD antigens.
Although an increase in GC number and size obviously is
induced in response to TD antigens (9-11), several lines of
evidence have demonstrated that GCs also can be induced
against TI antigens, although the response is not as marked as the
response to TD antigens (17, 18). However, the structural and
functional characteristics of TI antigen-induced GCs have not
been elucidated. Although GC reaction was enhanced in Fco/
wR ™/~ mice after immunization with TI antigens, antibody titers
in the sera were not elevated, an observation that is in line with
previous findings (31). Instead, we observed increased SHM in
the Vi genes of 1gG3 and affinity maturation of IgG3 against
NP-conjugated TT antigens in Fea/uR ™/~ mice (Fig. $6), con-
sistent with previous reports that SHM occurs within GCs; albeit
at low levels, in response to TI antigens (18, 32). We observed
increased SHM of anti-NP - 1gG3 in Fca/pR ™/~ mice, and this
increase might have been associated with affinity maturation of
IgG3 after the second challenge by T1 antigens, Moreover, we
showed that BM cells from Fca/uR™~ mice (but not from
Fea/uR** mice) primed with TI antigens produced enhanced
amounts of anti-NP IgG3 in SCID mice in response to the second
antigen challenge (Fig. 3). We indeed detected IgG3, rather than
IgG1, localized within enlarged GC areas after immunization
with NP-Ficoll (Fig. 1B). These results collectively suggest that
memory B cells that produced high-affinity IgG3 specific to T1
antigens were generated as part of the enhanced GC formation
in response to TI antigens in Fea/uR ™" mice.

We also demonstrated prolonged retention of TI antigen on
MZB cells and FDCs in Fca/uR 7~ mice (Fig. 5). Retention
of TI antigens by MZB cells is diminished:in complement
3-deficient mice (28, 33), indicating that this process is comple-
ment dependent. Here, we found that modulation of comple-
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ment receptor expression by in vivo injection with anti-CR1/2
antibody or complement deprivation by CoF injection abrogated
the TI antigen retention on MZB cells in both Fca/uR™~ and
Fea/uR*'* mice (Fig. SE). Moreover, this modulation also
diminished the number of GC cells produced in response to TI
antigens in Fco/uR™~ mice (Fig. S74). Collectively, these
results indicate that increased complement-dependent TI anti-
gen retention on MZB cells leads to enhanced GC reaction in
response to TI antigens in Fea/uR™'™ mice.

Because the SLAM gene, which maps closely to the Fco/uR on
chromosome 1, has been shown to affect lymphocyte activity in
mice of the 129 strain (34), it is possible that the phenotype
observed in the Fea/pR ™/~ mice might result from the remaining
SLAM gene derived from E14 ES cells with the 129 genetic
background. To address this issue, we subsequently established
a new line of Fca/uR ™/~ mice by using BALB/c ES cells (Fig. S8
A and B). We also observed increased GC formation and antigen
retention on MZB cells and FDCs after TI-antigen challenge in
BALBY/¢. Fea/uR-deficient mice (Fig: S8 C-F). Thus, we con-
cluded that: the phenotype in the Fca/uR-deficient mice of
B6/129 background resulted from the deficiency of Fca/uR.

An important question that has remained unanswered is the
molecular mechanism of the functional association of the com-
plement cascade with Fca/uR. Our data‘ suggest that Fca/uR
negatively regulates CR1/2-mediated antigen retention by MZB
cells. The classic complement cascade is initiated by Clq binding
to the Fe portion of IgM bound to an antigen (35). Therefore,
a simple explanation would be that the binding of IgM IC to
Fco/pR prevents Clg from binding to the Fc portion of IgM of
the IC, resulting in downregulation of the complement cascade
on MZB cells. However, this scenario seemed unlikely, because
we did not observe such competition between Fca/uR and Clq
for binding to the Fc portion of IgM in IC (data not shown).
Another hypothesis that could explain the Fca/uR-mediated
negative regulation of complement-dependent antigen retention
by MZB cells is that Fca/uR and CR1/2 compete for IgM- or
complement-mediated binding of antigen to each receptor. An
alternative explanation would be that interaction of IgM IC with
Feco/uR mediates signals that affect CR1/2 function in comple-
ment binding. In the present study, we also showed that antigen
retention is prolonged on FDCs that markedly express both
Fca/uR and CR1/2 (Fig. 5D). Therefore, it also is essential that
we clarify whether and how Fea/uR suppresses CR1/2-mediated
antigen retention by FDCs. Further analyses are required to
determine the molecular and functional association between
Fea/uR and CR1/2 on MZB cells and FDCs.

We demonstrated that the interaction of IgM with Fco/uR is
primarily involved in antigen retention in vitro (Fig: 5C). There-
fore, mice deficient in sIgM might be similar to Fea/pR ™/~ mice.
In fact, slgM-deficient mice show increased IgG2a and IgG2b (7)
or IgG3 (8) production in response to NP-Ficoll. We observed
increased IgG3 production after the second NP-Ficoll challenge
in Fca/uR ™/~ mice, which demonstrated a phenotype similar to
that of sIgM mice in the context of enhanced humoral immune
responses against TI antigens. On the other hand, sIgM-deficient
mice also show markedly impaired antibody production and GC
formation in response to TD antigens (7, 8) that was not
observed in Fea/uR ™/~ mice, suggesting that IgM acts not only
as a ligand for Fca/uR but also has other important roles in the
immune response. Of note, mice deficient in sIgM show accel-
erated development of IgG autoantibodies and autoimmune
diseases (36, 37). These results suggest that interaction of the
IgM immune- complex with Fca/uR suppresses the humoral
immune response against self-antigens. Because most natural
antibodies are polyreactive to TI antigens, including a variety of
foreign antigens and self-antigens (1, 38), our results shed light
on humoral immune responses against both infections and
self-antigens.
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Materials and Methods

Materials and methods for mice, antibodies, ELISA, immunohistochemistry,
generation of BM chimeric mice, and the SHM assay used here are described
in S/ Materials and Methods.

Immunization. For every immunization, wild-type (Fca/uR*/*} littermate mice
were used as controls for Fca/uR™/~ mice. Fca/uR™'~ and Fca/uR*'* mice (8 to
12 weeks old) were immunized i.p. with 10 ug NP-CG emulsified with alum as
a TD antigen. For Ti antigen immunization, 10 ug NP-Ficoll or NP-LPS (Bio-
search Technologies) was injected i.p. For recall response, mice were re-
challenged with either Ti antigen 12 weeks after primary immunization. Sera
were collected 1 week after each immunization and were used for ELISA
analysis. For in vivo depletion of CD4 T cells, mice were given 100 ug of
anti-CD4 (GK1.5) mAb i.p. 2 days before immunization. For downmodulation
of CR1/2 in vivo, mice were given 200 pg anti-CR1/2 (7G6) mAb i.p. 2 days
before immunization. For complement depletion, 3 ug of CoF was injected
into each mouse via the tail vein 1 day before immunization. For the BM celil
transfer experiment, 2 X 107 BM cells obtained from Fca/uR~/~ or Fca/uR**
mice 7 weeks after NP-Ficoll immunization were transferred into CB17.5CID
mice that were immunized with the same antigen 1 day fater.

Affinity Measurement. Antibody affinity was measured by using plates coated
with either NP3g-BSA or NP;-BSA. Sera were diluted serially to determine the
dilution multitude to the absorbance 2 times greater than background, by
using HRP-conjugated goat Abs specific for each mouse immunoglobulin
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isotype. The ratios of dilution multitudes determined by each plate coated by
NP30-BSA or NPy-BSA were calculated for individual sera.

Antigen Retention Analysis. Mice were injected with 50 ug of TNP-Ficoll
(Biosearch) via the tail vein. The splenocytes then were stained with biotin-
conjugated hamster anti-TNP 1gG, followed by allophycocyanin (APC)-
conjugated streptavidin in combination with FITC-conjugated anti-CD21/35
and phycoerythrin (PE)-conjugated anti-CD23 (PharMingen) for flow cytomet-
ric analyses. For immunohistochemical analyses, frozen sections of the spleen
were incubated with biotin-conjugated hamster anti-TNP IgG (PharMingen),
followed by Alexa 594-conjugated streptavidin {(Invitrogen) in combination
with FITC-conjugated anti-CD21/35 or anti-B220. For the in vitro experiment,
TNP-Ficoll was incubated with anti-TNP mouse IgM (PharMingen) for 30 min
at 37 °C and then cultured for 15 min at 37 °C with splenocytes in 1% RAG ™/~
mouse-derived serum containing TC buffer [140 mM NaCl, 2 mM CaClz, 2 mM
MgClz, 10 mM Tris (pH 7.5), supplemented with 1% BSA]. The cells were
stained for flow cytometric analysis as described earlier in the article.

Statistics. Statistical analyses were performed by using Student’s unpaired t test.
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Innate production of T;2 cytokines by adipose
tissue-associated c-Kit*Sca-1" lymphoid cells

Kazuyo Moro"?, Taketo Yamada®, Masanobu Tanabe”, Tsutomu Takeuchi®, Tomokatsu lkawa®,

Hiroshi Kawamoto®, Jun-ichi Furusawa', Masashi Ohtan

Innate immune responses are important in combating various
microbes during the early phases of infection. Natural killer
(NK) cells are innate lymphocytes that, unlike T and B lympho-
cytes, do not express antigen receptors but rapidly exhibit cyto-
toxic activities against virus-infected cells and produce various
cytokines™. Here we report a new type of innate lymphocyte pre-
sent in a novel lymphoid structure associated with adipose tissues
in the peritoneal cavity. These cells do not express lineage (Lin)
markers but do express ¢-Kit, Sca-1 {also known as Ly6a), IL7R and
IL33R. Similar lymphoid clusters were found in both human and
mouse mesentery and we term this tissue ‘FALC (fat-associated
Iymphoid cluster). FALC Lin"c-Kit*Sca-1* cells are distinct from
lymphoid progenitors® and lymphoid tissue inducer cells*. These
cells proliferate in response to IL2 and produce large amounts of
Ty2 cytokines such as IL5, TL6 and IL13. IL5 and IL6 regulate B-cell
antibody production and self-renewal of B1 cells’”7. Indeed, FALC
Lin~c-Kit*Sca-1* cells support the sclf-renewal of Bl cells and
enhance IgA production. IL5 and IL13 mediate allergic inflam-
mation and protection against helminth infection®”. After hel-
minth infection and in response to IL33, FALC Lin"¢-Kit*Sca-1*
cells produce large amounts of IL13, which leads to goblet cell
hyperplasia—a critical step for helminth expulsion. In mice devoid
of FALC Lin"¢-Kit*Sca-1" cells, such goblet cell hyperplasia was
not induced. Thus, FALC Lin~c-Kit*Sca-1* cells are Ty2-type
innate lymphocytes, and we propose that these cells be.called
‘natural helper cells’.

The cytokine receptor common y chain () is critical for the differ-
entiation of lymphocytes as well as lymphoid tissue inducer (LTi) cells.
The latter have an essential role in the development of lymphoid tissues
such as lymiph nodes, Peyer’s patches and isolated lymphoid follicles'™!!.
Herein we identified a previously: unrecognized v.-dependent

lymphoid structure in' mouse. Clusters of lymphocytes were observed

along the blood vessels in the mouse mesentery—an adipose tissue in
the peritoneal cavity (Fig. 1a, b). These clusters were surrounded
by adipose tissues (Fig. 1c), and 5-50 clusters were found throughout
the mesentery. The size of each cluster was 100500 pm in diameter, and
the number and size of clusters increased with age. Although lympho-
cytes were the dominant cell population in the cluster, unlike lymph
nodes, no fibrous capsule was present around the clusters, and lympho-
cytes were in direct contact with ambient adipocytes (Supplementary
Fig. 1a). The blood capillaries in these clusters were filled with lympho-
cytes and a few red blood cells (Supplementary Fig. 1b).

Flow cytometric analysis (Fig. 1d) identified a cell population expres-
sing c-Kit and Sca-1 but no Lin markers (CD3¢, CD4, CD8q, TCRS,
TCRS, CD5, CD19, B220 (encoded by Ptprc), NK1.1 (Klrblc), Ter119
(Ly76), Gr-1 (Ly6g), Mac-1 (Itgam), CD11c (Itgax) and FceRlo) that
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Figure 1] Lin~c-Kit*Sca-1" cells existin FALCs. a, Photograph of mouse
mesentery (framed by green line). b, A higher magnification of the area
framed by the yellow square in a after staining with 0.5% toluidine blue.
Arrowheads indicate mesenteric lymph nodes (MLN) in a and the lymphoid
clusters in b. ¢, Haematoxylin and eosin (H&E)-stained specimen of a
lymphoid cluster in the mesentery. Scale bar, 200 um. d, Flow cytometry of
mesenteric cells stained with antibodies against Lin, c-Kit and Sca-1. FSC,
forward scatter; SSC, side scatter. e, Immunofluorescence staining of a
lymphoid cluster, DAPI, 4',6-diamidino-2-phenylindole. Scale bars, 50 jim.
f, Flow cytometry of cells isolated from the indicated adipose tissues. g, H&E
staining of human mesentery. Left: scale bar, 1 mm. Right: a higher
magnification photograph of the area framed by the red square in the left
panel. Scale bar, 100 pm. h, Flow cytometry of human mesenteric cells
stained with ¢-Kit and IL7Ra.
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made up 20—40% of total lymphocytes in mesenteric cells, compris-
ing 0.5-2 % 10° cells per mouse. The clusters contained c-Kit" cells
interspersed with CD3" T cells and B220" B cells (Fig. 1e and Sup-
plementary Fig. 2a). Lin " c-Kit *Sca-1" cells were also found in adipose
tissues around the kidney and genitalia, but very few were found in the
subcutaneous fat tissue or omentum (Fig. 1f). Hence, we named these
lymphoid clusters ‘fat-associated lymphoid clusters’ or FALCs. The
structure of FALCs is similar to that of omental milky spots'® in that
both contain lymphocytes framed by adipose tissue in the peritoneal
cavity. However, milky spots contain T- and B-cell zones but few
¢-Kit"Sca-1 " cells (Fig. 1fand Supplementary Fig. 2). Similar lympho-
cyte clusters distinct from lymph nodes were found in the human
mesentery (Fig. 1g). Human FALCs contained a clearly evident cell
population expressing c-Kit and IL7Ra (Fig. 1h).

Giemsa staining showed that FALC ¢-Kit"Sca-17 cells were small in
size and had a round shape, dark nucleus and scanty cytoplasm
(Fig. 2a)—all characteristics of lymphoid cells. Electron microscopy
contirmed a high nucleus/cytoplasm ratio and scanty cytoplasm, and
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Figure 2 | c-Kit*Sca-1* cells of FALCs are a new lymphocyte popuiation.
a, b, Giemsa staining (a) and electron micrograph (b) of sorted FALC
¢-Kit"'Sca-1" cells. Scale bars, 20 im (a) and 2 pm (b). ¢, Flow cytometry of
FALC ¢-Kit*Sca-1" cells. d, &; Flow cytometry of mesenteric cells from the
indicated strainis of mice. Numbers indicate the percentages of c-Kit* Sca-1"
(d) and Sca-1"T1/ST2" (e} cells. Histograms in e show the expression levels
of c-Kit on wild-type (green), SI/SH (blue) and W/W" (red) Sca-1"T1/ST2"
cells. f, h, Semi-quantitative RT-PCR analysis of the indicated genes. NC,
negative control (no template). g, Microarray analysis of cytokine gene
expression of FALC ¢-Kit"Sca-17 (in duplicate), DN2 and LTi cells.
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also showed a poorly developed Golgi apparatus and endoplasmic
reticulum (Fig. 2b). FALC c-Kit " Sca-1" cells expressed CD45 (encoded
by Ptprc), IL7Ra, Thy-1.2 (Thy1), CD27, T1/ST2 (IL1RL1, a subunit of
IL33R) " and activation markers such as CD25 (IL2RA), CD38, CD44,
CD69 and GITR (Tnfrsf18) (Fig. 2¢). This population was present in
Rag2™'™ and mu/nu mice but absent from gc™’~ (also known as
H2rg™") and I17”'" mice (Fig. 2d), indicating that this population is
probably of lymphoid lineage with differentiation dependent on IL7.
Culturing FALC ¢-Kit"Sca-1" cells on TSt-4/DLL1, a thymic stroma
cell line expressing delta-like 1 (DLL1), which supports the develop-
ment of T-cell progenitors to mature T cells', did not induce T-cell
differentiation (Supplementary Fig. 3). FALC c-Kit*Sca-17 cells also
did not difterentiate into B cells when co-cultured with TSt-4 cells
(Supplementary Fig. 3). Furthermore, no differentiation of NK cells
or the recently identified NK1.1"NKpd6™ cells producing 1L22 (ref.
15) was observed either in vitro or in vivo (data not shown). FALC
c-Kit"Sca-1" cells are also phenotypically similar to LTi cells®. As
shown in Fig. 2d, ¥, and 1d2 (ref. 16), critical for the differentiation
of LTi cells, are also required for the development of FALC c-Kit*Sca-17
cells. However, this population was present in Rorc™™™ mice, which
lack LTi cells"”. FALCs were also present in aly/ alymice (Supplementary
Fig. 4) but Ror™ ™ and aly/aly mice have reduced percentages of
c-KitSca-17 cells (Fig. 2d). Mutations in SCF (SI/SF) and cKit (W/
W) resulted in the reduction of c-Kit* Sca-17T1/ST2" cells (Fig. 2e),
suggesting that the SCF/c-Kit pathway is in part involved in the difter-
entiation of FALC c-Kit " Sca-1" cells.

The gene expression pattern of sorted FALC c-Kit"Sca-1" cells
examined by microarray analysis differed from those of thymic DN2
and LTi cells (Supplementary Fig. 5). Tnfrsfl1a (encoding RANK)
and Rorc (encoding RORY) were expressed in LTi cells but not in
FALC c-Kit"Sca-1" cells (Supplementary Fig. 5). Semi-quantitative
PCR with reverse transcription (RT-PCR} analysis supported these
differences (Fig. 2f). The lack of RORY expression also indicates that
these cells are distinct from IL22-producing NKp46™ cells, which
express a high amount of RORY'™. T1/ST2 was highly expressed on
FALC c-Kit"Sca-17 cells (Fig. 2¢) but not on DN2 or LTi cells (data
not shown). These results collectively indicate that FALC c-Kit *Sca-1"
cells belong to a new lymphocyte lineage characterized by the expres-
sion of ¢-Kit, IL7R and IL33R. FALC ¢Kit"Sca-1" cells expressed
several T2 cytokines including 1L4, IL5, IL6 and IL13 (Fig. 2g). Con-
sistently, the expression of Ty2-related genes such as Maf (c-Maf),
Gata3 (Gata3), Junb (JunB) and Stat6 (Stat6) were readily detected
in FALC c-Kit" Sca-17 cells (Fig. 2h).

Among the cytokines tested—including Flt3l, SCF (also known as
Kitl), IL1B, IL2, IL3, 114, IL5, IL6, IL7, IL9, IL15, 1125, IL33, M-CSF
(Csfl), GM-CSF (Csf2), TNFo. and TGFp1—we found that SCF and
IL7 supported the survival of FALC ¢-Kit"Sca-17 cells (Fig. 3a and
data not shown), as expected by their expression of c-Kit and IL7Ra..
These - cells survived for ‘several weeks on TSt-4 feeder cells
(Supplementary Fig. 3) and proliferated in response to IL2 for an
extended time period (up to 42days) without changing surface
phenotype (Fig. 3a and Supplementary Fig. 6), raising the possibility
that these cells are terminally differentiated effector cells. ELISA ana-
lyses showed that FALC c-Kit "Sca- 1™ cells are indeed capable of pro-
ducing large amounts of IL2, 114, IL5, IL6, GM-CSF and a moderate
amount of IFN7 in response to phorbol myristate acetate (PMA) plus
ionomycin (Fig. 3b). The amounts of T2 cytokines produced by
FALC c-Kit "Sca-1" cells (Fig. 3b, filled bars) were substantially higher
than those produced by CD4™ T cells from spleen (Fig. 3b; open bars)
or mesenteric lymph nodes (MLN) (Fig. 3b; grey bars). IL5 and IL6
were detected even in the culture with IL7 alone, and IL2 increased the
production of these cytokines. Concanavalin A and LPS (lipopolysac-
charide) had no effect on cytokine production. Notably, IL33 and a
combination of IL2 and 1125 induced extremely high amounts of IL5
and IL13 (microgram amounts from 5,000 cells) but little IFNy (Fig. 3¢,
d). 1L33 did not induce IL17 production. Basophils and mast cells
also express T1/ST2 and produce IL13 in response to IL33 (refs 18, 19),
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