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ANTcf4 was kindly provided by H. Clevers (Utrecht, The
Netherlands).

Plasmid Constructs. The sequences of the human
and mouse LECT2 genes have already been de-
scribed.1?2% The human and mouse promoters were syn-
thesized from human and mouse genomic DNA by
polymerase chain reaction (PCR) cloning.'® Ix situ hy-
bridization (ISH) probes wete prepared from full-
length human LECT2 cDNA (gi: 4504976) cloned in
the Smal site of pSP72 (Promega). Riboprobes were
synthesized from linearized Bg/ll (sense} and Xbeol (an-
tisense) plasmid. GS riboprobes were generated as pre-
viously described.? '

Northern Blotting. Total RNA was extracted from
frozen liver using the guanidium thiocyanate single-step
procedure; an aliquot (15 pg) was electrophoresed
through 1% agarose-6% formaldehyde gel. The RNA
samples were transferred to Hybond N+ (Amersham
Pharmacia) membranes and hybridized with the corre-
sponding ?P-labeled probes.

Western Blotting. Tissues were homogenized in
Laemmli buffer (1:10 wt/vol). Total proteins (10 ug)
were separated using 10% sodium dodecyl sulfate-poly-
actylamide gel electrophoresis (SDS-PAGE), and were
transferred to a nitrocellulose membrane. LECT2 was de-
tected using polyclonal anti-mouse LECT?2.22 The signals
were visualized using the chemiluminescence detection
system.

Radioactive In Situ Hybridization. The radioactive
ISH detection of messenger RNA sequences has been ex-
tensively deseribed previously.?! The LECT2 probes
(both orientations) were double-labeled. Slides were ex-
posed for 7 days for G5 and 21 days for LECT2.

Chemotactic Assay. N-formyl-methionyl-leucyl-phe-
nylalanine (fMLP) was purchased from Sigma (St Louis,
MQO). Stock solutions were stored in DMSO at —20°C.
Recombinant mouse and human LECT?2 proteins were
produced from CHO cclls as previously desctibed.?? Ran-
dom and directed migration of PMN was studied using
the Boyden chamber technique.?? Suspensions of 0.5 X
105 PMN in 100 uL HBSS containing 1% BSA were
incubated in the upper comparunent of a chamber sepa-
rated from the lower compartment by a cellulose filter (3
pum diameter pores; Millipore, Bedford, MA). The lower
compartment contained various concentrations of
LECT?2 or fMLP. In some experiments, the chemoattrac-
tant was placed in the PMN chamber to destroy the che-
motactic gradient. Chambers were incubated at 37°C for
40 minutes in 95% humidified air; filters were treated
with ethanol and stained with hemalum. Unstimulated
and directed migrations of PMN were measured as the
migration front (at least 10 PMN) under a microscope.
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Five fields were analyzed for each filter. Results, obtained
from 3 experiments, are expressed in micrometers.

Immunohistochemistry. Immunohistochemistry was
undertaken using 5 pum sections of formalin-fixed, paraf-
fin-embedded liver. Sections were incubated with specific
antibodies for 1 hour. The primary antibodies used were
polyclonal anti-mouse LECT2,2* monoclonal anti-GS
(1/200; BD Transduction Laboratorics, Lexington, KY),
monaoclonal anti-B-catenin (1/500; BD Transduction
Laboratories) polyclonal anti-GFP (1/50; BD Bio-
sciences), and polyclonal antihemagglutinin (1/400;
Clontech: Roche, Basel, Switzerland). LECT2, GS,
B-catenin, GFP, and hemagglutinin (HA) were visualized
using an immunoperoxidase protocol (Vectastain ABC
Kit; Vector, Burlingame, CA). The proliferation marker
Ki67 was detected immunochistochemically as previously
described. 14

Real-Time Reverse-Transcriptase (RT)-PCR Anal-
ysis. Two pg of total RNA was reverse transcribed in a
final volume of 40 uL as previously described.4

PCR reactions were undertaken using the LightCycler
Instrument (Roche Molecular Biochemicals) and the
LightCycler FastStart DNA Master Sybr Green I Reagent
Kit (Roche Molecular Biochemicals), according to the
manufacturer’s protocol. PCR was run in 10 gL total
volume (2 pL of diluted cDNA corresponding to 5 ng of
total RNA and 8 pL of reaction mix containing 1 pL of
10 pmol of each primer) for 45 cycles. For each tumor
sample, 2 reactions, 1 for the target gene and 1 for the
reference 188 ribosome RNA, were undertaken in sepa-
rate capillaries.

Quantfication was undertaken using the calibrator-
normalized Relative Quantification Software. The rela-
tive target gene expression was normalized on the basis of
its 185 ribosomal content and to a calibrator which was
normal human liver. The calibrator was included in each
run and its normalized gene expression was sct at a value
1. For each tumoral liver sample, the relative gene expres-
sion was expressed as x-fold the realtive expression of the
calibrator. Primer sequences were: human LECT2 gene
lectF: 5'-GGCAAGTCTTCCAATGA-3', LectR: 5'CA-
CATGCGATTGTATGC-3', human GS gene GSF:
5'AAGTGTGTGGAAGAGTTGCC-3', GSR: 5'-TGC
TCACCATGTCCATTATC-3’, 18S gene: 185F: 5'-
GTAACCCGTTGAACCCCATT-3', 18SR: 5-CCA
TCCAATCGGTAGTAGCG.

Results

Identification of LECT2 Gene by SSH. We used
SSH rto identify early rarget genes regulated by Wnt/B-

catenin signaling. The livers of mice injected with an ad-
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enovirus that encodes for an oncogenic form of B-catenin
(AdBcatS37A, HA-ragged) or with control adenoviruses
that encode for LacZ or GFP (AdLacZ and AAGFP) were
removed 48 hours postinjection and the RNA extracted.
The resulting subtracted cDNA library was screened. We
isolated four penes that are strongly expressed: the G§
gene that we had previously isolated as a hepatic S-catenin
target gene,!3 CYP2El, RNase A family 4, and the
LECT2 gene (data not shown). We focused on the
LECT2 gene, because our recent results of studies of
transgenic mice that lack the LECT2 gene suggested that
LECT2 may regulate the homeostasis of natural killer T
cells in the liver and may be involved in the pathogenesis
of hepatitis LECT2 expression was substantially increased
in the livers of mice that had been injected with
AdBcatS37A (Fig. 1A). The early expression of LECT2 in
response to activated B-catenin was also confirmed in an
independent experiment. Livers were obtained from mice
that had been sacrificed after injection of AdBeatS37A or
control AAGFP. The LECT?2 signal began to increase 24
hours after injection and reached a peak at 48 hours; it
then remained almost stable for up to 120 hours in
AdBcatS37A-infected livers (Fig.1B).

The distribution of LECT2 protein in mouse liver has
not been published previously. Immunohistochemical
studies showed that LECT2 expression is restricted to the
perivenous hepatocytes in normal mouse liver (Fig. 2C).
However, LECT2 expression was found throughout the
liver lobules of AdBecatS37A-infected mice; the distribu-
tion of oncogenic B-catenin, as revealed by HA immuno-
histochemistry, was similar. Activation of the Wnt
pathway was revealed by HA cytosolic and nuclear stain-
ing (Fig. 1C). Thus, the targeted activation of the Wnt
pathway in hepatocytes induces LECT2 expression in
these cells. In contrast, no induction of LECT2 expres-
sion was observed in AdGFP-infected livers, even though
the livers were infected to about the same extent, as judged
by GFP and HA staining (Fig. 1C).

Up-regulation of LECT2 Expression Is Linked to
an Activation of B-Catenin Signaling in the Liver.
Northern and Western blot analyses demonstrated that
LECT2 gene expression is more strongly increased in the
liver of AN131 B-catenin transgenic mice than in the liver
of a nontransgenic mouse (wild type; Figs. 2A and B}, As
expected, LECT2 expression was found throughout the
liver lobule where oncogenic B-catenin was present (Fig.
20).

We also studied L-PK/c-myc mice with liver tumors:
more than 50% of the tumars had activating mutations in
the B-catenin gene.? Qur earlier studies of such mice
showed that activation of -catenin signaling in liver tu-
mors was associated with the overexpression of the gene
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Fig. 1. Identification of LECT2 as a potential B-catenin target gene In
infected liver of mice, (A} LECT2 gene expression In adenovirus-Infected
livers used for the SSH Itbrary. RNA samples from livers of mice used for
the SSH library, infected with recombinant adenoviruses that encoded for
GFP, Lac Z (Ad.Cont), or an activated B-catenin (Ad.BcatS3TA) were
evaluated by Nothern blotting. Blots were standardized with ribosomal
probe R45. {B) LECT2 gene expression In adenovins-infected livers. Mice
were Injected with the Indicated adenoviruses and sacrificed 12, 24, 48,
or 120 hours after Injection {2 mice for each time point). RNA from
infected livers was evaluated by Noithem blotting. (C} Distribution of
LECT2 In adenovirus-Infected livers. (a and d) Sections of lver infected
with adenoviruses for 120 hours were assessed for distribution of LECT2,
{b and e) transgene expression, and {c¢ and f) prollferation by KI-67
immunohlstochemical stalning. Transgene expression was assessed us-
ing (b) GFP Immunohistochemical staining and (e) HA Immunohisto-
chemical stalning that visualized HA-tagged B-catenin $37A. Activation
of B-catenin signaling was revealed by eytosolic and nuclear HA immu-
nohistochemical staining. (a, b, and ¢} Livers Infected with adenovimses
encoding GFP (Ad.GFP) for 120 howrs. (Magnification, x200). (d, e, and
f) Livers Infected by AdpBcatS37A for 120 hours.
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Fig. 2. LECTZ and GS gene expression In the livers of AN1318-
catenin and PK/c-myc transgenic mice. (A) LECT2 gene expression In
AN1318-catenin transgenic mice. RNA samples from the liver of wild
type (WT) and AN1318-catenin transgenic (AN131) mice were evalu-
ated by Northem blotting. Blots were standardlzed using ribosomat probe
R45, (B} Westem blot analysls of livers from AN1318-catenin transgenic
mice. Total cell extracts were analyzed using SDS-PAGE and Immuno-
blotted with ant-LECT2 antibody. {C) Sections of the livers of WT and
AN1318-catenin {AN131) mice were stalned with an antj-LECT2 antl-
body. (Magnification, x200.) (D) Northem blot analysts of RNA from liver
tumor tissue (T, T1, T2, T3} from PK/¢c-myc transgenic mice and nontumor
Iiver {NT). The asterisk (*) marks tumors with activated B-catenin. (E)
Immunohistochemical detection of B-catenin, LECT2, and GS in Iver
tumors from PK/c-myc mice. (Left) a representative tumor nodule (T)
showing cytosollc and nuclear staining for B-catenin that was not present
in nontumor tissue (NT). (Middle) Immunchistochemical detection of
LECT2 showing uniform staining for LECT2 In the tumor (T). The adjacent
nontumoral tissue (NT) exhibits pervenous stalning for LECT2. (Right)
Section with uniform GS stalning throughout the tumor (1) and
perfvenous GS stalning In the adfacent nontumor tissue (NT). (Magnifi-
cation, X200.) This lustration Is representative of 15 Iiver tumors
analyzed.

that encodes for GS.13 Accordingly, we assayed LECT2
and GS gene expressions in isolated hepatic tumor nod-
ules—with or without activated B-catenin—and com-
pared their expression to that in adjacent nontumeor
tissue. The expression of LECT2 gene was up-regulated
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in the tumors associated with activated B-catenin and GS
expression. The liver tumors that were negative for G§
were also negative for LECT2 (Fig. 2D). Immunchisto-
chemistry revealed that expression of LECT2 was re-
stricted to the perivenous region of nontumor tissue. Both
LECT2 and GS were widely distributed throughout tu-
mor tissue in which there was activation of B-catenin
sighaling, as indicated by positive immunohistochemical
staining for B-catenin in the cytosol and, occasionally, in
the nucleus (Fig. 2E).

To confirm that the up-tegulation of LECT2 expression
was associated with activadon of B-catenin signaling in the
liver, we analyzed the expression of LECT2 in liver tumors
that developed in ASV transgenic mice following the expres-
sion of SV40 early sequenoes.! The Wnt pathway is not
activated in the tumors of such mice?4. No up-reguladon of
LECT2 was observed in liver tumors of ASV transgenic
mice, although these tumors were highly proliferative (Figs.
3B, C, and D). Absence of induction of LECT?2 expression
in this model was confirmed by Northern blot analysis (data
not shown). We also found no increased LECT2 expression
in AJGFP-infected mice, although there was substantal
hepatocellular proliferation in this mode] (Fig. 1C).

LECT2 It a Downstream Target of the B-Catenin/
TCF-4£ Signaling Pathway. The identification of several
LEF/TCF binding sequences in the mouse and human

Flg. 3. Distdbution of LECT2 and GS In liver tumors from SV40 large
T-antigen transgenic mice. Immunchistochemica! detection of KI67,
LECT2, and GS In Iiver tumor of SV40 large T-antigen transgenic mice
(ASV). {A) Histology, hematoxylin-eosin staining. (B) Ki67 stalning show-
Ing hepatocyte proliferation in tumor tissue (T) and no stalning In the
adjacent nontumor tissue (NT). (C) Immunchistechemical detection of
LECT2, Thera Is pertvenous LECT2 staining In the nontumor tissue (NT), no
staining for LECT2 in the tumes (T}. (D} Immunohistochemical detection
of GS. GS stalning was simflar to that for LECT2: It was restricted to the
pertvenous region of the nontumoral tissue. (Magnification, X200.) This
lustration Is represemative of the results obtained from 3 different ASY mice.
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Fig. 4. The mouse and human LECT2 promoters are activated by
B-catenin. (A} Dlagram showing the mouse LECT2 promoter
(—20T6LECT2) and the human LECT2 promoter {—2351LECT2). Puta-
tive LEF/TCF binding sltes are located from the ATG site; the proximal
LEF/TCF binding site matched to the consensus LEF/TCF she. It Is the
same In both the mouse and human LECT2 promoter, {B} HuhT cells
were transfected with 0.1 g of mouse LECT2 promoter {—2076LECT2-
LUC) together with Increasing concentrations of activated B-catenin: 0,
0.5, 1,2, and 3 pg of ANBIS-catenin-encoding plasmid (ANS9S-cat).
Resutts are presented as x-fold Induction relative to transfection of the
reporter by an empty expression vector. The bars represent the mean
values of 3 experments, each undetaken In duplicate. Exvor bars
represent SEMs. *F < ,05. (C) HuhT cells were transfected with 1 g of
human promoter {—2351hLECT2) together with 0, 0.5, 1, 2, and 3 ug
of ANB93-cal. Results are presented as x-fold Induction selative to
transfection of the reporter by an empty expression vector, The bars
represent the mean values of 3 experiments, each undertaken In dupll-
cate. Emor bars represent SEMs. *P < .05.

LECT2 promoters (Fig. 4A) led us to determine whether
the LECT?2 promoter was a direct transcriptional target
for activation by B-catenin. To this end, we used Huh7
and HepG2 hepatoma cell lines which differ in their
B-catenin status; Huh7 and HepG2 are wild type and
activated mutant, respectively.?

The induction of both mouse and human LECT2 pro-
moter activities by B-catenin was demonstrated by tran-
sient cotransfection studies in Huh7 cells using promoter-
luciferase reporter constructs containing about 2 kbp of
5'-flanking regulatory region of the mouse and human
LECT?2 genes and an oncogenic BfB-catenin construct
(AN89-catenin). The result was a significant dose-de-
pendent inctease in the mouse and human promoter ac-
tivities in response to activated fS-catenin. The mouse
promoter was activated up to 10-fold (Figs. 4B and C}.
The effect was strongly inhibited by cotransfection with a
dominant-negative TCF~4 expression construct (ANTCF4)
that prevented transactivation through the LEF/TCF rec-
ognition motifs (Fig. 5A). The cotransfection of the
ANTCF4 expression vector in HepG2 cells, which ex-
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Flg. 5. Control of LECT2 promater activity by B-catenin: Involvement of
LEF/TCF sttes and the CBP/p300 coactivator. (AYHuh7 cells were trans-
fectad with 0.1 pg of mouse LECT2 promoter and 1 ug of B-catenin or
empty vector, and 1 ug of ANTCF4 expression vector or empty vector.
Data are expressed as normallzed luciferase activity relative to Renlifa
control, (B} HepG2 cells were transfected with 0.1 ug of mouse LECT2
promoter and 1 pg of ANTCF4 or empty expression vector. Data are
expressed as nomallzed luciferase activity relative to Renllla control. (C)
LECT2 promoter transactivation by the CBP/p300 coactivator. Huh7 cells
were transfected with 0.1 pg of mouse LECT2 promoter and 0.5 ug of
AN89S-cat or empty vector, plus 1.5 peg of CBP/p300 or emply vector,
Results are presented as x-fold Induction relative to transfection of the
reporter by empty expression vector. Bars represent the means of 3
Independent duplicates, each undertaken In duplicates. Error bars
represent the SD. *P < .05,
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Fig. 6, Rale of the proximal LEF/TCF binding sequence of the LECT2
promoter in B-catenin-medlated transactivation (A) Deletion constructs
of the mouse LECT2 promoter {(—5TILECT2-LUC and —299LECT2-LUC)
in the pGL3 luclferase reporter pfasmid. (B} The deletion constructs of the
mouse LECT2 promoter (0.1 s:¢} were transfected Into Huh7 cells as
shown in Fig. 5C. {(C) The mutated mouse LECT2 reporter construct
showing the AT to GC change at nucleotides —209 and —~208
{—2076mtLECT2-LUC). D) HuhT cells were transfected with the wild type
or mutated mouse LECT2 reporter construct {0.1 p.g) as described In FIg.
5C. Transfectlons were camfed out in trplicate, each undentaken in
duplicate. Data are means * SD. *P < .05.

press an endogenous activated B-catenin, reduced sub-
stanially the activity of the LECT2 promoter induced by
B-catenin (Fig. 5B). Thus, B-catenin/TCF transactiva-
tion controls the activity of the LECT2 promoter. Since
the coactivators CBPand p300 have been shown to acti-
vate B-catenin/TCF transcription of some Wnt-respon-
sive genes, they could cooperate with B-catenin to
activate LECT2 promoter. Transfection with CBP/p300
more than doubled the LECT2 promoter activity induced
by B-catenin, whereas the CBP/p300 expression con-
struct alone had lirde effect on the LECT2 promoter in
the absence of B-catenin (Fig. 5C).

Analysis of the mouse promoter shows that it contains
3 potential LEF/TCF binding sequences. To identify the
sequences in the LECT?2 promoter that can confer trans-
activation by B-catenin, 2 deletion constructs were gen-
erated (Fig. 6A). Analysis of these deletion constructs
revealed a progressive decrease of the transactivation in-
duced by B-catenin (Fig. 6B). The smallest construct,
which contained only the proximal LEF/TCEF site, still
mediated a 2- to 3-fold induction of LECT2 promoter
activity. This finding indicates that the proximal site
could be important in cooperation with distal sites for the
transactivation of mouse LECT?2 promoter by S-catenin.
The proximal LEF/TCF site matched perfectly to the
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consensus sequence and is conserved in the human
LECT?2 promoter (Fig. 4A). Thus, this site appeats to be
agood candidate to support the transcriptional activity of
LECT2 promoter by B-catenin. We tested this hypothesis
by introducing point mutations in the LEF/TCF proxi-
mal site in the fulllength LECT2 promoter
(~2076mtLECT2-LUC; Fig. 6C). Mutation of the
proximal LEF/TCF binding site completely abolished
transactivation of the LECT2 promoter by B-catenin
(Fig. 6D).

LECT?2 is therefore a direct transcriptional target of
B-catenin,

Chemotactic Properties of LECT2. The LECT2
protein was inidally purified from the culture fluid of
phytohemagglutinin-activated human T-cell leukemia
SKW-3 cells as a possible chemotactic factor for human
neutrophils. 26

To further characterize the chemotactic property of
LECT2, we used a recombinant LECT2 protein pro-
duced from CHO cells?? and tested its chemotactic prop-
crties using hurman PMN. The chemotactic activity of
LECT2 was compared to that of the tripeptide fMLP,
which is a potent neutrophil chemoattractane.!®27
LECT2 induced a bell-shaped migration pattern as a
function of its concentration; this finding is characteristic
of a chemotactic ligand (Fig. 7). Significant directed mi-
gration was obsetved in the presence of 10 to 25 nM
LECT2, whereas at a high concentration (50 nmol)
LECT2 was inactive, presumably because of chemotactic
desensitization of PMN. fMLP induced more directed
migration over a wider active concentration range than
LECT2. To determine whether the stimulated migration
induced by LECT2 may be mediated by chemokinetic
activity of PMN, we abolished the chemeoractic gradient
by dtrating LECT2 or fMLP into the cell compartment of
the Boyden chamber. Under these conditions, the di-
rected PMN migration was completely prevented (data
not shown). This finding confirms that LECT?2 is a che-
moattractant for human neutrophils.

Expression of the LECT2 Gene in Human Liver
Tumors. Toinvestigate if LECT2 could be implicated in
human liver cancer, we analyzed LECT2 gene expression
using teal-time RT-PCR of liver tumors in which the
Whe pathway is frequently altered. We first quantified the
relative degree of RNA expression of LECT2 and GS in
18 human HCC samples, in which there were activated
mutations of the B-catenin gene. As expected, all these
tumors exhibited a high degree of GS expression.' In
contrast, LECT2 expression was up-regulated in only 5 of
these tumors (Fig. 8). Analysis of 33 HCC samples that
did not display f-catenin mutations indicated up-regula-
tion of LECT2 in only 6 samples. Interestingly, all of the
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Fg. 7. PMN chemetactic activity of LECT2 and fMLP, The migration of
PMN was measured In the presence or absence of varlous concentrations
of (A) LECT2 or (B) MLP placed in the lower compartment of the Boyden
chamber. Results represent the migration front expressed In micrometers
(mean * SEM of 5 Individual fields for each concentration, from a
representative experiment). The significance of differences between data
obtained from 3 Independent experiments with random and stimulated
migrations were determined using Student's ¢ test. *P < .05,

6 LECT2-positive HCC samples were also positive for
GS, suggesting that these samples may have mutations of
another parmer of the Wnt pathway (Fig. 8). Altogether,
these results indicated that even though LECT2 was gen-
erally down-regulated in human HCC samples, LECT2
was up-regulated only in a subset of human HCC, a sub-
set in which the Wnt pathway was altered. We also ana-
lyzed hepatoblastoma samples; detegulation of the Wnt
pathway occurs in more than 90% of these tumorsf We
analyszed LECT2 expression in 14 samples using real-
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time RT-PCR. A high level of LECT2 expression was
observed in 13 samples. Overexpression of GS was sub-
stantial in all of the samples tested (Fig. 8). ISH, used o
localize LECT?2 expression, confirmed that LECT2 was
up-regulated in hepatoblastomas. LECT2 was detected in
the tumor areas that exhibited activation of B-catenin
signaling associated with GS expression (Fig. 9).

Discusslon

The Wnt pathway is frequently deregulated in carcino-
genesis. Considerable effort is currently being made to
identify the downstream fB-catenin target genes; those
that have been identified may be important for under-
standing the role of Wnt signaling in carcinogenesis be-
cause they are involved in cell proliferation, survival,
differentiation, and migration.'®!! However, it has be-
come clear that the Wnt response is tissue-specific. Ex-
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Fig. 9. Expression of LECT2, GS, and B-catenin in hepatoblastoma by
in situ hybridization. Representative in sitv hybridization of [3°5]-labeled
probes for (A) GS antlsense, (C) LECT2 antlsense, and {D)LECT2 sense
In serlal sectlons of a single hepatoblastoma. This Ilustration Es repre-
sentative of 11 cases analyzed. (Magnification, x40.) (B) Immunohis-
tochemical stalning of B-catenln. Note the tumor area displayed
activated Bcatenin signaling, as revealed by cviosolic and nuclear
accumulation of B-catenin, that parallels the signals of LECT2 and GS,
(Magnlfication, X 40.) {Insert) B-catenin cytosolic and auclear accumu-
lation, (Magnification, X 400.)

pression of activated B-catenin is sufficient to induce
polyposis in the intestine?®2? but is not suflicient to in-
duce heparocarcinogenesis in the liver. We and others
have observed substantial hepatomegaly in response to
activation of B-catenin signaling in the liver, but other
genetic events are likely to be required for hepatic tumor-
igenesis. 432 Therefore, it is important to identify the tar-
get genes of B-catenin in the liver. We used an
adenovirus-mediated expression of activated B-catenin to
isolate early target genes. We identified the LECT2 gene
as a direct target of B-catenin signaling in the liver.

We found that LECT2 promoter activity is increased
considerably by activation of B-catenin, and is blocked by
a dominant-negative form of TCF-4. We have also iden-
tified the LEF/TCEF site as being crucial for a response to
B-catenin, Qur studies in mice with activated B-catenin
showed that B-catenin signaling strongly induced LECT2
expression in hepatocytes. As LECT2 is mainly expressed
in the liver, we assessed whether LECT2 could be a liver-
specific response of the Wnt pathway. We analyzed
LECT2 expression in another tcumor in which activation
of the Wnt pathway is frequent: colon cancer. We ob-
served no induction of LECT2 expression in intestinal
epithelial cells of polyps that develop in a mouse model of
colon cancer that we recently developed (Colnot et al,,
unpublished manuseript). Such mice have a new germ-
line mutation of the Apc gene and a high level of activation
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of B-catenin signaling, as indicated by cytosolic and nu-
clear staining of B-catenin in all epithelial eells of cheir
polyps. So far, few f-catenin target genes have been iso-
lated from liver.!32! LECT2 can be induced by B-catenin
in the liver but not in the intestine, and it may be an
important target relating to the tissue-specific response of
the Wnt pathway in hepatic tissue,

Interestingly, LECT2 gene expression is confined to a
well-defined pericentral compartment, consisting of 1 to
2 layers of hepatocytes in the normal mouse liver; this
expression is similar to that of 3 other hepatic B-catenin-
induced genes linked to glutamine metabolism that we
identified previously.'s The zonation of the liver lobule is
determined during development of the liver; the molecu-
lar mechanisms involved are not known. From our re-
sults, it is tempring to speculate that the Wnt pathway in
the liver may parricipate in the establishment of zonation.

The relevance of LECT2 in human liver carcinogenesis
hasbeen addressed by examining the level of expression of
LECT2 in human liver tumors. We found substantial
induction of LECT2 in most of the hepatoblastomas
studied; in this tumor, activation of the Wnt pathway is
frequent.? In contrast, an up-regulation of LECT2 was
found only in a subset of HCCs associated with activation
of the Wnt pathway. However, LECT2 expression was
generally decreased in' human HCCs in accordance with
previously published findings.?2:22 Hepatoblastoma and
HCC are 2 primary liver tumors that differ with respect to
their histological manifestations and genetic changes.
HCC is a hererogeneous tumor associated with multiple
genetic changes; only a limited number of chromosomal
changes have been found in hepatoblastomas.® The loss of
LECT?2 expression in HCCs that have aberrant -catenin
signaling could result from “cross-talking” with one or
more other signaling pathways induced by different ge-
netic changes that may occurr during tumer progression.
Ar present, the role of LECT2 in liver carcinogenesis is
unknown, LECT2 was first isolated as a possible chemo-
tactic factor for neutrophils.26 Using recombinant pro-
tein, we have further characterized the chemotactic
property of LECT2 for human neutrophils in vitro. We
searched for leukocyte infiltradon in tumors that overex-
pressed LECT2, such as those associated with L-PK/c-
myc, but we did not find any evidence of an inflammatory
process in such tumors. Two hypotheses may be pro-
posed: (1) leukocyte infiltration may be a transient event
that cannot be observed in the tumor, and (2) the role of
LECT?2 in liver carcinogenesis may be linked to another
function of LECT2, The study of transgenic mice lacking
the LECT2 gene revealed thac the role of LECT2 is te-
lated to the homeostasis of NK'T cells in the liver; LECT2

may modulate the inflammatory and immune response
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induced by the development of the tumor. Since HCC
develops most commonly in patients with chronic hepa-
titis or cirrhosis induced by viral or inflammatory factors,
understanding the role of LECTZ2 in liver carcinogenesis
is of interest and may lead to new therapeutic perspec-
tives.
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Increase in Hepatic NKT Cells in Leukocyte Cell-Derived
Chemotaxin 2-Deficient Mice Contributes to Severe
Concanavalin A-Induced Hepatitis'

Takeshi Saito,* Akinori Okumura,* Hisami Watanabe,” Masahide Asano,**

Akiko Ishida-Okawara,* Junko Sakagami,* Katsuko Sudo,* Yoshimi Hatano-Yokoe,}

Jelena S. Bezbradica," Sebastian Joyce,! Toru Abo," Yoichiro Iwakura,” Kazuo Suzuki,* and
Satoshi Yamagoe™*

Leukocyte cell-derived chemotaxin 2 (LECT2) was originally identified for its possible chemotactic activity against human neu-
trophils in vitre. It is a 16-kDa protein that is preferentially expressed in the liver. Its homologues have been widely identified in
many vertebrates. Current evidence suggests that LECT2 may be a multifunctional protein like cytokines. However, the function
of LECT2 in vivo remains unclear. To elucidate the role of this protein in vivo, we have generated LECT2-deficient (LECT2™'7)
mice. We found that the proportion of NKT cells in the liver increased significantly in LECT2™'~ mice, although those of
conventional T cells, NK cells, and other cell types were comparable with those in wild-type mice. Consistent with increased
hepatic NKT cell number, the production of IL-4 and IFN-y was augmented in LECT2™/~ mice upon stimulation with a-galac-
tosylceramide, which specifically activates Val4 NKT cells. In addition, NKT cell-mediated cytotoxic activity against syngeneic
thymocytes increased in hepatic mononuclear cells obtained from LECT2™'~ mice in vitro. Interestingly, the hepatic injury was
exacerbated in LECT2™/~ mice upon treatment with Con A, possibly because of the significantly higher expression of IL-4 and
Fas ligand. These results suggest that LECT2 might regulate the homeostasis of NKT cells in the liver and might be involved in

the pathogenesis of hepatitis.

I eukocyte cell-derived chemotaxin 2 (LECT2)* was orig-

inally identified from the culture fluid of the human T cell

line SKW-3 in the process of screening for a novel neu-
trophil chemotactic protein (1). LECT?2 is expressed preferentially
in the liver in a constitutive manner, LECT2 protein is secreted
into the bloodstream (2, 3). Proteins homologous to LECT2 have
been isolated in many vertebrates (4, 5). LECT2 is identical with
chondromodulin II, which was identified as a growth stimulator for
chondrocytes and osteoblasts (6). The polymorphism of human
LECT2 at Val*Ile is associated with the severity of rheumatoid
arthritis in the Japanese population (7). We recently reported that
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the expression of mouse LECT2 was transiently decreased during
Con A-induced hepatitis, an experimental model for human auto-
immune hepatitis that is induced by the expression of cytokines
and cytotoxic molecules associated with effects from other im-
mune cells, such as CD4% T lymphocytes and macrophages (8).
Thus, LECT2 seems to be a multifunctional protein like ¢ytokines.
However, the function of LECT2 in vivoe remains unclear.

NKT cells form a distinctive T cell subpopulation that has
some of the characteristics of NK cells. NKT cells are present
in various lymphoid organs and are especially abundant in the
liver (9—11). In mice, NKT cells commonly express a semi-
invariant TCR and NK1.1 Ag, and their development and func-
tions are regulated by CDId (9, 12). There is growing evidence
that NKT cells play an important role in immune responses
{9-13). It is well established that NKT cells express large
amounts of cytokines, especially IFN-y and IL-4, and their
functional disorders are characteristic of various diseases (9, 12,
13). Recently, some groups reported that NKT cells played an
essential role in Con A-induced hepatitis (14 -16).

In this study we generated LECT2™/~ mice with the aim of
clearly identifying the role of LECT2 in vivo, We found that these
mice showed an increased number of hepatic NKT cells, which
appeared to function as they do in wild-type mice. To examine the
biological effect of this phenotype, we used a Con A-induced hep-
atitis model. The deficiency of LECT2 led to severe liver injury,
possibly because of excessive expression of IL-4 and Fas ligand
(FasL) by the increase in the number of hepatic NKT cells.

Materials and Methods
Mice

Wild-type C57BL/6J (B6) mice purchased from CLEA Japan were housed
at the National Institute of Infectious Diseases. Mice used in this study

0022-1767/04/502.00
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were maintained under specific pathogen-free conditions and were usually
used at 8—12 wk of age according to the guidelines of the National Institute
of Infectious Diseases animal care and use committee.

Generation of LECT2™"™ mice

To construct the targeting vector (pKO-9), two fragments (5" end, 7.7 kb;
3 end, 1.4 kb) of the genomic DNA flanking the coding region of the
129-derived lece2 gene (17) were subcloned between the BamHI and Spel
sites and between the Aarl and Scal sites of the pBluescript I KS* vector
(Stratagene, La Jolla, CA), respectively. The pGKneobpA cassette {18)
was inserted between Spel and Aarl for positive selection (Fig, 14). The
DT-A cassette (19) was ligated at the 5" end of the targeting vector for
negative selection. E14.1 ES cells (1 X 107 cells) were transferred with the
linearized targeting vector by electroporation and were selected with G418
(Invitrogen, Carlsbad, CA). Homologous recombinants were screened by PCR
and confirmed by Southern blot hybridization (Fig. 14; data not shown). The
forward primer (P2) in the pGKneobpA cassette was 5'-GGTGGATGTG
GAATGTGTGC-¥', and the reverse primer (P5) outside the targeting vector
was 5-ACCATCTACTAGCTCTTGTAG-3'. Chimeric mice were generated
by the aggregation method (19) with some modifications. The chimeras were
mated with Bé mice, and homozygous mutant mice were generated by the
intercrossing of heterozygotes, LECT2™'" mice and littermates were geno-
typed by PCR (Fig. 1B). The primer sequences used were as follows:
LECT2-common, 5 -CCACCCCACCTAAGATGTATGCTGC-3"; LECT2-
wild-type, 5'-CCAGGATTCTAATGTCGTCCTTGTTGG-3"; and LECT2-
knockout, 5'-CCTTCTTGACGAGTTCTTCTGAGGGG-3'.

Immunoblot analysis

Two micrograms of serom prepared from LECT2 ™/~ mice and their lit-
termates was resolved by SDS-PAGE (4-20%) and transferred to Immo-
bilen-P (Millipore, Bedford, MA). The blots were incubated with rabbit
anti-mouse LECT?2 against a recombinant mouse LECT2 produced stably
by CHO cells. The immunoreactive protein was visualized using an ECL
kit (Amersham Pharmacia Biotech, Piscataway, NI).
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FIGURE 1. Generation of LECT2™'" mice. A, Endogenous Lect2 gene
and targeting vector., A 6.4-kb Spel-Aarl fragment containing all exons for
LECT?2 was replaced with pGKneobpA. A, Aatl; B, BamHI E, EcoRI; §,
Scal; Sp, Spel. Arrows indicate primers for genotyping. Probes A and B
were used to confirm the correct recombination by Scuthern blot analysis.
PCR primer LECT2-common {com), LECT2-wild type (wt), and LECT2-
knockout (ko} were used for genotyping. B, Genotyping of LECT2™"~
mice and littermates. Genomic DNA from embryonic stem cells or mouse
tails were analyzed by PCR. This analysis yields 517- and 385-bp bands for
the wild-type and targeted alleles, respectively. C, Total liver RNAs were
reverse transcribed and subjected to PCR analysis. The primers used are
described in Materials and Methods. D, Serum from mice was analyzed by
Western blot analysis using rabbit anti-LECT2 polyclonal Ab (2).

INCREASE IN HEPATIC NKT CELLS IN LECT2~"~ MICE

Lymphocyte preparations

Mice anesthetized with ether were killed by exsanguination via the axillary
artery. The liver and spleen were then removed. Hepatic mononuclear cetls
(MNCs) were prepared as described previously (20). Briefly, the liver lobes
were minced to small pieces, pressed through 200-gauge stainless steel
mesh, and suspended in Eagle's MEM (Sigma-Aldrich, St. Louis, MO}
supplemented with 5 mM HEPES (pH 7.5) and 2% FBS. After washing,
the pellet was resuspended in 35% Percoll solution {Amersham Pharmacia
Biotech) containing heparin (100 U/ml) and centrifuged at 2000 rpm for 15
min. The pellet was then resuspended in RBC lysis solution (155 mM
NH,CL, 10 mM KHCO,, 1 mM EDTA, and 17 mM Tris, pH 7.3) and
washed twice with MEM. Splenocytes were prepared by forcing minced
spleens through stainless steel mesh and were used afier RBC lysis.

Flow cytometric analysis

Single-cell suspensions from the liver and spleen were incubated with
mAbs against cell surface markers (BD Pharmingen, San Diego, CA). PE-
labeled CD1d-a-galactosyleeramide (CD1d-a-GalCer) tetramer (21) and
FITC-, PE-, allopkycocyanin-, or PerCP-conjugated Abs specific for mu-
rine CD3 (145-2C11), CD4 (RM4-5), NK1.1 (PK136), Gr-1 (RB6-8C5),
Mac-1 (M1/70}, and FasL (MFL-3) were used for flow cytometric analy-
ses. Apoptotic cells were stained with an Annexin V-FITC Apoptosis De-
tection I kit (BD Pharmingen) and then analyzed with FACSCalibur using
CellQuest sofiware {BD Biosciences, San Jose, CA).

Administration of a-GalCer

o-GalCer was kindly provided by Kirin Brewery (Gunma, Japan). This
reagent was dissolved in 0.5% polysorbate 20 (Nikko Chemical, Tokyo,
Japan) at a concentration of 200 pg/ml, then further diluted with physio-
logical saline. For in vivo administration, e-GalCer was injected i.p. at a
dose of 100 pg/kg body weight. For in vitro stimulation of MNCs, e-Gal-
Cer was added to the culture medium (RPMI 1640 supplemented with 2%
FBS) at a concentration of 100 ng/ml.

Cytotoxicity assays

The cytotoxicity assays were performed by a method previously described
(22). Briefly, YAC-1 cells and B6 thymocytes for target cells were labeled
with sodium [*'Cr]chromate (Amersham Pharmacia Biotech) for 2 h and
washed three times with RPMI 1640, Effector cells were serially diluted
and mixed with *'Cr-labeled target cells (1-2 X 10° cells) in a U-bottom,
96-well microculture plate. The plates were centrifuged and incubated for
4 h at 37°C. At the end of the culture, 100 ul of the supernatant was
determined by adding RPMI 1640, Maximum release was determined by
adding 1 M HCIL. The percentage of specific release was calculated as
[(experimental release ~ spontaneous release)/{maximum release — spon-
taneous release)} X 100,

Con A-induced liver injury

Male B6 (wild-type controls) and LECT2™/~ B6 mice were injected i.v.
with 25 mg/kg Con A (type IV; Sigma-Aldrich). Two, 5, and 8 h after Con
A injection, sera were collected to measure the level of cytokines and
glutamic pyruvic transaminase (GPT) activity, and liver tissue was re-
moved to detect the cytokine mRNAs and for immunohistochemical
analysis.

Cytokine and transaminase measurement

The levels of serum IFN-y, TNF-a, and IL-4 were quantified using an
OptEIA ELISA set (BD Pharmingen). Serum GPT activity was measured
with a Transaminase ClI-test Wako kit (Wako Pure Chemical, Osaka,
Japan).

Histology and TUNEL staining

Liver tissues were fixed in 4% neutralized formalin and embedded in par-
affin, then sliced to a thickness of 3 um. For histological examination,
sections were stained with H&E. Apoptotic cells were detected with
‘TUNEL staining using an In Situ Cell Death Detection Kit, POD (Roche,
Mannheim, Germany).

Semiquantitative RT-PCR

The total liver RNA for each mouse was isolated using Isogen reagent
(Wako Pure Chemical). One microgram of RNA was reverse transcribed
with a ReverTra Ace (Toyobo, Osaka, Japan) to obtain cDNA. The primer
sequences used in PCR were as follows: LECT2, 5'-ACGTGTGACAGC
TATGGCTGTGGACAG-3' and 5’ -AGGTATGCTGTGGGGTCACTGGAG
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TC-3'; and GAPDH, 5'-CCCCTGGCCAAGGTCATCCATGACAACTTT-3'
and 5'-GGCCATGAGGTCCACCACCCTGTTGCTGTA-3'. Reactions were
conducted under the following conditions: precycling at 94°C for 1 min, then
25 cycles consisting of denaturation at 94°C for 30 s, annealing at 55°C for
30 s, and polymerization at 72°C for 1 min,

Quantitative real-time RT-PCR

Quantitative real-time RT-PCR was performed vsing ABI PRISM 7000
Sequence Detection System (Applied Biosystems, Foster City, CA} ac-
cording to the manufacturer’s protocol. Primers and TaqMan probes spe-
cific for TNF-a, IL.-4, and FasL were obtained from Assay-on-Demand
Gene Expression Products (Applied Biosystems), and IFN-y was derived
from TagMan Pre-Developed Assay Reagents (Applied Biosystems). For
endogenous control, the level of GAPDH in each sample was assayed using
TagMan Rodent GAPDH Coatrol Reagents VIC (Applied Biosystems).
Data analyses were performed on ABI PRISM 7000 SDS software version
1.0 (Applied Biosystems).

Statistical analysis

Results were expressed as the mean = SD. Statistical analyses were con-
ducted using Student’s ¢ test or the Mann-Whitney U test. A value of p <
0.05 was considered significant.

Results
Generation of LECT2™'" mice

To delete the lect2 gene, a targeting construct carrying a neomycin
cassette was placed within the Jecz2 locus in such a way that all

581

exons for this gene were deleted (Fig. 1A4). Correct targeting of the
lect? locus was confirmed by PCR and genomic Southern blot
analysis (Fig. 15; data not shown). LECT2*"~ mice were back-
crossed for 10 generations to B6 and intercrossed to generate
LECT2™/~ mice. Complete loss of LECT2 expression in the liver
and serum of LECT2™'~ mice was confirmed by RT-PCR and
immunoblot analysis, respectively (Fig. 1, C and D). LECT2™ '~
mice were born at the Mendelian ratio and were indistinguishable
in appearance from wild-type mice. Both male and female
LECT2™'" mice were fertile.

Flow cytometric analysis of MNCs from LECT2™"™ and
wild-type mice

LECT? is preferentially expressed in the liver (2). LECT27/~
mice exhibited no obvious abnormality in the size or histology of
the liver or in serum GPT activity. In addition, the sizes of other
tissues, such as spleen and thymus, were normal. We recently re-
ported a possible additional role of LECT2 in Con A-induced he-
patic injury (3). Con A-induced hepatitis results from injuries in-
flicted by various immune cells such as CD4* T cells and NK1.1+
T cells (8, 14-16). Therefore, we measured the proportions of
immune cells in the liver by flow cytometric analysis. Interest-
ingly, we observed that the percentage of hepatic CD3™ NK1.1*
cells in LECT2™/~ mice was significantly higher than that in wild-
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FIGURE 2. Flow cytometric analysis of mononuclear cells in LECT2 ™/~ mice. Two-color staining for CD3 and NK1.1, CD4 and NK1.1, and Mac-1
and Gr-1 against MNCs from the liver (A) or the spleen (B) was performed. €, Hepatic MNCs were stained with CD1d-a-GalCer tetramer and anti-CD3
Ab, and CD1d-a-GalCer tetramer and anti-CD4 Ab. The numbers in the small panels indicate the representative percentages of fluorescence-positive cells

in corresponding areas in six mice.
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FIGURE 3. Effect of a-GalCer treatment. A, IFN-vy and IL-4 expression
of mice administered i.p. with «-GalCer (100 pg/kg; n = 6 at each time
point). ¥, p < 0.05; **, p < 0.01. The data are expressed as the mean *
SD. B, IFN-v and IL-4 production by MNCs. MNCs from the liver (2 X
10% cells/ml) were cultured in RPMI 1640 supplemented with 2% FBS.
Cytokines released into the culture supernatants were measured 24 h after
treatment with e-GalCer (100 ng/ml). The mean values of the results ob-
tained in triplicate are shown with the SD. The data shown are represen-
tative of four experiments.

type mice (160 * 4.6% in wild-type vs 26.1 > 62% in
LECT2™'"; p < 0.01; n = 6; Fig. 24). The proportion of CD4*
NK1.1" cells in the livers of LECT2™/~ mice also increased com-
pared with that in wild-type mice (11.1 2 3.5% in wild-type vs
193 * 4.8% in LECT2™/7; p < 0.0L; n = 6; Fig. 24). Further-
more, the proportion of CD4* among the CD3™ NKI[,17 cells of
LECT2™"" mice was higher than that in wild-type mice (70.1 =
6.9% in wild-type vs 79.4 = 1.2% in LECT2 ", p < 0.01; n =
6). In contrast, there were no differences in the contents of other
cell types such as CD3" NK1.17 eells (i.e., conventional T cells),
CD3™ NK1.1" cells (i.e., NK cells), or granulocytes (Fig. 24).
The total amounts of MNCs obtained from the livers of wild-type
and LECT2 ™'~ mice were also comparable (2.3 = 0.4 X 10° cells
in wild-type vs 2.2 = 0.7 X 10° cells in LECT2™'"; n = &; Fig.
2A), We also examined the proportions of immune cells in spleen,
thymus, and bone marrow, but could find no significant differences
(Fig. 2B; data not shown). These results suggest that LECT2™/~
mice contain an increase in the proportion of hepatic NKT cells.
The majority of NKT cells express invariant Veel4-Jal8 for TCR
that bind to a glycolipid Ag a-GalCer, presented by CD1d. Invari-
ant Val4 NKT cells can be detected by using CD1d tetramer
loaded with a-GalCer (21, 23, 24). LECT2™'~ mice contained
approximately twice the proportion of CD3"™ CD1d-a-GalCer tet-
ramer* (12.2 * 3.5% in wild-type vs 21.7 % 3.6% in LECT2™'~;
p < 001; n = 6) and CD4" CDI1d-a-GalCer tetramer™ cells
(9.7 = 3.0% in wild-type vs 17.7 = 3.0% in LECT2™/™; p < 0.01;
n = 6) in the liver (Fig. 2C). We also confirmed by semiquanti-
tative RT-PCR analysis that the expression of Val4-J18 tran-
scripts was definitely high in the livers of LECT2 ™'~ mice {data
not shown).

INCREASE IN HEPATIC NKT CELLS IN LECT2™/~ MICE

Responsiveness to a-GalCer treatment

NKT cells express high levels of cytokines, especially IFN-vy and
IL-4, in specific response to a-GalCer treatment both in vivo and
in vitro (25). As previously stated, LECT2™~ mice contain ap-
proximately twice the proportion of Va14 NKT cells that are found
in wild-type mice. To address the specific reactivity of NKT cells, we
next measured cytokine production after the ip. administration of
a-GalCer to LECT2™/" mice and wild-type mice. Two hours after
this treatment, LECT2 ™" mice produced a significantly higher level
of IL-4 and a slightly increased IFN-7 level compared with wild-type
mice (Fig. 34). We also measured the release of [FN-vy and IL-4 from
cultured hepatic MNCs after stimmlation with e-GalCer, As Fig. 38
indicates, higher amounts of [FN-y and IL-4 were produced from the
MNCs of LECT2 ™~ mice.

Cytotoxicity assay

We next examined two types of cytotoxicity of MNCs prepared
from the liver and spleen of wild-type and LECT2™/~ mice. NK
cell-sensitive cytotoxicity primarily mediated by the perforin-gran-
zyme system was assayed against YAC-1 cells, whereas NKT cell-
sensitive cytotoxicity, primarily mediated by the Fas/FasL system,
was assayed against syngeneic thymocytes (13, 22, 26-28). He-
patic MNCs from LECT2™'~ mice showed substantially greater
cytotoxicity against syngeneic thymocytes than did those from
wild-type mice (Fig. 4), indicating that the Fas/FasL-mediated cy-
totoxicity of hepatic MNCs in LECT2 ™~ mice was much higher
than that in wild-type mice. We also observed a slight increase in
cytotoxicity in hepatic MNCs from LECT2™/" mice against
YAC-1 cells (Fig. 4). The cytotoxicity of splenocytes against syn-
geneic thymocytes and YAC-1 cells was comparable between
wild-type and LECT2™/~ mice (Fig. 4).

Con A-induced hepatitis

Growing evidence indicates that NKT cells contribute significantty
to the onset of Con A-induced hepatitis by expression of IL-4 and
activation of ¢ytotoxic systems (14~16). To examine whether the
increase in NKT cells in LECT2 ™/~ mice affects susceptibility to
Con A-induced hepatitis, LECT2™'~ and wild-type mice were in-
jected i.v. with Con A. Serum GPT activity in LECT2™/~ mice
was elevated within 5 h after Con A administration compared with
that in wild-type mice (Fig. 54). In LECT2™'~ mice only, histo-
logical examination showed a focal degenerative change, and cell
clusters consisting of apoptotic cells could be detected in the liver
5 b after Con A injection (Fig. 5B8). Con A-induced hepatitis re-
quires the activation of immune cells accompanied by the secretion
of various cytokines (13-16, 29). We therefore measured serum
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j Il
a0 Liver MNCs a0 Spleen cells a0 Liver MNCs %0 Spleen cells
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FIGURE 4. Cytotoxicity assays. MNCs were prepared from the liver
and spleen of Wild-type and LECT2 ™" mice. NKT cell-sensitive cytotox-
icity was determined using syngeneic B6 thymocytes as target cells. NK
cell-sensitive ¢ytotoxicity was determined using YAC-1 cells. Triplicate
cultures lasted 4 h at the indicated E: T cell ratio. #, p < 0.05; %, p < 0.01,
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cytokine levels during the course of the liver injury, Significant
elevation of IL-4 in the serum was observed in LECT2™~ mice
(Fig. 5C). In contrast, the levels of TNF-a and IFN-y were not
significantly different between wild-type and LECT2™'~ mice
(Fig. 5C). Furthermeore, the levels of IL-6 and IL-10 in these mouse
types were also comparable (data not shown). To compare the
local expression of cytokines, quantitative real-time RT-PCR anal-
ysis of liver tissue RNA at 2 h after Con A injection was per-
formed. The results revealed that IL-4 and FasL expression in the
liver of LECT2 ™/~ mice was significantly higher than that in wild-
type liver (Fig. 5D). FasL is known as an effector molecule in Con
A-induced hepatic injury, and NKT cells primarily express it (16).
Thus, the increased hepatic LECT2 ™/~ NKT cells contribute to the
severity of Con A-induced hepatitis.

FasL expression and increase in annexin V-positive CD3™
NKLIY cells during Con A-induced hepatitis

To examine whether the NKT cells of LECT2™'~ mice indeed
expressed large amounts of FasL upon stimulation with Con A, the
proportion of CD3™ NKI.1" cells expressing FasL was deter-
mined by flow cytometric analysis. Three hours after Con A in-
jection, the CD3™ NK1.1% cells in LECT2™'~ mice expressed
approximately twice the amount of FasL that was found in wild-

adad”

- TNF-c; Fasl

type mice (Fig. 6A). Conventional T cells of both wild-type and
LECT2™'~ mice expressed scarcely any FasL (Fig. 64).

Next, we analyzed the proportion of NKT cells that become
apoptotic upon stimulation with Con A, because current evidence
suggests that hepatic NKT cells are eliminated by apoptosis after
Con A injection (16). The three-color staining of CD3™ NK1.1*
and annexin-V demonstrated that hepatic CD3™ NK1.17 cells of
both wild-type and LECT2™'~ mice decreased 3 h after Con A
injection, and the proportion of annexin V-positive cells was
higher in LECT2™'~ mice. In contrast, conventional T cells were
not stained with annexin V (Fig. 6B). These results suggest that
hepatic NKT cells in LECT2™'~ mice showed increased activa-
tion-dependent apoptosis, as is the case in wild-type mice.

Discussion

LECT2 was originally noted for its possible neutrophil chemotac-
tic activity (1). In addition, it was independently reported to be a
growth-stimulating factor for chondrocytes and osteoblasts and
was named chondromodulin II (6). To determine the function of
LECT? in vivo, we generated LECT2™/~ mice. In some prelimi-
nary experiments we could not easily find any clear differences
related to the above two activities. Therefore, based on the possible
roles of LECT2 in liver injury and its tissue-specific expression (2,
3), we focused on the liver.
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INCREASE IN HEPATIC NKT CELLS IN LECT2™'~ MICE
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FIGURE 6. Detections of NKT cells expressing FasL or annexin V-positive NKT cells during Con A-induced hepatitis. A, NKT cells or conventional
T cells that express FasL were detected by three-color staining for CD3, NK1.1, and FasL. Hepatic MNCs were prepared 3 h after injection with Con A
or control saline. B, Increase in annexin V-positive NKT cells in the livers of mice challenged with Con A. Hepatic MNCs were isolated 3 h after the Con
A challenge. Three-coler staining was performed for CD3, NK1.1, and annexin V.

In the present study we found an increased proportion of hepatic
CD3™ NK1.1" and CD4* NK1.17 cells in LECT2 ™/~ mice com-
pared with that in wild-type mice (Fig. 24). Moreover, we ob-
served that the proportion of hepatic CD3™ CD1d-a-GalCer tet-
ramer™ cells in LECT2™'~ mice was about double that in wild-
type mice (Fig. 2C), indicating that LECT2™'~ mice have an
increased proportion of hepatic V14 NKT cells. The production
of IL-4 and IFN-v 2 h after administration of a-GalCer in mice
would be primarily derived from NKT cells (30). Furthermore, the
higher production of both cytokines from the hepatic MNCs
treated with a-GalCer is consistent with this result. Therefore, the
differences in the levels of I1.-4 and IFN-v after stimulation with
a-GalCer in vivo and in vitro could be explained by the increased
number of NKT cells in LECT2™'~ mice. In addition, the Fas/
FasL-sensitive cytotoxicity of hepatic MNCs in LECT2 ™™ mice
was much higher than that in wild-type mice. In contrast, this
cytotoxicity of spleen cells from both wild-type and LECT2™/~
mice was comparable. We also could find no significant differ-
ences in the percentage of CD3'™ NK1.1* cells in the spleen cells
of LECT2 ™/~ and wild-type mice. Therefore, augmentation of the
Fas/FasL-sensitive cytotoxicity shown in hepatic MNCs was pos-
sibly due to the increased percentage of NKT cells in LECT2~/~
mice. In addition, the NK-sensitive cytotoxicity in hepatic MNCs
from LECT2™'" mice was slightly higher than that in MNCs from
wild-type mice. At present, although the reason for this slight en-
hancement is not clear, the cytotoxicity of hepatic NK cells also
might be enhanced in LECT2™'~ mice. Thus, all these results in-
dicate that LECT2 ™'~ mice show an increase in hepatic NKT cells,
which appear to function as they do in wild-type mice.

To explore the biological effects of the increased number of
hepatic NKT cells in LECT2 ™/~ mice, we compared wild-type and
LECT2™~ mice using the Con A-induced hepatitis model. The
onset of Con A-induced hepatitis requires a complicated process of
activation of cytokines from immune cells. Both IFN-y and TNF-a
play crucial roles in Con A-induced hepatitis (29, 31}. Recent re-
ports have pointed out that activated NKT cells expressing IL-4

also play an essential role in Con A-induced hepatitis and mediate
subsequent activation of the cytotoxic pathways (14-16). We
showed that LECT2 ™/~ mice were clearly sensitive to Con A-in-
duced hepatitis (Fig. 5, A and B), and that the levels of TL-4 and
FasL in LECT2 ™'~ mice were higher than those in wild-type mice
(Fig. 5, C and D). These findings strongly suggest that a higher
level of IL-4 expression induces excessive FasL and also probably
granzyme B (13), resulting in the production of & number of ap-
optotic hepatocytes (Fig. 5B) and a larger proportion of annexin
V-positive hepatic CD3™* NK1.17 cells (Fig. 6). Recently, several
reports showed that the NK1.1 marker of CD3™ NK1.1% cells is
down-modulated on activation (32-35). Therefore, the decrease in
CD3™ NK1.1* cells after Con A challenge in both wild-type and
LECT2™/~ mice (Fig. 6) might be due not only to apoptosis of
NKT cells, but also to down-regulation of the NK1.1 marker.
The reason for the increase in hepatic NKT cells in LECT2 '~
mice is an important issue, LECT2 might participate in the differ-
entiation, development, or both of NKT cell lineages. There is
considerable evidence for genes that positively regulate the devel-
opment of NK or NKT lineages (36). In contrast, LECT2™'" mice
have an increase in NKT cells in the liver, suggesting that LECT2
might negatively regulate the development of NKT cell lineages.
However, considering that there were no obvious differences in
CD3™ NK1.1™ cells of spleen, thymus, and bone mamrow (Fig.
2C; data not shown), a role for LECT2 might be related to the
homeostasis of NKT cells in the liver. For example, LECT2 might
control an immune state in the liver by regulating the selection
and/or expansion of hepatic NKT cells or the homing activity of
NKT cells toward the liver. Moreover, a distinctive feature of NKT
cells in LECT2™'~ mice is that the difference in IL-4 production
between wild-type and LECT2™/~ mice is greater than that in
IFN-v production upon stimulation with a-GalCer. The possible
Y-4 dominance might be related to the observation that mice con-
taining an increased number of NKT cells tend to be IL-4 domi-
nant {37-40), or immature NKT cell lineages tend to exhibit the
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Th2-type-dominant phenotype (41, 42), It is possible that an im-
balance in the proportion of NKT cells in LECT2 ™'~ mice affects
an immune state, which is associated with the pathogenesis of
certain immune diseases.

In summary, our results revealed that the number of hepatic

NKT cells was increased in LECT2 '~ mice and suggested that
LECT2 may play an important role in the homeostasis of NKT
cells in the liver. Although a deficiency of LECT2 does not cause
any significant abnormality in mice under physiological condi-
tions, they become susceptible to Con A-induced hepatitis, prob-
ably due to excessive production of IL-4 and FasL from NKT cells.
Thus, it is possible that LECT2 might be involved in the patho-
genesis of hepatitis or other inflammatory diseases in humans
through modulation of NKT cell activity.
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IFN regulatory factors (IRFs) are a family of transcription factors
that play an essential role in the homeostasis and function of
immune systems. Recent studies indicated that IRF-8 is critical for
the development of CD11b'**CD8a* conventional dendritic cells
(DCs) and plasmacytoid DCs. Here we show that IRF-4 is important
for CD11bM9hCD8a— conventional DCs. The development of
CD11bhish DCs from bone marrow of IRF-4-/~ mice was severely
impaired in two culture systems supplemented with either GM-CSF
or Flt3-ligand. In the IRF-4~/~ spleen, the number of CD4*CD8a~
DCs, a major subset of CD11bMeh DCs, was severely reduced. IRF-4
and IRF-8 were expressed in the majority of CD11bMshCD4+*CDBa~
DCs and CD11b'°wCD8a* DCs, respectively, in a mutually exclusive
manner. These results imply that IRF-4 and IRF-8 selectively play
critical roles in the development of the DC subsets that express
them.

Dcndritic cells (DCs) are professional antigen-presenting
cells that link the innate and adaptive immune systems.
They express CD11c and are composed of heterogeneous cell
populations with different functions (1). At present, murine DCs
have been divided into two major groups, 3220~ conventional
DCs and B220* plasmacytoid DCs (2-5). In lymphoid organs,
the conventional DCs can be divided into two subsets,
CD11b"ehCD8«~ and CDI11bl¥CD8a* DCs, based on the
expression of surface markers (1). In the spleen, the
CD11briehCDBa~ subset can be further divided into CD4* and
CD4- DCs (6, 7). In vitro, CD11b"e"CD8a~ DCs can be
generated in two bone marrow (BM}) culture systems, supple-
mented with either granulocyte~macrophage colony-stimulating
factor (GM-CSF) or FIt3 ligand (Flt3L) (8-10).
CD11bCD8e* DCs can also be generated from a BM culture
supplemented with FIt3L, although further stimulation by lipo-
polysaccharide (LPS) is needed to induce the expression of
CD8a (10). The molecular phenomena that regulate the differ-
entiation of these distinct subsets of DCs are poorly understood.

Transcription factors of the IFN-regulatory factor (IRF)
family participate in the early host response to pathogens,
immunomodulation, and hematopoietic differentiation (11). A
member of the family, IRF-4, was cloned independently as a
homologous member of the IRF gene family (12) and as an
interacting partner of PU.1 (Pip) (13). PU.1 is an Ets family
member involved in B lymphocyte and myeloid lineage devel-
opment (14, 15) and is essential for the development of CD8a™
DCs (16, 17). Upon their association, IRF-4 and PU.1 undergo
conformational changes, followed by binding to the DNA-
binding element (18). IRF-4 is expressed at all stages of B cell
development, in mature T cells (12}, adult T cell leukemia cell
lines (19, 20), and in macrophages (21, 22). The analysis of mice
lacking IRF-4 (IRF-4-/~) revealed that IRF-4 is essential for the
function and homeostasis of both mature B and T lymphocytes
(23, 24). IRF-§ (originally named IFN consensus sequence
binding protein, [CSBP} is another member of the IRF family,
and its structure is closely related to that of IRF-4. [t can interact
with PU.1 and binds to a DNA sequence similar to that bound

www.pnas.org/cgi/doi/10.1073/pnas.0402139101

by IRF-4 (22). Recent studies indicated that IRF-8 is critical for
the development of CD11b**CD8a* conventional DCs and
plasmacytoid DCs (25-28). Here, we show that bone marrow
cells from IRF-4 knockout mice have intrinsic defects in the
development of CD11b%e" DCs in two culture systems supple-
mented with either GM-CSF or Flt3-ligand. Mice lacking the
IRF-4 gene have selective defects in splenic CD11bME"CD8a~
conventional DCs. IRF-4 is expressed in this subset of DCs,
indicating that IRF-4 plays a critical role in the development of
the DC subset that expresses it.

Methods

Mice. C57BL/6J mice were purchased from CLEA Japan
{Osaka). IRF-4-deficient mice {23) and OT-II transgenic mice
(29), expressing the T cell receptor specific for OVA323-339 and
I-AP, were maintaiped at the Laboratory Animal Center for
Biomedical Research, Nagasaki University School of Medicine.

BM Cultures. The GM-CSF-supplemented BM culture was per-
formed as described (9). The culture supernatant from a Chinese
hamster ovary cell line transfected with the murine GM-CSF
gene was used as the source of GM-CSF. At day 10, the
nonadherent cells were harvested by gentle pipeting and were
stimulated with 1 pg/ml LPS (Escherichia coli 0127:B8, Sigma}
for 48 h. The Flt3L-supplemented BM culture was performed as
described (10), except mouse Flt3L (Genzyme/Techne) was
used. At day 9, the nonadherent cells were harvested by gentle
pipeting and were stimulated with 1 pg/m] LPS for 24 h. For the
experiments using the six-well transwell plates (Corning, NY),
5.2 % 10° BM cells (low cell density) in the lower chamber and
5 X 105 BM cells (high cell density) in the upper chamber were
cultured in 4.1 ml of McCoy’s medium, supplemented with 100
ng/ml FIt3L, for 10 days as described (10). For details see
Supporting Text, which is published as supporting information on
the PNAS web site,

Cell Preparation from Lymphoid Organs. Cells from thymuses and
spleens were prepared as described (6). Low-density cells from
spleen were also prepared as described (6).

Flow Cytometry, The cells were blocked with anti-CD16/32
antibody, rat IgG, and mouse IgG. All antibodies were pur-
chased from BD Pharmingen, except where noted. In addition
to the isotype controls, the following antibodies were used:
Anti-CD16/32, FITC-conjugated anti-MHC class II (MHC-II),

This paper was submitted directly {Track 11} to the PNAS office.

Abbreviations: DC, dendritic cell; BM, bone marrow; Fit3L, FIt3 ligand; GM-CSF, granulo-
cyte-macrophage colony-stimulating factor; LPS, lipopolysaccharide; IRF, LIFN-regutatory
factor; PE, phycoerythrin; PerCP, peridinin chlorophyll-a protein; NPTI), neornycin phos-
photransferase H; OVA, ovalbumin; MHC-I, MHC class II; NK, natural killer.
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Fig. 1.

Impaired DC development in the IRF-4~/~ BM culture with GM-CSF, (A) The CD11c expression on nonadherent cells from GM-CSF BM cultures at day 10

was analyzed by flow cytometry. (B} Photographs of the cultures by phase contrast microscopy, taken at day 10. (C) The expression of IRF-4 in the CD11c* cells
was assessed by immunoblotting. Lysates from 2.5 x 105 cells were subjected to electrophoresis. {0} The lineage marker expression on the CD11c* cells was
analyzed by flow cytometry. (£} The antigen-presenting ability of the CD11¢* cells for whole OVA and its peptide (323-339 amino acid residues) to OVA-specific
CD4* T cells was examined. (F} MHC-!l and costimulatory factor expression by the nonstimulated and LPS-stimulated CD11¢* cells was examined. (G) The
morphology of LPS-stimulated CD11¢* cells was observed by phase contrast microscopy. (H) Wild-type and IRF-4-/- BM cells were cocultured. After 10 days, the
expression of MHC-1l on the cells was analyzed. NPTIl expression by the wild-type and the IRF-4-/~ cells was distinguished by flow cytometry with anti-MHC-II
and anti-NPTII. {f} The expression of several transcription factor and cytokine receptor genes involved in DC development was analyzed by RT-PCR.

anti-CD8, and anti-Gr-1; phycoerythrin (PE)-conjugated anti-
CD1le; CyChrome-conjugated anti-CD4; peridinin chloro-
phyll-a protein (PerCP)-conjugated anti-B220; biotin-
conjugated anti-CD11b, anti-B220, and anti-Ly6c; PE-
conjugated anti-CD40, anti-CD80, and anti-CD86 from
Immunotech; biotin-conjugated anti-CD8§ and anti-MHC-II,
PE-conjugated anti-CD3, and allophycocyanin-conjugated
anti-CD4 from eBioscience; and anti-IRF-4 and anti-1RF-8
from Santa Cruz Biotechnology. The binding of biotinylated
antibodies was detected with PerCP-Cy5.5- or CyChrome-
conjugated streptavidin. Analyses of stained cells were per-
formed on a2 FACScan or FACSCalibur with the CELLQUEST
software (BD Bioscience).

Intracellular Staining. For the analysis of neomycin phosphotrans-
ferase II {(NPTII), cells were fixed and permeabilized with the
Fix and Perm kit (Caltag), and were incubated with anti-NPTII
(Upstate Biotechnology) followed by ant-rabbit IgG-biotin
(Santa Cruz Biotechnology) and streptavidin-CyChrome. For
analyses of IRF-4 and IRF-8, cells were fixed with 1% parafor-
maldehyde (Wako) and permeabilized with 0.5% Triton X-100
(Wako). The permeabilized cells were incubated with the anti-
IRF-4 or IRF-§ antibody, followed by anti-geat IgG-Alexa Fluor
488 (Molecular Probes)

Western Blot Analysis. Cell Iysates were prepared as described
(30), with modifications (see supporting information). Immu-
noblotting was performed as described (31).

RT-PCR. Total RNA was prepared from cells as described (31).
The cDNA synthesized from the total RNA by using ReverTra
Ace (Toyobo) was subjected to PCR amplification using EX Tagq
(Takara) and the following primers: CIITA (sense), type I exonl:
GACTTTCTTGAGCTGGGTCTG; type Il exonl: CTGGC-
CCTTCTGGGTCTTAC; CIITA (antisense}, common exon?2:
TCTTCATCCAGTTCCATGTCC. All of the other primer se-
quences are available on request.

Antigen-Presentation Assay. The ability of DCs to activate antigen-
specific T cells was monitored by the secretion of IL-2 from CD4*
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T cells of OT-II mice. Purified CD4* T cells from OT-If mice (4 X
10° per well) were stimulated with ovalbumin (OVA) or its peptide
and various numbers of DCs. After 48 h, the IL-2 level in the culture
supernatant was determined by a sandwich ELISA with a biotin-
conjugated anti-I1-2 antibody (BD Pharmingen) and avidin-
alkaline phosphatase (Jackson ImmunoResearch).

Results

Defective DC Development in IRF-4-/— BM Culture. During analyses
of the DC-specific regulatory mechanisms of the gp917** gene,
which is expressed in a cell type-specific manner (32-34), we
found that the IRF-4 protein was expressed in human DCs and
bound to the Ets/IRF composite element of the promoter
together with PU.1 (data not shown). This observation was
consistent with the recent studies on DC-associated factors,
which revealed the expression of IRF-4 mRNA in human DCs
(35, 36). Therefore, we used the GM-CSF-supplemented cul-
tures of BM from IRF-4 -/~ mice to determine the role of IRF-4
in DC development and function. Nonadherent CD11c* cells
were generated from BM cells of IRF-4=/~ mice as well as
wild-type mice (Fig. 14). Surprisingly, CD11¢* cells from IRF-
4~/= BM failed to form DC clusters {Fig. 18) and showed no veil
processes (Fig. 5, which is published as supporting information
on the PNAS web site). A Western blot analysis demonstrated
that CD1lc* cells from wild-type mice expressed the IRF-4
protein, but those from IRF-47/= mice did not (Fig. 1C). Flow
cytometry analysis showed that CD1lc* cells from both wild-
type and IRF-4-/~ BM expressed CD11k at high levels but did
not express B220, CD3, Gr-1, and Ly6c (Fig. 1D).

Next, we evaluated their ability to present the OVA protein (1
and 0.1 mg/mil) or its peptide (323-339 amino acid residues) to
OVA-specific CD4* T cells from OT-II mice (29). The wild-type
DCs stimulated IL-2 production of the T cells in antigen dose-
and DC number-dependent manners. However, CD11c* cells
from IRF-4~/~ BM were unable to stimulate IL-2 production by
OVA-specific T cells (Fig. 1E). We also analyzed their expres-
sion of the surface antigens associated with antigen presentation
(Fig. 1F). The expression of MHC-II on CDl1lc* cells from
IRF-4~/= BM was extremely low, consistent with their defects in
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Fig. 2. Impaired development of the CD11bM9h DC subset in the IRF-4~/~ BM culture with Fit3L. Cells were stained with anti-CD11b-FITC, anti-CD11¢-PE, and

anti-B220-PerCP. (A) The number of B220-CD11c* cells from IRF-4~/~ BM was compared with that from wild-type BM cells at 9 days after culture. (8) Analysis
of the DC subsets in the Fit3L culture was performed, based on the expression of B220, CD11b, and {D11c. The values (%) indicate the proportion of each DC
subset to B220" cells {Upper). The number per well of CD11b'*" and CD11bMsh CD11c* DCs from IRF-4-/~ BM cells was compared with that from wild-type BM
cells (Lower). (C) Soluble factors from BM cells stimulated by FIt3L were assessed by using transwell plates. 8M cells at low density {5.2 X 10° cells) were cultured
in the lower chambers of transwell plates, separated by a 0.4-pm filter from BM cells at high density (5 x 108 cells) in the upper chambers. Analysis of the DC
subsets in the lower chambers was performed, based on the expression of CD11b and CD11¢. (D) The antigen-presenting ability was examined as described in
Fig. 1E. {£) The expression of MHC-I1 and costimulatory factors on DCs was analyzed by flow cytometry. {F) The morpholegy of LPS-stimulated DCs was observed

by phase-contrast microscopy.

antigen presentation. The expression of CD40, CD80, and CD86
on CDllc* cells from IRF-4~~ BM was similar to that of
wild-type DCs. Strong up-regulation of the surface antigens was
observed in wild-type DCs after stimulation with LPS. However,
the up-regulation was not observed in most, if not all, CD1i¢*
cells from IRF-4~/~ BM. Morphologically, the CD1lic* cells
from IRF-4~/~ BM did not develop the sheet-like veil structure
after LPS stimulation (Fig. 1G). These results indicate that
CDl1lc* cells from IRF-4~/~ BM fail to respond normally to
LPS.

To determine whether the impaired DC development of
CDl1l1c* cells from IRF-4-/~ BM was caused by their intrinsic
defects or environmental defects in the support of DC devel-
opment in a GM-CSF-supplemented culture, we examined the
generation of DCs from IRF-4=/~ BM after a coculture with
wild-type BM cells (Fig. 1H). The wild-type and IRF-4~/~ BM
could be distinguished by their expression of NPTII, whose gene
was inserted when the IRF-4 gene was disrupted (23). Cells
derived from IRF-4=/~ BM cells (NPTII*) in the mixed culture
system did not express MHC-II at high levels, unlike those
derived from wild-type BM (NPTII™). This result indicates that
the impaired DC development from IRF-4~/~ BM cells is caused
by cell antonomous defects.

To investigate the mechanisms underlying the impaired de-
velopment of DCs from IRF-4=/~ BM, we analyzed the mRNA
expression of class II transactivator isoforms (CIITA types [ and
I11}, which are essential for the constitutive expression of MHC-
II in DCs (37, 38) by an RT-PCR analysis. CD11c¢* cells from
IRF-4-/- BM expressed the CIITA type I and IIIl mRNAs at
almost negligible tevels, as compared with the wild-type DCs
(Fig. 1), which might be responsible for the low-MHC-II
expression level. CD11c™ cells from IRF-4~/~ and wild-type BM
expressed similar levels of the mRNAs encoding PU.1 and RelB,
which are eritical transcription factors for DC development (16,
17, 39, 40), the GM-CSF receptor components (« and cf), and
the M-CSF receptor, responsible for the interference of DC
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differentiation by M-CSF (41). Therefore, it is unlikely that the
impaired DC development from IRF-4=/~ BM cells is caused by
the abnormal behaviors of PU.1 and RelB or abnormal re-
sponses to GM-CSF and M-CSF.

Defective Development Is Limited to €D11bhi9oh DCs. We next used
the Flt3L-supplemented BM culture system, which can give rise
to B220~CD11c* conventional DCs and B220*CD11¢* plasma-
cytoid DCs (42, 43). It is demonstrated that the conventional
DCs from the culture contain two types of subsets, CD11bMeh
and CD11b"¥ DCs (10), and the plasmacytoid DCs do not
express CD11b (42, 43). The number of B220-CD11¢* conven-
tional DCs developed from IRF-4~/~ BM was reduced to =60%
of that produced by wild-type BM (Fig. 24). The number of
B220*CD11c*CD11b™~ plasmacytoid DCs that developed from
IRF-4~/~ BM, however, was similar to that from wild-type BM
(Fig. 6, which is published as supporting information on the
PNAS web site). We analyzed the expression of CD11b on
B220~CD11c* cells from the Flt3L-supplemented BM culture.
The proportion of CD11b"e" cells to CD1lc* cells from the
wild-type BM culture was 46%, whereas that from the IRF-4~/-
BM was 15%. The absolute number of CD11c*CD11bYeh cells
derived from IRF-4~/~ BM was severely reduced, as compared
with that from wild-type BM, whereas the absolute number of
CD11c¢*CDI11b"®* cells was unchanged (Fig. 2B). These results
suggest that IRF-4 plays an important role in the development
of CD11bMeh conventional DCs, and is not essential for that of
CD11b'* conventional DCs and plasmacytoid DCs in the FIt3L-
supplemented BM culture. This defect of IRF-4=/= CD11bhigh
DCs could be due to the lack of soluble factor production by the
IRF-4—/~ BM cells. Therefore, we cultured IRF-4-/~ and wild-
type BM cells in the presence of FIt3L by using a transwel system
as described (10). BM cells were cultured at low density in the
lower chamber and at high density in the upper chamber in
the presence of FIt3L (Fig. 2C). At the end of the culture, the
generation of DCs in the lower chamber was analyzed by flow
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Fig. 3. Splenic CD11bM9"CD4*CD8a~ conventional DCs are selectively re-
duced in IRF-4~/~ mice. Six-week-old male mice were used. (A4) Thymic and
splenig cells were stained with anti-MHC-II-FITC, anti-CD11¢-PE, and anti-B220-
PerCP. The CD11chighMHC-IIMieh cells were analyzed after the B220* popula-
tion was electrically gated out. (B) Splenic cells were stained with anti-CD11b-
FITC, anti-CD11¢-PE, and anti-B220-PerCP. Expression of CD11b on CD11chigh
DCs was analyzed after the B220* population was electrically gated out. (C)
Splenic cells were stained with anti-CD8« FITC, anti-CD11¢-PE, and anti-CD4-
CyChrome, and then the expression of D4 and CD8a on CD11cMeh DCs was
analyzed. (D) Splenic cells were stained with anti-CD19-FITC and anti-NK1.1-
FITC, anti-CD11¢-PE, and anti-B220-bictin. The CD11c versus B220 profile is
shown, after the CD19- or NK1.1-positive populations were electrically gated
out to exclude B and NK cells. The biotinylated 8220 antibody was detected
with streptavidin-PerCP-Cy5.5. The values (%) indicate the proportion of
gated populations to total thymic or splenic cells.

cytometry. In this system, the development of DCs from the
wild-type BM cells in the lower chamber depended on the
presence of wild-type BM cells at high density in the upper
chamber (S.5. and A K., unpublished data). Wild-type BM cells
gave rise to a CD11ctCD11bhe! population when IRF-4-/~ BM
cells were cultured in the upper chamber (Fig. 2C Lower Left),
suggesting that IRF-4~/ BM cells generated soluble factors that
support DC development from the wild-type BM in the presence
of Fit3L. On the contrary, the proportion of the CD11bhigh
population derived from IRF-4~/~ BM cells remained low, even
after they were cultured with wild-type BM in the upper chamber
at high density (Fig. 2C Upper Right). Taken together, these
results suggest that the defect in the generation of a
CD11c*CDI11b%ek population from IRF-4~/~ BM in the pres-
ence of FIt3L is an intrinsic characteristic of these cells.

Next, we examined the properties of the CD11c* cells gen-
erated from IRF-4~/~ BM in the Flt3L-supplemented culture.
The CD11c* cells from IRF-4-/~ BM were able to present whole
OVA and its peptide (323-339 amino acid residues) to naive
CD4* T cells from OT-1I mice (Fig. 2D). They expressed MHC-
I1, CD40, CD80, and CD86 on the cell surface at levels similar
to those of DCs from wild-type BM, before and after LPS
stimulation (Fig. 2E). The CD1lc* cells from IRF-4~/~ and
wild-type BM were morphologically indistinguishable (Fig. 2F).
Because the majority of the IRF-4=/— DCs were CD11bo¥
conventional DCs (Figs. 28 and 6), these results suggest that the
CD11b™* DCs in IRF-4=/~ DCs are not impaired in their
antigen-presenting function and responsiveness to LPS.

Defects of CD11bYohk DCs in IRF-4-/~ Spleen. Next, we examined the
levels of conventional DCs in vive. The majority of thymic and
splenic conventional DCs belong to the CD11b%Y and CD11bbish
DC subsets, respectively (1). The proportion of conventional
DCs in the thymus of IRF-4~/~ mice was similar to that of the
wild-type (0.1%), whereas it was reduced by =50% in the spleen
(Fig. 34). Among these DCs in the spleen, the proportion of
CD11bhieh DCs was markedly reduced, whereas that of CD11blw
DCs was not (Fig. 3B). Because the total splenic cell numbers
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Table 1. Reduced number of CD4+CD8~ DCs in IRF-4—/- spleen

Wild type IRF-4-/~
Splenocytes 1,040 = 240 1,030 = 190
CD11chighMHC-I+ 225 *3.2 11.7 = 31
CD11bhighCD4* D8 128+ 21 1.5+05
CD11bhishCD4-CD8 46 %12 S.0*13
CD11blewCD4-CD8* 49 > 1.0 51*15
CD11cnB220+ 51%+15 44+ 05

Results represent the number of cells per spleen. Values are the means = SD
{(x10-%) of eight mice aged 6 weeks.

were comparable (Table 1), the absolute number of CD11bhigh
DCs was selectively reduced in the IRF-47/~ gpleen, consistent
with the essential role of IRF-4 in the generation of CD11bhigh
DCs in vitro. Splenic CD11bMe* DCs can be further subdivided
into CD4*CD8a~ and CD4~CD8a~ subsets (6, 7). We further
classified the splenic DCs, based on the expression of CD4 and
CD8a. Flow cytometry analyses revealed that the CD4*CD8a~
splenic DCs in IRF-4~/~ mice were selectively reduced to ~10%
of the number in wild-type mice (Fig. 3C). As shown in Table 1,
the absolute number of CD4*CD8a~ DCs in the IRF-4~/~
spleen was ~10% of that found in the wild-type, resulting in the
lower total number of CD11cM$"MHC-I* DCs. These results
demonstrated that the splenic CD11bPsbCD4+CD8a~ subset
was selectively reduced among the conventional DCs in the
IRF-47'~ mouse. We also examined the level of plasmacytoid
DCsinthe IRF-4~/~ spleen. CD19*and NK1.1* cells were gated
out to exclude B cells and natural killer (NK) cells, which are
B220* and CD11¢*¥, respectively (44). The proportion and the
absolute number of CD11c™B220~ plasmacytoid DCs in IRF-
47/~ spleen were not significantly different from those of the
wild-type spleen (Fig. 3D and Table 1). Taken together, these
results suggest that IRF-4 is critical for the development of
the majority of CD11bMe"CD4+CD8«~ splenic conventional
DCs, but not for that of CDI11bhehCD4-CD8a~ and
CD1IY*CD4-CD8a* splenic conventional DCs as well as
plasmacytoid DCs.

IRF-4/IRF-8 Expression in Distinct DC Subsets. We next analyzed the
expression of IRF-4 and IRF-8 in each splenic conventional DC
subset at the single cell level, using four-color flow cytometry
after triple staining of cell surface markers and intracellular
IRFs (Fig. 44). IRF-8 is another member of the IRF family that
is important for DC development (25-28). In the wild-type
spleen, all of the CD4* CD8a~ DCs expressed IRF-4 and a small
population (=~15%) expressed IRF-8, indicating that most of the
CD4*CD8e™ DCs express IRF-4 alone, and a minor population
expresses both IRFs. In contrast, the majority of CD4-CD8a*
DCs in the wild-type spleen expressed IRF-8 and only =~10%
expressed IRF-4, indicating that most CD4~CD8a* DCs express
IRF-8, but not IRF-4. The majority of CD4~CD8a ™~ splenic DCs
expressed IRF-4 in wild-type mice, whereas =~40% expressed
IRF-8. In the IRF4~/~ mouse spleen, all of the CD4-CD8a*
DCs expressed IRF-8, as expected. Interestingly, the small
population of CD4*CD8a~ DCs that remained in IRF4~/~ mice
expressed IRF-8, unlike the majority of these cells in wild-type
mice. In addition, the majority of the CD4-CD8a~ DCs, of
which =~60% did not express IRF-8 in wild-type mice, also
expressed IRF-8 in the IRF-4~/~ spleen. Taken together, these
results indicate that the IRF-4 defect specifically affected the
CD4*CD8a™ and CD4~CD8a~ DC subsets, which both pref-
erentially expressed IRF-4 in wild-type mice.

The expression levels of IRF-4 and -8 in CD11c* cells from
the BM culture with GM-CSF were analyzed by flow cytom-
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Fig-4. IRF-4 and IRF-8 expression in various DC subsets, {4) Flow cytometric
analysis of IRF4 and IRF-8 expression in splenic conventional DCs. After
fow-density cells from wild-type and IRF-4-/~ spleen were stained with anti-
CD11¢-PE, anti-CD4-allophycocyanin, and anti-CD8a-PerCP-Cy5.5, the cells
were fixed, permeabilized, and stained with anti-IRF-4 or anti-IRF-8, followed
by the Alexa Fluor 488-conjugated second antibody. CO11cMaDCs were gated
on, and divided into the three subsets. Each subset was gated on, and IRF-4 and
IRF-8 expression was examined. {8) Flow ¢cytometric analysis of IRF-4 and IRF-8
expression in DCs from the GM-CSF culture, The wild-type and IRF-4-/~ DCs
were stained with anti-MHC-ll-biotin and anti-CD'11¢-PE, followed by intra-
cellular staining as described in A. (€ Flow cytometric analysis of IRF-4 and
IRF-8 expression in DCs from the Fit3L culture. The wild-type and IRF-4-/~ DCs
were stained with anti-CD11b-biotin and anti-CD11¢-PE, foltowed by intra-
cellular staining as described in A. Cells were divided into CD11bhigh and
CD11b'w DCs as shown in Fig. 2A. Each population was gated on, and IRF-4
and IRF-8 expression was examined. The biotinylated antibodies used in 8 and
C were detected with streptavidin-PerCP-Cy5.5.

etry (Fig. 4B). IRF-4 was expressed in both immature (R1} and
mature (R2) wild-type DCs. However, IRF-8 was not ex-
pressed in immature wild-type DCs, suggesting a role of IRF-8
in the maturation of wild-type DCs, as reported (25-27), but
not for their development in the GM-CSF-supplemented
culture. The stimulation of the immature DCs with LPS
induced IRF-8 expression, concomitant with their maturation
(data not shown). In contrast, the majority of CD1lc* cells
from IRF-4=/~ BM (R3) expressed IRF-8. The aberrant
expression of IRF-8 in these cells was insufficient to compen-
sate for the lack of IRF-4, because these cells were unable to
become functional DCs (Fig. 1).

We also analyzed the expression of IRF-4 and -8 in CD11bhish
and CD11b"¥ DCs from the BM culture with FIt3L (Fig. 4C).
The majority of CD11b"e" cells from wild-type BM expressed
IRF-4, but not IRF-8, whereas the majority CD11b"* cells
expressed IRF-8, but not IRF-4. Interestingly, the majority of
CDI11bheh cells that were generated from IRF-47/~ BM ex-
pressed significant levels of IFR-8, unlike those derived from
wild-type BM. This result is consistent to the in vivo observation
that most CD11bbieh splenic DCs express IRF-8 in the IRF-4~/~
mouse (Fig. 44).

Discussion

In the present study, we demonstrated that IRF-4 is important
for most DCs of the CD11b"ehCD8a~ subset, but not of the
CD11b™*CD8a* subset, We show that IRF-4 is expressed in
most DCs of the CD11bPe"CD8a~ subset, but not of
CD11b°*CD8a* subset in mouse spleen. The expression of
IRF-4 in this DC subset was also confirmed in two BM culture
systems. The DCs derived from BM in the presence of GM-CSF
were uniformly CD11bMe", and most of them expressed IRF-4.
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Both CD11bMe" and CD11b'™ conventional DCs developed
from BM in cultures supplemented with FIt3L; however, IRF-4
was preferentially expressed in the CD11bMeb DC populations.
Studies with mice lacking IRF-4 also determined that IRF-4
plays a critical role in these DC subsets. The development of
CD11b"8" DCs from IRF-4~/~ BM in vitro was severely impaired
in both culture systems. Furthermore, the number of
CD4*CD8a~ DCs, a major subset of CD11bhigh DCs was
severely reduced in the spleen in mice lacking IRF-4. These
results indicate that IRF-4 is selectively expressed in the
CD11b"eh subset of conventicnal DCs and plays critical roles in
their development.

Comparative analyses of the expression of IRF-4 and IRF-8 in
DCs revealed that conventional DCs can be grouped into three
subpopulations: IRF-4(+)IRF-8(—), IRF-4(—)IRF-8(+), and
IRF-4(+)IRF-8(+). The IRF-4(+)IRF-8(—) subpopulation
preferentially belongs to the both CD11bMehCD4* and
CD11bMe"CD4~ subsets, whereas the IRF-4(—)IRF-8(+) sub-
population preferentially belongs to the CD11b**CD8~ DC
subset. This observation may yield insight into the complicated
developmental pathways of DCs. In mice lacking IRF-4, most of
the DCs in CD11bMe"CD8~ subset expressed IRF-8, although
the majority of the DCs in this subset did not express IRF-8 in
the wild-type mouse. These results suggest that a subset of
IRF-8(—) DCs could not be generated in the absence of the
IRF-4 gene, implying that IRF-4 is essential for the development
of IRF-8(—), but not IRF-8(+), DCs. In contrast to the
CD11b"e* DC subsets, we did not detect any significant abnor-
mality in the CD116**CD8a* DCs in IRF-4~/~ mice. This
subpopulation of DCs in the spleens of wild-type and IRF-4~/~
mice is IRF-8(+). The DCs that develop from the BM of
IRF-4=/~ mice in the Flt3L-supplemented culture are also
IRF-8(+), suggesting that IRF-4 is not essential for the devel-
opment and maturation of CD11b'*CD8a* conventional DCs.
Taken together, it is clear that all of the DC subsets that were
examined expressed IRF-4 and/or IRF-8, suggesting the intrigu-
ing possibility that the function of either IRF-4 or IRF-8 is
essential for the development of DCs.

The development of CD1lbhieh CD4* DCs was severely
impaired in mice lacking the RelB subunit of NF-«B (45). This
defect in the DC subset is similar to the defects in IRF-4~/~ mice.
The expression of the IRF-4 gene is activated by c-Rel, another
member of the NF-«xB family, in B cells (46). RelB can bind to
the same recognition DNA sequence as ¢-Relin DCs (47). These
findings suggest that IRF-4 might be regulated by RelB in DCs.
In addition, tumor necrosis factor receptor-associated factor
(TR AF} 6, which operates in the activation of NF-«B, is required
for the development of conventional CD4* DCs (45), suggesting
that IRF-4 might also be regulated through TRAF6. The elu-
cidation of the regulatory mechanisms for IRF-4 gene expression
would help to clarify the developmental mechanisms of DCs.

Functional differences between CD11bMeCD8a~ and
CD11b'*CD8a* DCs have been suggested in a number of
studies. These two subclasses of DCs regulate the development
of T helper (Th) cells secreting discrete sets of lymphokines:
CDI11bhs"CD8a~ DCs induce Th2-type responses and
CD11b**CD8a* DCs induce Thl-type responses (48). The
preferential induction of Thl responses by CD11b**CD8a*
DCs is mainly caused by their production of IL-12. In this
study, we showed that IRF-4 and IRF-8 are expressed pref-
erentially in CD11bMehCD8a~ and CD11b"™*CD8a+ DCs,
respectively. These IRFs may dictate not only the differenti-
ation but also the function of these DC subsets. IRF-§ directs
the expression of IL-12 (49) and IL-18 (50), promoting Th1-
biased immune responses. On the other hand, IRF-4 is in-
volved in the Th2-bias, by promoting EL-4 production by CD4+*
T-cells and regulating their responsiveness to [L-4 (24, 51, 52).
Therefore, it is intriguing to speculate that the IRF-4 expressed
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