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The Jmjd3-/rf4 axis regulates M2 macrophage
polarization and host responses against

helminth infection

Takashi Satoh'%, Osamu Takeuchi->$, Alexis Vandenbon?, Koubun Yasuda?, Yoshiaki Tanaka3,
Yutaro Kumagai'?, Tohru Miyake"2, Kazufumi Matsushita'2, Toshihiko Okazaki!, Tatsuya Saitoh!2,
Kiri Honma®, Toshifumi Matsuyama®, Katsuyuki Yui®, Tohru Tsujimura’, Daron M Standley?,

Kenji Nakanishi?, Kenta Nakai® & Shizuo Akira!-2

Polarization of macrophages to M1 or M2 cells is important for mounting responses against bacterial and helminth infections,
respectively. Jumonji domain containing-3 (Jmjd3), a histone 3 Lys27 (H3K27) demethylase, has been implicated in the
activation of macrophages. Here we show that Jmjd3 is essential for M2 macrophage polarization in response to helminth
infection and chitin, though Jmjd3 is dispensable for M1 responses. Furthermore, Jmjd3 (also known as Kdméb) is essential for
proper bone marrow macrophage differentiation, and this function depends on demethylase activity of Jmjd3. Jmjd3 deficiency
affected trimethylation of H3K27 in only a limited number of genes. Among them, we identified /rf4 as encoding a key
transcription factor that controls M2 macrophage polarization. Collectively, these results show that Jmjd3-mediated H3K27
demethylation is crucial for regulating M2 macrophage development leading to anti-helminth host responses.

Innate immune cells such as macrophages sense the presence of
microbial infection through pattern-recognition receptors and mount
anti-microbial responses'3. The Toll-like receptor (TLR) family is
one of the best-characterized PRR families recognizing various patho-
gens such as bacteria, viruses, protozoa and fungi. TLRs are crucial
in evoking innate immune responses to infection by various patho-
gens, leading to production of inflammatory mediators, including
proinflammatory cytokines, chemokines and interferons.
Macrophages are functionally polarized into M1 and M2 cells in
response to infection with microorganisms and host mediators*>.
M1 macrophages produce large amounts of nitric oxide by express-
ing inducible nitric oxide synthase (iNOS) and tumor necrosis factor
(TNF), and are essential for clearing bacterial, viral and fungal infec-
tionsS. Other macrophages, called alternatively activated macrophages
or M2 macrophages, have an important role in responses to parasite
infection, tissue remodeling, angiogenesis and tumor progression. M2
macrophages are characterized by their high expression of arginase-1
(Argl), chitinase-like Ym1 (Chi3I3), found in inflammatory zone-1
(Fizz1, also called Retnla) mannose receptor (Mrcl encoding MR,
also known as CD206), and chemokines such as CCL17 and CCL24
(refs. 7-11). The PRR system responsible for the recognition of
helminth infection and M2 polarization has yet to be identified.

Cytokines and growth factors have been implicated in the
reprogramming of M1 and M2 macrophages. Whereas interferon-y
(IFN-y), produced by activated T cells and TLR ligands, induces M1
macrophage generation, stimulation of macrophages with interleukin-4
(IL-4) or IL-13 induces M2-type macrophages*>. In addition, immune
complexes, IL-10 and glucocorticoid or secosteroid hormones are also
known to generate M2 macrophages. Among growth factors, treatment
of bone marrow cells with granulocyte-macrophage colony-stimulating
factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF)
leads to generation of M1 and M2 cells, respectively!2-15,

TLRs trigger intracellular signaling pathways, inducing activa-
tion of a set of transcription factors, such as NF-xB, AP-1, C/EBPB,
PU.I and interferon-regulatory factors (IRFs)!!6. These transcrip-
tion factors cooperatively upregulate the expression of multiple genes
such as proinflammatory cytokines, leading to M1 macrophage polar-
ization. Proteins induced by TLR signaling are known to modulate
inflammatory responses. IkB(, an IkB family member, positively
regulates certain genes such as 116 by interacting with NE-kBp50 or
inducing histone modification'”!8, whereas ATF3 negatively regulates
expression'®, In contrast, transcription factors such as STAT6 and
peroxisome proliferator-activated receptor-y (PPARY) are involved
in polarization of M2 macrophages®2°.
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Figure 1 Jmjd3 is dispensable for induction of M1 macrophage polarization. (a-d) ELISAs
showing production of TNF (a,c) and IL-6 (b,d) in resident PECs (a,b) or thioglycollate-elicited
PECs (c,d) from wild-type (WT) or Jmjd3-/~ bone marrow chimeras. Med, control medium;
ND, not determined. (e) CD11b and F4/80 expression in PECs harvested from WT or
Jmjd3-'- chimeras either untreated (resident Mo), 3 d after treatment with thioglycollate

(TEM), or 24 or 48 h after intraperitoneal infection with L. monocytogenes.
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numbers indicate percentage of F4/80*CD11b* cells in total PECs. (f) Numbers of F4/80+*CD11b* macrophages in PECs harvested from WT

or Jmjd3~/- chimeras either untreated, 3 d after thioglycollate treatment or

24 or 48 h after intraperitoneal infection with L. monocytogenes.

(g) ELISAs showing concentrations of TNF, IL-6, IFN-y and IL-12p40 in the sera of WT or Jmjd3-- chimeras infected with L. monocytogenes.
(h) Quantitative PCR analysis showing expression of TNF, IL-6, IL-12p40 and iNOS mRNAs (relative to 18S rRNA) in PECs in mice infected with

L. monocytogenes. Results are representative of four (c—f) or two (a,b,g,h) i

In addition to regulation by transcription factors, epigenetic regu-
lation is essential for controlling proper gene expression'®. Histone
modifications, particularly at the N-terminal tails, and dynamic
chromatin remodeling have been shown to be important for control-
ling sets of genes. In the case of histone modification, trimethyla-
tion of H3K4 is associated with active gene transcription, whereas
trimethylation of H3K9, H3K27 and H4K20 is linked to silencing of
gene expression'©2122, The methylation of H3K27 is mediated by the
Polycomb repressive complex-2 (PRC2), composed of Ezh2, Suz12
and Eed (ref. 23). Proteins harboring a Jumonji-C (JmjC) domain,
such as Jmjd3, Utx and Uty, are known to act as H3K27 demethy-
lases, catalyzing the conversion of H3K27me3 (trimethylated) to
H3K27mel (monomethylated)?4-26.

It has been reported that the expression of Jmjd3 is induced in
macrophages by TLR stimuli in an NF-kB-dependent fashion?®
Jmjd3 has also been identified as an early TLR-inducible gene in
mouse macrophages by microarray analysis?’. H3K27 trimethyla-
tion is implicated in the silencing of gene expression, and it has been
shown that Jmjd3 is recruited to transcription start sites (TSSs) that
have abundant RNA polymerase II and H3K4me3 (ref. 28). Jmjd3
is reported to fine-tune macrophage activation by controlling Bmp2
and Hox expression?S. Furthermore, Jmjd3 has been linked to the
control of development through the regulation of Hox, and to onco-
genesis through promotion of the expression of Ink4a?%3C. Here
we report the role of Jmjd3 in vivo in controlling M2 macrophage
polarization and identify Irf4 as a Jmjd3 target gene crucial for the
regulation of macrophages.

RESULTS

Generation of Jmjd3~'- mice

To investigate the functional roles of Jmjd3 in immune responses
in vivo, we generated Jmjd3~~ mice (Supplementary Fig. 1a,b).
Reverse-transcription PCR analysis showed that the expression

NATURE IMMUNOLOGY VOLUME 11 NUMBER 10 OCTOBER 2010

ndependent experiments (error bars indicate s.d.).

of Jmjd3 was abrogated in Jmjd3~/~ mouse embryonic fibroblasts
(Supplementary Fig. 1c). Jmjd3~/~ mice died perinatally, and
adult jmjd3~/~ mice were not obtained (Supplementary Fig. 2a).
Histological examination revealed that alveolar cell walls were thick-
ened with tissues, and almost no air space was observed in lungs
of Jmjd3~'~ neonates (Supplementary Fig. 2b), suggesting that the
postnatal lethal phenotype of Jmjd3~~ mice is due to premature devel-
opment of lung tissues. To analyze the role of Jmjd3 in hematopoi-
etic cells, we obtained fetal liver cells from Jmjd3~/~ E15.5 embryos
and established bone marrow-chimeric mice. Flow cytometry
revealed that populations of T cells, B cells, conventional dendritic
cells, plasmacytoid dendritic cells, natural killer cells, neutrophils,
F4/80*CD11b* macrophages and Ly6CMCD11b* inflammatory
monocytes in the spleen were similar between wild-type and Jmjd3~/-
chimeras (Supplementary Fig. 3). Proliferative responses of splenic
T and B cells to mitogens and antigen receptor stimuli were also
not altered (Supplementary Fig. 4). Furthermore, Jmjd3~/~ splenic
T cells differentiated into either type 1 or type 2 helper T cells (Ty1
and Ty2) produced normal amounts of IFN-y or IL-4, respectively
(Supplementary Fig. 5). These results indicate that T cells lacking
Jmjd3 are capable of differentiating into Ty;1 and T2 cells in response
to cytokines.

Jmjd3 is dispensable for M1 macrophages

As Jmjd3 is a TLR-inducible gene in macrophages, we first exam-
ined cytokine production of peritoneally resident and thioglycollate-
elicited peritoneal exudate cells (PECs) in response to TLR ligands
including lipopeptide (Pam3CSK,, a TLR2 ligand), lipopolysaccha-
ride (LPS, a TLR4 ligand), imidazoquinoline analog (R-848, a TLR7
ligand) and oligonucleotide with a CpG motif (CpG-DNA, a TLR9
ligand). Production of TNF and IL-6 in response to TLR ligands did
not differ between wild-type and ]mjd3" ~ tissue-resident macro-
phages and thioglycollate-elicited PECs (Fig. 1a-d). PECs elicited

937
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Figure 2 Crucial role of Jmjd3 in M2 macrophage polarization in response to chitin administration. (a,b) Expression of CD11b and either F4/80 (a) or
Siglec-F (b) in PECs harvested from wild-type (WT) or Jmjd3-"- chimeric mice 2 d after peritoneal injection with chitin. Quadrants and numbers in a
indicate percentage of cells in each gate (F4/80*CD11b*, F4/80*CD11b-, F4/80-CD11b* and F4/80-CD11b-); circles and numbers in b indicate
percentage of Siglec-F* eosinophils in total PECs. (c,d) Numbers of F4/80+CD11b* macrophages (c) or Siglec-F* eosinophils (d) in PECs harvested
from WT or Jmjd3-- chimeric mice 2 d after peritoneal injection with chitin. (e) Cell types within PEC population from chitin-treated mice, stained
with Diff-Quick in cytospin centrifuges. Mo, macrophages; EO, eosinophils. (f) Surface MR expression on peritoneal F4/80+CD11b* macrophages from
chitin-treated mice. Graph shows MR expression on macrophages on horizontal axis. (g) Quantitative PCR showing expression of Argl, Ym1, Fizzl, MR

and iNOS mRNAs (relative to 18S rRNA). Total RNA was prepared from PECs 48 h after administration of chitin. *P < 0.05; **P < 0.01 (two-tailed
Student’s t-test). Results are representative of five (a-d), two (e) or three (f,g) independent experiments (error bars indicate s.d.).

by peptone treatment of wild-type or Jmjd3~/~ chimeras also pro-
duced similar amounts of TNF and IL-6 in response to TLR ligand
stimulation (Supplementary Fig. 6a). Flow cytometry revealed
that the proportions of F4/80*CD11b*Grl™ cells among resident
and thioglycollate-elicited PECs did not differ between wild-type
and Jmjd3~'~ chimeras (Fig. 1e and Supplementary Fig. 7). The
total number of peritoneally resident macrophages, thioglycollate-
elicited macrophages and peptone-elicited macrophages was
not changed in Jmjd3~/~ chimeras (Fig. 1f and Supplementary
Fig. 6b). We then examined the role of Jmjd3 in M1 macrophage
polarization in response to Listeria monocytogenes infection. When
L. monocytogenes was inoculated intraperitoneally, production of
proinflammatory cytokines in the sera was similar in wild-type and
Jmjd3!~ chimeras (Fig. 1g). F4/80*CD11b*Grl* macrophages,
F4/80'1'CD11b*Gr1M neutrophils, and F4/80-CD11bi™B220* and
F4/80°CD11b"B220* B cells were examined in PECs prepared
from L. monocytogenes-infected mice (Supplementary Fig. 8). The
number of macrophages recruited to the peritoneal cavity was similar
in wild-type and Jmjd3~'~ chimeras (Fig. le,f). Furthermore, the
expression of genes encoding TNF, IL-6, IL-12p40 and iNOS in PECs
were similarly upregulated (Fig. 1h). Collectively, these data suggest
that Jmjd3 is not involved in the generation and recruitment of M1
macrophages in response to inflammatory reagents and bacterial
infection in vivo.

Jmjd3 is needed for M2 polarization to chitin

Chitin is a polymerized sugar and a structural component of
helminths, arthropods and fungi®!. It has been shown that chitin
administration recruits macrophages with the M2 phenotype to
the site of administration, which are important for subsequent
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recruitment of eosinophils*>**. Indeed, we found that intraperito-
neal administration of chitin recruited F4/80*CD11b* macrophages
(Fig. 2a), Siglec-F*CCR3*CD4"~ eosinophils and CD11bi"B220*
B cells to the peritoneal cavity after 48 h in wild-type mice (Fig. 2b
and Supplementary Fig. 9). Whereas the number of chitin-elicited
F4/80*CD11b* macrophages was similar between wild-type and
Jmjd3~'= chimeras (Fig. 2c), the recruitment of eosinophils was
severely impaired in Jmjd3~/~ chimeras (Fig. 2b-e). Furthermore,
the expression of MR on chitin-elicited macrophages was severely
impaired in Jmjd3~/~ chimeras (Fig. 2f). Chitin-elicited macrophages,
but not eosinophils or B cells, expressed high levels of mRNA encod-
ing Argl, Yml, Fizzl and MR, the hallmarks of M2 macrophages
(Supplementary Fig. 10). The expression of genes encoding Argl,
Ym1, Fizz1 and MR was considerably lower in chitin-induced PECs
obtained from Jmjd3~/~ chimeras compared with wild-type controls,
whereas expression of the gene encoding iNOS, associated with M1
macrophages, was not altered (Fig. 2g). Of note, the numbers of
eosinophils circulating in the blood were similar in wild-type and
Jmjd3~/~ chimeric mice, suggesting that eosinophil development was
not impaired by Jmjd3 deficiency (data not shown). Together, these
results suggest Jmjd3 is necessary for M2 macrophage polarization
in response to chitin administration.

Role of Jmjd3 in helminth infection

Next we investigated whether Jmjd3 contributes to the responses
against helminth infection in vivo. We used the Nippostrongylus
brasiliensis infection model, which induces a strong type 2 immune
response in the lung. Bronchoalveolar lavage (BAL) staining 5 and 13 d
after infection revealed that macrophages were similarly recruited to
the lung in wild-type and Jmjd3~/~ bone marrow chimeras (Fig. 3a,b).
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Figure 3 Crucial role of Jmjd3 in the responses to N. brasiliensis infection. |33
(a) Macrophages and eosinophils from WT and Jmjd3-/~ chimeric mice 4 20.7 & "
inoculated with 300 third-stage larvae of N. brasiliensis. BAL fluid was wr " E/» 5 s 1
extracted 13 d after N. brasiliensis infection, and cells were stained = ﬁ o
with Diff-Quik. (b) Total numbers of monocytes and macrophages and " g 2
eosinophils in the BAL fluid from wild-type (WT; n = 7) and Jmjd3~- (n="7) 10 8% s
chimeras 0, 5 and 13 d after infection. (c) Expression of indicated mRNAs 10° 1.14 i X
(vertical axes; relative to 185 rRNA) determined by quantitative PCR in N. o 102 = % 1
brasiliensis-infected or uninfected mice (WT or Jmjd3--). Infected, n=7; Jmjd3 Ly | 5" s
uninfected, n = 2. (d,e) Representative result of intracellular IL-4 and IFN-y 3 < 10 i o
staining in T cells from hilar lymph nodes (d), and number of IL-4-producing O10° B | 107 B 0 WT Jmjaa™
cells in a hilar lymph node (e), harvested from WT and Jmjd3-- chimeras 1([:)D410 107 107 10 IL?\J_;O 107 107 10

9 d after N. brasiliensis inoculation. After harvesting, cells were stimulated

with CD3 and CD28 for 4 h, and CD4, CD8, IL-4 and IFN-y expression were determined. Boxes and numbers indicate percentages of CD4* cells in hilar
lymph node cells and IL-4—producing cells in CD4* cells. *P < 0.05; **P< 0.01 (two-tailed Student’s -test). Results are representative of two experiments
with four mice per group (a,b), a single experiment with seven mice per group (c) or a single experiment with five mice (d,e) (error bars indicate s.d.).

However, the recruitment of eosinophils was severely impaired in ~ Fizz1 and MR were barely expressed in Jmjd3~'- chimeras (Fig. 3c).
Jmjd3~'~ chimeric mice (Fig. 3b). To investigate the characteristics ~Furthermore, induction of genes encoding the eosinophil-recruiting
of recruited macrophages, we extracted RNA from lung tissue chemokine eotaxin-2 and the Ty;2-inducing cytokines IL-4 andIL-13
5 d after N. brasiliensis infection. M2 markers such as Argl, Yml, was severely impaired in Jmjd3~/~ chimeric mice (Fig. 3c). Thus, we
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of Argl, Ym1, Fizz1, MR and IL-13 mRNAs (relative to 185 rRNA) in total RNA prepared from WT and Jmjd3- M-BMMs. (f) Quantitative PCR analysis showing
expression of Argl and Fizz1 mRNAs (relative to 18S rRNA) in total RNA prepared from WT and Jmjd3-~ M-BMMs stimulated with IL-4 (10 ng/ml). (g,h) Reverse-
transcription PCR showing expression of Jmjd3 cDNA, with Actb cDNA as an expression control (g), and quantitative PCR showing expression of Argl, Ym1

and MR mRNAs (relative to empty-vector control; h), in total RNA of Jmjd3-"~ M-BMMs generated from bone marrow cells infected with retroviruses expressing
WT Jmjd3 (amino acid residues 1141-1641) or its iron binding—deficient mutant. Results are representative of four (a-d), three (e,f) or two (g,h) independent
experiments (error bars indicate s.d.).
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Figure 5 Jmjd3 is required for the cell-cycle progression of M-BMMs. (a) Numbers of GM-BMMs and M-BMMs generated from wild-type (WT)

and Jmjd3~'~ bone marrow cells. Bone marrow cells from WT and Jmjd3-/- chimeras were cultured in the presence of GM-CSF for 5 d or M-CSF for
time indicated (horizontal axis), and the number of adherent CD11b* cells was counted. (b) Incorporation of BrdU in WT and Jmjd3~- GM-BMMs
and M-BMMs incubated in the presence of BrdU for 24 h. Incorporation was examined by intracellular staining with anti-BrdU. (¢) Quantitative
PCR showing expression of mRNAs encoding c-Myc, c-Myb, cyclin D1 and cyclin D2 (relative to 18S rRNA) in WT and Jmjd3-'- M-BMMs.

(d) Surface expression of colony stimulating receptor (CSF1R) and CD11b on WT and Jmjd3~'- M-BMMs. Boxes and numbers indicate percentages
of CSF1R-expressing M-BMMs. (e) Expression of phosphorylated (p-) and unphosphorylated Erk, p38 and Akt in WT and Jmjd3~~ M-BMMs
stimulated with M-CSF (50 ng/ml). Cells were starved for 4 h before stimulation, and cell lysates were subjected to immunoblot analysis with
antibodies to p-Erk, p-p38 and p-Akt. The membrane was stripped and reprobed for expression of Erk, p38 and Akt. (f) Quantitative PCR showing
Jmjd3 mRNA expression (relative to 18S rRNA) by M-BMMs and GM-BMMs. *P < 0.05; **P < 0.01 (two-tailed Student’s t-test). Results are
representative of four (a), three (b,f) or two (c-e) independent experiments (error bars indicate s.d.).

investigated the activation of T cells in the pulmonary lymph nodes
9 d after N. brasiliensis infection. Whereas CD4* T cells prepared
from wild-type pulmonary lymph nodes expressed IL-4, but not
IFN-y, the frequency of IL-4-producing CD4* T cells was severely
impaired in pulmonary T cells prepared from Jmjd3~/~ chimeric mice,
suggesting that Jmjd3-mediated M2 macrophage activation is crucial
for N. brasiliensis to induce Ty2 responses in the lung (Fig. 3d.e).
However, histological changes in the intestine were not severely
impaired in Jmjd3~/~ chimeric mice (data not shown). Collectively,
our results demonstrate that Jmjd3 is essential for mounting immune
responses to helminth infection, directing M2 macrophage polariza-
tion in the lung but not in the small intestine.

Role of Jmjd3 in M2 macrophage generation in response to M-CSF
Numerous studies have shown that GM-CSF induces M1
macrophages from bone marrow cells and M-CSF induces
M2 macrophages from bone marrow cells!2-!5, When we used
GM-CSF to generate macrophages, similar amounts of TNF and
IL-6 were produced in wild-type and Jmjd3~/~ chimeras in response
to TLR ligands from adherent CD11b* macrophages (termed
GM-BMMs, for GM-CSF-induced bone marrow-derived macro-
phages; Fig. 4a,b). In contrast, production of IL-6, but not TNFE,
in response to TLR ligand stimulation was partially impaired
in Jmjd3~/~ bone marrow cultured in the presence of M-CSF
(M-BMMs; Fig. 4c,d). Furthermore, the expression of genes encoding
Argl, Yml, Fizzl, MR and IL-13 was severely impaired in M-BMMs
from Jmjd3~'~ chimeras (Fig. 4e), which indicates that Jmjd3 is
crucial for expression of hallmark M2 genes in M-BMMs. Jmjd3

940

is involved in the response of macrophages to IL-4 stimulation3%;
nevertheless, Argl and Fizz1 gene expression were similar after IL-4
stimulation in wild-type and Jmjd3~/~ M-BMM:s (Fig. 4f), suggesting
that the responses to IL-4 were not impaired in Jmjd3~'~ M-BMMs.
We then used microarray analysis to examine the gene expression
profiles in wild-type and Jmjd3~/~ M-BMM:s with or without LPS
stimulation. The expression of 1,371 genes was more than 50%
lower in unstimulated Jmjd3~/~ M-BMMs compared with wild-type
(Supplementary Table 1). In addition to Argl, Chi3I3 and Fizz1, the
expression of cytokine genes such as 112, 113, [4, I15 and 1113, as well
as that of chemokine genes such as Ccl1, Ccl17, Ccl22 and Ccl24, was
severely impaired in Jmjd3~/~ M-BMMs (Supplementary Table 1).
The expression of 2,188 genes was more than twofold higher in
wild-type M-BMMs in response to LPS stimulation, and that of
436 genes was reduced by over 50% in LPS-stimulated Jmjd3~/~
M-BMMs (Supplementary Table 2). For example, the expression
of 116 and I112b was partially impaired in Jmjd3~/~ M-BMMs, con-
sistent with a previous report (Supplementary Table 2). Therefore,
Jmijd3 is important for inducing expression of a large set of genes,
and some of these are related to M2 macrophage polarization
in M-BMMs.

In addition to its JmjC domain, Jmjd3 contains a putative tetra-
tricopeptide repeat domain in the N terminus. We therefore examined
whether the demethylase activity of Jmjd3 is needed for the defect in
M2 macrophage marker expression. We retrovirally expressed the
C-terminal part of Jmjd3, containing the JmjC domain (amino acid
residues 1141-1641), or its iron binding-deficient mutant (A1388H)
in Jmjd3~'~ bone marrow cells and then induced M-BMM:s (Fig. 4g).
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The A1388H mutation has been shown to abrogate the H3K27
demethylase activity of Jmjd3 (ref. 26). Expression of the C-terminal part
of Jmjd3 was sufficient to upregulate M2 marker genes such as Argl,
Chi3I3 and Mrcl (Fig. 4h). In contrast, the expression of Jmjd3 (A1388H)
did not increase the expression of M2 marker genes, which indicates that
the H3K27me3 demethylase activity of Jmjd3 is necessary and sufficient
for expression of M2 marker genes in M-BMMs.

M-BMMs require Jmjd3 for cell cycle progression

In addition to the impaired M2 marker expression, the total number
of M-BMM cells in Jmjd3~/~ chimeras was considerably lower than in
the wild type at days 5 and 7 of culture with M-CSF (Fig. 5a), although
the number of GM-BMM cells (M1) was not altered. We found
5-bromodeoxyuridine (BrdU) incorporation, a measure of cell division,
was severely impaired in Jmjd3~/~ M-BMMs compared with wild-type
cells (Fig. 5b), whereas wild-type and Jmjd3~'~ GM-BMM:s incorpo-
rated BrdU similarly. These results indicate that Jmjd3 controls cell-
cycle progression in response to M-CSF stimulation. Expression of cell
cycle-regulatory proteins (c-Myc, c-Myb, cyclin D1 and cyclin D2)
was impaired in Jmjd3~/~ M-BMMs at day 5 of culture (Fig. 5¢); how-
ever, the surface expression of M-CSF receptor (CSF-1R) was normal
in Jmjd3~'~ M-BMM:s (Fig. 5d). Furthermore, Jmjd3 deficiency did
not affect activation of the intracellular signaling molecules Erk, p38
and Akt, as indicated by their phosphorylation in M-BMM:s (Fig. 5e),
implying that the cell proliferation defects in Jmjd3~/~ M-BMMs are not
due to less activation of MAP kinases or Akt. The expression of Jmjd3 in
M-BMM s was much higher than that in GM-BMM:s (Fig. 5f), suggest-
ing that differential expression of Jmjd3 in M-BMMs and GM-BMMs

NATURE IMMUNOLOGY VOLUME 11 NUMBER 10 OCTOBER 2010

determines the contribution of Jmjd3 to their proliferation. Together,
these data indicate that Jmjd3 performs a key step in the generation of
M-BMMs, but not GM-BMMs, by controlling cell proliferation down-
stream of CSF-1R signaling.

Genome-wide analysis of H3K27me3 controlled by Jmjd3
Next we analyzed the genome-wide distribution of H3K27 trimeth-
ylation in wild-type and Jmjd3~~ M-BMM:s by chromatin immuno-
precipitation-sequencing (ChIP-Seq) analysis. We obtained an overall
picture of the H3K27me3 distribution in transcribed regions (based
on the genome-wide RefSeq mouse gene annotations in the University
of California, Santa Cruz database) and in regions 30 kb upstream
and 30 kb downstream. High levels of H3K27me3 tags were detected
surrounding TSSs in M-BMM:s from wild-type and Jmjd3~/~ chimeras
(Fig. 6a). In contrast, H3K27me3 levels were low in transcribed loci
compared with upstream and downstream regions (Fig. 6a). Notably,
H3K27me3 signals at the promoter and downstream regions were
higher in Jmjd3~/~ M-BMM:s compared with wild-type cells.

We then compared the gene expression data obtained by microarray
experiments with H3K27 methylation status. Overall, H3K27me3 levels
in regions close to the TSS (=5 to +1 kb) correlated negatively with gene
expression in M-BMM:s (correlation coefficient —0.441; Fig. 6b). Next,
we sorted genes by their ratio of expression in wild-type and Jmjd3~/~
M-BMMs and examined H3K27me3 levels. However, we did not detect a
correlation between H3K27me3 status and the difference in gene expres-
sion in wild-type compared with Jmjd3~/~ M-BMM:s (Fig. 6c). These data
suggest that only small numbers of genes were affected by the absence of
Jmjd3, and most loci are regulated by Utx or by both Jmjd3 and Utx.
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Arg! mMRNA  ==.

e f -
WT Ita™ —
10* hd S 16 12
:’_:, 12 8
2
g3 8 4
['S E 4
§ F o °
8 % %
3 & & 4“\{@
10° 10' 10% 10* 10 _
. Chitin-elicited ~ Chitin-elicited
Mac1 —> . y
macrophages eosinophils
g owr, h | . . -
- B Ifrd — ~— — —
3 —~ 3
- 4 — - el
5% st £ o G2
o 60 T 3 _T2 -3 X
< o
g . £2 , b g2 32,
3 20 <g 1 K a1 3
8 = g £ g
0 0 o 0 0
10% 10" 10? 10% 10* S & &8 &
MR ——» RS Ry RS RS
B 3 12 1,200
~2 < g3 < EN 5
B £2s) Wee,| W=s2 WETos)|m s s
24 £5o s Es of e
2 e NEy et 2204 z 400
=71 i . = E 0 =
S & OQ‘\ & S& 0‘5\ & (\Q‘\ & OQd &
<& < < < & 2

M-BMMs retrovirally reconstituted with WT Jmjd3 (amino acid residues 1141-1641) or its iron binding-deficient mutant. (c) Quantitative PCR showing
expression of M2 markers and Jmjd3 in bone marrow cells from WT and Irf4-"- mice cultured in the presence of M-CSF for 5 d. (d) Numbers of M-BMMs
obtained from wild-type and /rf4~"- mice. (e-g) Macrophage and eosinophil recruitment (e), numbers of macrophages and eosinophils (f) and expression

of MR (g) in macrophages from chitin-elicited PECs. WT and /rf4-'-

mice were intraperitoneally treated with chitin, and PECs were prepared 48 h after

treatment. Graph in g shows percentage of macrophages with the MR expression levels indicated on horizontal axis. (h) Quantitative PCR showing expression
of M2 markers (relative to 18S rRNA) in total RNA prepared from PECs obtained from chitin-treated WT and /rf4~~ mice. (i) Quantitative PCR showing
expression of M2 markers and Jmjd3 (relative to empty-vector control) in Jmjd3-'- M-BMMs in which Irf4 was ectopically expressed using retrovirus.
*P<0.05; **P < 0.01 (two-tailed Student’s t-test). Results are representative of two (a,b, i) or three (c—h) independent experiments (error bars indicate s.d.).

Given the higher concentration of H3K27me3 tags in the region near
the TSS, and the lack of overall correlation between expression changes
and tag numbers, we focused on the promoter regions of individual
genes that showed H3K27me3 peaks. We looked for peaks in wild-
type and Jmjd3~/~ M-BMM samples and divided the genome-wide set
of genes into three different classes depending on H3K27me3 status
(Fig. 6d). Class 1 genes harbored an H3K27me3 peak in wild-type
M-BMMs. Class 2 genes did not have an H3K27me3 peak in either
wild-type or Jmjd3~'~ M-BMMs. Class 3 genes such as Irf4 and Tm?7sf4
had an H3K27me3 peak in Jmjd3~/~ but not in wild-type M-BMM:s.
We generated a table of 500 genes differentially expressed in wild-type
and Jmjd3~'~ M-BMMs, comparing H3K27 methylation status and
gene expression from the microarray data (Supplementary Table 3).

Although Hox genes, such as Hoxa7, Hoxa9 and Tix1 (also called
Hox11), and Bmp2 have been reported to be regulated by Jmjd3
(ref. 26), the H3K27 of their loci were highly trimethylated in
M-BMM:s both in the presence and absence of Jmjd3, and they
therefore were assigned to class 1 (Fig. 6d and Supplementary
Table 3). Furthermore, Hox and Bmp2 gene expression was not
lower in Jmjd3~~ M-BMMs (Supplementary Table 3), which
indicates that these genes are not crucially regulated by Jmjd3 in
M-BMMs. Furthermore, M2 marker genes, such as Argl, Chi3I3,
Rentla and Mrcl, were all in class 2, which indicates that their
expression is not directly regulated by Jmjd3 (Fig. 6d and
Supplementary Table 3). Thus, we proposed that transcription
factors directly regulated by Jmjd3-mediated demethylation are
responsible for the polarization of macrophages. When we searched
genes categorized in class 3, we found Irf4 and Cebpb. In particular,
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the promoter region close to the TSS of Irf4 had a high H3K27me3
signal in Jmjd3~/~ but not in wild-type M-BMMs (Fig. 6d).

Identification of /rf4 as a Jmjd3 target gene
We confirmed by ChIP analysis that H3K27 at the promoter region
of Irf4 is differentially methylated in wild-type and Jmjd3~/~ macro-
phages (Fig. 7a). Furthermore, when we retrovirally expressed
the C-terminal region of Jmjd3 or its mutant in Jmjd3~'~ macro-
phages, we found the expression of Irf¢ was demethylase activity
dependent (Fig. 7b). These results demonstrate that Irf4 is one
of the Jmjd3 target genes in M-BMMs. Therefore, we examined
the contribution of Irf4 to expression of mRNAs encoding Argl,
Ym1, Fizz1 and MR by using Irf4/~ mice. Induction of M2-related
genes was severely impaired in Irf4~/~ M-BMMs; in contrast, the
expression of Jmjd3 was similar between wild-type and Irf4~/~
M-BMMs (Fig. 7c). Notably, the number of M-BMM cells was
not lower in Irf4~/~ mice (Fig. 7d). When chitin was administered
peritoneally, recruitment of eosinophils, but not macrophages,
was severely impaired in Irf4~/~ mice (Fig. 7e,f). MR expression
in chitin-elicited peritoneal macrophages was greatly impaired in
Irf4~'- mice (Fig. 7g). In addition, the mRNA expression of the
M2 macrophage markers encoding Argl, Ym1, Fizzl and MR was
severely impaired in chitin-induced macrophages from Irf4~/~
mice (Fig. 7h). These results demonstrate that Irf4 is crucial for
the polarization of macrophages to M2 in M-BMMs and in vivo in
response to chitin administration.

We then retrovirally expressed Irf4 in Jmjd3~~ M-BMMs and
examined the expression of M2 marker genes (Fig. 7i). The expression
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of Irf4 upregulated mRNAs encoding Argl, Yml, Fizzl and MR in
Jmjd3~'~ M-BMMs, though the expression of Jmjd3 was unaltered
(Fig. 7i). These results suggest that Irf4 contributes to the expression
of M2 marker genes downstream of Jmjd3.

DISCUSSION

Here we focused on the role of Jmjd3 in macrophages mounting anti-
bacterial and anti-parasitic responses. Whereas Jmjd3 was dispensable
for M1 macrophage polarization, mice lacking Jmjd3 did not mount
proper M2 responses against helminth infection or chitin administration.
Furthermore, bone marrow macrophages induced by M-CSF showed
demethylase activity-dependent defects in expressing various genes,
including M2 macrophage markers. Nevertheless, only a subset of genes
had H3K27me3 levels differentially regulated by the presence or absence
of Jmjd3. Among these genes, we found Irf4 to be one of the direct targets
of Jmjd3-mediated demethylation. Finally, we found that Irf4 is a trans-
cription factor crucial for the induction of M2 macrophage responses.

Although Jmjd3 is a TLR-inducible gene, Jmjd3~/~ mice showed
vigorous M1 macrophage activation in response to Listeria inocula-
tion. These results suggest that Jmjd3 is not essential for generating
and recruiting M1 macrophages to bacterial infections. Our data are
consistent with a previous report showing that gene expression in
response to LPS stimulation is only modestly changed in macrophages
lacking Jmjd3 and that Jmjd3 in this case fine-tunes the transcrip-
tional output?3, TLR signaling upregulates genes involved not only
in the promotion of inflammation, but also in termination or tissue
remodeling. For instance, ATF3 and Zc3hl2a are rapidly induced
in response to TLR stimulation and inhibit inflammatory cytokine
production!'®?’, It has been shown that M2 macrophages promote
tissue remodeling as well as Ty2 responses. Thus, it is possible that
Jmjd3 induction functions as part of a feedback mechanism acting to
repair inflammatory damage caused by TLR stimulation.

Chitin is an abundant structural component of helminths,
crustaceans and fungi, and administration of chitin strongly induces
M2 macrophage activation. Intraperitoneal administration of
chitin recruited M2 macrophages and eosinophils in a Jmjd3- and
Irf4-dependent fashion. These results indicate that the Jmjd3-Irf4 axis
is essential for M2 macrophage polarization to helminth infection.

However, addition of chitin to the macrophage culture did not stim-
ulate the cells to upregulate M2 marker gene expression in our experi-
ments (data not shown). Although TLR2 has been reported to mediate
acute inflammation in response to chitin, another study has shown
that chitin-mediated M2 macrophage activation is independent of
MyD88, an adaptor molecule used by all TLRs (refs. 32,35). Currently,
the mechanism by which chitin activates macrophages is not well
understood. Moreover, it is still not clear what unique role Jmjd3
carries out in the generation of M2 macrophages in response to chitin
and helminth infection. The identification of the chitin receptor(s) in
the future will be vital for clarifying mechanisms of innate immune
activation in response to helminth infection.

Jmjd3~'~ mice also showed severe defects in recruiting M2 macro-
phages in response to N. brasiliensis infection. Although it is unknown
which components of N. brasiliensis activate innate immune cells,
Jmjd3-mediated H3K27me3 demethylation seems to be essential for
macrophage responses to this parasite. Further studies are needed to
identify the role of Jmjd3 in controlling infection with other helminths
pathogenic to humans. M2 macrophages are known to be important for
tumor cell survival and tissue remodeling in response to inflammation,
in addition to the response against helminth infection. Thus, it would
be interesting to use this mouse model to explore how epigenetic regula-
tion in macrophages promotes cancer progression or wound healing,
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A previous report has found that Jmjd3 expression is upregulated
in response to IL-4 and that H3K27me3 levels decrease in response to
IL-4 stimulation?$. We observed that although M-BMM:s and chitin-
induced peritoneal macrophages showed severe defects in M2 macro-
phage marker expression in the absence of Jmjd3, Jmjd3~'~ M-BMMs
were capable of upregulating expression of genes representative of M2
macrophages in response to IL-4 stimulation. These findings suggest
that IL-4 acts independently of Jmjd3-mediated H3K27 demethyla-
tion to promote M2 polarization. The same report>* showed that
H3K27me3 levels of various M2 marker genes were directly control-
led by Jmjd3 to activate transcription. In contrast, our ChIP-Seq data
demonstrate that H3K27me3 levels of most M2 marker genes, such
as Argl, are not changed in the absence of Jmjd3. Furthermore, defi-
ciency in Irf4, one of the Jmjd3 target genes, resulted in defective M2
responses to chitin administration or M-CSF culture. Thus, it is more
likely that Jmjd3 secondarily regulates M2 macrophage polarization
by controlling expression of a set of transcription factors.

In addition to M2 marker gene expression, M-BMMs lacking Jmjd3
showed proliferation defects in response to M-CSF stimulation. This is
not due to impaired M-CSF receptor expression or defective activation
of initial signaling molecules. Although the expression of genes involved
in cell-cycle progression, such as those encoding c-Myc, cyclin D1 and
cyclin D2, was impaired in Jmjd3~/~ M-BMMs, H3K27me3 levels of
these genes did not differ between wild-type and Jmjd3~/~ M-BMMs.
Furthermore, Irf47~ M-BMM:s did not show a defect in cell cycling
(data not shown). Thus, it is possible that other Jmjd3 target genes are
responsible for controlling the proliferation of M-BMMs.

ChIP-Seq analysis revealed that, in general, differences between
wild-type and Jmjd3~/~ M-BMM H3K27me3 levels at gene promoter
regions were subtle. Nevertheless, gene expression profiles examined
by microarray analysis were substantially different in wild-type and
Jmjd3~'~ M-BMMs, and the responses to chitin or helminth infec-
tion in vivo were severely impaired in Jmjd3~/~ mice. Although it has
been shown that Hoxa and Bmp2 genes are potential targets of Jmjd3
(ref. 26), the expression of these genes was not lower in Jmjd3~/ cells,
and the H3K27me?3 levels were similar between wild-type and Jmjd3~/~
M-BMMs. These results suggest that other H3K27 demethylases such as
Utx and Uty compensate for the lack of Jmjd3 in macrophages.

However, we identified Irf4 as one direct Jmjd3-specific target
transcription factor. Irf4 has been shown to be involved in Ty2 cell
polarization as well as in plasma cell differentiation and class-switch
recombination in B cells®”38. It has also been reported that Irf4
functions in regulatory T cells to regulate Ty;2 responses®. Indeed,
Irf4~'~ mice have been found to show defective T2 responses to
N. brasiliensis infection’. Given that Irf4~~ mice did not induce
M2 macrophages in response to chitin administration in our
experiments, it is likely that the defects of macrophages in Irf4~/~
mice also contribute to their abnormal responses to N. brasiliensis
infection. In macrophages, Irf4 functions as a negative regulator of
TLR signaling by associating with MyD88 (refs. 41,42).

Jmjd3~'~ mice showed neonatal death due to a developmental defect
in lung tissue. Although Jmjd3 directly regulated the expression of Irf4
in macrophages, Irf4~/~ mice did not show a developmental defect.
Thus, Jmjd3 controls genes other than Irf4 in the lung tissues for
proper tissue development, and we focused solely on the role of this
molecule in macrophages.

It is tempting to speculate that the change in epigenetic status is cru-
cial for determining macrophage polarization. Future development of
procedures to specifically regulate Jmjd3 demethylase activity might
be useful for manipulating macrophages to mount anti-helminth host
defenses and tissue repair.
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METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/natureimmunology/.

Accession codes. GEO: microarray data, GSE23180; ChIP-Seq data,
GSE23297.

Note: Supplementary information is available on the Nature Immunology website.
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ONLINE METHODS

Generation of Jmjd3~'~ mice. The Jmjd3 gene was isolated from genomic
DNA extracted from embryonic stem cells (GSI-I) by PCR. The targeting
vector was constructed by replacing a 4-kb fragment encoding the Jmjd3 open
reading frame (exons 14-21, including exons encoding the JmjC domain)
with a neomycin-resistance gene cassette (neo), and herpes simplex virus
thymidine kinase was inserted into the genomic fragment for negative
selection. After the targeting vector was transfected into embryonic stem cells,
G418 and gancyclovir doubly-resistant colonies were selected and screened
by PCR; recombination was further confirmed by Southern blotting. These
homologous-recombinant clones were microinjected into blastocysts derived
from C57BL/6 mice and were transferred to pseudopregnant females. Matings
of chimeric male mice to C57BL/6 female mice resulted in transmission of the
mutant allele to the germline. Resulting Jmjd3*/~ mice were intercrossed to
generate Jmjd3~'~ mice. All animal experiments were done with the approval
of the Animal Research Committee of the Research Institute for Microbial
Diseases, Osaka University.

Mice, cells and reagents. Irf4/~ mice were prepared as described*!, Bone
marrow-derived macrophages were generated in RPMI-1640 medium con-
taining 10% (vol/vol) FCS, 50 uM 2-mercaptoethanol and 10 ng/ml GM-CSF
(PeproTech) or 10 ng/ml M-CSF (PeproTech). Pam;CSK, and R-848 were pre-
pared as described?”. LPS (Salmonella minnesota Re595) was from Sigma.

Generation of bone marrow—chimeric mice. Fetal liver cells were prepared
from wild-type and Jmjd3~/~ embryos (embryonic day 15.5). The cell suspen-
sions were intravenously injected into lethally irradiated CD45.1 C57BL/6
mice. The chimeric mice were given neomycin and ampicillin in their drinking
water for 4 weeks. The mice were analyzed at least 8 weeks after reconstitution.
More than 90% of splenocytes from chimeric mice were CD45.2 positive.

Quantitative PCR analysis. Total RNA was isolated with TRIzol (Invitrogen),
and reverse transcription was performed with ReverTra Ace (Toyobo) accord-
ing to the manufacturer’s instructions. For quantitative PCR, cDNA fragments
were amplified by Realtime PCR Master Mix (Toyobo); fluorescence from
the TaqMan probe for each cytokine was detected by a 7500 real-time PCR
system (Applied Biosystems). To determine the relative induction of cytokine
mRNA in response to various stimuli, the nRNA expression level of each gene
was normalized to the expression level of 185 rRNA. The experiments were
repeated at least twice.

Immunoblot analysis. M-BMMs were cultured for 4 h in medium without
M-CSF (PeproTech) and then were collected and replated. M-BMMs were
stimulated with M-CSF for times indicated in Figure 5e and were lysed with
lysis buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA and 1%
(vol/vol) Nonidet P-40) containing complete mini protease inhibitor cocktail
(Roche). Cell lysates were separated by standard SDS-PAGE and analyzed by
immunoblot. Antibodies to the following proteins were used: phosphorylated
Erk (Cell Signaling no. 9101), phosphorylated Akt (Cell Signaling 9271), phos-
phorylated p38 (Cell Signaling 9211), Akt (Cell Signaling 9272), p38 (Santa
Cruz C-20), Erk (Santa Cruz K-23) and B-actin (Santa Cruz C-11).

Flow cytometry. Antibodies for flow cytometry were purchased from BD
Biosciences and eBioscience. Cells were washed in ice-cold flow-cytometry
buffer (2% (vol/vol) FCS and 2 mM EDTA in PBS, pH 7.5), then incubated
with each antibody for 15 min and washed twice with flow-cytometry buffer.
Intracellular cytokines were stained with Cytofix/Cytoperm Plus Fixation/

doi:10.1038/ni.1920

Permeabilization Kit (BD Biosciences) according to the manufacturer’s instruc-
tions. Data were acquired on a FACSCalibur flow cytometer (BD Biosciences)
and analyzed with FlowJo (Tree Star).

Construction of Jmjd3 expression plasmids. Jmjd3 cDNA (corresponding to
amino acid residues 1141-1641) was obtained by PCR from a mouse cDNA
library, and a point mutation resulting in the A1388H substitution in the JmjC
domain was introduced by site-directed mutagenesis (Stratagene). The full
or mutated Jmjd3 cDNAs were cloned into the pMRX-ires-puro vector for
retrovirus production®>.

Retroviral transduction. Bone marrow cells were isolated from Jmjd3~'~ mice
that had been injected intraperitoneally 4 d earlier with 5 mg of 5-fluorouracil
(Nacalai Tesque). Cells were cultured in stem cell medium (RPMI supple-
mented with 15% (vol/vol) FCS, 10 mM sodium pyruvate, 2 LM L-glutamine,
50 UM B-mercaptoethanol, 100 U/ml penicillin, 100 g/ml streptomycin,
100 ng/ml stem cell factor, 10 ng/ml IL-6 and 10 ng/ml IL-3). Then, 48 h
later, these cells were transduced with retroviral supernatant (supplemented
with stem cell factor, IL-6, IL-3 and 10 ng/ml of polybrene) on two successive
days. Virus was produced by PlatE packaging cells transfected with various
plasmids. After the second transduction, cells were washed and resuspended
in macrophage growth medium (RPMI-1640 medium supplemented with 10%
(vol/vol) FCS, 50 uM B-mercaptoethanol, 100 U/ml penicillin, 100 pig/ml
streptomycin and 20 ng/ml M-CSF). After 3.5 d in culture, cells were washed
once and macrophage growth medium with 2.5 pg/ml puromycin (InvivoGen)
was added. The cells were cultivated for 2 d after changing of the medium and
then were analyzed.

Chitin administration. Chitin (Sigma) was washed three times in PBS
and then sonicated with a UR-20P device (Tomy) for 30 min on ice. After
filtration with 100 uM cell strainer, chitin was diluted in 50 ml PBS. About
800 ng chitin was intraperitoneally injected, and PECs were collected 2 d after
administration.

Resp to N. br is infection. Wild-type and Jmjd3~/~ fetal liver-
chimeric mice were subcutaneously inoculated with 300 third-stage larvae
of N. brasiliensis 8 weeks after fetal liver transfer. On day 5 after infection,
N. brasiliensis-inoculated mice were killed and perfused with PBS, and total
RNAs from lungs were extracted. RNA was subjected to quantitative PCR for
the analysis of expression of various genes. Nine days after infection, hilar

lymph nodes were harvested, a single-cell suspension was prepared and cell
numbers were counted. The lymph node cells were stimulated with anti-CD3
and anti-CD28. They were stained with CD4 and treated with cytofix (BD
Biosciences), then stained with anti-IL-4 and anti-IFN-y. Next, the cells
were examined by flow cytometry. BAL was performed at 5 and 13 d after
N. brasiliensis infection, and macrophages and eosinophils were enumerated
on cytospin smears stained with Diff-Quick (Baxter Healthcare).

Microarray and chromatin immunoprecipitation-sequencing analy-
sis. Microarray and ChIP-Seq protocols and data analysis are described in

Supplementary Methods.

Statistics. Statistical significance was calculated with the two-tailed Student’s
t-test.
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Basophils are important effector cells, which contribute to
protection against helminths and execute proinflammatory
effector function during allergic inflammation. Basophils are
also regulators of Th2 responses in helminth-infected hosts and
in allergen-injected animals. Recently, three groups using
different experimental systems have shown that basophils are
antigen-presenting cells (APC), which induce Th2 cells both in
vitro and in vivo. Basophils express MHC class Il and CD80/86,
have the potential to take-up and process protein antigen (Ag),
particularly Ag-IgE complexes, and to present peptide with
MHC class Il and produce IL-4. However, relevance of
basophils as Th2 cell-inducing APC in vivo has been challenged
by several recent reports that favor the concept that basophils
and DC cooperate or basophils merely amplify DC-driven Th2
cell differentiation. In this review, | summarize and discuss the
data on the role of basophils as Th2 cell-inducing APC in allergy
and parasite infection.
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Introduction

Mast cells, basophils, and eosinophils are important effec-
tor cells in helminth infection and allergic inflammation
[1,2,3%,4%,5]. Basophils are rare circulating cells, account-
ing for less than 1% of total circulating granulocytes.
Basophils, mast cells, and eosinophils arise from the same
progenitor. Basophils and eosinophils complete their
terminal differentiation in bone marrow. By contrast, mast
cells migrate as immature cells from the bone marrow to
the peripheral tissues, where they undergo their terminal
differentiation [1,2]. Mast cells that complete their differ-
entiation in the skin or in the intestine develop into
connective tissue mast cells (CTMCs) and mucosal mast
cells (MMCs), respectively. Circulating basophils share

several features with tissue-resident mast cells. Both cell
types constitutively express FceR1 and contain basophilic
granules in the cytoplasm, and upon cross-linking of
FceR1-bound IgE with multivalent antigens, immedi-
ately release various kinds of effector molecules such
as histamine and lipid mediators, and Th2-associated
cytokines such as IL-4, [L-5, and IL-13, causing immedi-
ate type hypersensitivity [1,2,3°,4%,5]. Eosinophils also
express FceR1 and induce allergic inflammation by pro-
duction of chemical mediators when stimulated with
cross-linking of FceR1-bound IgE with antigen. Owing
to scarcity of cell number, paucity of specific basophil
markers, and their functional similarity to mast cells,
basophils have been simply regarded as effector cells
of the Th2 immune response [3°4°,5].

IL-3 is a growth factor for basophils. Furthermore, I1.-3 is
required for optimal basophil IL-4 and IL-13 production.
FcR common y-chain (FcRy) is a widely expressed
adapter, which bears an immunoreceptor tyrosine-based
activation motif (ITAM) [6]. This adapter protein is
known to associate with various FcR including FceR1.
Recent study by Hida and colleagues demonstrated that
basophils lacking FcR+y could proliferate normally but
failed to produce IL-4 in response to IL-3, suggesting
that FcRy-mediated IL-3 signal is crucially involved in
induction of IL-4 production by basophils [7]. Now it is
well recognized that basophils strongly produce IL-4 and
IL-13 when stimulated with cross-linking of FceR1 and
IL-3.

The effect of IL-3 is also found in IgE-independent
basophil IL-4 production [5,8,9°]. Basophils express
IL-18R and IL-33R and very strongly produce IL-4
and IL-13 when stimulated with IL-18 or IL-33 in the
presence of IL-3 iz vitro [8,9°]. Basophils also express
Toll-like receptor (TLR)1, TLR2, TLR4, and TLRé6
and produce Th2 cytokines in response to IL-3 plus
corresponding TLR ligands[10]. Thus, there are at least
two major activation pathways for basophil IL-4 pro-
duction. One is the Ag/IgE complex-induced activation
pathway responsible for ‘acquired-type allergic inflam-
mation’ and the other is the IL-18, 1L.-33, or pathogen
associated molecular pattern (PAMP)-induced activation
pathway responsible for ‘innate type allergic inflam-
mation’. Here, I review the major function of basophils
as effectors cells in the development of allergic inflam-
mation and the recently found novel function of baso-
phils as Th2 cell-inducing APC in allergy and helminth

infection.
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Development of basophils, mast cells and
eosinophils

Blood circulating basophils are mature cells with a life
span of about 60 h. Injection of IL-3 increases basophil
generation in bone marrow, resulting in an increase in the
number of circulating basophils. By contrast, mast cells in
the peripheral tissue have the potential to proliferate in
response to IL-3 and IL-9 iz situ. Thus, intestinal hel-
minth infection induces intestinal mast cell hyperplasia in
an IL-3-dependent manner. A study of the development
of mouse eosinophils, basophils, and mast cells has ident-
ified that granulocyte/monocyte progenitor (GMP) is a
common progenitor of basophils, mast cells, and eosino-
phils [11]. Both basophil/mast cell precursors (BMCP)
and eosinophil precursor (EoP) arise from GMP. Devel-
opment from GMP to EoP and BMCP, and from BMCP
to basophil precursors (BaP) and mast cell precursors
(MCP), are regulated by the level and order of expression
of transcription factors, C/EBPa, and, GATA-2 [11].
However, in the case of development of human granulo-
cytes, common myeloid progenitor (CMP) develops into
GMP and EoP, which then develop into basophils/mast
cells and eosinophils, respectively [11].

The major function of basophils as effector
cells

Although basophils and mast cells are regarded as import-
ant effector cells in allergic response by their potential to
promptly produce chemical mediators and cytokines after
FceR1 cross-linkage [1,2,3°,4°,5], recent studies suggest
that basophils also induce IgE-mediated chronic allergic
inflammation and IgG1-mediated systemic anaphylactic
shock [4°,12,13°]. Karasuyama and colleagues demon-
strated that a single injection of multivalent antigen in
the ear of mice passively sensitized with antigen-specific
IgE, elicits immediate-phase, late-phase, and delayed
onset of ear swelling characterized by infiltration with
basophils and eosinophils (chronic allergic inflammation)
[12]. They showed that mast cell-deficient mice only
developed chronic allergic inflammation, while baso-
phil-depleted mice failed to develop it, suggesting that
basophils are responsible for inducing chronic allergic
inflammation. Very recently, a study by Voehringer and
colleagues has confirmed this observation by using baso-
phil-deficient mice (Mcp8Cre), which constitutively lack
more than 90% of basophils [14°®]. Furthermore, they
demonstrated that reconstitution of Mcpr8Cre mice with
bonec marrow basophils restored this IgE-mediated
chronic allergic inflammation response [14°°]. These
results strongly indicate that basophils are required and
sufficient to induce IgE-mediated chronic allergic inflam-
mation by recruiting eosinophils [12,14°°].

It is well documented that mast cells and IgE are crucially
involved in the development of systemic anaphylaxis.
However, interestingly, mice deficient for mast cells, IgE,
or FceRla chain still develop systemic anaphylaxis,

indicating involvement of an alternative pathway.
FcRy-deficient mice that lack the expression of FceR1
and stimulatory FcyR do not develop systemic anaphy-
laxis, suggesting that IgG also plays a crucial role in
induction of systemic anaphylaxis. Karasuyama and col-
leagues demonstrated that basophils and IgG1 contribute
to certain type of mast cell-independent systemic ana-
phylaxis [13°]. They demonstrated that basophils
released a large amount of platelet-activating fator
(PAF) when stimulated with allergen-IgG1 immune com-
plexes. Based on this result, they speculated that baso-
phils induce systemic anaphylaxis through the release of
PAF that is 30,000 times more potent than histamine
[13°]. However, basophil-ablated Mc¢pz8Cre mice are
shown to normally develop IgE or IgGl-dependent
systemic anaphylaxis, suggesting the possibility that baso-
phils play a minor role in an induction of systemic
anaphylaxis [14°*]. In a previous study, Finkelman and
collcagues reported that macrophages play a major role in
IgG-mediated systemic anaphylaxis through the release
of PAF [15]. These results suggest that both basophils
and macrophage contribute to IgG1l-mediated systemic
anaphylaxis. However, further research is needed to
determine which cell contributes most strongly to this
IgG-mediated anaphylaxis.

Th subset

Naive CD4" T cells develop into Th1, Th2, Th17, and
Treg cells, when they are given antigenic signals, co-
stimulatory signals, and appropriate cytokine signals by
APC and accessory cells [16]. IFN-y, IL-12, and T-bet
control development of Thl cells, which are highly
effective in clearance of intracellular pathogens by the
production of IFN-vy [16,17]. IL-4 and GATA-3 control
development of Th2 cells [16,18], which produce IL-4,
IL-5, IL-6, IL-9, and IL-13. These Th2 cytokines are
important for the development of allergic inflammation
and clearance of helminth infections via the induction of
IgE production, activation of mast cells, basophils, and
eosinophils. Th17 cell subset is important for the de-
velopment of autoimmune diseases and for the clearance
of extracellular pathogens and fungi by producing IL-17
[19]. Differentiation of Th17 cells is induced by TGFf
and IL-6 in the mouse and by TGFB and IL-6/IL-21 in
the human. Treg cells are induced by TGFB and are
essential for immune tolerance and regulation of allergy
and autoimmunity [20].

It is well recognized that DCs play a central role in
initiation of activation and differentiation of Th subsets.
DCs sense microbes through TLRs and mature to express
co-stimulatory molecules CD80/86 and to produce the
cytokines that provide the appropiate instructive signal
for the development of Thi1, Th17, and Treg cells [19-
21]. Antigen-pulsed DC also induce the development of
Th2 cells under the influence of IL-4 iz vitro [16].
Furthermore, several reports indicate the presence of
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other pathways for the differentiation of naive CD4* T
cells into ThZ cells [22-26]. DCs cannot produce 1L-4,
however DCs have the potential to induce Th2 cells via
expression of the Notch ligand Jagged 1 and Jagged2 [22].
DCs also induce Th2 cells by expressing OX-40L after
being stimulated with thymic stromal lymphopoetin
('TSLP) [23]. Aluminum adjuvant induces Th2 cell differ-
entiation, although the exact mechanism still remains
uncertain [24]. In addition, M2 macrophages (also known
as alternatively activated macrophages), as well as cosi-
nophils and mast cells are also important for the devel-
opment of Th2 cells [25,26]. Thus, it is important to
determine which cell types help DCs to induce the
development of Th2 cells.

Th2 development: basophils as accessory
cells that produce early IL-4

Min ez a/. reported that naive CD4" T cells stimulated
with peptide-pulsed DCs could develop into Th2 cells
when co-cultured with basophils from wild type mice but
not from IL-4-deficient mice [27°°]. As DCs and basophils
are added to the same culture, it was initially interpreted
that DC deliver antigenic-specific signal, and basophils
provide IL-4 for the development of Th2 cells. In iz vive
studies, mice deficient in interferon-regulatory factor 2
(IRF2) or Lyn have increased numbers of basophils and
exhibit spontancous Th2 differentiation under steady
state conditions [28,29]. However, introduction of
mutation in the gene encoding c-Kit inhibits this spon-
taneous ThZ differentiation by reducing the number of
basophils [28]. Thus, basophils might be required for the
development of naive CD4" T cells into Th2 cells iz vivo.
Medzhitov and colleagues showed that basophils are
important in initiation of the development of Th2 cells
in response to the protease allergen, papain [30°* 31). At
day 3 after subcutaneous papain injection, basophils enter
and transicntly reside in the T cell zones of the draining
lymph nodes, where basophils are stimulated to produce
IL-4 and/or TSLP, which promote Th2 differentiation ¢z
vivo. Basophils are also necessary for Th?2 differentiation
in the mice infected with 7. muris [32]. Depletion of
basophils with antibody against FceR1 diminished the
development of ThZ cells in both models of Th2 cell
differentiation, suggesting that basophils are involved in
Th2 cell differentiation by production of ‘early IL-4’
[31,32]. Furthermore, basophil production of IL-4 and
IL-6 promotes the development of IL-10-producing
CD8" T cells iz vive [33], suggesting that basophils play
important roles for the functional differentiation of CD4*
T cells and CD8" T cells.

Induction of Th2 cells by basophils pulsed
with Ag/IgE complex

Basophils promptly produce I1L-4 and IL-13 when they
arc stimulated with Ag/IgE complex or with IL-18 and/or
IL-33 in the presence of IL.-3 [5,8,9%,10]. Thus, if baso-
phils express MHC class II and CD80/86, we could

speculate that basophils also have the potential to induce
the development of Th2 cells. Three groups indepen-
dently demonstrated that basophils constitutively
express MHC class 11, as well as co-stimulatory mol-
ccules such as CD40, CD80, and CD86 [31,32,34]. These
groups further demonstrated that basophils are potent
APCs [31,32,34]. We have reported that basophils have
the capacity to induce Th2 differentiation both i vitro
and /n vive [34].

We prepared splenic basophils from mice inoculated with
8. denezuelensis, as helminth infection markedly induces
an increase in the number of basophils in the spleen and
liver [35]. Basophils from infected mice have the capacity
to strongly produce IL-4, IL-6, and IL-13 in medium
alone, even without IL-3 [34]. Furthermore, they express
MHC class IT and CD80/86 and induce the development
of OVA-specific naive CD4" T cells into Th2 cells iz vitro
in the presence of OVA peptide, 1L-2 and IL.-3 without
IL.-4 (neutral culture condition) [34]. Thus, we initially
regarded only those basophils derived from infected mice
to be potent Th2 cell-inducing APC. However, we
quickly learned that splenic basophils derived from naive
mice also produce IL-4, [L-6, and 11.-13 in IL-3-contain-
ing medium [34]. Compared to the amount of cytokines
produced by basophils from infected animals, the amount
of cytokines produced by basophils from naive mice is
relatively low. Furthermore, they need the presence of
IL-3 in the culture medium to produce these cytokine
[7,34]. Nevertheless, splenic basophils from naive mice
express comparable levels of MHC class II and CD80/86
and have the capacity to induce the development of Th2
cells iz vitro under neutral conditions. Thus, both types of
basophils are potent APC that strongly induce Th2 cells
in vitro.

We next tested whether bone marrow basophils also have
the potential to induce the development of Th2 cells. We
found that they express MHC class II, CD80, CD86, and
CD62L, and take-up allergen such as OVA, and process
them into small peptides [34]. Since they express FceR1
abundantly, we speculated that they can take up a low
dose of Ag/IgE complex, present Ag/MHC class II, and
produce IL-4. Thus, we examined whether basophils
become very potent Th2 cell-inducing APC, when Ag
is provided as Ag/IgE complexes [34].

We prepared OVA-pulsed basophils by culturing baso-
phils with DNP-OVA and anti-DNP IgE complexes.
Then, we intravenously (iv) administered 0.25 or 0.5
million OVA-pulsed basophils to naive mice. This treat-
ment strongly induced OVA-specific Th2 cells in the
spleen of naive mice. By contrast, iv administration of
OVA-pulsed DCs or mast cells failed to induce Th2 cells,
although OVA-pulsed DCs induced IFN-y producing
Th1 cells. Thus, basophils are very potent Th2 cell-
inducing APC even iz vivo. We next tested whether
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endogenous basophils are crucially involved in the de-
velopment of Th2 cells iz vive by injecting DNP-OVA/
anti-DNP [gE complexes into naive mice. We found that
a single iv administration of low dose DNP-OVA/anti-
DNP IgE complexes into naive mice rapidly and pre-
ferentially induced OVA-specific ThZ2 cells. This induc-
tion of OVA-specific Th2 by injection of Ag/IgE complex
is strongly inhibited by depletion of basophils through
injection of anti-FcgR1 antibody [34]. Furthermore, IL-3
treatment renders mice highly susceptible to Th2Z cell-
inducing action of IgE complex by increasing the number
of basophils [34]. Taken together, these results strongly
indicate that basophils are also potent Th2 cell-inducing
APC in vive.

Atopic individuals are characterized by increased num-
bers of basophils at sites of allergic inflammation [36-38].
Human mature basophils lack, or only weakly express,
HLA-DR but have the potential to display increased
HLA-DR expression when stimulated with IL-3 [34].
As levels of IL-3 and other factors may be increased at
sites of allergic inflammation, we spcculated that accu-
mulated basophils might increase their HLA-DR expres-
sion and, thus, play a role as APC in peripheral tissues and
augment Th2/IgE response.

'To test our hypothesis, we injected Ag/lIgE complexes
into naive mice, and, indeed, showed that this treatment
efficiently induced Ag-specific Th2 cells iz vivo [34].
Since naive mice do not possess Ag-specific IgE, we
speculate that this Ag/IgE complex-dependent induc-
tion of Ag-specific Th2 cell via basophils mainly account
for the mechanism how repetitive exposure to allergen
augment allergic inflammation. Once atopic individuals
start to produce antigen-specific IgE, their concen-
tration of Ag/Ag-specific IgE complexes may steadily
increase. Subsequently, these complexes might be effi-
ciently taken up by basophils via the FeeR1, resulting in
these basophils becoming potent Th2 cell-inducing
APC, which induce progressive allergic inflammation
by enhancing Th2/IgE responses in these individuals.
Furthermore, Ag/IgE stimulation upregulates the
expression of FceR1 on basophils [39,40]. Indeed, there
is tight correlation between FceR1 expression on baso-
phils, and IgE levels in human peripheral blood [41],
suggesting a positive feedback mechanism for IgE-
mediated immediate type hypersensitivity, Further-
more, Denzel ¢ a/. reported that basophils could bind
large amounts of antigens via FceR1-bound IgE and
produce IL-4 and IL-6, cytokines that are known to be
required for antibody production in the spleen [42].
These basophils also activate Th2 type T cells, which
help B cell proliferation and IgGl production.
Depletion of basophils decrcased production of IgG1
[42]. Thus, Ag/IgE complexes and basophils play a
crucial role in progression of allergic disease, and, there-
fore, antibody therapy against IgE or basophils might be

an effective therapeutic means of treating persistent
allergic disease.

Basophils as Th2 cell-inducing APC in allergy
and helminth-infected hosts

Two groups revealed that basophils induce Th2 cells in
the absence of DCs iz vive [31,32]. These studies
suggest that basophils are involved in allergen-induced
or helminth-induced Th2 responses by functioning as
Th2 cell-inducing APC [31,32]. Artis and colleagues, by
using MHC I1“P"* transgenic mice, where MHC class
I expression is restricted to CD11¢* DCs, demonstrated
that these mice, when inoculated with 7. maris, fail to
develop Th2 responses or expel helminths [32]. They
simultancously demonstrated that this infection
induced the development of Th1 cells, suggesting that
CD11c* cells are required for the generation of Thl
cells. Then, they demonstrated that basophils are domi-
nant ThZ cell-inducing APCs that express IL-4 and
MHC class II. They proved this by the evidence that
depletion of basophils iz vive reduced protective Th2
cell response to 7. muris in wild type mice [32]. How-
ever, Min and colleagues have demonstrated that baso-
phil depletion in N. érasiliensis-infected mice does not
affect the development of Th2 cells, suggesting that
basophils may not be essential for Th2 differentiation in
mice infected with the murine hookworm, N. brasiliensis
[43]. Nevertheless, this infection induces recruitment of
basophils into the draining lymph nodes with similar
kinetics as those in other models, suggesting that baso-
phils are not required for protection against primary N.
brasiliensis infection. However, interestingly, basophils
are essential for protection against secondary V. brasi-
liensis infection, even in the absence of mast cells and
CD4" T cells, which are both required for efficient worm
expulsion during primary infection with N. brasiliensis
[44]. A recent study by Voehringer and colleagues has
demonstrated that Mcpt8Cre mice with constitutive and
selective depletion of basophils, normally develop Th2
cells, a IgG1/IgE response, and eosinophilia upon in-
fection with N. drasiliensis [14**]. However, they further
demonstrated that basophils are essential for protection
against secondary N. brasiliensis infection [14°°44].
These observations suggest a complex role for basophils
in host defense against parasites, and also underline the
complexity of regulation of acquired Th2 immunity by
innate cells.

Medzhitov and colleagues also demonstrated that skin
DGCs are not required for mounting Th2 responses to
papain. They previously reported that, like injection of
the soluble antigens of §. mansoni cggs, papain injections
rapidly induce recruitment of basophils to the lymph
node [30°*,31]. As this treatment simultaneously induces
recruitment of DC, they initially considered that baso-
phils function as accessory cells, and DC present Ag in
the presence of basophil-derived IL-4. However, they
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have demonstrated that skin DC are not required for the
development of Th2 cells in draining lymph nodes [31].
They subcutaneously injected papain into the ear,
where skin DCs capture antigens and present Ag-derived
peptides to naive T cells at draining lymph nodes. If
skin DCs capture antigens and present this in the lymph
node, rapid removal of these Ag-pulsed DCs by prompt
excision of the injection site should inhibit Th2 response.
However, this treatment failed to inhibit development of
Th2 cells, suggesting that Ag captured by skin DC is not
required for induction of papain-specific Th2 develop-
ment. They demonstrated that soluble papain can
directly enter lymph nodes from the injection site.
Furthermore, selective depletion of CD11¢™ DCs did
not inhibit ThZ development to papain, suggesting
the presence of Th2-inducing APC other than DCs in
the lymph nodes. Medzhitov and colleagues, as well as
Artis and colleagues used CDl1lc-restricted diphteria
toxin receptor mice, in which CD11c-expressing DC
are cfficiently depleted upon dclivery of diphteria toxin
[31,32]. They demonstrated that DC depletion only
inhibited the development of Th1 cells without affecting
the development of Th2 response. These results strongly
indicate that other types of APC might be required for
ThZ cytokine-dependent immune responses. Sub-
sequently, they identified basophils as another type of
ThZ cell-inducing APC, as this papain-induced Th2 cell
differentiation could be blocked by the depletion of
basophils by means of anti-FcgR1 antibody MAR-1
[31]. They have clearly shown that basophils can take
up, process, and present soluble antigens. Furthermore,
they demonstrated that basophils form immune synapses
with T cells within 60 min of co-culture [31]. Finally, they
demonstrated that adoptive transfer of OVA-pulsed baso-
phils induced Th2 response in MHC class II-deficient
mice.

The above-mentioned studies showed that basophils are
potent APCs that preferentially induce Th2 cells both /7
vitro and 7z vive. Mice deficient in the Src family tyrosine
kinase, Liyn, have increased numbers of basophils, exhibit
spontaneous ThZ differentiation, and produce IgE auto-
antibodies against various autoantigens, including
dsDNA, that cause lupus-like nephritis in Lyn—/— mice
[29]. Thus, basophils regulate not only allergic diseases
and anti-helminth immunity but also autoimmune dis-
eases.

Following studies

However, recent studies questioned the role of basophils
as Th2 cell-inducing APCs. Tang er a/. suggested that
DCs and basophils cooperatively induce a Th2 cell
response against papain [45]. Phythian-Adams e «/.
reported that depletion of CD11c¢* DCs during the prim-
ing stage of 'Th2 response against the helminth Schiszo-
soma mansoni scverely impaired Th2 induction, while
basophil depletion using MAR-1 antibody had no mea-

surable effect, underlining the important role of DCs in
the development of Th2 response against helminth in-
fection [46]. Furthermore, Hammad ¢ «/. demonstrated
that Th2 responses against house dust mite are initiated
by FceR1-expressing inflammatory DCs, which is ampli-
ficd by basophils [47]. Voehringer and colleagues
cxamined basophil function using newly developed baso-
phil-ablated mice. In this model they could not find the
evidence that basophils are required for Th2 cell differ-
entiation iz vive [14°%]. They speculated that antibody-
mediated depletion of basophils with MAR-1 (anti-
FceR1) may simultaneously deplete FceR1 expressing
inflammatory DCs [47]. They also suggested bystander
effects of antibody-treatment, including activation of
mast cells and macrophages, as well as the formation of
immune complexes.

Conclusion

The data on the role of basophils as APCs arc confusing
but the issue is still interesting, As we reported previously
[34], basophils pulsed with Ag/IgE complexes have
potent Th2 cell-inducing APC activity both in virro
and 77 vive. Basophils take-up intact OVA and present
OVA-peptide in conjunction with MHC class II to OVA-
peptide specific naive CD4" T cells. Furthermore, when
injected into naive animal, these Ag-pulsed basophils also
exhibited Th2 cell-inducing APC activity ## vive. How-
cver, their role as initiating cells of primary Th2 response
might be minor. I suspect their important role for sec-
ondary ThZ response. Nevertheless, since basophils often
show strong protective effect against helminth infection,
they are still very interesting cells. To fully understand
the role of basophils in Th2-mediated anti-helminth
immunity, we definitively need further studies of these
cells in vive.
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Production of a Transgenic Mosquito Expressing
Circumsporozoite Protein, a Malarial Protein, in the Salivary
Gland of Anopheles stephensi (Diptera: Culicidae)
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We are producing a transgenic mosquito, a flying syringe, to deliver a vaccine protein to human
beings via the saliva the mosquito deposits in the skin while biting. The mosquito produces a vaccine
protein in the salivary gland (SG) and deposits the protein into the host's skin when it takes the host’s
blood. We chose circumsporozoite protein (CSP), currently the most promising malaria vaccine candi-
date, to be expressed in the SG of Anopheles stephensi. To transform the mosquitoes, plasmid con-
taining the CSP gene under the promoter of female SG-specific gene, as well as the green fluorescent
protein (GFP) gene under the promoter of 3xP3 as a selection marker in the eyes, was injected into
more than 400 eggs. As a result, five strains of GFP-expressing mosquitoes were established, and suc-
cessful CSP expression in the SG was confirmed in one strain. The estimated amount of CSP in the SG
of the strain was 40ng per mosquito. We allowed the CSP-expressing mosquitoes to feed on mice to
induce the production of anti-CSP antibody. However, the mice did not develop anti-CSP antibody even
after transgenic mosquitoes had bitten them several times. We consider that CSP in the SG was not
secreted properly into the saliva. Further techniques and trials are required in order to realize vac-
cine-delivering mosquitoes.

Key words: malaria, salivary gland, flying syringe, transgenic mosquito, vaccine

M osquitoes are nuisance to human beings because
they puncture the skin to obtain blood, which
they use for their eggs. They deposit saliva in the skin
when they take blood, and this causes itching [1].
They also transmit pathogens of diseases such as
malaria, filarisis, yellow fever, and dengue fever.
People have long tried to prevent mosquitoes from
biting using mosquito nets [2] and repellents [3].
Moreover, people have attacked mosquitoes with
insecticides to eliminate them [4, 5]. These struggles
have continued not only in developing countries but
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also in advanced countries.

In the last 30 years, developments in genetic engi-
neering have allowed us to add new genes to wild-type
cells or to remove protein genes from them [6].
These technologies were used at first in bacteria or
yeast to obtain recombinant proteins for experiments
and to understand the mechanisms of protein mole-
cules. More recently, many transgenic experiments
have been applied to plants and animals, including
vertebrates and insects. Recombinant-DNA-modified
soybean, cotton, and corn are widely adopted and
harvested around the world [7]. Transgenic mice,
sheep, dogs, zebra fish, flies, silkworms, and so on
have appeared in laboratories as well [8-12]. The
objectives of genetic engineering in animals are
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