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Supplementary Figure §1
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Supplementary figure $1 (A B) Peritoneal macrophages from wild-type and MyD88+ mice were
stimulated with 100 ng/mi LPS for the indicated periods. Total RNA was extracted, and used for
real-ime RT-PCR analysis using primers specific for Cxcl2, Cxdl1, Tnf, IL23a(A),Len2, IL12bor IL6
(B). The fold differences of each sample relative to EF-1a. (Cxcl1, Tnf, IL12b, and IL6) or 18S rRNA
(Cxcl2, 112323, and Lcn2) levels are shown. Representative of at least two independent experiments.
(C) Peritoneal macrophages from wild-type and MyD88” TRIF * mice were stimulated with

100 ng/mi LPS for the indicated periods. Total RNA was extracted,and used for real-ime RT-PCR
analysis as indicated in (A). Representative of at least two independent experiments.
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Supplementary Figure §2
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Supplementary figure §2 (A B) Periloneal macrophages from wild-type and Nfkbiz” mice were
stimulated with 100 ng/mi LPS for the indicated periods. Total RNA was extracted, and used for
real-time RT-PCR analysis using primers specific for Cxxf2, #.23a, Cxclt (A), Len2 H12bor L8
{B). The fold differences of each sample relative to EF-1a (Cxcit, I.12b, and IL.6) or 18S rRNA
{Cxci2, 1L.23a, and Len2) levels are shown. Representative of at Jeast two independent experiments,
(C) RAW celis were transfected with either control {pcDNA3) or 1xBL {pcDNA3-IxbL) expression
plasmid. Stable transfectants were stimulated with 100 ng/ml LPS for the indicated periods. Total
RNA was extracted, and used for real-time RT-PCR analysis using primers specific for Len2, IL12b
and /L6. The fold differences of each sample relative to EF-41a {{L12b and /L6) or 18S IRNA (Lcn2)
levels are shown.
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Supplementary Figure S3
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Supplementary Figure S3 Peritoneal macrophages from wild-type and Nfkbiz+ mice were
stimulated with 100 ng/mi LPS for the indicated periods, then chromatins were prepared and
immunoprecipitated with antibody against NF-«Bp65, pol li, or TBP. Precipitated DNA was
analyzed by PCR with /i€ promoter -specific primers.
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Supplementary Figure S4
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Supplementary figure S4 Chromatin prepared from wild-type and Nfkbiz’- bone marrow-derived
macrophages or peritoneal macrophages treated with 100 ng/m! LPS for the indicated periods was
immunoprecipitated with antibodies against NF-«Bp65, polli, TBP or trimethyl-histone H3 (Lys4).
Precipitated DNA was analyzed by PCR with iNOS promoter specific primers.
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Deoxynucleic Acids from Cryptococcus neoformans Activate
Myeloid Dendritic Cells via a TLR9-Dependent Pathway'

Kiwamu Nakamura,?*7 Akiko Mlyazato,2 * Gang Xiao,”" Masumitsu Hatta,* Ken Inden,*
Tetsuji Aoyagi,* Kohei Shiratori,” Kiyoshi Takeda," Shizuo Akira,” Shinobu Saijo,**
Yoichiro Iwakura,** Yoshiyuki Adachi,’" Naohito'Ohno,’ Kazuo Suzuki,* Jiro Fujita,
Mitsuo Kaku,*** and Kazuyoshi Kawakami*'®

The mechanism of host cell recognition of Cryptococcus neoformans, an opportunistic fungal pathogen in immunocompromised
patients, remains poorly understood. In the present study, we asked whether the DNA of this yeast activates mouse bone marrow-
derived myeloid dendritic cells (BM-DCs). BM-DCs released IL-12p40 and expressed CD40 upon stimulation with cryptococcal
DNA, and the response was abolished by treatment with DNase, but not with RNase. IL-12p40 production and CD40 expression
were attenuated by chloroquine, bafilomycin A, and inhibitory oligedeoxynucleotides (ODN) that suppressed the responses caused

by CpG-ODN. Activation of BM-DCs by cryptoceccal DNA was almost completely abrogated in TLR9 gene- -disrupted (TLR9 ™)
mice and MyD88 ™/~ mice, similar to that by CpG-ODN. In addition, upen stimulation with whole yeast cells of acapsular
C. neoformnans, TLR9™'~ BM-DCs produced a lower amount of IL-12p40 than those from wild-type mice, and TLR9™ ~/~ mice were
more susceptible to pulmonary infection with this fungal pathogen than wild-type mice, as shown by increased number of live
colonies in lungs. Treatment of cryptococcal DNA with methylase resulted in reduced IL-12p40 synthesis by BM-DCs. Further-
more, using a luciferase reporter assay, cryptococcal DNA activated NF-xB in HEK293 cells transfected with the TLR9 gene.
'I‘mally, confocal microscopy showed colocalization of fluorescence-labeled cryptococcal DNA with CpG-ODN and the findings
merged in part with the distribution of TLR9 in BM-DCs. Our results demonstrate that cryptococcal DNA causes activation of
BM-DCs in a TLR9-dependent manner and suggest that the CpG motif-containing DNA may contribute to the development of

inflammatory responses after infection with C. neoformans.

ryptococcus neoformans (Cn)® is an opportunistic fungal
pathogen and frequently causes fatal meningoencephali-
tis in patients with impaired immune responses, such as
AIDS. It is an intracellular microorganism known to grow in mac-
rophages, and has certain escape mechanisms that avoid killing by
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these cells (1). The host defense against Cn is largely mediated by
cellular immunity (2) and CD4* T cells play a critical role in
eradicating the infection (3, 4). The fate of this infection is greatly
influenced by the Th1-Th2 cytokine balance: polarized Thl im-
mune response leads to protection, while biased synthesis of Th2
cytokines renders hosts prone to infection (5). Such balance is
critically regulated by a variety of immune cells at an early stige
after invasion of Cn into lung tissues, which includes dendritic
cells (DCs), macrophages, NK cells, NKT cells, ¥ T cells, and
even neutrophils (6-10).

Invasion of microbial pathogens into tissues results in the de-
velopment of inflammatory responses, which are initiated by rec-
ognition of pathogen-associated molecular patterns via pattern rec-
ognition receptors, such as TLRs (11). Using mice genetically
lacking MyD88 or TLR2 (MyD88 ™'~ or TLR2™/~ mice), it was
revealed that MyD88 plays a critical role while TLR2 plays a
relatively limited role in the response to Cn (12). In another study
(13), TLR2™'~ mice as well as MyD88 ™/~ mice succumbed to the
infection, which was associated with reduced production of
TNF-a, IL-2, and IFN-v. In contrast, in our study (14), TLR2 and
TLR4 did not seem to be involved in the host-protective response
to- this infection. In contrast, TLR4 was reported to sense glucu-
ronoxylomannan, a major component of the polysaccharide cap-
sule of Cn, in Chinese hamster ovary cells (15). Thus, the role of

% Abbreviations used in this paper: Cn, Cryptococcus neoformans, DC, dendritic cetl;
BM-DC, bone marrow-derived DC; ODN, oligodeoxynucleotide; WT, wild type; OX-
CA, NaClO-oxidized Candida albicans.

Copyﬁght © 2008 by The American Association of Immunologists, Inc. 0022-1767/08/$2.00
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TLR2 and TLR4 in recognition of Cn remains to be fully under-
stood, and some other TLR may be involved when considered
along with the previous findings that the host-protective response
was impaired in MyD88 ™/~ mice (12, 13).

The unmethylated CpG motif-containing DNA from prokaryotic
microorganisms such as bacteria and viruses is known to trigger
host immune responses by interacting with TLR9 (16-18), which
is distributed in the endosomal compartments (19, 20). Such in-
teraction causes activation of signaling pathways mediated by an
adaptor molecule, MyD88, leading to the synthesis of proinflam-
matory cytokines and expression of costimulatory molecules by
macrophages and DCs (20, 21). In previous studies (22, 23), DNA
from protozoa was'reported to stimulate B cell proliferation and
macrophage cytokine synthesis in a TLR9-dependent manner, al-
though they are eukaryotic microorganisms. These findings raise a
possibility that DNA from Cn may be involved in the activation of
host immune responses, as in the case of protozoa. In agreement
with this hypothesis, DNA from some fungi, such as Schizosac-
charomyces pompe and Paracoccidioides brasiliensis, is also re-
ported to stimulate a battery of immune responses (24, 25).

The main hypothesis of the present study was that DNA from
Cn can induce the activation of DCs. The results showed that cryp-
tococcal DNA stimulated bone marrow-derived DCs (BM-DCs) to
synthesize cytokines and to express costimulatory molecules.
These actions were completely dependent on the expression of
TLRY. Furthermore, cryptococcal DNA was taken into the endo-
somal compartment in a manner similar to the synthetic CpG-
oligodeoxynucleotide (ODN) and triggered a signaling pathway
for the activation of NF-«B via TLR9.

Materials and Methods
Mice

TLR9™~, MyD88™/~, Dectin-1~'", and TRIF ™'~ mice were generated, as
described previously (18, 26-28). Homozygous mice were backcrossed to
C57BL/6 mice for more than eight generations. Male or female mice at
6-10 wk of age were used for the experiments and wild-type (WT)
C57BL/6 mice were used as controis. All of the mutant mice were kept
under specific pathogen-free conditions at Oriental Biosciences (Kyoto,
Japan), the Center for Experimental Medicine, Institute of Medical Sci-
ence, University of Tokyo, and Kyusyu University, respectively. The ex-
periments were conducted according to the institutional guidelines and
were approved by the institutional ethics committees.

Microorganisms

The acapsular strain of Cn, designated as Cap67 (a gift from Dr. S. M.
Levitz, Boston University, Boston, MA) and its parent strain, designated as
B3501 (a gift from Dr. K. Chung, National Institutes of Health, Bethesda,
MD) were used. Serotype A-encapsulated strains of Cn, designated as
YC-11 and 13, were established from patients with pulmonary cryptococ-
cosis (29). The yeast cells were cultured on potato dextrose agar plates
(Eiken) for 2-3 days before use.

Pulmonary infection and enumeration of viable Cn

To induce pulmonary infection, mice were anesthetized by i.p: injection of
70 mg/kg pentobarbital (Abbott Laboratories) and restrained on a small
board. Live Cn, Cap67 strain (5 X 10° cells),.were :inoculated at 50 ul/
mouse by insertion of a 25- -gauge blunt needle into and parallel to the
trachea. Mice were sacrificed 2 wk after mfecnon and Tungs and brains.
were dissected carefully and excised, then sepatately homogenized in 5 and
2 ml of distilled water, respectively, by teasing with a stainless mesh at
room temperature. The homogenates, appropriately diluted with distilled
water, were inoculated at 100 ul on potato dextrose agar plates, cultured
for 2-3 days, followed by counting the number of colonies.

Preparation of Cn lysates and DNA

Cn yeast cells (1 X 10'') were treated with 70% -ethanol for 30 min,
washed three times with PBS, and then'feceived five’ ‘cycles of disruption
with 0.3 mm of zirconia beads by use of Multibeads shocker (Yasui Kikai).
For preparation of Cn DNA, the yeast cells were lysed Jwith 100 mM
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FIGURE 1. DNA from Cn activate BM-DCs. BM-DCs were cultured

with various stimulants for 24 h. IL-12p40 levels were assayed by ELISA
and surface expression of CD40 on BM-DCs was determined by flow cy-
tometry. a, BM-DCs were cultured with 1% Cap67 lysates that were pre-
treated or not with DNase. b and ¢, BM-DCs were cultured with 10 ug/ml
Cap67 DNA pretreated or not with DNase or RNase. 4, BM-DCs from
dectin-1~'~ or WT mice were cultured with LPS (1 pg/ml), OX-CA (I
ug/ml), or Cap67 DNA (10 pg/mi). e and £, BM-DCs were cultured with
DNA from Cap67, B3501, YC-11, and YC-13 at the indicated doses. Dala
are the mean * SD of triplicate cultures. Flow cytometry data are repre-
sentative of three independent experiments. *, p < 0.05.

Tris-hydrochloride (pH 7.5), 0.5% SDS, and 30 mM EDTA at 100°C for 15
min. The DNA was purified by extraction with phenol/chloroform/iscamyl
aleohol (25:24:1) and isopropanol precipitation. The pellet was washed
with 70% ethanol, dried, and resolved with distilled water. The obtained
DNA was kept at —20°C until use. The OD,45:0D,g, ratio’ was usually
between 1.5 and 2.0. The endotoxin content in the DNA preparations mei-
sured by Limulus amebocyte lysate assay was <10 pg/ml.

Culture medium and reagents

RPMI 1640 medium was obtained from Nippro and FCS from Canserd.
Bafilomycin A, DNase, RNase, peptidoglycan (PG), and LPS were pur-
chased from Sigma-Aldrich, polymixin B from MP Bioscience, and chio-
roquine from Wako Biochemicals: NaClO-oxidized Candida albicans
(OX-CA: a particle form B-1:6-branched B-1,3-glucan was prepared 65°
described previously (30)): CpG-ODN (CpG1826: TCC ATG ACG TTC
CTG ACG TT) and inhibitory’ ODN (ODN2088 and 2114), TCC TGG
CGG GGA AGT and TCC TGG ACG GGA AGT, respectively, were
synthesized at Hokkaido System Science. All ODN were phosphorothio-’
ated and purified by HPLC. The -endotoxin content measured by Limults
amebocyte lysate assay. was <10 pg/ml.

Preparation of Cn culture Sipernatants

Cn yeast cells (YC-11) weré Gitltured at'1-% 108/m! in RPMI 1640 medium
supplemented with 10% FCS, 100.U/ml penicillin G, and 100 wg/ml strep
tomycin for 48-72 hina 5% C02 incubator. The culture supernatants wer¢
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collected and passed through 0.2-pm Millipore filter and kept at —70°C

before use.

Treatment of DNA with DNase, RNase, and methylase

Cap67 DNA was incubated with 10 pg/ml DNase or RNase in water bath
at 37°C for 4 h. After incubation, the DNAs were heated at 68°C for 20 min
to inactivate DNase and again purified by isopropanol precipitation. Meth-
ylated dsCpG1826 or Cap67 DNA was synthesized by incubating each
DNA with Sss CpG methylase (10 U/ug DNA) for 24 h at 37°C in a water
bath. Then, DNAs were heated at 68°C for 20 min to inactivate Sss CpG
methylase and centrifuged by adding isopropanol for purification.

Preparation and culture of DCs

DC were prepared from BM cells as described by Lutz et al. (31), with
some modifications. Briefly, BM cells from WT, TLRIKO, MyD88KO,
TRIFKO, and dectin-1KO mice were cultured at 2 X 10°/ml in 10 m!
RPMI 1640 medium supplemented with 10% FCS (Cansera), 100 U/ml
penicillin G, 100 ug/ml streptomycin, and 50 uM 2-ME containing 20
ng/ml murine GM-CSF (WakoCytomation). On day 3, 10 ml of the same
medium was added, followed by a half change with the GM-CSF-contain-
ing culture medium on day 6. On day 8, nonadherent cells were collected
and used as BM-DCs. The obtained cells were cultured at 1 X 10%/ml with
various stimulants for 24 h at 37°C in 5% CO, incubator.

Cytokine assay

The concentration of IL-12p40 in the culture supernatants was measured by
ELISA using capture and biotinylated developing Abs (BD Biosciences).
The detection limit was 15 pg/ml.

Flow cytometric analysis

Cells were preincubated with anti-FcyRII and IIT mAb, prepared by a pro-
tein G column kit (Kirkegaard & Perry Laboratories) from the culture
supernatants of hybridoma cells (clone 2.4G2), on ice for 15 rhin in-PBS
containing 1% FCS and 0.1% sodium azide, stained with FITC-conjugated
anti-CD11¢c mAb (clone HL3; BD Biosciences), and PE-conjugated anti-
CD40 mAbD (clone 1C10; eBioscience) for 25 min and then washed. three
times in the same buffer. Isotype-matched irrelevant Abs were, used for
control staining. The propidium iodide-stained population was excluded as
dedd: cells. The stained cells were analyzed using a Cytomi¢s FC500 flow

cytometer (Beckman Coulter). Data were collected from15,000:t0:20 000_'
individual live cells using parameters of forward scatter/side, scatter and-

FLI to set a gate on the CD11c* lymphocyte population.

TLRY cloning and NF-«B reporter assay

The full-length 1r9 was PCR amplified from a cDNA of mouse macro-
phage cell line RAW264.7 cells (RIKEN Cell Bank). Spemﬁc pnmers for
amplification of #[r9 were designed based on the GenBank’ accession num-

- «a  Stimulants + inhibitors

ber AF314224 (32). The sequences of primers were 5'-CAC CAT GGT
TCT CCG TCG AAG G-3' (forward) and 5'-CTA-TTC TGC TGT-AGG
TCC CCG GC-3’ (reverse). The amplified full-‘leng}h ‘cDNA was cloned
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FIGURE 3. Effect of m!ubxtory ODN. BM-DCs were cultured with
-CpG1826 »nM) or Cap67 DNA (10 pg/ml) in the presence or absence
of the mdlcated doses of ODN2088 or ODN2114 IL—12p4O levels in the
culture supetnatants (a) and expression of CD40 on BM-DCs (b) were
measured. Data are mean *+ SD of triplicate-cultures. * and **, p < 0.05,
compared with CpG1826 and Cn-DNA, respectively. Flow cytometry data
are representative of three independent experiments:
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into pcDNA6.2/TOPO (Invitrogen Life Technologies) and sequenced. En-
dothelial leukocyte adhesion molecule 1 luciferase reporter plasmids were
provided by Dr. M. Mitsuyama (Kyoto University, Kyoto, Japan). For the
NF-«B luciferase reporter assay, HEK293T cells were transiently trans-
fected with 100 ng of reporter plasmid along with 100 ng of t{r9 expression
plasmids or empty control plasmid. At 24 h after transfection, the cells
were treated with PG, CpG-ODN, or cryptococcal DNA for 6 h. Luciferase
activity in the total cell lysate was measured with the dual-luciferase re-
porter assay system (Promega). The Renilla-luciferase reporter gene was
simultaneously transfected as an internal control. Relative luciferase ac-
tivities were calculated as folds of induction compared with unstimulated
vector control. '

Florescent labeling and confocal imaging Cap67
DNA was labeled with Alexa Fluor 647 using ULYSIS Nﬁcleic Acid La-

beling kits (Molecular Probes) according to the instructions _provided by -

the manufacturer. The relative efficiency of a labeling reaction was eval-
uated by calculating the approximate ratio of bases.to.dye molecules. Rho-
damine-labeled CpG-ODN was purchased from Hokkaido System Science.
FITC-conjugated TLR9 mAb (clone 26C593. 2) was 'purchased from
IMGENEX. Cells were incubated in mxcrotubes, cytospun to glass slides,
and coverslips were mounted on the glass slides with a ProLong’ Anti-
fade Kit (Molecular Probes). Confocal’ studies were performed with an
oil immersion objective (X60 Plan Apo; numerical aperture 1.4) and a
Nikon TIRF-C1 confocal microscope. The software, Nikon EZ-C1 ver-

sion 2.00, were used to acquire and process the confocal images. Dual-
color images were acquired using a sequential acquisition mode to
avoid cross-excitation.

Statistical analysis

Analysis was conducted using Statview II software (Abacus Concept) on a
Macintosh computer. Data are expressed as mean * SD. Differences be-
tween groups were examined for statistical significance using one-way
ANOVA with a post hoc analysis (Fisher (plausible least significant dif-
ference) PLSD test). A value of p < 0.05 was considered significant.

Results
DNA from Cn activates BM-DCs

We measured the activity of Cn to induce the synthesis of IL-
12p40 by BM-DCs. For this purpose, we used the acapsular mutant
strain Cap67 to avoid the influence’ of capsular polysaccharides,
which were reborted to suppress various immune responses (33).
The lysates of Cap67 prepared-using a multibeads shocker gener-
ated IL-12p40 by BM-DCs. We tested the effect of DNase on the
cytokine-inducing capablhty of Cap67 lysates. As shown in Fig.
1a, DNase significantly reduce,dl the. production of both cytokmes
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FIGURE 5. Cryptococcal DNA requires MyD88 for activation of BM-
DCs. BM-DCs from MyD88~/~, TRIF =, or WT mice were cultured with
LPS (1 ug/ml), OX-CA (1 pg/ml), or Cap67 DNA (10 pg/ml). a, IL-12p40
levels in the culture supernatants were measured. Data are mean * SD of
(i‘iplicate cultures. b, Flow cytometry data are representative of two inde-
pendent experiments.

These results suggest the involvement of Cap67 DNA in this re-
sponse. Next, we tested whether Cap67-derived DNA can activate
BM-DCs by measuring the synthesis of IL-12p40 and expression
of CD40 on these cells. IL-12p40 was produced by this stimulation
in a dose-dependent manner and such production was completely
abolished by the addition of DNase, but not of RNase (Fig. 1b).
Similarly, the expression of CD40 on BM-DCs was accelerated by
coculture with Cap67 DNA, and this effect was inhibited by
DNase, but not by RNase (Fig. lc). These responses were not
affected by the addition of polymixin B, which completely abol-
ished cytokine production induced by LPS-(data not shown), in-
dicating that the activity of Cap67 DNA was not mediated by LPS
contamination: Since fungi secrete B-glucan that activates BM-
DCs (34), it is possible that B-glucan contaminating the DNA

preparation could have mediated these responses. However, this:

was. not the case, because IL-12p40 produced by Cap67 DNA-
stimufated BM-DCs was not decreased in mice Tacking dectin-1,
the sole receptor of B-glucan (Fig. 1d). Furthermore; we tested also
whether these findings were specific for this partlcular mutant
strain of Cn. IL-12p40 synthes1s by BM-DCs was induced by DNA
derived from the parent strain of Cap67, B3501, ganc_i_two clinically
isolated strains, YC-13 and YC-11, in a dose-dépendent fashion
(Fig- 1e). Smularly, the expression of CD40 on BM-DCs was en-
hanced by DNA from these strains (Fig. 1f). These results indicate
that DNA from Cn directly activated BM-DCs .;g synthesize the
Cytokine and to express the surface activation. Ag. In contrast,
DNA derived from mouse splenocytes and human PBMC did not
induce these responses by BM-DCs (data not shown).
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FIGURE 6. Effect of methylation of cryptococcal DNA. BM-DCs were
cultured with dsCpG1826 (4.5 uM) or Cap67 DNA (10 pg/ml) pretreated
or not with methylase. IL-12p40 levels in the culture supernatants were
measured. Data are mean * SD of triplicate cultures. *, p < 0.05.

DNA of Cn activates BM-DCs in a manner similar to CpG-ODN

Because Cn is a eukaryote, we questioned whether the activity of
DNA from this fungal pathogen is different from that of a synthetic
ODN containing the CpG motif, which prokaryote DNA usually
carries in an unmethylated form (17). Previous studies reported
that CpG-ODN-induced activation of BM-DCs was strongly in-
hibited by chloroquine and bafilomycin A, both of which interfere
with endosomal maturation (35). Therefore, to address this issue,
we compared the effects of these inhibitors on the synthesis of
IL-12p40 by BM-DCs and expression of CD40 caused by a stim-
ulatory CpG-ODN (CpG1826) and Cap67 DNA. As shown in Fig.
2a, the synthesis of IL-12p40 by Cap67 DNA-stimulated cells was
strongly suppressed by addition of either chloroquine or bafilomy-
cin A; such an effect was similar to the responses induced by
Cp(G1826, but not by LPS. Similarly, the addition of chloroquine
or bafilomycin A suppressed CD40 expression induced by Cap67
DNA and CpG1826, but not by LPS (Fig. 2b).

Previous studies identified DNA sequences that neutralized the
CpG-ODN-induced activation of B cells (36). In the next experi-
ments, therefore, we tested the effect of such ODN with an inhib-
itory DNA motif on the induction of IL-12p40 synthesis and CD40
expression by BM-DCs. As shown in Fig. 3, ODN2088 and
ODN2114 strongly inhibited these responses induced by both
CpG1826 and Cap67 DNA, whereas such inhibition was not de-
tected on the responses by LPS. These results indicate that Cn
DNA exerted its activity in a manner similar to CpG1826 and
suggest that the fungal DNA may activate BM-DCs via interaction
with TLRY, a recognition receptor of the unmethylated CpG motif
(17, 18).

Cn DNA requires TLRY for activation of BM-DCs

To address this possibility, we investigated the role of TLRY in
Cap67 DNA-induced BM-DC activation. As shown in Fig. 4, a
and b, production of IL-12p40 and expression of CD40 by Cap67
DNA- and CpG1826-stimulated cells were completely diminished
in TLR9™/~ mice, whereas such effect was not detected when the
cells were stimulated with LPS. In this study, it should be noted
that DNA was not released from Cn outside the DCs, but rather
likely generated from the killed yeast cells in the endosomal com-
partmients. Therefore, our current observations indicating the acti-
vation of BM-DCs by cryptococcal DNA have a more physiolog-
ical significance, when defective expression of TLRY interferes
with activatioii induced by whole Cn. As shown in Fig. 4c, the
amount of IL-12p40 synthesized by BM-DCs in response to whole
yeast cells of Cap67, an acapsular strain, was significantly reduced
in TLR9™~ mice compared with WT control mice, whereas YC-
I1,a hxvhly encapsulated strain, failed to induce the produiction of
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FIGURE 7. NF-«B activation via TLR9 by cryptococcal DNA.
HEK293T cells transfected with the TLR9 gene or control vector were
treated with CpG1826 (300 nM), PG (1 pg/ml), or Cap67 DNA (250 g/
ml) for 6 h. The luciferase activity in each sample was determined as
described in Marerials and Methods. Data are expressed as relative values
to those of control vector and presented are mean * SD of triplicate cul-
tures. CNT-ODN, control ODN of CpG1826.

IL-12p40 by BM-DCs from both mice, which may raise a possi-
bility that capsular polysaccharides affect.the activation of BM-
DCs caused by cryptococcal DNA. We tested the effect of the
culture supernatants of YC-11 on the IL-12p40 production by BM-
DCs. As shown in Fig. 4d, the production of this cytokine caused
by cryptococcal DNA was strongly inhibited by the YC-11 culture
supernatants in a dose-dependent fashion, whereas such inhibition
was not found when BM-DCs were stimulated with LPS. In ad-
dition, we compared the clinical course of infection with Cap67 in
lungs between TLR9 ™'~ and WT mice. As shown in Fig. 4e, the
number of live colonies in lungs was significantly higher in the
former mice than in the latter ones 2 wk after infection, although
dissemination of yeast cells to brains was not detected in both
groups (data not shown).

In additional experiments, we tested how Cap67 DNA-induced
activation of BM-DCs was affected in mice genetically lacking
MyD88, a downstream signaling molecule of TLR9 and TLR4, or
TRIF, that of TLR4, but not of TLR9 (37). BM-DCs from
MyD88 '~ mice failed to produce IL-12p40 induced by Cap67
DNA and LPS, but not by OX-CA (Fig. 5a). In contrast, LPS, but
not Cap67 DNA and OX-CA, inhibited such production by BM-
DCs from TRIF~'~ mice (Fig. 5a). Similarly, CD40 expression
induced by Cap67 DNA and CpG1826 was completely abrogated
in MyD88 ™'~ mice, whereas such expression was not affected in
the case of OX-CA stimulation (Fig. 5b). Similar results were ob-

FIGURE 8. Trafficking of cryptococcal DNA
in BM-DCs and colocalization with TLRY. a,
BM-DCs were simultaneously incubated with 10 5 min
pg/ml Alexa Fluor 647-conjugated Cap67 DNA

(green) and 3 pM CpG-rhodamine (red) for

the indicated time periods. b, BM-DCs or 30 min
RAW264.1 cells were incubated with 10 pg/ml

Alexa Fluor 647-Cap67 DNA (red) for 30 min.

After fixation, TLR9 was stained intracellularly

by direct immunofluorescence with FITC-conju- 60 min
gated anti-TLR9 Ab (green). Cells were ana-

lyzed using a confocal microscope. Data are rep-

resentative of three to four independent 90 min
experiments.

TLR9-DEPENDENT ACTIVATION OF DC BY Cn DN4

tained for the synthesis of [L-12p40, when BM-DCs were stimy.
lated with whole yeast cells (data not shown). These resulis indi.
cate that TLRY and its downstream signaling molecule are
essential for Cap67 DNA-induced activation of BM-DCs.

Methylation of the CpG motif results in the loss of its capability
to activate DCs via a TLR9-dependent signaling pathway (16, 24),
Therefore, we tested the effect of methylation on cytokine synthe.
sis by Cap67 DNA-stimulated BM-DCs. As shown in Fig. 6, BM-
DCs stimulated by CpG1826 and Cap67 DNA pretreated wi
methylase did not synthesize IL-12p40. These results were cop.
sistent with the notion that Cn DNA activates BM-DCs by inter.
acting with TLRY.

Cn DNA activates the signaling pathway via TLR9

CpG-ODN triggers the signaling pathway via TLRY, which resulfs
in the activation of NF-kB (37). In the next step, we tested” the
effect of Cn DNA on NF-«B. For this purpose, we performed g
luciferase reporter assay using HEK293T cells transfected with the
gene for TLRY and luciferase gene linked to the promoter se-
quence containing an NF-«B binding site. As shown in Fig. 7, both
Cap67 DNA and CpG1826 induced luciferase activity in TLRY.
expressing HEK293T cells, whereas PG and control ODN of
CpG1826 did not show such activity. These results indicate that Cp
DNA triggered the signaling pathway for activation of NF-«B by
directly interacting with TLR9.

Colocalization of Cn DNA with CpG-ODN in BM-DCs

In DCs and macrophages, CpG-ODN is internalized into early en-
dosomes, followed by subsequent transportation to a lysosomal
compartment and direct interaction with TLR9, which is redistrib-
uted from the endoplasmic reticulum (19, 20). Using confocal mi-
croscopic analysis, we compared the intracellular trafficking of
Cap67 DNA and CpG1826 to further define the relationship of
both agents during the activation of BM-DCs. As shown in Fig. 84,
Cap67 DNA and CpG1826 were mostly colocalized in the intra-
cellular area of BM-DCs at 5, 30, 60, and 90 min after incubation.
Thus, the intracellular trafficking of Cn DNA in BM-DCs is similar
to that of CpG1826, suggesting the interaction of the fungal DNA
with TLR9. In the next step, we analyzed the distribution of TLRY
in these cells after incubation with Cap67 DNA and CpG1826.
Isotype-matched irrelevant Ab did not show positive staining in
resting and Cap67 DNA-stimulated BM-DCs (data not shown).
TLR9 was detected in the intracellular area of resting BM-DCs and
redistributed in part to the area where these nucleic acids were
localized after stimulation, and similar results were obtained using
RAW264.1 cells, a macrophage lineage cell line (Fig. 8b). These
results indicate that Cn DNA interacts with TLR9 in the endoso-
mal pathway similar to CpG1826.

a Cn-DNA  CpG-Rhodamine merge b aTLRY Cn-DNA merge

BM-DC

RAW264.1
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Discussion ‘

{n the present study, we hypothesized that DNA from Cn can ac-
tivate BM-DCs based on the finding that lysates of this fungal
microorganism showed such activity, which was significantly re-
duced after DNase treatment. In agreement with this hypothesis,
cryptococcal DNA induced the release of IL-12p40-and expression
of CD40 by BM-DCs. Such activity was not mediated by contam-
inated LPS or B-glucan due to the following reasons: 1) the ac-
tivity was abrogated by DNase treatment, 2) polymixin B did not
affect the activity, and 3) the level of activity w,a's similar in BM-
DCs from control mice, C3H/HeJ, and TL.R4 ™"~ mnice (data not
shown) and from dectin-17"" mice lacking a specific receptor for
B-gluean. In addition, activation of BM-DCs did not involve cap-
sular polysaccharides because DNA fromi an acapsular strain of Cn
was highly active. In earlier studies (24, 25), similar to our find-
ings. DNA from two yeast-form fungi, S. pompe and P. brasilien-
sis, also induced the B cell proliferation and the development of
Th1 immune responses and host protection, respectively, although
the precise mechanism was not investigated. Thus, Cn seems to
possess immunostimulatory DNA that promotes Thl-mediated
host responses against this infection.

In previous studies (12, 13), MyD88, which acts as an adaptor
molecule in signaling via TLRs (37), was reported to play an im-
portant role in host defense against cryptococcal infection. These
findings suggested the possible involvement of certain TLRs.
However, involvement of TLR2 and TLR4 in the host defense
responses against this infection remains to be substantiated (12~
I4). Recent studies have identified the involvement of TLRs in the
recognition of nucleic acids; including TLR3 for dsRNA, TLR7/8
for ssRNA, and TLRY for unmethylated CpG motif-containing
DNA (18, 38—~40). Thus, we addressed the possible contribution of
TLR9 to the mechanism underlying cryptococcal DNA-induced
BM-DC activation, although it was unclear whether Cn possess
such motifs in its DNA structure. CpG-ODN is internalized via an
endocytic pathway and trafficked into late endosomal compart-
ments, followed by direct interaction with TLR9 (19, 20). In this
process, acidification of the endosomal compartments is required,
which is blocked by chloroquine and bafilomycin A (35). As ex-
pected, cytokine synthesis and -expression of costimulatory cell
surface molecules induced by cryptococcal DNA was strongly
suppressed by these compounds, as they acted on CpG-ODN-in-
duced responses. Furthermore, inhibitory ODN that block the sig-
naling triggered by CpG-ODN in a specific manner (36) sup-
pressed the activation of BM-DCs caused by cryptococcal DNA as
well as CpG-ODN. Theses results suggest that Cn DNA was rec-
ognized by TLR9 for its capacity to activate BM-DCs, similar to
the case of CpG-ODN.

In agreement with this possibility, the effects of cryptococcal
DNA required the presence of TLRY, as shown in the present
results, in which the production of IL-12p40 and expression of
CD40 by BM-DCs stimulated with cryptococcal DNA were can-
celled in TLR9 ™/~ mice, similar to the results seen upon the use of
CpG-ODN. The TLR9 signaling is dependent on an adaptor mol-
ecule, MyD88, but not on TRIF, the latter of which mediates the
signals triggered by TLR3 and TLR4 (37). This notion is consis-
tent with our findings of failure of activation of BM-DCs from
MyD88 ™/~ mice, but not from TRIF ™/~ mice, when stimulated by
cryptococcal DNA. These results suggest that cryptococcal DNA
triggers TLR9 and delivers the activation signals with MyD88. In
agreement with this scenario, methylation of cryptococcal DNA
led to a reduction in its ability to induce cytokine synthesis by
BM-DCs, a treatment known to diminish the activity of CpG-ODN
via interaction with TLR9 (16, 24). In addition, using a NF-«B
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- reporter assay, cryptococcal DNA triggered the activation signals

in HEK293 transfected with the TLR9 gene. Thus, to our best
knowledge, fungal DNA was first found to promote the activation
of BM-DCs by triggering the TLR9-dependent and MyD88-me-
diated signaling pathway. In this study, methylation of cryptococ-
cal DNA did not completely abrogate its ability to stimulate cy-
tokine synthesis by BM-DCs, in contrast to the effect of this
treatment on CpG-ODN. Although a possibility that cryptococcal
DNA was not completely methylated is not excluded, these data
suggest a TLR9-mediated, but CpG-independent activation mech-
anism for cryptococcal DNA, which may be consistent with the
recent observations that TLR9 recognizes DNA not only by the
CpG motif but also by different nucleic acid sequences (41).

In the present study, BM-DCs were stimulated by adding cryp-
tococcal DNA to the cell cultures, suggesting that the DNA was
internalized through the cell membranes and moved into the en-
dosomal pathway as described previously for CpG-ODN (19, 20).
This possibility was confirmed using confocal microscopy per-
formed by comparing the intracellular trafficking of fluoréscence-
labeled cryptococcal DNA and CpG-ODN. The results showed
colocalization of these two nucleic acids throughout the course of
incubation. Thus, the intracellular trafficking of cryptococcal ODN
to the endosomal pathway is similar to that of the CpG-ODN. Latz
et al. (19) demonstrated the redistribution of TLR9 toward the sites
of CpG-ODN accumulation. Compatible with this observation, in
the present study, redistribution of TLR9 to the sites of cryptococ-
cal DNA accumulation was noted in BM-DCs. These results add
further support to our conclusion that cryptococcal DNA activated
BM-DCs for cytokine synthesis and expression of costimulatory
cell surface molecules by triggering the TLR9 signaling pathway,
although we could not confirm that cryptococcal DNA directly
binds TLRY.

Based on our findings, we propose here a novel mechanism for
recognition of fungal pathogen by the host immune system: the
DCs sense Cn DNA in a TLR9-dependent fashion. Cn infects lung
tissues and multiplies in alveolar spaces. It has recently been pro-
posed that this fungal pathogen grows inside the endosomes of
macrophages based on its escape mechanism against killing effec-
tor molecules (1). Macrophages acquire the capacity to_ kill the
fungus after their activation by TFN-y secreted from Th1 cells (5).
Therefore, it is unlikely that the DNA is released from Cn outside
the macrophages and DCs, but rather generated from the killed
yeast cells in the endosomal compartment, which could be moved
into the TLR9-triggered signaling pathway for the initiation of host
protective immune responses. Consistent with this notion, activa-
tion of BM-DCs by whole cryptococcal cells was significantly,
although not completely, reduced in TLR9 ™~ mice, and these
mice were more susceptible to pulmonary infection with Cn than
WT control mice, as shown by the increased live colonies in lungs,
when Cap67, an acapsular strain, was used. In this regard, it was
recently demonstrated that DCs could incorporate and kill this fun-
£al microorganism (42, 43). In our data, the culture supernatants of
YC-11, a highly encapsulated Cn, containing much capsular poly-
saccharides suppressed the production of IL-12p40 by cryptococ-
cal DNA and, in addition, BM-DCs failed to produce IL-12p40
upon stimulation with whole yeast-cells of YC-11 in contrast to
Cap67 (Fig. 4, ¢ and d), although DNA from the former strain was
as potent as the latter ones (Fig. le). These observations raise a
possibility that capsular polysaccharides interfere with the BM-DC
production of TL-12p40 in response to cryptococcal DNA, which
may limit the significance of our findings. However, Cn is known
to have no capsule or a thin capsule when infected via the airborne
route, which may provide a benefit for them to reach the alveolar
space (44). This notion suggests that DCs may encounter acapsular
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or thinly capsulated Cn and may be activated by DNA released
from engulfed yeast cells under little influence of capsular poly-
saccharides at the early stage of infection. Further investigations
are necessary to address this important issue.

Thus, the present findings enhance our understanding of the

pathogenic mechanism of intractable cryptococcal infection in im-
munocompromised patients and help in the design of novel im-
munotherapies to combat such clinically difficult infection.
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Potent Antimycobacterial Activity of Mouse Secretory

Leukocyte Protease Inhibitor®

Junichi Nishimura,*® Hiroyuki Saiga,** Shintaro Sato,” Megumi Okuyama,” Hisako Kayama,**
Hirotaka Kuwata,* Sohkichi Matsumoto,’ Toshirou Nishida,® Yoshiki Sawa,® Shizuo Akira,?
Yasunobu Yoshikai," Masahiro Yamamoto,* and Kiyoshi Takeda?**

Secretory leukocyte protease inhibitor (SLPI) has multiple functions, including inhibition of protease activity, microbial growth;;
and inflammatory responses. In this study, we demonstrate that mouse SLPI is critically involved in innate host defense against
pulmonary mycobacterial infection. During the early phase of respiratory infection with Mycobacterium bovis bacillus Calmette.:
Guérin, SLPI was produced by bronchial and alveolar epithelial cells, as well as alveolar macrophages, and secreted into the
alveolar space. Recombinant mouse SLPI effectively inhibited in vitro growth of bacillus Calmette-Guérin and Mycobacterium
tuberculosis through disruption of the mycobacterial cell wall structure. Each of the two whey acidic protein domains in SLPI was
sufficient for inhibiting mycobacterial growth. Cationic residues within the whey acidic protein domains of SLPI were essential for
disruption of mycobacterial cell walls. Mice lacking SLPI were highly susceptible to pulmonary infection with M. tuberculosis.
Thus, mousé SLPI is an essential component of innate host defense against mycobacteria at the respiratory mucosal surface. The

Journal of Immunology, 2008, 180: 4032-4039.

ycobacterium tuberculosis is a top killer among bacte-

rial pathogens and is responsible for 2 million deaths

annually. The emergence of AIDS and development of
multidrug-resistant M. tuberculosis have increased the incidence of
tuberculosis, and it has now become a serious problem. Therefore,
the host defense mechanisms against M. ruberculosis have been
intensively investigated and important roles of T cell-mediated
adaptive immunity are now well established (1, 2). In addition,
functional characterization of TLRs has recently indicated the im-
portance of innate immunity in infection with M. tuberculosis (3,
4). Macrophages and dendritic cells are the major effectors of
TLR-mediated antimycobacterial immune responses, because they
produce a variety of proinflammatory cytokines and have the ca-
pacity of phagocytosis. However, during M. tuberculosis infection,
epithelial cells in the respiratory tract as well as alveolar macro-
phages are the first targets for invasion by M. tuberculosis. There-
fore, these epithelial cells are expected to play roles in preventing
mycobacterial infection by establishing physical barriers and pro-
ducing proinflammatory and antimicrobial mediators (5).
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Secretory leukocyte protease inhibitor (SLPI)? is a 12-kDa se-
creted protein composed of two cysteine-rich whey acidic protein
(WAP) domains (also called WAP four-disulfide core (WFDC)
domains) (6—8). It was originally identified in seminal fluid and is
produced by secretory cells in the genital, respiratory, and lacrimal
glands as well as dermal keratinocytes (9-13). SLPI is a potent
inhibitor of serine proteases, such as neutrophil elastase and ca-
thepsin G, and has therefore been proposed to protect tissues from
protease-mediated damage at sites of inflammation (14, 15). In-
deed, SLPI was subsequently shown to mediate wound healing
(16, 17). Further studies have revealed that SLPI has additional
functions. For example, it possesses an antimicrobial activities
against Gram-negative and Gram-positive bacteria, fungi, and vi-
ruses, including HIV (18-20). In addition to SLPI, several other
serine protease inhibitors containing a single WAP domain, such
as Eppin, Elafin, SWAMI, and SWAM?2, also possess antimicro-
bial activities against Gram-negative and Gram-positive bacteria
(8, 21, 22). Thus, serine protease inhibitors possessing WAP do-
mains exhibit antimicrobial activities. However, the precise mech-
anisms by which these serine protease inhibitors exert their anti-
microbial activities remain elusive. More recently, SLPI was found
to mediate anti-inflammatory responses. Briefly, SLPI is induced
in monocytes and macrophages in response to inflammatory stim-
uli mediated by TLRs (23) and subsequently suppresses TLR-de-
pendent production of inflammatory mediators in macrophages by}
modulating NF-«B activity (23-25). Consistent with these find-§
ings, SLPI-deficient mice are highly sensitive to TLR4 lwand
(LPS)-induced endotoxin shock with increased production of IL-6
(26). Thus, SLPI has diverse functions and its precise roles need to:
be investigated more carefully.

3 Abbreviations used in this paper: SLPI, secretory leukocyte protease inhibit
WAP, whey acidic protein; WFDC, WAP four-disulfide core; qPCR, quantitati
PCR; BALF, bronchoalveolar lavage fluid; BCG, bacillus Calmette-Guérin; FLUOS;;
5-(6-)carboxyfluorescein-N-hydroxysuccinimide ester; NPN, 1-N-phenylnapthyl-.
amine; AEC, alveolar epithelial cell.
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FIGURE 1. Expression of SLPI during mycobacterium infection. A, Wild-type mice were intratracheally .infected with BCG (4 X 10° CFU). At the
indicated periods, total RNA was extracted from the lungs. SLPI mRNA expression was analyzed by quantitative real-time RT-PCR. Data are shown as
the relative mRNA levels normalized by the corresponding 18S rRNA level. B and C, At 2 days after intratracheal infection with BCG, lung tissue sections
were stained with an anti-SLPI Ab (red) and 4',6-diamidino-2-phenylindole (blue) and visualized by fluorescence microscopy. D, BALF was collected at
the indicated periods after BCG infection. Mouse SLPI protein expression was analyzed by Western blotting with an anti-SLPI Ab. Data obtained from
two independent mice (0, 1, and 2 days) are indicated. E, AEC were incubated with the same number of BCG for the indicated periods. SLPI mRNA
expression was analyzed by quantitative real-time RT-PCR. Data are shown as the relative mRNA levels normalized by the corresponding 18S rRNA level.
F, AEC were incubated with the same number of BCG. Culture supernatants were collected before (—) and after 24 h of infection (+) and subjected to
Western blot analysis using an anti-SLPI Ab. Data obtained from two independent cell clones are shown. G, Alveolar macrophages were collected from
uninfected wild-type mice, cultured with or without BCG for 48 h, and then analyzed for their SLPI mRNA expression by quantitative real-time RT-PCR.
The results are presented as the mean * SD.

In this study, we investigated the roles of murine SLPI in the cold acetone for 10 min, dried, rehydrated with PBS, and blocked with PBS

context of host defenses against mycobacteria, since SLPI expres-  containing 20 mM HEPES, 10% FBS, and 1 ug of Fe-blocking mAb

A i ; : : (2.4G2; BD Pharmingen). Next, the sections were sequentially incubated
g 13 g‘rca.tly 1m-iuccd o macroph'ages and th? h_m_gs during my with a biotinylated anti-mouse SLPI Ab (R&D Systems) and Alexa Fluor
cobacterial infection (27). Recombinant SLPI inhibited mycobac- 594-conjugated streptavidin (Molecular Probes). The nuclei were stained

terial growth at a lower concentration than that required to inhibit with 4',6-diamidino-2-phenylindole (Molecular Probes). After washing
bacterial growth. Inhibition of mycobacterial growth was mediated with PBS, the sections were analyzed by confocal microscopy (Zeiss).

by increased permeability of the mycobacterial membrane. Muta-
tion of cationic residues in the WAP domains of SLPI resulted in
10ss of its antimycobacterial activity. Furthermore, SLPI-deficient
mice were highly susceptible to pulmonary infection with M. fu- Samples were boiled for 5 min in reducing SDS-PAGE sample buffer and

b 2 : : . then subjected to SDS-PAGE. The separated proteins were transferred to a
erculosis. These findings demonstrate that SLPI is a potent anti 045 oy owe puly vy bidsne Hlisorids merifizas (Millipors):. Afier block-

Western blot analysis

Mmycobacterial molecule. . ing with 5% milk, the membrane was incubated with the above-described
biotinylated anti-mouse SLPI Ab (0.2 pg/ml) and a streptavidin-HRP com-
MﬂtEl‘ialS and Methods plex (1/10,000 dilution; R&D Systems). The bound Abs were detected by

Célls and bacteria the Super Signal reagent (Pierce).
M. tuberculosis strains H37Ra (ATCC 25177; American Type Culture Col-
lection) and M. tuberculosis strains H37Rv (28) were grown in Middle- Quantitative real-time RT-PCR
brook TH9-ADC medium for 2 wk and stored at —80°C until use. Myco-
Clerium bovis bacillus Calmette-Guérin (BCG; Tokyo strain) was
Purchased from Kyowa Pharmaceuticals. Salmonella enterica serovar ty-
Phimuriym were provided by the Research Institute for Microbial Diseases
(Osaka University). For each experiment, the dose was confirmed by plat-
"¢ an aliquot of the injéected bacterial suspension. Isolation and immor-
lization of type II alveolar epithelial cells from the lungs of transgenic
HIK® 15058 mice were performed as previously described (29), with
$9me modifications.

After isolation of total RNA with the TRIzol reagent (Invitrogen Life Tech-
nologies), 4 pg of the RNA was treated with RQIDNase (Promega) and
then reverse-transcribed using Moloney murine leukemia virus reverse
transcriptase (Promega) and Random Primers (Toyobo). Gene expression
was quantified with an Applied Biosystems PRISM 7000 sequence detec-
tion system using TagMan Universal PCR Master Mix (Applied Biosys-
tems). To determine the relative expression level of each sample, the cor-
responding 18S rRNA expression level was measured as an internal
control. The primer and probe sequences for SLPI were follows: quanti-
tative PCR (qPCR) primer (forward), 5'-d(GCTGTGAGGGTATATGTG
L GGAAA)-3; gPCR primer (reverse), 5'-d(CGCCAATGTCAGGGAT
[s}ings were washed with PBS and frozen in Tissue-Tex OCT compound CAG)-3'; and gPCR probe, 5'-FAMd(TCTGCCTGCCCCCGATGTG
Sakurg_ Tokyo, Japan). Cryostat sections (5-um thick) were fixed with AG)BHQ-3'.
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