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Toll-Like Receptor 9-Dependent Activation of Bone Marrow-Derived
Dendritic Cells by URA5 DNA from Cryptococcus neoformans
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Cryptococcus neoformans is an opportunistic fungal pathogen that causes meningoencephalitis in immunocompromised pa-
tients. Recently, we reported that Toll-like receptor 9 (TLRY) is involved in host defense against C. neoformans: specifically, it
detects the pathogen’s DNA. In the present study, we aimed to elucidate the mechanisms underlying TLR9-mediated activation
of innate immune responses by using the URA5 gene, which encodes a virulent component of this fungal pathogen. A PCR-
amplified 345-bp URA5 gene fragment induced interleukin-12 p40 (IL-12p40) production by bone marrow-derived dendritic
cells (BM-DCs) in a TLR9-dependent manner. Similar activity was detected in the 5’ 129-bp DNA fragment of URA5 and in a
synthesized oligodeoxynucleotide (ODN) with the same sequence. Shorter ODN fragments, which contained GTCGGT or GAC-
GAT but had only 24 or 21 bases, induced IL-12p40 production and CD40 expression by BM-DCs, but this activity vanished
when the CG sequence was replaced by GC or when a phosphorothioate modification was introduced. IL-12p40 production
caused by active ODN was strikingly enhanced by treatment with DOTAP, a cationic lipid that increases the uptake of DNA by
BM-DCs, though DOTAP failed to induce IL-12p40 production by inactive ODN and did not affect the activity of an ODN-
containing canonical CpG motif. There was no apparent difference in intracellular trafficking between active and inactive ODNs.
Finally, an extremely high dose of inactive ODN suppressed IL-12p40 production by BM-DCs that had been stimulated with ac-
tive ODN. These results suggest that the C. neoformans URA5 gene activates BM-DCs through a TLR9-mediated signaling path-

way, using a mechanism possibly independent of the canonical CpG motif.

ryptococcus neoformans, an opportunistic fungal pathogen,

frequently causes fatal meningoencephalitis in AIDS patients.
C. neoformans was recently recognized as an intracellular micro-
organism that grows in macrophages, and clinical evidence has
accumulated showing that this fungal pathogen causes illness fol-
lowing reactivation in immunocompromised patients (4). Host
defense against C. neoformans is mediated largely by cellular im-
munity (15), and CD4* T cells play a central role in eradicating
the infection (7, 21). The outcome of this infection is determined
by the balance between Th1 and Th2 immune responses: the po-
larized synthesis of Th1 cytokines leads to protection, while a bi-
ased Th2 immune response means that the host will succumb to
the infection (11). This balance is critically regulated by a variety
of innate immune cells shortly after the invasion of C. neoformans
into lung tissues (10, 16, 18, 19, 27).

The invasion of a microbial pathogen into host tissue results in
the development of an inflammatory response, which is initiated
by recognition of pathogen-associated molecular patterns
(PAMPs) via pattern recognition receptors (PRRs), including the
Toll-like receptors (TLRs) (25). The protein MyD88, which is in-
volved in the TLR signaling pathway, plays a critical role in the
host immune response to C. neoformans (1, 33), as experiments
with mice genetically lacking MyD88 (MyD88KO mice) have
shown; this indicates that certain TLRs likewise contribute to the
immune response to C. neoformans. In our recent study (22), it
was demonstrated that TLR9 contributes to host defense against
C. neoformans infection by detecting the DNA of this fungal
pathogen. In addition, Zhang and coworkers recently reported
that TLRY signaling plays a critical role in protective immune
responses to C. neoformans and in clearance of this fungal patho-
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gen from the lungs (34). Similar findings have been reported re-
garding other fungal species, including Aspergillus fumigatus,
Candida albicans, and Cordyceps sinensis (20, 24, 30).

The unmethylated CpG motif-containing DNA that occurs in
prokaryotic microorganisms such as bacteria and viruses is known
to trigger host immune responses by interacting with TLR9 (6, 12,
13), which is distributed in the endosomal compartments (8, 14).
This interaction causes the activation of a signaling pathway me-
diated by the adaptor molecule MyD88, leading to the synthesis of
proinflammatory cytokines and the expression of costimulatory
molecules by macrophages and dendritic cells (DCs) (8, 9). Turn-
ing to fungal DNA, Ramirez-Ortiz and coworkers have reported
that A. fumigatus DNA contains an unmethylated CpG motif and
that it activates mouse bone marrow-derived DCs (BM-DCs) and
human plasmacytoid DCs to produce proinflammatory cyto-
kines. This activity was diminished when the fungal DNA was
treated with CpG methylase or a CpG-specific endonuclease (24),
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TABLE 1 Sequences of synthesized ODNs

TLR9-Dependent BM-DC Activation by C. neoformans DNA

ODN

(length [bases]) Sequence (5'-3")

ODNI (129) TACGGTGAGGGCGGTACTATGGTCGGTGCGCCTCTCAAGGGACGAATCGTCATCATCGACGATGTTCTCACCTCTGGCAAG
GCCATCCGTGAAGCTATTGACATTCTCAAGGCCTCCCCTGAAGCGAAG

ODN2 (133) GCCTCCCCTGAAGCGAAGCTTGTCGGAATTGTCCAGCTTGTCGACAGACAAGAGAAAGGCCAGAGCGGTAGCGGCAAGAG
TACCGTACAGGAGGTTGAGGAAGAGTTCGGTGTGCCTGTCGAGCCTATTATTG

ODN3 (122) GCCTGTCGAGCCTATTATTGGTTTGGACGACATTGTGAAGTACTTAGAAAGCTCCGGCAAGTGGGAAAAGGAGCTGCAAGA
GGTCAGGAAGTACAGGGCGGAGTACGGTGTTCAGAGGTCTTA

ODNI11 (53) ACGGTGAGGGCGGTACTATGGTCGGTGCGCCTCTCAAGGGACGAATCGTCATC

ODNI2 (43) AATCGTCATCATCGACGATGTTCTCACCTCTGGCAAGGCCATC

ODNI13 (53) CAAGGCCATCCGTGAAGCTATTGACATTCTCAAGGCCTCCCCTGAAGCGAAGC

ODN111 (21)
ODN112 (24)

ACGGTGAGGGCGGTACTATGG
CTATGGTCGGTGCGCCTCTCAAGG

ODNI113 (20) TCAAGGGACGAATCGTCATC
ODNI121 (18) AATCGTCATCATCGACGA
ODN122 (21) CGACGATGTTCTCACCTCTGG
ODNI123 (18) ACCTCTGGCAAGGCCATC

suggesting that TLR9 senses the unmethylated CpG motif in A.
fumigatus DNA.

It remains to be determined whether the immune activation
that results when DNA from C. neoformans is introduced into a
host is induced by an unmethylated CpG motif in that DNA, like
the case with A. fumigatus. In our earlier study (22), treatment
with CpG methylase was reported to attenuate the BM-DC-
stimulating activity of C. neoformans DNA only partially, suggest-
ing the presence of a certain CpG-independent mechanism. In the
present study, therefore, we investigated the mechanism underly-
ing TLR9-mediated immune activation by DNA from C. neofor-
mans by examining the ability of a particular gene known as
URAS5, which encodes orotidine monophosphate pyrophospho-
rylase in this fungal pathogen, to induce interleukin-12 p40 (IL-
12p40) production and CD40 expression by BM-DCs.

MATERIALS AND METHODS

Mice. TLR9KO mice were generated as described previously (6). Ho-
mozygous mice were backcrossed to C57BL/6 mice for more than 8 gen-
erations. Wild-type (WT) C57BL/6 mice were used as controls. Male or
female mice at 6 to 10 weeks of age were used for the experiments. All
mutant mice were kept under specific-pathogen-free conditions at the
Institute for Animal Experimentation, Tohoku University Graduate
School of Medicine (Sendai, Japan). The experiments were conducted
according to the guidelines of and approved by the ethics committees of
Tohoku University.

Preparation of C. neoformans DNA. An acapsular strain of C. neofor-
mans, designated Cap67 (a kind gift of Stuart M. Levitz, Boston Univer-
sity, Boston, MA), was used. Serotype A encapsulated strains of C. neofor-
mans, designated YC-11 and -13, were established from patients with
pulmonary cryptococcosis (32). The yeast cells were cultured on potato
dextrose agar (PDA) plates (Eiken, Tokyo, Japan) for 2 to 3 days before
use. For preparation of C. neoformans DNA, the yeast cells were lysed with
100 mM Tris-hydrochloride (pH 7.5), 0.5% sodium dodecyl sulfate
(SDS), and 30 mM EDTA at 100°C for 15 min. The DNA was purified by
extraction with phenol-chloroform-isoamyl alcohol (25:24:1) and iso-
propanol precipitation. The pellet was washed with 70% ethanol, dried,
and resolved with distilled water. The DNA thus obtained was kept at
—80°C until use. The ratio of the optical density at 260 nm (OD,) to the
OD,q, was usually between 1.5 and 2.0. The endotoxin content in the
DNA preparations, measured by Limulus amoebocyte lysate assay, was
<10 pg/ml.
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PCR. A 345-bp fragment of C. neoformans URA5 DNA was amplified
in an automatic DNA thermal cycler (PC320; Astec, Fukuoka, Japan) by
using the specific primers 5'-ACG GTG AGG GCG GTA CTA TG-3'
(forward) and 5'-AAG ACC TCT GAA CAC CGT AC-3' (reverse). The 5',
3, and intervening fragments of this 345-bp sequence were amplified
using the following specific primers (26): ACG GTG AGG GCG GTA CTA
TG (forward) and GCT TCG CTT CAG GGG AGG C (reverse) for the 5’
129-bp fragment (base numbers 1 to 129), GCC TGT CGA GCC TAT
TAT TG (forward) and AAG ACC TCT GAA CAC CGT AC (reverse) for
the 3’ 123-bp fragment (base numbers 223 to 345), and GCC TCC CCT
GAA GCG AAG C (forward) and CAA TAA TAG GCT CGA CAG GC
(reverse) for the intervening 133-bp fragment (base numbers 110 to 242).
Weadded 1.0 ul of C. neoformans DNA solution to 49 ul of a PCR mixture
(TaKaRa Ex Taq; TaKaRa, Shiga, Japan) which contained 1.0 uM (each)
forward and reverse primers. The mixture was incubated for 36 cycles of 1
min at 94°C, 1 min 30 s at 63°C, and 1 min at 72°C. The PCR products
were electrophoresed in 2% agarose gels, stained with 0.5 pg/ml
ethidium bromide, and observed with a UV transilluminator. For the
stimulation of BM-DCs, PCR products were purified using a QIAquick
PCR purification kit (Qiagen, Germantown, MD).

Culture medium and reagents. RPMI 1640 medium was obtained
from Nipro (Osaka, Japan), and fetal calf serum (FCS) was obtained from

TABLE 2 Sequences of synthesized ODN variants

ODN variant Sequence (5'-3")7

ODNI112 CTATGGTCGGTGCGCCTCTCAAGG
ODNI112-1 ---TGGTCGGTGCGCCTCTCAAGG
ODNI112-2 CTA---TCGGTGCGCCTCTCAAGG
ODNI112-3 CTATGG---GTGCGCCTCTCAAGG
ODNI112-4 CTATGGTCG---CGCCTCTCAAGG
ODNI112-5 CTATGGTCGGTG--~-CTCTCAAGG
ODNI112-6 CTATGGTCGGTGCGC---TCAAGG
ODNI112-7 CTATGGTCGGTGCGCCTC---AGG
ODNI112-8 CTATGGTCGGTGCGCCTCTCA--—

ODN112-GTCGTT
ODN112-GACGTT

CTATGGTCGTTGCGCCTCTCAAGG
CTATGGACGTTGCGCCTCTCAAGG

ODNI112-GC CTATGGTGCGTGCGCCTCTCAAGG
ODNI113 TCAAGGGACGAATCGTCATC
ODNI121 AATCGTCATCATCGACGA
ODNI122 CGACGATGTTCTCACCTCTGG
ODN122-GC CGAGCATGTTCTCACCTCTGG

@ Underlining shows the portion of nucleic acid deletion.
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FIG 1 IL-12p40 production by BM-DCs stimulated with URA5 PCR products. PCR-amplified URA5 DNA and its 5’ 129-bp fragment induce IL-12p40
production by BM-DCs. (A) The PCR product of the URA5 gene was amplified from Cap67 and subjected to electrophoresis. The arrow indicates the 345-bp
product. (B) BM-DCs from WT (solid columns) or TLROKO (open columns) mice were cultured with Cap67 DNA (10 ng/ml), the URA5 PCR product from
Cap67 (10 pg/ml), CpG1826 (1 pg/ml), or LPS (1 ug/ml) for 24 h, and IL-12p40 concentrations in the culture supernatants were measured by ELISA. (C)
BM-DCs from WT (solid columns) or TLROKO (open columns) mice were cultured with URA5 PCR products from strains Cap67, YC-11,and YC-13 (10 pg/ml
for each) for 24 h, and IL-12p40 concentrations in the culture supernatants were measured by ELISA. (D) PCR products of 5', 3', and intervening fragments of
the URA5 gene were amplified from Cap67 and subjected to electrophoresis. Their sizes were 129, 122, and 133 bp, respectively. Each arrow indicates a PCR
product. (E) BM-DCs were cultured with PCR products of the URA5 gene from Cap67 (10 ug/ml) and each fragment (10 ug/ml) for 24 h, and IL-12p40
concentrations in the culture supernatants were measured by ELISA. Data are means % SD for triplicate cultures. M, 100-bp DNA size marker; 5'-129bp, 5" PCR
product of 129 bp; 3'-133bp, 3" PCR product of 133 bp; Int-122bp, intervening PCR product of 122 bp; Cn-DNA, Cap67 DNA; CpG, CpG1826. *, P < 0.05; NS,

not significant.

BioWest (Nuaillé, France). Lipopolysaccharide (LPS) was purchased from
Sigma-Aldrich (St. Louis, MO). A prototypic CpG oligodeoxynucleotide
(CpG-ODN), CpG1826, and various other ODNs were synthesized and
purified by means of high-performance liquid chromatography (HPLC)
at Hokkaido System Science (Sapporo, Japan), as shown in Tables 1 and 2.
CpG1826 was usually phosphorothioated; in some experiments, ODN112
was phosphorothioated (PS-ODN112) and CpG1826 was in a phosphodi-
ester form (PO-CpG1826). The endotoxin content in these DNA com-
pounds, as measured by Limulus amoebocyte lysate assay, was <10 pg/ml.

Preparation and culture of dendritic cells. BM-DCs were prepared as
described by Lutz and coworkers (17), with some modifications. Briefly,
BM cells from WT and TLROKO mice were cultured at 2 X 10°/ml in 10
ml RPMI 1640 medium supplemented with 10% FCS, 100 U/ml penicillin
G, 100 ug/ml streptomycin, and 50 wM 2-mercaptoethanol and contain-
ing 20 ng/ml murine granulocyte-macrophage colony-stimulating factor
(GM-CSF; Wako Pure Chemical Industries, Ltd., Osaka, Japan). On day 3,
another 10 ml of the same GM-CSF-containing medium was added; on
day 6, a half change was performed using the GM-CSF-containing culture
medium. On day 8, nonadherent cells were collected and used as BM-
DCs. The cells thus obtained were cultured at 1 X 10°/ml with various
stimulants for 24 h at 37°C in 5% CO, in an incubator.

DOTAP treatment. ODNs were treated with N-[1-(2,3-
dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate (DO-
TAP; Carl Roth, Karlsruhe, Germany) as previously described by Yasuda
etal. (31). Briefly, 5 ug of ODN was incubated with 10 ug DOTAP in 100
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]l HEPES-buffered saline (20 mM HEPES, 150 mM NaCl, pH 7.4) at
room temperature for 15 min.

Cytokine assay. The concentrations of IL-12p40 in the culture super-
natants were measured by an enzyme-linked immunosorbent assay
(ELISA) using capture and biotinylated developing antibodies (BD Bio-
sciences, Franklin Lakes, NJ).

Analysis of CD40 expression on BM-DCs. BM-DCs were preincu-
bated with anti-FcyRII and -ITl monoclonal antibody (MAb), prepared by
use of a protein G column kit (Kirkegaard & Perry Laboratories, Gaith-
ersburg, MD) from the culture supernatants of hybridoma cells (clone
2.4G2), on ice for 15 min in phosphate-buffered saline (PBS) containing
1% FCS and 0.1% sodium azide, stained with fluorescein isothiocyanate
(FITC)-conjugated anti-CD11c MAD (clone HL3; BD Biosciences) and
phycoerythrin (PE)-conjugated anti-CD40 MAb (clone 1C10; eBiosci-
ence, San Diego, CA) for 25 min, and then washed three times in the same
buffer. Isotype-matched irrelevant antibodies were used for control stain-
ing. The propidium iodide-stained population was excluded as dead cells.
The stained cells were analyzed using a FACSCanto II flow cytometer (BD
Biosciences). Data were collected from 15,000 to 20,000 individual live
cells by using forward scatter/side scatter and FL1 parameters to set a gate
on the CD11c¢™ lymphocyte population.

Analysis of ODN uptake by BM-DCs. BM-DCs were incubated with
rhodamine-labeled ODNs or CpG1826 (prepared by Hokkaido System
Science) in the presence or absence of DOTAP for 60 min in a CO, incu-
bator. The cells were fixed with 4% paraformaldehyde in PBS on ice for 15
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min, washed three times with PBS, and then analyzed using a Cytomics
FC500 flow cytometer (Beckman Coulter Inc., Fullerton, CA). Data were
collected from 15,000 to 20,000 individual live cells by using a forward
scatter/side scatter parameter.

Confocal microscopic analysis. BM-DCs were incubated with
rhodamine-labeled ODNs or CpG1826 in microtubes for 2 h. After fixa-
tion, the cells were stained with Alexa Fluor 488-conjugated anti-LAMP1
MAD (clone 1D4B; eBioscience) and then cytospun onto glass slides, upon
which coverslips were mounted by using a ProLong antifade kit (Molec-
ular Probes, Eugene, OR). Confocal images were acquired using a Carl
Zeiss (Oberkochen, Germany) LSM510 microscope. Carl Zeiss LSM
Image Browser was used to acquire and process the confocal images.

Statistical analysis. Analysis was conducted using Statview II software
(Abacus Concept, Inc., Berkeley, CA) on a Macintosh computer. Data are
expressed as means = standard deviations (SD). Differences between
groups were examined for statistical significance by using one-way anal-
ysis of variance (ANOVA) with a post hoc analysis (Fisher’s protected least
significant difference [PLSD] test). P values of <0.05 were considered
significant.

RESULTS

IL-12p40 production by BM-DCs stimulated with C. neofor-
mans URA5. To elucidate the involvement of the C. neoformans
URAS5 DNA sequence in the activation of immune cells, we exam-
ined whether PCR-amplified URA5 DNA from this fungal patho-
gen induced IL-12p40 production by BM-DCs. As shown in Fig.
1A and B, a PCR-amplified 345-bp DNA fragment from strain
Cap67, identified as URA5 by means of nucleic acid sequencing,
stimulated BM-DCs to produce IL-12p40 at a level equivalent to
that induced by DNA extracted from C. neoformans. IL-12p40
production by URA5 DNA-stimulated BM-DCs was completely
abrogated in TLR9KO mice, as was IL-12p40 production induced
by C. neoformans DNA and CpG-ODN, whereas IL-12p40 pro-
duction induced by LPS was not different between WT and
TLR9KO mice. Similar results were obtained using PCR-
amplified URA5 DNAs from two clinically isolated strains, YC-11
and YC-13 (Fig. 1C). These results indicate that URA5 DNA acti-
vates BM-DCs in a TLR9-dependent manner and suggest that a
canonical CpG motif, such as GACGTT or GTCGTT, may be con-
tained in this gene. Yet no such motif was found in the PCR-
amplified 345-bp DNA fragment, which raises the possibility of
involvement of other mechanisms.

IL-12p40 production by BM-DCs stimulated with DNA frag-
ments of the URA5 gene. To identify the DNA sequence respon-
sible for activation of BM-DCs, we stimulated BM-DCs with three
DNA fragments from within the PCR-amplified 345-bp fragment,
namely, the 5, 3, and intervening fragments, composed of 129
bp, 122 bp, and 133 bp, respectively, each overlapping the next by
18 to 20 bp (Fig. 1D). As shown in Fig. 1E, the 5" fragment induced
production of IL-12p40 by BM-DCs at a level almost equivalent to
that induced by the 345-bp PCR product, whereas the 3’ and in-
tervening fragments induced only weak IL-12p40 production. Ad-
ditionally, we measured the production levels induced by synthe-
sized ODN fragments with the same sequences as the three DNA
fragments (Table 1). As shown in Fig. 2A, as in the case of the PCR
products, the ODN with 129 bases (ODNI1) induced the produc-
tion of IL-12p40 by BM-DCs at a considerable level, whereas the
levels of IL-12p40 production induced by the other ODN se-
quences (ODN2 and ODN3, with 133 and 122 bases, respectively)
were lower.

Next, we examined whether even shorter sequences of ODN1
exhibited IL-12p40-inducing activity. BM-DCs were stimulated
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FIG 2 IL-12p40 production by BM-DCs stimulated with synthesized ODNs
based on the URAS5 gene. There were several ODNs of 18 to 24 bp found in
URA5 DNA that induced IL-12p40 production by BM-DCs. (A and B) BM-
DCs were cultured with Cap67 DNA (10 ug/ml), the URA5 PCR product from
Cap67 (10 ug/ml), various ODNs (10 pg/ml each of ODNI1, ODN2, and
ODN3 and 30 pg/ml each of ODN11, ODN12, and ODN13), CpG1826 (1
pg/ml), or LPS (1 pg/ml) for 24 h, and IL-12p40 concentrations in the culture
supernatants were measured by ELISA. (C) BM-DCs from WT (solid col-
umns) or TLRIKO (open columns) mice were cultured with Cap67 DNA (10
pg/ml), the URA5 PCR product from Cap67 (10 ug/ml), ODN111,-112,-113,
-121,-122, 0or -123 (30 pg/ml), CpG1826 (1 pg/ml), or LPS (1 ug/ml) for 24 h,
and IL-12p40 concentrations in the culture supernatants were measured by
ELISA. Data are means = SD for triplicate cultures. Cn-DNA, Cap67 DNA;
ODN, synthesized oligodeoxynucleotide; CpG, CpG1826. *, P < 0.05; NS, not
significant.

with three ODN fragments, the 5, 3', and intervening fragments
of ODN1 (ODN11, ODN13, and ODN12), composed of 53, 53,
and 43 bases, respectively (Table 1). As shown in Fig. 2B, ODN11
and ODN12 induced the production of IL-12p40 at a level equiv-
alent to or higher than that caused by C. neoformans DNA,
whereas ODN13 induced only weak IL-12p40 production.

Finally, we tested the activity of still shorter sequences of
ODNI11 and ODNI12 (ODN111, ODN112, ODN113, ODN121,
ODN122, and ODN123), as shown in Table 1. As Fig. 2C shows,
ODNI112, ODN113, ODNI121, and ODN122 induced IL-12p40
production by BM-DCs, with the highest activity level induced by
ODN112, whereas ODN111 and ODN123 induced little or no
IL-12p40 production. In addition, IL-12p40 production by these
ODN fragments as well as by CpG1826 was completely abrogated
when BM-DCs from TLR9KO mice were used, whereas the LPS-
induced response was not affected.

CDA40 expression by BM-DCs stimulated with DNA frag-
ments of the URA5 gene. To determine whether the activity of
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FIG 3 CD40 expression by BM-DCs stimulated with synthesized ODNs based on the URA5 gene. ODNs with the ability to induce IL-12p40 production were also
active in the expression of CD40 by BM-DCs. BM-DCs were cultured with Cap67 DNA (10 pg/ml), ODN111, -112, -113, -121, -122, or -123 (30 ug/ml), or
CpG1826 (1 pg/ml) for 24 h, and CD40 expression by BM-DCs was measured using a flow cytometer. Representative data for three independent experiments are
shown. The percentages indicate the proportions of positive cells. Cn-DNA, Cap67; ODN, synthesized oligodeoxynucleotide; CpG, CpG1826.

ODN s was limited to IL-12p40 synthesis, we examined the expres-
sion of CD40 by BM-DCs. As shown in Fig. 3, ODN111, -112,
-113,-121, and -122 enhanced the expression of CD40, as detected
upon stimulation with C. neoformans DNA and CpG1826,
whereas ODN123 did not show such an effect.

DNA sequence responsible for BM-DC activation. To deter-
mine the DNA sequence responsible for BM-DC activation, BM-
DCs were stimulated with modified ODN112 variants from which
various sets of three adjacent nucleotides were deleted (Table 2).
As shown in Fig. 4, IL-12p40 production by BM-DCs was com-
pletely abrogated when ODN112-3 was used and was weakened
but not abrogated upon stimulation with ODN112-5, ODN112-7,
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and ODN112-8. Because a TCG sequence was deleted from
ODN112-3, we focused on the six bases in the GTCGGT sequence,
which resembles the canonical CpG motifs GACGTT and
GTCGTT. Therefore, BM-DCs were stimulated with modified an-
alogues of ODN112 in which one of these two CpG motifs was
introduced in place of the targeted six-base sequence (ODN112-
GACGTT and ODN112-GTCGTT) (Table 2). Both types of ODN
fragment induced IL-12p40 production by BM-DCs, though the
activity they induced was not equivalent to that induced by
ODN112 (Fig. 4). Next, to address the possible importance of the
CG sequence specifically, we tested the activity of a modified
ODN112 derivative in which CG was replaced by GC within the
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FIG 4 IL-12p40 production by BM-DCs stimulated with altered ODNs of the URA5 gene. Some modified ODN derivatives lost the ability to induce IL-12p40
production by BM-DCs. BM-DCs were cultured with various altered ODNs (30 mg/ml) for 24 h, and IL-12p40 concentrations in the culture supernatants were
measured by ELISA. Data are means = SD for triplicate cultures. ODN, synthesized oligodeoxynucleotide. *, P < 0.05.

six-base sequence (ODN112-GC) (Table 2); this ODN had no
capacity to induce IL-12p40 production by BM-DCs (Fig. 4).
These results indicate that the CG sequence is essential for the
activity of ODN112, though the canonical CpG motif is not.

Effects of phosphorothioate modification and DOTAP treat-
ment. Because natural phosphodiester (PO) DNA causes insta-
bility in the presence of endonucleases, phosphorothioate (PS)
modification is generally performed on CpG-ODN in order to
enable stability in the presence of enzymes, permitting its use in
experiments and potentially in the treatment of various dis-
eases (13). In this study, however, all of the synthesized com-
pounds used were PO-DNA. Therefore, we examined the effect
of PS modification on the IL-12p40-inducing activity of
ODNI112. For this purpose, BM-DCs were stimulated with ei-
ther PO-ODN112 or PS-ODN112 and either PO-CpG1826 or
PS-CpG1826. As shown in Fig. 5A, PS-ODN112 completely
lacked the capacity to induce IL-12p40 production compared
to PO-ODN112, whereas the activity of PO-CpG1826 was
much lower than that of PS-CpG1826.

To exclude the possibility that PS modification may prevent
ODNss from entering cells, we examined the effect of DOTAP, a
cationic lipid which promotes the entry of DNA into cells, on the
production of IL-12p40 by BM-DCs. As shown in Fig. 5B, DOTAP
strikingly increased the production of IL-12p40 induced by
ODN112 and ODN122 but, interestingly, did not further promote
IL-12p40 production induced by CpG1826 and did not enable
IL-12p40 production to result from stimulation with the inactive
DNA compounds ODN123, ODN112-GC, ODN122-GC, and PS-
ODNI112. It was considered possible that inactive DNA com-
pounds were not entering the cells even in the presence of
DOTAP. To exclude this possibility, we evaluated the uptake of
rhodamine-labeled ODN112, ODN123, and CpG1826 into BM-
DCs by using flow cytometric analysis. As shown in Fig. 5C, un-
treated BM-DCs showed marginal or weak uptake of all of these
DNA compounds, while DOTAP treatment strikingly increased
the uptake not only of ODN112 but also of ODN123 and
CpG1826.
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Difference in BM-DC activation by active and inactive
ODNeS. In order to address the mechanism of BM-DC activation
in the context of the distinction between active and inactive
ODNs, we first examined the intracellular localization of
rhodamine-labeled ODNs within BM-DCs by using confocal laser
microscopy. As shown in Fig. 6, not only the active ODNs
ODNI112 and CpG1826 but also the inactive ODNs ODN123,
ODN112-GC, and PS-ODN112 were colocalized with LAMP1, a
marker of late endosomes. These results indicate that the differ-
ences in the activities of the various ODNs could not be ascribed to
their different intracellular localizations. Next, we further assessed
the intracellular localization of ODNs within BM-DCs by using
TLRY; again, no difference could be detected between active and
inactive ODNs, although clear colocalization was not easy to ob-
serve (data not shown). These results raised the possibility that the
interaction of inactive ODNs with TLRY in late endosomes may
not deliver an activation signal, though they may interact with
TLR9Y at an equivalent level. To address this possibility, we exam-
ined whether inactive ODNs prevented active ODN112 from ac-
tivating BM-DCs. As shown in Fig. 7, IL-12p40 production by
ODN112-activated BM-DCs was completely abrogated when 10
times more inactive ODN123 was added to the cultures. In con-
trast, IL-12p40 production by CpG1826-activated BM-DCs was
not affected by the addition of ODN123.

DISCUSSION

In the present study, to explore the mechanism underlying TLR9-
mediated activation of BM-DCs by DNA from C. neoformans, we
examined the ability of a particular gene known as URA5 to induce
IL-12p40 production by these cells. The URA5 gene, which en-
codes orotidine monophosphate pyrophosphorylase, is involved
in uracil synthesis (28) and is thought to contribute to the devel-
opment of C. neoformans infection, as evidenced by the reduced
virulence of its mutant strain (3). Our present results have dem-
onstrated that a PCR product of the URA5 gene amplified from C.
neoformans DNA, as well as the whole DNA itself, activates BM-
DCs to produce IL-12p40 in a TLR9-dependent manner.
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FIG 5 Effects of phosphorothioate modification and DOTAP on BM-DC production of IL-12p40. ODN112 and CpG1826 were distinct in terms of the effects
of PS modification and DOTAP treatment on their ability to induce production of IL-12p40 by BM-DCs, whereas uptake of these ODNs by BM-DCs was
equivalent. (A) BM-DCs were cultured with PO-ODN112 (30 pg/ml), PS-ODN112 (30 pg/ml), PO-CpG1826 (1 wg/ml), or PS-CpG1826 (1 pg/ml) for 24 h, and
IL-12p40 concentrations in the culture supernatants were measured by ELISA. (B) BM-DCs were cultured with PO-ODN112 (30 pg/ml), PO-ODN123 (30
pg/ml), PS-ODN112 (30 ug/ml), PO-ODN122 (30 ug/ml), PO-ODN122-GC (30 ug/ml), or PS-CpG1826 (0.01, 0.1, or 1 wg/ml) in the presence (open columns)
or absence (solid columns) of DOTAP for 24 h, and IL-12p40 concentrations in the culture supernatants were measured by ELISA. Data are means = SD for
triplicate cultures. PO, phosphodiester; PS, phosphorothioate; ODN, synthesized oligodeoxynucleotide DNA; CpG, CpG1826. *, P < 0.05. (C) BM-DCs were
incubated with rhodamine-labeled ODN112 (10 ug/ml), ODN123 (10 ug/ml), or CpG1826 (1 ug/ml) in the presence or absence of DOTAP for 60 min, and
uptake of the ODNs by these cells was analyzed using a flow cytometer. Data are representative of three independent experiments. Shaded area, no ODN; dotted

line, ODN without DOTAP; solid line, ODN with DOTAP. ODN, synthesized oligodeoxynucleotide; CpG, CpG1826.

In addition, to elucidate whether BM-DC activation was de-
tectable only when cells were stimulated with URA5, we examined
the activities of other virulence-associated genes from C. neofor-
mans, namely, CNLACI and CAP59 (23). PCR-amplified
CNLACI and CAP59 DNAs induced the production of IL-12p40
by BM-DCs, as did URA5 DNA (see Fig. S1 in the supplemental
material); in addition, the canonical CpG motifs were not found
in CNLACI and CAP59 DNA fragments, like the case for URA5
DNA. Thus, certain DNA fragments from C. neoformans were
shown to induce the activation of BM-DCs.

Ramirez-Ortiz and coworkers recently reported that A. fu-
migatus DNA contains an unmethylated CpG motif and activates
mouse BM-DCs and human plasmacytoid DCs to produce proin-
flammatory cytokines and that this activity was diminished when
the fungal DNA was treated with a CpG methylase or a CpG-
specific endonuclease (24). These findings suggest that an un-
methylated CpG motif in A. fumigatus DNA is sensed by TLRY,
leading to the activation of immune responses. In our study, in
contrast, we did not find any canonical CpG motifs in a 345-bp
PCR product of the URA5 gene that nevertheless stimulated IL-
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12p40 production by BM-DCs. Therefore, we attempted to define
a putative responsible motif in this gene by dividing the gene into
small DNA fragments. Some fragments exhibited the capacity to
induce IL-12p40 production and CD40 expression in BM-DCs,
while others did not, suggesting the possible involvement of a
particular DNA sequence in inducing immune activation. In the
highly potent fragment that we called ODN112, a CG dinucleotide
similar to that in a prototypic CpG-ODN was observed to be im-
portant, because the deletion of either TCG (ODN112-3) or GGT
(ODN112-4), but not that of GTC (ODN112-2) or the replace-
ment of TCG with TGC (ODN112-GC), resulted in the complete
loss of BM-DC activation. There were some exceptions, however:
(i) deletion of a CG dinucleotide at another site in ODN112
(ODN112-5) did not cause a drastic loss of BM-DC-stimulating
activity; and (ii) ODN111, another active DNA fragment, showed
only marginal activity irrespective of its two CG dinucleotides,
located at distinct sites. Thus, the CG dinucleotide does not seem
to fully account for the BM-DC-stimulating activity of the highly
potent DNA fragment of C. neoformans.

As reported in a previous paper by Casadevall et al. (2), the

Infection and Immunity


http://iai.asm.org

ODN LAMPI1

Merge

ODNI112

ODN123

ODN112-GC

PS-ODN112

CpG

FIG 6 Colocalization of ODNs and LAMP1. Intracellular trafficking of active
ODNes into late endosomes was not very different from that of inactive ODNs.
BM-DCs were incubated with various ODNs (30 ug/ml) or CpG1826 (1 g/
ml) labeled with rhodamine for 2 h, and the cells were stained with Alexa Fluor
488-conjugated anti-LAMP1 MAD. Localization of ODNs and LAMP1 was
analyzed using confocal laser microscopy. ODN, synthesized oligodeoxy-
nucleotide; PS, phosphorothioate; CpG, CpG1826; Merge, merged image;
DIC, differential interference contrast.

current 345-bp PCR product of URA5 obtained from strain
Cap67, which is identical to that obtained from strain B3501, is
located between positions 431 and 775, while ODN112 is com-
posed of 24 bases starting at position 448 and contains GTCGGT,
a possible active motif that is conserved among the 5 strains used
in this study. In the present study, we found that the PCR products
of URAS5 from two serotype A clinical strains, YC-11 and YC-13,
induced IL-12p40 production by BM-DCs at levels comparable to
that caused by URA5 DNA from Cap67 and that the ODN112
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sequence from YC-11 and YC-13 was different from that from
B3501 only at position 461 (G—A), where it was identical to that
from strain ATCC 24064. We showed that this substitution did
not affect the activity of ODN112 (Fig. 2C). These results suggest
that an active motif of the ODN112 sequence may be conserved in
C. neoformans.

In the present study, we used PO-ODN but not PS-ODN for
the activation of BM-DCs. PS modification strikingly increases the
ability of prototypic CpG-ODN:ss to activate immune cells by ren-
dering them resistant to breakdown caused by endonucleases
(13). When the same modification was introduced to ODN112, in
contrast, IL-12p40-inducing activity was completely eliminated.
Thus, prototypic CpG-ODNs and active PO-ODNs like ODN112
are likely to exhibit different responses to PS modification, as re-
cently reviewed by Wagner (29).

Recently, it has been considered that the trafficking of DNA
toward TLRY expressed in late endosomes is more important than
the particular DNA motif in determining whether immune cells
are activated. Moreover, the sugar backbone of DNA, rather than
its base sequence, has been identified as a basic element for the
activation of DCs (5). In line with these observations, even PO-
ODN has a considerable ability to stimulate immune cells when it
is added to cell cultures together with DOTAP, which provokes
the uptake of DNA into endosomal compartments (31). In the
present study, DOTAP enhanced both uptake of ODN112 and
IL-12p40 production by BM-DCs, though IL-12p40 production
was not changed when CpG1826 was used in place of ODN112.
On the other hand, both active and inactive ODNs, such as
ODN112 and ODN123, were found in the URAS5 gene; the only
difference between these lies in their base sequences. These find-
ings suggest that base sequences may still be involved in determin-
ing the immunostimulating activity of PO-DNA.

According to our confocal microscopic analysis, there was no
apparent difference in the intracellular translocation of the active
DNA ODNI112 and inactive DNAs such as ODN123, ODN112-
GC, and PS-ODN112, as shown by their equivalent uptake by
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FIG 7 Effect of inactive ODN on BM-DC production of IL-12p40. Excessive doses of ODN123 inhibited IL-12p40 production by BM-DCs stimulated with
ODNI112 but not by BM-DCs stimulated with CpG1826. BM-DCs were cultured with ODN112 (30 wg/ml) or CpG1826 (1 ug/ml) in the presence or absence of
ODNI123 (300 pg/ml), and IL-12p40 concentrations in the culture supernatants were measured by ELISA. Data are means = SD for triplicate cultures. ODN,
synthesized oligodeoxynucleotide DNA; CpG, CpG1826. *, P < 0.05; NS, not significant.
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BM-DCs and their overlapping colocalization with LAMP1 and
TLRO. These results suggest that the base sequence of DNA, rather
than its intracellular trafficking pattern, may be a critical deter-
mining factor for the activation of BM-DCs and that inactive DNA
may be less effective than active DNA in interacting with TLR9. In
agreement with this notion, an extremely high dose of inactive
ODN123 completely suppressed the IL-12p40 production other-
wise exhibited by BM-DCs stimulated with active ODN112 but
not that by BM-DCs stimulated with CpG1826.

Thus, based on the results of the present study, a particular
sequence of DNA from C. neoformans is suggested to be involved
in activating immune cells through interacting with TLR9 in a
manner independent of canonical CpG motifs. However, it re-
mains unclear whether the specific sequence identified in this
study is important in the initiation of immune responses when C.
neoformans infects the host. In this respect, we found that active
ODN112 markedly enhanced IL-12p40 production by BM-DCs
stimulated with intact C. neoformans, whereas inactive ODN123
did not (see Fig. S2 in the supplemental material). These results
suggest that this specific sequence may have some impact on the
immune response during infection and that ODN112 could be
used as an immune adjuvant similar to CpG-ODNs. Further in-
vestigations will be necessary to define the precise mechanism
underlying the initiation of the immune response to C. neofor-
mans.
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