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ABSTRACT The cell walls and capsules of Cryptococcus neoformans, a yeast-type fungal
pathogen, are rich in polysaccharides. Dectin-2 is a C-type lectin receptor (CLR) that rec-
ognizes high-mannose polysaccharides. Previously, we demonstrated that Dectin-2 is
involved in cytokine production by bone marrow-derived dendritic cells (BM-DCs) in
response to stimulation with C. neoformans. In the present study, we analyzed the role of
Dectin-2 in the phagocytosis of C. neoformans by BM-DCs. The engulfment of this fungus
by BM-DCs was significantly decreased in mice lacking Dectin-2 (Dectin-2 knockout
[Dectin-2KQ]) or caspase recruitment domain-containing protein 9 (CARD9KO), a common
adapter molecule that delivers signals triggered by CLRs, compared to wild-type (WT)
mice. Phagocytosis was likewise inhibited, to a similar degree, by the inhibition of Syk, a
signaling molecule involved in CLR-triggered activation. A PI3K inhibitor, in contrast, com-
pletely abrogated the phagocytosis of C. neoformans. Actin polymerization, i.e., conforma-
tional changes in cytoskeletons detected at sites of contact with C. neoformans, was also
decreased in BM-DCs of Dectin-2KO and CARD9KO mice. Finally, the engulfment of C.
neoformans by macrophages was significantly decreased in the lungs of Dectin-2KO mice
compared to WT mice. These results suggest that Dectin-2 may play an important role in
the actin polymerization and phagocytosis of C. neoformans by DCs, possibly through sig-
naling via CARD9 and a signaling pathway mediated by Syk and PI3K.
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ryptococcus neoformans, a yeast-type fungus with a thick capsule, multiplies in the

fecal sediments of birds such as pigeons. This fungal pathogen infects hosts via an
airborne route and causes meningoencephalitis in patients with impaired cell-medi-
ated immunity such as AIDS (1, 2). While in the environment between hosts, C. neofor-
mans has a thinner capsule, which is convenient for entering the alveolar spaces; after
entering a new host, the fungal yeast cells generate a thick capsule, which makes it
easier for them to resist phagocytosis by neutrophils and macrophages (3). C. neofor-
mans can even grow within macrophages due to a mechanism that permits them to
escape from being killed by these cells (3). Th1-mediated cellular immunity plays a cen-
tral role in protecting hosts against this fungal pathogen, whereas neutrophils and
antibodies do not (4). Critical factors in the differentiation of Th1 cells for this purpose
include both interleukin-12 (IL-12) and interferon gamma (IFN-)) in addition to antigen
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presentation to naive T cells by dendritic cells (DCs) (5-7). Innate immune cells such as
macrophages and DCs recognize pathogen-associated molecular patterns (PAMPs) via
pattern recognition receptors (PRRs) (8, 9). It is important to clarify the mechanisms by
which these cells detect C. neoformans via PRRs, as this will reveal how the Th1-medi-
ated host protective response is developed during cryptococcal infection.

Previous studies (10, 11) have demonstrated that Toll-like receptor 9 (TLR9) plays
critical roles in the development of the Th1-mediated host protective response via rec-
ognition of DNA from C. neoformans. In contrast, deficiency of either TLR2 or TLR4
does not affect host protection against this fungal pathogen (12). Because C. neofor-
mans is rich in polysaccharides in its cell walls and capsules, we can predict that C-type
lectin receptors (CLRs), molecules that sense polysaccharides (13), are involved in the
recognition of this fungus by immune cells. Yamamoto and coworkers have demon-
strated that caspase recruitment domain-containing protein 9 (CARD9), a common
adaptor molecule that delivers signals triggered by CLRs, plays a critical role in the
Th1-mediated host protective response to cryptococcal infection (14), which suggests
the possible involvement of a particular CLR in this response. Among the CLRs, dendri-
tic cell-associated C-type lectin 1 (Dectin-1) contributes to host defense against infec-
tion with Candida albicans, Pneumocystis carinii, and Aspergillus fumigatus through its
recognition of B-1,3-glucan (15-17), whereas Dectin-2 plays a critical role in defense
against infection with fungal pathogens, including C. albicans and A. fumigatus,
through its recognition of high-mannose polysaccharides (18, 19). In our previous stud-
ies (20), however, deficiency of either Dectin-1 or Dectin-2 did not affect host defense
against cryptococcal infection, although Th2 cytokines and mucin production in the
lungs were increased in Dectin-2-deficient mice during infection (21). In addition,
Dectin-2 deficiency reduces cytokine production by macrophages and dendritic cells
(DCs) upon in vitro stimulation with C. neoformans (21). To activate these cells, Dectin-2
must recognize a particular polysaccharide; in the case of C. neoformans, it recognizes
mannoprotein (21). Our previous study also demonstrated that macrophage inducible
C-type lectin (Mincle) recognized its ligands within C. neoformans yeast cells (22). In
spite of these intriguing findings, it is not yet understood precisely how CLRs are
involved in the host defense and immune response against cryptococcal infection.

DCs are particularly necessary for initiating Th1 cell differentiation through antigen
presentation and delivery of costimulatory and cytokine signals to naive T cells (23). To
begin these processes, the DCs must first engulf and digest C. neoformans cells, which
enables them to process the antigens (23). In previous studies, mannose receptor (MR)
and dendritic cell-specific ICAM3 grabbing nonintegrin (DC-SIGN) have been reported
to play a role in the phagocytosis of this fungus by macrophages and DCs through
their binding to the mannoproteins on the yeast cell surfaces (24). In the present study,
we explore the mechanism underlying the phagocytosis of C. neoformans by DCs, with
attention given to the possible roles of CLRs, including Dectin-2, macrophage inducible
C-type lectin (Mincle), and CARD9, in the engulfment of this fungal pathogen.

RESULTS

Effect of capsules on the phagocytosis of C. neoformans by BM-DCs. To elucidate
the effect of cryptococcal capsules on the phagocytosis of this fungus by BM-DCs, the
numbers of BM-DCs engulfing yeast cells were compared after BM-DCs were incubated
with B3501 and Cap67, an acapsular mutant of B3501. This experiment was performed
using the periodic acid Schiff (PAS) staining method. As shown in Fig. 1A and B,
approximately 20% of BM-DCs had engulfed Cap67 cells during incubation, whereas
no B3501 cells were engulfed. These results indicate that the capsule of C. neoformans
makes it strongly resistant to phagocytosis by DCs. Therefore, Cap67, but not B3501,
was used in the subsequent experiments, which were designed to mimic the situation
just after C. neoformans invades the alveolar spaces, when these yeast cells have no
capsules or thinly expressed capsules (3).

Role of cations in the phagocytosis of C. neoformans by BM-DCs. Since the Ca?*
ion is required for the binding of polysaccharides to CLRs, we examined the effect of
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FIG 1 Effect of capsules on the phagocytosis of C. neoformans by BM-DCs. BM-DCs from WT mice
were cultured with C. neoformans Cap67 or B3501 for 2 h. (A) These cells were spun down onto a
glass slide, stained with PAS, and observed under a light microscope. Closed arrows, phagocytosed
cells; open arrows, cells attached to fungi on their surfaces. (B) The proportions of phagocytosed cells
are shown. Each column represents the mean =+ SD of triplicate cultures. *, P < 0.05.

EDTA, a chelator of cations, on the phagocytosis of C. neoformans by BM-DCs. This
experiment was performed using flow cytometry. As shown in Fig. 2A and B, phagocy-
tosis of the yeast cells by BM-DCs was strongly inhibited by the addition of EDTA, while
the replacement of the Ca?* ion led to complete recovery of this response up to the
levels seen in the absence of EDTA. These results suggest that certain CLRs may be
involved in the phagocytosis of this fungus by BM-DCs.

Contribution of CLRs and CARD9 to the phagocytosis of C. neoformans by BM-
DCs. To address the possible involvement of CLRs in the phagocytosis of C. neoformans
by BM-DCs, we evaluated the effect of Dectin-2, Mincle, and CARD9 deficiency on this
response. These experiments were analyzed using the PAS staining method and flow
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FIG 2 Role of cations in the phagocytosis of C. neoformans by BM-DCs. BM-DCs from WT mice were
pretreated with 10 mM EDTA. These BM-DCs were cultured with FITC-labeled C. neoformans Cap67 in
the culture medium supplemented with 10mM CaCl,. (A) Phagocytosed cells were analyzed using
flow cytometry. Representative histograms are shown. (B) The proportions of phagocytosed cells are
shown. Each column represents the mean =+ SD of triplicate cultures. *, P < 0.05.
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FIG 3 Contribution of CLRs and CARD9 to the phagocytosis of C. neoformans by BM-DCs. (A to C) BM-DCs
prepared from WT and Dectin-2KO (A), CARD9KO (B), and MincleKO (C) mice were cultured with C. neoformans
Cap67 for 2 h. These cells were spun down onto a glass slide, stained with PAS, and observed under a light
microscope. (D and E) BM-DCs from WT mice were preincubated with anti-MR Ab or anti-SIGN-R1 Ab for 30 min
before phagocytosis assay. Phagocytosed cells were analyzed using flow cytometry. The proportions of
phagocytosed cells are shown. Each column represents the mean *+ SD of triplicate cultures. *, P<0.05. NS,
not significant.

cytometry. The PAS staining data are presented in Fig. 3. As shown in Fig. 3A and B,
phagocytosis of this fungus was significantly decreased in Dectin-2KO mice compared
with WT mice, as well as in CARD9KO mice compared with WT mice. Deficiency of
Mincle, on the other hand, did not suppress the phagocytosis of C. neoformans by BM-
DCs (Fig. 3C). Additionally, Dectin-2, Mincle, and CARD9 deficiency did not affect the
phagocytosis of capsular strain B3501 (see Fig. S1 in the supplemental material).

We also explored the possible involvement of the CLRs MR and SIGN-R1 by examin-
ing the effects of antibody (Ab) against each receptor. These experiments were ana-
lyzed using the PAS staining method and flow cytometry. The flow cytometric data are
presented in Fig. 3. As shown in Fig. 3D and E, the addition of Ab against either MR or
SIGN-R1 had no suppressive effect on the engulfment of C. neoformans by BM-DCs,
whereas these antibodies did efficiently block the phagocytosis of C. albicans (Fig. S2).

These results indicate that Dectin-2 and its adaptor molecule CARD9, but not
Mincle, MR, or SIGN-R1, are involved in the engulfment of C. neoformans by BM-DCs.

Effect of inhibitors of Syk and PI3K on the phagocytosis of C. neoformans by
BM-DCs. Dectin-2 is known to induce the activation of DCs through signaling delivered
by Syk and PI3K (25, 26). Therefore, we next evaluated the effect of inhibiting these
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FIG 4 Effect of inhibitors of Syk and PI3K on the phagocytosis of C. neoformans by BM-DCs. BM-DCs prepared
from WT and Dectin-2KO (A) and CARD9KO (B) mice were preincubated with piceatannol or wortmannin for
30 min. The treated BM-DCs were cultured with C. neoformans Cap67 for 2 h. These cells were spun down onto
a glass slide, stained with PAS, and observed under a light microscope. The proportions of phagocytosed cells

are shown. Each column represents the mean =+ SD of triplicate cultures. *, P < 0.05. NS, not significant.

signaling molecules on the phagocytosis of C. neoformans by BM-DCs. This experiment
was performed using the PAS staining method. As shown in Fig. 4A and B, BM-DCs in
WT mice treated with piceatannol, a Syk inhibitor, exhibited significantly reduced levels
of phagocytosis of the fungus, comparable to the levels seen in Dectin-2KO mice and
CARD9KO mice. In contrast, wortmannin, a PI3K inhibitor, completely abrogated phag-
ocytosis by BM-DCs in both KO genotypes as well as in WT mice (Fig. 4A and B). These
results suggest that Dectin-2 may trigger signaling for the phagocytosis of this fungus
through the Syk-CARD9 pathway and that PI3K may be involved in this Dectin-2-medi-
ated phagocytosis pathway. Furthermore, PI3K may be essential for phagocytosis path-
ways mediated by other receptors as well as that mediated by Dectin-2.

Involvement of Dectin-2 and CARD9 in actin polymerization. Actin polymeriza-
tion at the contact site usually triggers phagocytosis through cytoskeleton conforma-
tional change. To confirm the role of actin polymerization in the phagocytosis of C.
neoformans, we examined the effect of cytochalasin D, an inhibitor of actin polymeriza-
tion, on this response. This experiment was performed using flow cytometry. As shown
in Fig. 5A, the addition of cytochalasin D to the cultures strongly inhibited the engulf-
ment of C. neoformans by BM-DCs, demonstrating that actin polymerization is a neces-
sary part of the phagocytosis of this fungus. We also used confocal microscopy to visu-
alize actin polymerization in BM-DCs after incubation with C. neoformans. As shown in
Fig. 5B, actin polymerization was detected only at the submembranous areas where
BM-DCs were in direct contact with fungal yeast cells. Actin polymerization was signifi-
cantly attenuated in Dectin-2KO and CARD9KO mice compared with WT mice (Fig. 5C
and D). These results indicate that the phagocytosis of C. neoformans by BM-DCs is
mediated by Dectin-2 and CARD9 and that it occurs through actin polymerization.
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FIG 5 Involvement of Dectin-2 and CARD9 in actin polymerization. (A) BM-DCs from WT mice were pretreated
with cytochalasin D (CyD) for 30 min. These BM-DCs were cultured with FITC-labeled C. neoformans Cap67 for 2
h. Phagocytosed cells were analyzed using flow cytometry. (B, C, D) BM-DCs prepared from WT and Dectin-2KO
and CARD9KO mice were cultured with FITC-labeled C. neoformans Cap67 for 30 min. BM-DCs were spun down
onto a glass slide, stained with Acti-stain 555 phalloidin, and observed under a confocal laser scanning
microscope. BM-DCs with strong actin polymerization (red) at sites where they were bound to C. neoformans
(green) were counted, and the percentages of all cells with this characteristic were calculated. Each column
represents the mean = SD of triplicate cultures. *, P < 0.05.

Effect of complement molecules on the Dectin-2-mediated phagocytosis of C.
neoformans by BM-DCs. Phagocytosis is promoted not only by PRRs such as CLRs but
also by the complement system. We examined how Dectin-2-mediated phagocytosis
was affected under conditions of opsonization by complement molecules. To induce
opsonization, C. neoformans was preincubated with murine serum. This experiment
was analyzed using the PAS staining method and flow cytometry. The PAS staining
data are presented in Fig. 6. Phagocytosis of C. neoformans by BM-DCs occurred at
equivalent levels in WT and Dectin-2KO mice after opsonization by serum opsonins
(Fig. 6). These results indicate that Dectin-2-dependent phagocytosis of C. neoformans
is functional only in the absence of serum opsonin-dependent opsonization.

Involvement of Dectin-2 in the phagocytosis of C. neoformans in the lungs. The
results shown in Fig. 6 suggest that phagocytosis triggered by Dectin-2 may not work
during in vivo infection, when complement-mediated opsonization is usually activated.
To address this possibility, we next examined whether Dectin-2 was involved in the
phagocytosis of C. neoformans during in vivo infection in the lungs. The number of
macrophages engulfing yeast cells was evaluated in bronchoalveolar lavage fluid
(BALF) collected from mice 3 h after infection with C. neoformans. This experiment was
performed using the PAS staining method. As shown in Fig. 7A and B, fewer C. neofor-
mans cells were engulfed in Dectin-2KO mice than were engulfed in WT mice. These
results suggest that Dectin-2 may actually be involved in the phagocytosis of C. neofor-
mans in infected lungs.
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FIG 6 Effect of complement on the Dectin-2-mediated phagocytosis of C. neoformans by BM-DCs. C.
neoformans Cap67 was preincubated with serum derived from WT mice for 1 h. These cells were cultured
with BM-DCs prepared from WT and Dectin-2KO mice for 2 h. These cells were spun down onto
a glass slide, stained with PAS, and observed under a light microscope. The proportions of phagocytosed
cells are shown. Each column represents the mean = SD of triplicate cultures. *, P<0.05. NS, not
significant.

DISCUSSION

The present study focused on the function of CLRs, especially Dectin-2, in the phag-
ocytosis of C. neoformans by DCs and demonstrated that Dectin-2 contributes to the
engulfment of this fungus. Previous studies have reported that Dectin-2 expressed on
macrophages and neutrophils is involved in these cells’ uptake of cancer cells and
Candida glabrata, which is consistent with our results (27, 28). In BM-DCs, the phagocy-
tosis of C. neoformans was mediated by Dectin-2, but the presence or absence of
Dectin-2 only changed the phagocytosis rate by approximately 50%, suggesting that
some other receptor may be involved in the uptake of this fungus. Although B-gluco-
sylceramide (B-GlcCer) and mannoprotein, both of which are components of this fun-
gus, are recognized by Mincle and MR/SING-R1, respectively (24, 29), these CLRs were
not found to contribute to the phagocytosis of C. neoformans by BM-DCs. A possible
reason for this is that other fungal cell wall components, such as glucan and chitin,

A WT Dectin-2KO
‘Q. ey 3
=X .0 cu® ® 4
&
® 2
10 ym* ~ a0 10 um ® 4
o @ R
B = 20 - *
< l
0
= |
o
3 10 -
o
S
(]
o
o
pe
£ 0 ; .
WT Dectin-2KO

FIG 7 Involvement of Dectin-2 in the phagocytosis of C. neoformans in the lungs during infection.
WT and Dectin-2KO mice were infected intratracheally with C. neoformans Cap67. Then, 3 h after
infection, BALF was collected. (A) The phagocytosed cells in BALF were spun down onto a glass slide,
stained with PAS, and observed under a microscope. Closed arrows, phagocytosed cells; open arrows,
cells attached to fungi on their surfaces. (B) The proportions of phagocytosed cells are shown. Each
column represents the mean = SD of three to four mice. *, P < 0.05.
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may mask these ligands from their receptors, preventing the receptors from interacting
with the ligands on C. neoformans. Because macrophage receptors with collagenous
structure (MARCO) and CD36, classified as scavenger receptors, have previously been
reported to play roles in the phagocytosis of C. neoformans (30, 31), a similar involve-
ment in the phagocytosis of this fungus by BM-DCs is also possible.

CARD9, a common adaptor molecule that delivers signals triggered by CLRs, also
contributes to the phagocytosis of C. neoformans by BM-DCs. The engulfment of this
fungus by BM-DCs from Dectin-2KO mice was reduced to a degree similar to that seen
in BM-DCs from CARD9KO mice, suggesting that Dectin-2 may be a major player acting
as the upstream receptor of CARD9 for this phagocytosis response. In line with this
possibility, BM-DCs from MincleKO mice engulfed the fungus at the same rate as that
seen in WT-derived BM-DCs. Furthermore, we addressed the possible involvement of
signaling molecules such as Syk and PI3K in the phagocytosis of this fungus by examin-
ing the effects of their respective inhibitors. These molecules have been reported to
play important roles in the production of cytokines by dendritic cells via a Dectin-2-de-
pendent pathway (25, 26). In the present study, a Syk inhibitor significantly but par-
tially ameliorated the phagocytosis of C. neoformans by BM-DCs, resulting in a reduc-
tion similar to that observed in BM-DCs from Dectin-2KO or CARD9KO mice. These
results support the hypothesis that Dectin-2 is the principal player acting upstream of
CARD-9-mediated signaling. In contrast, a PI3K inhibitor completely abrogated the
phagocytosis of C. neoformans by BM-DCs, indicating that this molecule is essential for
the phagocytosis response, although it remains unclear whether PI3K activation is trig-
gered by Dectin-2 or by some other receptor (25, 26).

Interestingly, Dectin-2 and CARD9 might be among the factors that induce actin poly-
merization, which in turn triggers conformational change in cytoskeletons. Dectin-1, a CLR
involved in the recognition of B-1,3-glucan, is known as a phagocytic receptor against
Candida albicans, which activates the Rho family members Rac1 and Cdc42 through a
PI3K-mediated signaling pathway (32, 33). These molecules contribute to actin polymeriza-
tion, which eventually leads to phagocytosis by macrophages (34). Similarly, Dectin-2-
mediated signaling may modulate some regulators of actin polymerization such as the
Rho family. Further investigations are required to improve our understanding of the precise
mechanisms involved in Dectin-2-mediated phagocytosis.

In in vivo infection, microorganisms are usually opsonized by activated comple-
ments (35). Therefore, we examined whether the Dectin-2-mediated phagocytosis of C.
neoformans was still functional under conditions of opsonization by serum opsonins
and found that the phagocytosis of yeast cells opsonized by serum opsonins was
almost equivalent between WT and Dectin-2KO mice. These results raise the possibility
that phagocytosis triggered by Dectin-2 may not work during in vivo infection. This
possibility is unlikely, however, given that the phagocytosis of C. neoformans by macro-
phages is significantly attenuated in the lungs of Dectin-2KO mice compared with WT
mice after infection with this fungal pathogen. There are several possible explanations
for the difference between the results obtained in in vivo and in vitro infection. First,
the yeast cells were exposed to excessive amounts of opsonins in serum and may have
been opsonized at the optimal level to promote phagocytosis. In short-term in vivo
infection, in contrast, yeast cells may not be fully opsonized to the optimal level for
phagocytosis; under such conditions, Dectin-2-mediated signaling may support a
lesser degree of phagocytosis. Second, BM-DCs were used in an in vitro phagocytosis
assay; in vivo, however, macrophages are major participants in the phagocytosis of C.
neoformans during infection. The different cell types targeted for analysis may have
caused these different results, because different cells may have different levels of de-
pendency on Dectin-2 for phagocytosis. In the early phase of an infection, Dectin-2
may work as an efficient phagocytic receptor against C. neoformans in the lung,
although the presence of large quantities of opsonins may mask this contribution.

In conclusion, the present study demonstrates that Dectin-2 plays a critical role in the
actin polymerization and phagocytosis of C. neoformans by BM-DCs, possibly through signal
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FIG 8 Summary of Dectin-2-induced phagocytosis of C. neoformans by DCs. Dectin-2 expressed on the cell
surfaces of DCs recognizes C. neoformans. Dectin-2-mediated signaling for actin polymerization and
phagocytosis is delivered by Syk and PI3K and leads in turn to the activation of CARD9, an adaptor
molecule of this receptor, at sites of contact with C. neoformans. Following actin polymerization, cytoskeleton
structures are changed, leading to the phagocytosis of the yeast cells by DCs. A phagocytic receptor other
than Dectin-2 might be involved in the phagocytosis of C. neoformans triggered via PI3K-dependent
signaling, possibly through a CARD9-independent pathway.

delivery by CARD9 and a signaling pathway mediated by Syk and PI3K, as summarized in
Fig. 8. This promotion of phagocytosis may also operate in macrophages during infection
with this fungal pathogen. Although Dectin-1 is reported to contribute to phagocytosis by
macrophages (34), this is, to the best of our knowledge, the first report identifying the role
of Dectin-2 in promoting actin polymerization and phagocytosis by DCs, in addition to its
ability to induce the production of cytokines by macrophages and DCs (18, 21). Thus, this
study provides clues to a better understanding of the mechanisms controlling the innate
immune response during infection with C. neoformans.

MATERIALS AND METHODS

Mice. Dectin-2 knockout (Dectin-2KO), CARD9KO, and MincleKO mice were generated and back-
crossed more than eight generations to C57BL/6 mice, as previously described (36-38). C57BL/6 mice
(CLEA, Tokyo, Japan) were used as wild-type (WT) mice in this study, and male or female mice were used
at 6 to 10 weeks of age. All mice were kept under specific-pathogen-free conditions at the Institute for
Animal Experimentation, Tohoku University Graduate School of Medicine. All experimental procedures
involving animals followed the Regulations for Animal Experiments and Related Activities at Tohoku
University, Sendai, Japan, and were approved by the Institutional Animal Care and Use Committee at
Tohoku University. All experiments were performed under anesthesia, and all efforts were made to mini-
mize the suffering of the animals.

Microorganisms. A serotype D strain of Cryptococcus neoformans known as B3501 (provided by K. J.
Kwong-Chung, National Institutes of Health, Bethesda, MD, USA) and the capsule deletion strain Cap67
(a kind gift from S. M. Levitz, University of Massachusetts Medical School, Worcester, MA, USA) were cul-
tured on potato dextrose agar (PDA; Eiken, Tokyo, Japan) plates for 2 to 3 days. As a control, Candida
albicans was cultured separately on PDA plates for 1 day. Before use, fungi were washed three times
with normal saline.

Preparation of BM-DCs. WT, Dectin-2KO, CARD9KO, and MincleKO mice were sacrificed by cervical
dislocation, and bone marrow cells were harvested from their femurs. After erythrocyte lysis with lysis
buffer (0.83% NH,CI, pH 7.2, and Tris-HCl; 9: 1), these bone marrow cells were cultured in 10 ml of RPMI
1640 medium (Sigma-Aldrich, St. Louis, MO, USA) containing 10% fetal calf serum (FCS) (Biowest, Nuaillé,
France), 100 U/ml penicillin G, 100 ug/ml streptomycin, 50 uM 2-mercaptoethanol (Sigma-Aldrich), and
20 ng/ml murine granulocyte-macrophage colony-stimulating factor (GM-CSF; Wako, Osaka, Japan). On
day 3, 10 ml of the same medium was added; on day 6, half of the medium was changed. On day 8, float-
ing cells were collected and used as bone marrow-derived dendritic cells (BM-DCs).

Phagocytosis assay. BM-DCs (2 x 10* cells) from WT, Dectin-2KO, CARD9KO, and MincleKO mice
were cocultured with C. neoformans (2 x 10° cells) for 2 h at 37°C in a 5% CO, incubator. These cells
were attached onto a slide glass by centrifugation at 1,000 x g for 5min using a StatSpin CytoFuge 2
(Iris Sample Processing, Westwood, MA, USA) and stained with a PAS staining kit (Muto, Tokyo, Japan).
Finally, 500 cells were counted under microscopic observation, and the proportion of phagocytosed cells
was calculated as the phagocytosis rate. In a flow cytometric analysis, C. neoformans was labeled with
fluorescein isothiocyanate (FITC; Dojin, Tokyo, Japan) for 10 min at room temperature and cocultured
with BM-DCs. To deplete Ca?*, BM-DCs were pretreated with 10 mM EDTA; to supplement Ca?*, BM-DCs
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were incubated with C. neoformans in the culture medium described above, with 10 mM CaCl, added
(Wako). For opsonization, cells of the Cap67 strain (5 x 107 cells) were preincubated with serum derived
from WT mice for 1 h at 37°C. After being washed three times, opsonized Cap67 cells were assayed for
phagocytosis by BM-DCs.
Inhibitors and antibodies. As inhibitors, BM-DCs were preincubated with either 50 uM piceatannol
(Sigma-Aldrich), 1 wg/ml wortmannin (Adipogen Life Sciences, San Diego, CA, USA), or 10 ug/ml cyto-
chalasin D (Wako) for 30 min on ice. As neutralizing antibodies, BM-DCs were incubated with either
200 ng/ml anti-MR antibody (Abcam, Cambridge, MA, USA) or anti-SIGN-R1 (DC-SIGN murine homo-
logue) antibody (Hycult Biotech, Wayne, PA, USA).
Phagocytosis analysis by flow cytometry. After BM-DCs were cocultured with fluorescein isothiocya-
nate (FITC)-labeled C. neoformans for 2 h at 37°C in a 5% CO, incubator, the cultures were treated with 0.02%
trypan blue at room temperature for 15 min to quench the fluorescein of extracellular C. neoformans. After
this treatment, the cells were washed three times with phosphate-buffered saline (PBS) containing 1% FCS
and 0.1% sodium azide (Sigma-Aldrich) and then stained with allophycocyanin (APC)-anti-mouse CD11c MAb
(clone 145-2C11; BioLegend, San Diego, CA, USA). These cells were analyzed using a BD FACS Canto Il flow
cytometer (BD Bioscience, Franklin Lakes, NJ, USA). Data were collected from 20,000 to 30,000 cells using for-
ward-scatter and side-scatter to set a gate on the dendritic cell population as CD11c+ cells. The internalized
C. neoformans cells in BM-DCs were detected as FITC-positive cells.
Actin polymerization analysis. BM-DCs and FITC-labeled C. neoformans were cocultured for 30 min
at 37°C in a 5% CO, incubator and then fixed with 4% paraformaldehyde (Wako). After the cells were
attached on glass slides, the cells were permeated by 0.5% Triton X-100 (Sigma-Aldrich) at room temper-
ature for 5min and stained with 100 «M Acti-stain 555 phalloidin (Cytoskeleton, Inc., Denver, CO, USA).
ProLong Gold (Invitrogen, Carlsbad, CA, USA) was used as a mounting agent. To analyze the actin poly-
merization induced by C. neoformans, BM-DCs with strong actin polymerization at the sites bound to C.
neoformans were counted, and the proportion of these cells out of the total cell number was calculated.

A confocal microscope system C2si (Nikon, Tokyo, Japan) was used for observation.

significant. In Fig. 4, Bonferroni adjustment was used for multiple comparisons.

In vivo phagocytosis assay. Mice were inoculated intratracheally with Cap67 (1 x 10° cells/mouse)
in a volume of 50 ul. Three hours after infection, mice were anesthetized with an intramuscular injection
of 0.3 mg midazolam (Teva-Takeda, Aichi, Japan) and 0.02 mg medetomidine (Orion, Espoo, Finland) and
an intraperitoneal injection of 25mg pentobarbital/kg of body weight (Abbott Laboratory, North
Chicago, IL, USA), and their chests were opened. PBS was instilled into the trachea through a cannula to
collect bronchoalveolar lavage fluid (BALF). Phagocytosed cells in the BALF were analyzed by phagocy-
tosis assay with PAS staining under microscopic observation.
Statistical analysis. Data were analyzed using JMP Pro v11.2.0 software (SAS Institute Japan, Tokyo,
Japan). Data are expressed as the mean * the standard deviation (SD). Differences between groups
were examined for statistical significance using Welch’s t test. A P value of less than 0.05 was considered
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